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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas bitiba un aktualitate

Oglskabes anhidrazes (CA, EC 4.2.1.1), atklatas 20. gadsimta 30. gadu sakuma, ir loti plasa un
nozimiga enzimu Saime, kuras parstavji atrodami visos dzivajos organismos un katalizg apgriezenisku
oglekla dioksida hidratésanu, veidojot bikarbonata anjonu.! Tas tiek iedalitas astonas evolucionari
atskirigas génu gimengs: a, B, v, 8, &, ¢, 1, 0 un 1.? Lai ari p&c struktiiras $ie enzimi ir daudzveidigi,
visam CA klasém aktivaja centra ir metala jons ka kofaktors. Pieméram, o-CA satur Zn?*, un tam ir
iz&kirosa loma CA Kkatalitiskaja cikla.® ST ir visplasak pétita CA klase, jo ta ir sastopama
mugurkauliniekos; tas aktivitate ir tiesi saistita ar dazadu fiziologisko un patologisko procesu norisi,
padarot a-CA par svarigu farmakologisko mérki.>* Cilvekos Iidz §im ir zindmi 15 a-CA izoenzimi,
kas atskiras péc to struktiiras, lokalizacijas un katalitiskas aktivitates.*

Cilveka CA izoformas tiek klasificétas atbilstosi to subsiinu lokalizacijai: citosoliskas izoformas
(CAL 11, 11, VI, XIHT), mitohondriju izoformas (CA VA, VB), sekretéta izoforma (CA VI), ka arT
ar membranu saistitas izoformas (CA IV, 1X, XIl, XIV).# Pastav ari tris katalitiski neaktivi CA
radniecigi proteini (CARP VIII, X, XI), kuru biologiskas funkcijas joprojam ir nepietiekami
aprakstitas.*® CA Katalitiski aktivo formu regulacijas traucgjumus un darbibu nereti saista ar tadam
slimibam ka v&zis, glaukoma, vielmainas un neirologiskas saslim$anas.* Tiek uzskatits, ka divas
transmembranas izoformas — CA 1X un CA XIl —, kas ir paaugstinati ekspres&tas cieto véZu $unas,
nodro$ina optimalu §iinas iek$&jo un argjo pH, tadgjadi veicinot audz&ju attistibu un metastazésanos.®-
® CA IX un CA XII izoformu ekspresija var kalpot ka diagnostikas un prognozésanas biomarkieris
noteiktiem véza veidiem, ka ar korelg ar terapijas rezistenci hipoksijas un acidozes dgl.5! Lidz ar
to selektivu CA IX/XII inhibitoru izveide ir perspektiva strat€gija véza arstéSanai ar plasam lietoSanas
iesp&jam klinika.

Ar rentgendifraktometrijas palidzibu ir izdevies noteikt trisdimensionalo struktiiru vairumam
cilveka CA izoformu, kas veicindja CA inhibitoru attistibu.>* Katalitiski aktivo izoformu aktivais
centrs ir novietots koniska dobuma, ko veido divi atskirigi regioni — hidrofobais un hidrofilais.?*
Sis dazadas aktiva centra dalas ir biitiskas enzima darbibai un skaidrojamas ar substrata un
enzimatiskas reakcijas produkta kimisko dabu. Dobuma dziluma atrodas Zn?*, kas veido tetraedrisku
kompleksu ar trim histidina atlikumiem un ar tidens molekulu vai hidroksidjonu.>* CA izoformu
strukturala Iidziba un augsta aminoskabju secibas identitate katalitiskaja doména apgriitina selektivu
inhibitoru konstruésanu. Nemot véra CA IX un CA XII izoformu parmeérigo ekspresiju véZza audos,
bet zemu — normalos audos, §1 promocijas darba pétfjums ir mérkéts uz selektivu CA IX/XII
inhibitoru izstradi, saglabajot organisma plasi sastopamo CA | un CA Il izoformu aktivitati.

Daudzi pétijumi tika vérsti uz CA un to inhibitoru mijiedarbibas izpratni, kas sniegtu vértigas
norades raciondlam zalu dizainam. Patlaban ir zinami Cetri dazadi inhib&$anas mehanismi:
1) komplekseSanas ar enzima aktivaja centra eso$o cinka jonu (cinku saistosos inhibitorus sauc par
klasiskajiem CA inhibitoriem, tostarp pirmé&jie sulfonamidi, neorganiskie un organiskie anjoni,
karbamati, tioli, selenoli, benzoksaboroli); 2) koordinésanas ar tidens molekulu vai hidroksida jonu,
kas saistits pie cinka (novérots fenolu, poliaminu, sulfokumarinu A (1. att.) gadjjuma); 3) aktiva
centra ieejas aizsegSana (kumarini, tiokumarini); 4) periféra saistiSanas ($im saistibas veidam gan
zinams tikai viens piemérs — 2-(benzilsulfinil)-benzoskabe, ta saistas arpus aktiva centra,
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hidrofobaja kabata blakus aktiva centra ieejai),>* ka ar1 ir vairaki CA inhib&josi savienojumi, kuriem
darbibas mehanisms nav noteikts.

Dazi klasiskie CA inhibitori, pieméram, acetazolamids (AAZ), metazolamids, sultiams un
dorzolamids tiek lietoti klinika ka diurétiki, pretglaukomas vai pretepilepsijas lidzekli.> Savienojumi,
kas satur cinku saistoS0 —SO2NH> grupu, ir vieni no visefektivakajiem CA inhibitoriem, tacu to
neselektiva CA izoformu inhib&sana ir saistita ar nevélamiem blakusefektiem. Tadél tiek konstruéti
jauni inhibitori ar uzlabotu selektivitati, to skaita zalu kandidats SLC-0111, kas tika izstradats, lai
inhib&tu tiesi ar vézi saistitas CA IX un CA XII izoformas (1. att.).!>'® SLC-0111 ir sasniedzis
kliniskos p&tjumus, Kuros iesaistiti pacienti ar metastatiskiem cietiem audzgjiem.'* Tas atspogulo CA
inhibitoru terapeitisko potencialu onkologisko slimibu arstésana.

Promocijas darba autores un vinas kolggu pétniecibas grupa fokusgjas uz neklasisko kumarina
tipa CA inhibitoru izp&ti un attistiSanu. Enzima aktivaja centra notiek kumarinu hidrolize, veidojot
attiecigas kanglskabes, kas blok@ aktiva centra ieeju.’>!® Kumarinu CA inhib&sanas spgja tika atklata
dabasvielu ekstraktu augstas caurlaidibas skrininga rezultata, un tie izraisija lielu interesi, pateicoties
biologiskajai aktivitatei uz visam aktivajam o-CA izoformam.'®'’ Grupas ieprieksgjie pétijumi
kumarina tipa inhibitoru pilnveidoSana rezultgjas ar sulfokumariniem A (1,2-benzoksatiin-2,2-
dioksidi) un to analogiem — homosulfokumariniem B (3H-1,2-benzoksatiepin-2,2-dioksidi), kas
uzradija augstu selektivitati attieciba pret CA 1X un XII (1. att.).®2* Promocijas darba ietvaros tiek
pétita jauna savienojumu klase — 3H-1,2-benzoksafosfepin-2-oksidi C ka nakamas paaudzes CA
inhibitori.

Q _NH,
o N’N>~,C,) F o S\\O
| D~S—NH
Me)LN/kS N NJ\N
H H H
Acetazolamids (AAZ) SLC-0111
o e CQ, OQ
S=0
x"o 0 o—?go O’%\OR
Kumarins, X =0 A B Cc

Tiokumarins, X =S

1. att. CA inhibitoru strukturas.

Pétijuma mérkis un uzdevumi

Promocijas darba meérkis ir, balstoties uz fosfepina oksida C struktaru, izstradat efektivus un
selektivus ar audzgju saistito CA IX un CA Xl izoformu inhibitorus ar potencialu terapeitisku
lietojumu. Lai sasniegtu darba mérki, tika defingti §adi uzdevumi:

1. izstradat 3H-1,2-benzoksafosfepin-2-oksida un ta atvasinajumu iegiiSanas metodologiju;

2. noteikt sintez&to savienojumu inhib&joso aktivitati uz izvélétam cilvéka CA izoformam;

3. izpétit savienojumu ietekmi uz §inu dzivotspéju, ka ari noteikt $kidibu tdent;

4. veikt struktiiras—aktivitates likumsakaribu analizi un sniegt ieskatu saistiSanas mehanisma.



Zinatniska novitate un galvenie rezultati

Promocijas darba gaita ir izstradati jauni 3H-1,2-benzoksafosfepina 2-oksida atvasinajumi, kas
sniedz ieguldijumu selektivo oglskabes anhidrazes inhibitoru joma. Sintézes stratégija lava iegit
plasu benzoksafosfepina atvasinajumu klastu. Tika noteikta ieglito savienojumu sp&ja inhib&t cilvéka
CA izoformas. Savienojumi selektivi inhib&ja ar audzg&ju saistitas izoformas IX un XII. Pétjjuma
rezultata iegiita virkne inhibitoru, kam piemit zema nanomolara CA IX/XII| inhib&Sanas aktivitate.
Atseviskiem parstavjiem papildus tika izverteta citotoksicitate un noteikta Skidiba tdeni.
Noskaidrotas struktiiras—aktivitates likumsakaribas deva ieskatu par iesp&jamo saistiSanas veidu ar
meérkenzimu. Kopuma rezultati liecina, ka ie savienojumi ir potenciali zalvielu kandidati un tos var
izmantot turpmakai izp&tei.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par 3H-1,2-
benzoksafosfepina 2-oksida atvasinajumu ka potencialu pretvéza lidzeklu izstradi, mérkgjot tos uz
oglskabes anhidrazes IX un XII izoformam.

Katra promocijas darba rezultatu apaks$nodala ir balstita vienas publikacijas satura, ievérojot
hronologisku secibu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti trijas zinatniskajas originalpublikacijas un viena

apskatraksta. Pétjjuma rezultati prezentéti devinas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Prologs

Fosforu saturo$iem savienojumiem piemit plasa spektra biologiskas aktivitates, tostarp pretvéza,
pretmikrobu un pretiekaisuma ipasibas, ka ari inhib&josa iedarbiba uz dazadiem enzimiem.?>2°
Fosfora grupu ievadisana biezi vien uzlabo zalvielu farmakokinétiku un farmakodinamiku, liecinot
par augstu izmanto$anas potencialu medicinas kimija,?® %8 turklat §1s grupas var bt vairaku citu
funkcionalo grupu bioizostéri, kuru prieksrociba ir paaugstinata biopieejamiba.?>?° Lidz ar to tika
paredzets, ka benzoksafosfepina oksidi C ir iesp&jami sulfokumarina analogu bioizostéri (1. att.).

Fosforu saturoSu kondensétu heterociklu sintézes metodologija ir salidzino$i ierobezota. No
literatlira zinamajam parejas metalu katalizé&tam parvértibam $adu P-heterociklu veidoSanai cikla
saslég8anas metatéze ir izcelama ka universala metode benzanelétu septinloceklu ciklu konstrugsanai.
S1 metode tika veiksmigi lietota gan séru, gan fosforu saturou analogu sintézei (2. att.).?2% 3H-1,2-
Benzoksafosfepina 2-oksida C atvasinajumus tika planots iegiit, izmantojot Iidzigu pieeju.
Nakamajas apak$nodalas aprakstita o jauno fosfororganisko savienojumu sint€ze un izvertéta to
biologiska aktivitate.

1. O-AliléSana
2. Klaizena , Cikla saslég$anas

pargrupesanas OEt 7 metatéze \
pa— [
P. — P
OH OH 0-f~oEt 0-f~oEt
O (o}
/
Vitiga Cikla saslég$anas

O reakct/a (\ @ X / metatéze
OH OH 0-$0 0-$%0
o o

2. att. Benzaneletu P- vai S-saturo$u septinloceklu heterociklu iegiisanas iespgjas.

Informacija par fosfakumarinu un to homologu sintézes metodém ir apkopota apskatraksta Chem.
Heterocycl. Comp. 2022, 58, 310-312.
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1. Benzoksafosfepina oksidu sintéze un inhibéSanas potencials

3H-1,2-Benzoksafosfepin-2-oksidu visparigais sintézes cel§ tika izstradats, balstoties uz ieprieks
aprakstito strukturali Iidzigu savienojumu iegiiSanas metodologiju, kuras pamata ir olefinu metatézes
reakcija cikla saslégganai.?>*®® Sakuma komerciali pieejamie salicilaldehidi 1a—h tika parvérsti par
vinilfenoliem 2a-h, veicot Wittig olefingsanas reakciju (1. shéma). Talaka fosforilésana ar hloridu 3
deva diolefinus 4a—h, kas tika cikliz&ti par vélamajiem benzoksafosfepiniem 5a—h, izmantojot otras
paaudzes Grubbs katalizatoru. Apstradajot etoksiatvasinajumus 5a—h ar TMSBr, notika etilgrupas
noskelSana, veidojot hidrogénfosfonatus 6a-h. Produktu iznakumi reakcijas bija vid&ji augsti lidz
augsti.

o}
\Y
/\P/\/
cI Y
6 MePPhBr OEt
j,/l\o {BUOK /I\ 3 /l\ /
R—— _— = R— _— = R——
4N 0H THF, 18 h, i.t X-"oH NEt;, CH,Cl, X 0-P~okt
3 18h,0°C - it. o)
1a-h 2a-h 4a-h
76-88% 60-94% PhMeo Grubbs Il
al| H e| 3Br 4h,70°C
b| 51 f| 3-OMe
c| 5Br g| 35dicCl ~ ~
d| 4Br h| 5NO, R L | -
_ CH,Cly, 24 h, it. _PL
o-f~oH 22 ' 0-F~oEt
0 o}
6a-h 5a-h
71-90% 63-86%

1. shéma. Benzoksafosfepina oksidu 5 un 6 sintéze.

Lai novertétu sintezéto ciklisko fosfonatu 5 un 6 (3. att.) inhibitoro aktivitati un selektivitati, tika
noteikta $o savienojumu spé&ja inhibét Cetras farmakologiski nozimigas cilvéka oglskabes anhidrazes
izoformas — CA I, I1, IX un XI1.%! Citosoliskas CA izoformas I un II ir sastopamas daudzos veselos
audos, tapéc to inhib&sana ir nevélama, savukart transmembranas izoformas IX un XII paaugstinati
ekspres€jas audz&ju $tnas un tiek uzskatitas par potencialiem zalvielu mérkiem. Iegiito inhibitoru
aktivitates uz CA ir izteiktas ka Kj (inhib&Sanas konstantes) vertibas.

= | = Br- = =
o-f~or 0~f~or 0-f~or Br o-fi~or
[e] o (o] [¢]
5a:R = Et 5b: R = Et 5¢c: R =Et 5d: R = Et
6a:R=H 6b:R=H 6c:R=H 6d:R=H
&S = Cl = Osz
0-f~or 0-f~or 0-f~or 0-F~or
Br o OMe O Cl o o
5e: R = Et 5f. R = Et 59: R = Et 5h: R = Et
6e:R=H 6f R=H 6g:R=H 6h:R=H

3. att. Potencialo CA inhibitoru 5 un 6 strukttiras.

In vitro analizes dati liecina, ka testétie savienojumi 5, 6 ir selektivi inhibitori pret ar audzgju
saistito CA X un CA XIlI izoformam un nav aktivi pret CA | un CA Il. Visi atvasinajumi uzradija K
vertibas mikromolara diapazona, atseviskos gadfjumos sasniedzot pat submikromolaru Iimeni
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(1. tabula). Benzoksafosfepina oksidu 5, 6 aizvietotaji pie aromatiska fragmenta vai pie fosfora atoma
(OH vs OEt) batiski neietekméja inhibitoro aktivitati. Iegitie rezultati liecina arl par to, ka
benzoksafosfepina oksidi ir sulfokumarmu A, B bioizosteri analogi mijiedarbiba ar CA izoformam.
Salidzinot ar acetazolamidu (AAZ), redzams, ka fosforu saturosie savienojumi 5, 6 ir vajaki
mérkenzimu inhibitori, tomér, pateicoties to augstajai selektivitatei un fizikalkimiskajam ipasibam,
benzoksafosfepina pamatstruktiira ir piemé&rota talakai optimizeSanai.

1. tabula

CA inhib&Sanas dati savienojumu sérijam 5, 6 un standarta inhibitoram AAZ

Ki (uM)=>c)

Savienojums

CAl CAll CAIX CAXII
5a >100 >100 0,82 0,82
6a >100 >100 13 0,51
5b >100 >100 4,7 2,4
6b >100 >100 0,88 0,68
5 >100 >100 0,76 16
6c >100 >100 1,0 0,96
5d ND ND ND ND
6d >100 >100 34 15
5e >100 >100 113 33
6e >100 >100 25 18
5f >100 >100 9,0 74
6f >100 >100 18 1,2
5 >100 >100 6,1 34
69 >100 >100 0,80 17
5h >100 >100 3,9 0,95
............. O i 2200 200 O RO
AAZ" 0,25 0,012 0,025 0,006

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitaté. [b] Rezultati ir aprékinati ka vidgjais no tris
neatkarigiem mérfjumiem (kludas ir +5-10% robezas no noraditajam vertibam). [c] Inhibitoru un enzimu saturosie
$kidumi tika inkubgti 6 h i.t. * References standarts.

Sis apaksnodalas pétfjumi ir aprakstiti originalpublikacija J. Enzyme Inhib. Med. Chem. 2023,
38 (1), 216-224.
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2. Benzoksafosfepina pamatstruktiras kimiskas daudzveidibas paplasSinasana

Lai ieghtu plasaku informaciju par struktiiras—aktivitates likumsakaribam, tika veikta
benzoksafosfepina oksida modificésana, ievadot dazadus arilaizvietotajus 7-, 8- un 9-pozicija.
Arilatvasinajumi 7-9 tika sintez&ti paladija katalizéta Suzuki-Miyaura Skérssametinasanas reakcija
starp komerciali pieejamajam arilborskabém un halogenidiem 6b,d,e (2. shéma). No ieprieksgjiem
rezultatiem zinams, ka 6-pozicija aizvietotus atvasinajumus iegiit nav iesp&jams, jo attiecigais
diolefins stérisko traucgjumu dél neciklizéjas metatézes stadija.? Iegiito produktu 7-9 biologiskas
aktivitates lautu noskaidrot piemérotako aizvietotaju novietojumu jaunu $ada tipa CA inhibitoru
dizaina.

Pd(dppf)Cl,

a| H g | 35-dici
Im N R@B(OH)Z _ KCO b| 4OMe  h| 3F
0-P~oH X 1,4-dioksans/H,0 c| 4-COpEL i | aMe
o 16 h, 80°C iy d| 4F i | 3-coMe
e| aci k| 3-NO,
o 7a-l f | 4CF, 1| 4-Bu
54-63%
Pd(dppf)Cl,
L) T e
> " RS al H d| 4c
x .
B o~f~on b fgo: o i/gzo b| 4-0Me 3,5-diCl
© ' c| 4-COEt f | 2-NO,
6d
Pd(dppf)Cl,
m O/B(OH)Z KoCOs a|H d| 4-Cl
BN T A dokeanao b| 4OMe e | 35-diCl
S 1,4-dioksans/H,0 :
Ay ' z 4-COEt | 2-NO
Br o o 16 h, 80°C ¢ 2 2
Ge 9a-f

66-89%

2. shéma. Benzoksafosfepina oksida 7-, 8-, 9-arilatvasinajumu 7-9 sintéze.

Arilatvasinajumi 7-9 uzradija saméra lidzigas Ki vértibas (mikromolara limeni) uz CA 1X un
CA XII izoformam ka sakotng&jie inhibitori 6b,d,e, vienlaikus saglabajot selektivitati (2. tabula).
Bitiski, ka 9-pozicija aizvietotu atvasinajumu 9 gadijuma tika novérota aktivitates samazinasanas,
savukart 7- un 8-aizvietotu analogu 7, 8 CA IX/XII inhib&Sanas sp&ja bija ieverojami augstaka.
Kopuma savienojumu s€riju 7 un 8 parstavji uzradija lidzigus rezultatus, tomér 7a, 7d un 7h ir
aktivakie 3o sériju inhibitori. S1tendence ir novérojama ari sulfokumarina A un homosulfokumarina
B analogu rindas.?®®® Lidz ar to talaka funkcionalizé$ana, lai uzlabotu aktivitati, tika veikta
benzoksafosfepina 7-pozicija.
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CA inhib&sanas dati savienojumu sérijam 7-9 un standarta inhibitoram AAZ

2. tabula

Ki (uM)eoc]

Savienojums
CAIl CAIll CAIX CAXII
7a >100 >100 0,77 0,95
7b >100 >100 4,6 1,7
7c >100 >100 6,0 6,7
7d >100 >100 0,86 0,25
Te >100 >100 8,6 11
7f >100 >100 3,7 0,59
79 >100 >100 7,3 4,2
7h >100 >100 0,63 0,56
7i >100 >100 1,5 0,94
7j >100 >100 9,5 15
7k >100 >100 7,6 0,64
.............. Mo 2000 100 A9 09T
8a >100 >100 1,8 2,7
8b >100 >100 2,1 5,6
8c >100 >100 10,2 3,8
8d >100 >100 5,0 7.1
8e >100 >100 0,98 0,84
o B 2000 >0 129 067 ..
9a >100 >100 16,5 25,5
9b >100 >100 39,4 52,4
9c >100 >100 55,3 >100
9d >100 >100 48,9 65,3
% >100 >100 22,4 28,2
e I 2000 2000 B4, BL .
AAZ" 0,25 0,012 0,025 0,006

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitaté. [b] Rezultati ir aprékinati ka vidgjais no tris

neatkarigiem mérjjumiem (kladas ir £5-10% robezas no noraditajam vértibam). [c] Inhibitoru un enzimu saturosie

$kidumi tika inkubgti 6 h i.t. * References standarts.

Sis apaksnodalas pétijumi ir aprakstiti originalpublikacija J. Enzyme Inhib. Med. Chem. 2023,

38 (1), 2249267.
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3. Benzoksafosfepinu optimizéSana Iidz nanomolariem mérkenzimu inhibitoriem

lepriek§Ejos pétljumos par benzoksatiina un benzoksatiepina dioksidiem A un B, kas ir
benzoksafosfepina oksidu C tuvakie analogi, tika atklats, ka acilaminofunkcijas ievadiSana
pamatstruktiira nozimigi ietekmgja savienojumu inhibitoro aktivitati pret CA IX un CA XII.2%24
Tade] nakama darba posma, lai sasniegtu labaku aktivitati, tika nolemts sintez&t atvasinajumus ar
amida funkcionalajam grupam. Vispirms iepriek$ iegttais nitrobenzoksafosfepins 5h tika reducéts
lidz aminam 10, Kkas talak tika aciléts ar virkni karbonskabju hloridu. P&c starpproduktu etilgrupas

noskelSanas ar TMSBr tika iegiti attiecigie amidi 11a—m (3. shéma).

1. RC(0)CI, NEt;, CH,Cl,

16 h, 0°C —it. H
omm Fe, ACOH Hsz 2. TMSBr, CH,Cly, 24 h, it. R\"/Nm
—_—
EtOH/H,0 o
0-P~ B 0-P~, o~
‘C‘) OEt 1h,70°C E‘) OEt El) OH
5h 10 11a-m
97% 56-81%

a| Ph b| 4Tol c| 4MeO-CeH, d| 4-0,N-CeHy | 4-CiCeHy f | 4-Br-CeHy @] 2:Br-CeHy

h| 4iCHy 0| 24-CoHy i | 4FCeHy k| 2Naft- 1| 2Fur-  m | 2-Tieni-
3. shema. Benzoksafosfepina oksida amino- un acilaminoatvasinajumu 10 un 11 sinteze.

S1 pétijuma ietvaros jaunu un selektivu oglskabes anhidrazes inhibitoru klasts tika papildinats ari
ar urinvielas atvasindjumiem 12. Urinvielas funkciju saturo§i savienojumi tiek plaSi izmantoti
zalvielu konstrugsana un attisti§and, lai uzlabotu lidersavienojumu biologisko aktivitati, ka ar
fizikalktmiskos parametrus.3? Turklat zalvielas kandidats SLC-0111, kas uzradija spgcigu CA IX/XII
inhib&$anu un kam ir pabeigti I fazes klmiskie p&tijumi (NCT02215850), satur urinvielas fragmentu.
Benzoksafosfepina oksida urinvielas atvasinajumi tika sintezeti, aminam 10 reaggjot ar dazadiem
arilizocianatiem, kam seko O-deectilésana, izmantojot TMSBr (4. shéma). VElamas N,N’-
diarilurinvielas 12a—m tika iegtitas ar vidéjiem Iidz augstiem iznakumiem.

1.RNCO, THF, 16 h, 0°C —i.t. H H
HoN = 2. TMSBr, CH,Cly, 24 h, i.t. R/N\"/N =
P o _p
O~ ~OEt O~%~OH
o] o]
10 12a-m

48-91%
a|l Ph b| 4Tol  c| 3MeO-CoH; d| 4MeO-CH; e | 3-Cl-CH, f | 4-CiCgHs @] 2-Br-CoHs

h| 4-BrCeH, i | 41-CeHy, | 3-F-CeHy k| 4-FCeHy || 3-F;cCgHs m| 3-FiC-CeHy
4. shéma. Benzoksafosfepina oksida urinvielas atvasinajumu 12 sintéze.

Jaunsintez&to amino-, acilamino- un urinvielas atvasinajumu 10-12 enzimatiskie testi uz CA 1, II,
IX, XII paradija interesantus rezultatus. Tapat ka iepriek$ pétitie analogi 5-9, savienojumi 10-12
neinhibé normalos audos plasi sastopamas CA | un CA Il izoformas. Zimigi, ka amins 10 un ta
atvasinajumi 11, 12 sasniedza nanomolaru Itmeni — dazi savienojumi uzradija labaku inhib&Sanas

aktivitati uz CA IX vai CA XII neka SLC-0111 un AAZ (3. tabula). Jauzsver, ka spgja inhibét abas
16



izoformas ir novérojama tikai amina 10 un amidu 11 gadijuma, savukart urinvielas 12 izradijas

selektivi CA IX inhibitori.

3. tabula

CA inhib&sanas dati savienojumu sérijam 10-12 un inhibitoriem SLC-0111 un AAZ

Ki (nM)20

Savienojums

CAI CAIl CAIX CAXIlI
............. 10 710000 " TTS10000 TTTas 66
lla >10000 >10000 10,8 7,3
11b >10000 >10000 20,5 7,8
1llc >10000 >10000 10,1 8,1
11d >10000 >10000 29,4 6,7
1le >10000 >10000 158,4 64,1
11f >10000 >10000 25,8 84,4
119 >10000 >10000 23,2 8,9
11h >10000 >10000 18,7 57,5
11i >10000 >10000 14,6 6,9
11j >10000 >10000 27,4 4,0
11k >10000 >10000 20,1 27,2
111 >10000 >10000 22,3 9,7
o Hm>10000 o >20000 328 o e .
12a >10000 >10000 34,9 >10000
12b >10000 >10000 46,9 >10000
12c >10000 >10000 53,3 >10000
12d >10000 >10000 5,3 >10000
12e >10000 >10000 52,9 >10000
12f >10000 >10000 54,8 >10000
12g >10000 >10000 46,9 >10000
12h >10000 >10000 36,8 >10000
12i >10000 >10000 36,0 >10000
12j >10000 >10000 51,8 >10000
12k >10000 >10000 44 >10000
121 >10000 >10000 31,9 >10000
Lodem o >10000 o >10000 427 .20
..... SLC-OLIL 5080 060 s AS
AAZ" 250 12,1 25,8 57

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitaté. [b] Rezultati ir aprékinati ka vidgjais no tris
neatkarigiem mérjjumiem (kladas ir £5-10% robezas no noraditajam vértibam). [c] Inhibitoru un enzimu saturosie

$kidumi tika inkubgti 6 h i.t. * References standarts.

JaatzIme, ka dazos véza apakstipos CA XII ekspresijai, salidzinot ar CA IX izoformu, ir minimala
ietekme uz audzgja $anu proliferaciju.®® Turklat CA XII ir sastopama vairakos normalos audos, kas

liecina par nepiecieSamibu noteiktos gadijumos izstradat selektivakus CA IX inhibitorus attieciba
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pret CA XI1.334 Savienojumi 12, kam piemit CA IX inhib&Sanas selektivitate, varétu biit Tpasi
nozimigi farmakologijas joma, pateicoties samazinatam blakném, saistitam ar neselektivu CA
izoformu aktivitates nomaksanu.

No sintez@tajiem benzoksafosfepina oksida C atvasinajumiem amins 10, amidi 11 un urinvielas
12 uzradija visaugstako mérkenzimu inhib&$anas sp&ju (ar Ki vértibam nanomolara diapazona). No
tiem 10, 11c un 12d tika izv€léti turpmakajiem in vitro eksperimentiem citotoksicitates parbaudei.
Analiz&jamo inhibitoru citotoksicitate tika pétita uz A375 melanomas $tnu, HCT-116 kolorektala
véza §tinu un MDA-MB-231 triskar$i negativa kriits véza $tnu Iinijam, kas kultivétas Klasiskajos
apstaklos. Stinu dzivotspéjas noteik3anai tika izmantota MTT (3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromids) kolorimetriska metode.®*3® Rezultati liecinaja, ka aminam 10 un amidam
11c ir zema citotoksiska aktivitate visas pé€tjjuma analiz€tajas Stnu linijas, savukart urinvielas
atvasinajums 12d uzradija izteiktaku citotoksisko efektu — inkubacija ar 12d samazinaja HCT-116
Sunu proliferaciju par 40% un A375, MDA-MB-231 sunu proliferaciju par 50% 100 uM
koncentracija (4. att.).

A375 HCT-116 MDA-MB-231
120 120 120
= £0.001 = =
a0 — P = 100 p<0.01 P <0.0001 F _ p<o000t
= N &
‘E .E . 'a
S 80 8 80 8 80
g : g o« g '\S\’\}\
s ® s .
g 60 \ g 60 g 60 ~
T T T T T 1 T T T T T 1 4 T T T T T 1
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
log [12d (uM)] log [12d (uM)] log [12d (uM)]

4. att. Savienojuma 12d citotoksiska iedarbiba uz A375, HCT-116 un MDA-MB-231 §tnu
linijam p&c 72 h inkubacijas (N = 4; dati analiz&ti, izmantojot GraphPad Prism 10.3.1; noteikts
Florences Universitaté sadarbiba ar Dr. E. Andreucci un Dr. A. Biagioni).

DaZiem literatiird zinamajiem CA inhibitoriem piemit augsta citotoksicitate,3® tomer tiek
uzskatits, ka CA IX/XII inhibitoru pretvéza potencials galvenokart ir saistits ar to sp&ju modulét
audz&ja mikrovidi, samazinot acidozi, ka ari kavéjot laundabigo $iinu augsanu un izplati¥anos.®
Turklat kombinacija ar citam zalvielam CA IX/XII inhibitori var darboties sinergiski, sensibilizgjot
véza §finas un tadgjadi palielinot kimijterapijas efektivitati.3®4° Interesanti, ka prekliniskajos in vitro
pétijumos zalvielas kandidats SLC-0111 neietekméja véza $tinu dzivotsp&ju normoksijas un neitrala
pH (7,4) apstaklu gadfjuma, tacu uzradija citotoksisko aktivitati véza $tnu linijas, kultivétas skaba
vidé (pH 6,7) vai hipoksijas apstaklos.*! Izteiktu antiproliferativu un antimetastatisku iedarbibu SLC-
0111 uzradija in vivo kriits véza modelos. 213

Citotoksicitates testi plasaka Stinu Imiju paneli, ieklaujot v€za §iinu Iinijas ar paaugstinatu
CA IX/XII ekspresiju un to inkubaciju hipoksijas apstaklos, sniegtu papildu informaciju par
benzoksafosfepina oksidu terapeitisko potencialu. Nemot véra noveéroto selektivitati CA izoformu
inhibésana (3. tabula), petjjumi par $o savienojumu ietekmi uz véza $tnam, kuram ir raksturiga
pozitiva CA IX ekspresija un negativa/vaja CA Xl ekspresija (vai vice versa), lautu izvertet saistibu
starp mérkproteinu inhib&Sanu un véza §tinu proliferacijas sp&ju.

Darba turpinajuma 3H-1,2-benzoksafosfepin-2-oksidu klases, ka art 3H-1,2-benzoksatiepin-2,2-
dioksidu klases parstavjiem tika noteikta skidiba fideni. Analize tika veikta fosfata fiziologiskaja
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buferskiduma (PBS; pH ~ 7,4) pie 25 °C, izmantojot AESH-UV metodi. No iegiitajiem rezultatiem
redzams, ka pareja no sultoniem uz cikliskajam fosfonskabém uzlabo $kidibu iideni — fosfonatiem
6a, 7h, 11c, 11j, 12d, 12k ta ir izteikti augstaka neka sultonu analogiem B, B1, B2 (5. att.). Japiebilst,
ka benzoksafosfepina oksidu $kidibas vértibas ir lidzvertigas neatkarigi no aizvietotaja. Turklat no
fosfonskabém ir iesp&jams iegiit salus, lai papildus paaugstinatu $kidibu tideni. Potencialu zalvielu
Skidiba ir batisks parametrs, kas ietekmé to absorbciju, biopieejamibu un administréSanu.
Neapmierino$as farmakokinétikas pasibas nereti ir saistitas ar savienojumu zemu $kidibu un §iinu

e, Con, Moo,

caurlaidibu.%?

0,15 mg/mL 0, 0004 mg/mL 0,56 mg/mL
“O OO Yy
O—P\OH O—P\OH —P\OH O—P\OH
6a 7h 11c (R=4-OMe) 11j (R =4-F) 12d (R =4-OMe) 12k (R = 4-F)
2,30 mg/mL 2,26 mg/mL 2,43 mg/mL 2,14 mg/mL 2,26 mg/mL 2,35 mg/mL

5. att. Izveleto inhibitoru §kidiba PBS buferT (noteikts sadarbiba ar Dr. H. Kazokas grupu LOSI
Hromatografijas laboratorija).

Sis apak$nodalas pétijumi ir aprakstiti originalpublikacija ACS Med. Chem. Lett. 2025, 16 (6),
1031-1037.

19



4. Inhibitoru klasta papildinasana un saistiSanas mehanisma izpete
(Nepublicgti rezultati)

Izvertgjot slapekli saturo$u benzoksafosfepina oksidu 10-12 CA IX/XII inhib&$anas potencialu,
tika nolemts paplasinat $o atvasinajumu klastu ar dazadiem aminofunkcijas aizvietotajiem. Amins 10,
kas uzradija augstu inhibitoro aktivitati un ligandu efektivitati, kalpoja par atbilstosu references
savienojumu, veicot talaku struktiiras modific€sanu.

Jauni mazmolekulari CA inhibitori tika sintezéti, izmantojot benzoksafosfepina oksida
aminoatvasinajumu 10 ka galveno biivbloku. Savienojuma 10 acetiléSana lava iegit acetamidu 13.
Reakcija ar CSI amins 10 tika parversts par N ’-neaizvietotu urinvielu 15, savukart, aminam 10
reag€jot ar sulfamoilhloridu, veidojas sulfamids 16. Veicot Debus-Radziszewski reakciju, no
biivbloka 10 tika iegilits arT imidazols 14, lai parbauditu, vai imidazolilgrupa varétu darboties ka
arilgrupas bioizostérs (5. shéma).

H H
Me\"/N = AcCl, NEt, CISO,NCO HzN\"/N =
-
o CH,Cly, 16 h CH,Cly, 18 h o
0-P~ 2L, 2Cl, 0-P~,
WOt 0°C-it 0°C-it W OEt
13 HoN =~ 15
88% — m — 72%
N glioksals O"\Z\)\OEt
ﬁ formalins H
S Q
N = NH,CI 10 H,NSO,CI N =
MeOH NMP, 16 h RN
o-P~ e ’ 0—P~
W OBt 16 h, 60 °C 0°C-it. W OBt
14 16
40% 60%

5. shéma. N-Saturo$u benzoksafosfepina oksida atvasinajumu 13-16 sintéze.

N-Metilatvasindgjuma 17 iegisanai tika izmantota Fukuyama metode,** kuras pamata ir
aminogrupas aizsargasana ar 2,4-dinitrobenzolsulfonilgrupu. N-Aizsargata amina alkiléSana ar Mel
un tai sekojosa DNs grupas noSkelsana ar L-cisteinu NEts klatiené deva vajadzigo otr&jo aminu 17
(6. sheéma).

1. DNsCl, Py
H CH,Clp, 16 h Br(CH,)sBr G
Meﬂm 0°C-it. K,CO3, Nal N =
- —_— =
2. Mel, K,CO MeCN
0-P~ » KoLO3 0-P~
W OBt DMF, 2 h, it 16 h, 80 °C W OEt
3. L-Cys, NEt3
17 20
i H,oN
67% DMF, 16 h, i.t. b = 1%
3 stadijas
0'%\0Et
I\I/Ie formalins, AcOH 10 (BrCH,CH,),0 @
Me/Nm NaBH(OAc); K,CO3 N =
- S — .
_ 1,2-DCE, 16 h, iit. DMF, 16 h, 80 °C _
o-for ' 0-F~0Et
o] o)
18 (R = Et) 21
94% TMSBr 76%
CH,Cly, 24 h, it.
19 (R = H)

92%
6. shema. N-SaturoSu benzoksafosfepina oksida atvasinajumu 17-21 sintéze.
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Buvbloka 10 parvérsana par N,N-dimetilatvasinajumu 18 tika veikta ar formaldehidu reducgjosas
amin&$anas cela. Paklaujot savienojumu 18 ieprieks aprakstitajiem McKenna reakcijas apstakliem, ar
augstu iznakumu tika iegiits arT analogs 19. Savukart piperidina un morfolina atvasinajumi 20 un 21
tika sintezgti, attiecigi alkilgjot aminu 10 ar 1,5-dibrompentanu vai bis(2-brometil)éteri (6. shéma).

Slapekli saturoSu atvasinajumu rindas paplaSinaSanai amins 10 tika transforméts par glicinamida
22 un guanidina 23 analogiem, izmantojot reakciju ar N-Boc-aizsargatu glicinu vai 1H-pirazol-
1-karboksamidinu. P&c aizsarggrupu nosSkel§anas skaba vide mérksavienojumi tika iegiti

trifluoracetatu salu veida (7. shéma).

Hsz
-P-,

u OEt
[¢]

7. shema. N-SaturoSu benzoksafosfepina oksida atvasinajumu 22 un 23 sinteze.

Jauno CA inhibitoru 13-23 K; vértibas bija robezas no 23 nM lidz 3,44 uM (4. tabula).

10

(0]

1. Boc-Gly-OH, EDC-HCI
THF, 16 h, i.t.

2. TFA, CH,Cl,, 16 h, it.

N
)\NHBOC

1. BocN
NEts, CH,Clp, 16 h, i.t.

2. TFA, CH,Clp, 16 h, i.t.

®_~_N ~
H3N/\"/

o]
CFsCOY

22
84%
2 stadijas

® H
HaN. N =~
oI
CFscO; NH

23
87%
2 stadijas

(0]

0-F~oEt
b

-F~0oEt
e}

CA inhib&sanas dati savienojumiem 13-23 un standarta inhibitoram AAZ

4, tabula

Savienojums

Ki (nM)[22<]

CAI CAIll CAIX CA XIlI
13 >10000 >10000 620 870
14 ND ND ND ND
15 >10000 >10000 51 3440
16 370 94 37 23
17 >10000 >10000 840 710
18 >10000 >10000 950 760
19 >10000 >10000 920 810
20 >10000 >10000 1130 1070
21 >10000 >10000 990 1280
22 >10000 >10000 920 650
............. 23 ....7M0000 >10000 1230 1150
AAZ" 250 12,1 25,8 57

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitaté. [b] Rezultati ir aprekinati ka vidgjais no tris

neatkarigiem mérjjumiem (kladas ir £5-10% robezas no noraditajam vértibam). [c] Inhibitoru un enzimu saturosie
$kidumi tika inkubgti 6 h i.t. * References standarts.
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Veicot benzoksafosfepina oksida atvasindgjuma 10 aminogrupas modifikacijas, SAR pétjjumos
noskaidrots, ka alifatisko fragmentu ievadisana kopuma samazinaja inhibitoro aktivitati (salidzinot
13 ar 10 un 11a—m; ka ar7 17-22 ar 10). Sintez&tie acikliskie un cikliskie amini 17-21, ka arT amidi
13, 22 ir vajaki CA IX/XII inhibitori neka attiecigie aromatiskie atvasinajumi 11, 12 un neaizvietots
amins 10 (3.un 4. tabula). Rezultati liecina par nepiecieSamibu precizi regulét stériskos un
elektroniskos efektus konstrugjamo ligandu aizvietotajiem N-saturo$aja sanu k&de. Interesanti, ka N’-
neaizvietotai urinvielai 15 tika noverota lidziga CA IX selektivitate attieciba pret CA XII inhib&Sanu
ka N’-arilurivielam 12a—-m. No visiem testétajiem savienojumiem tikai sulfamids 16 inhibgja CA |
un 11 izoformas, kas bija sagaidams, nemot véra —SO,NH; grupas koordingsanos ar cinka jonu.* Toties
savienojums 16 uzradija augstaku inhib&Sanas aktivitati uz mérkenzimiem CA IX/XII neka uz
CA I/11, paradot benzoksafosfepina struktiiras ietekmi uz vélamas selektivitates nodro§inasanu.

CA enzima kristalizacijas méginajumi kompleksa ar dazadiem 3H-1,2-benzoksafosfepina 2-
oksida atvasinajumiem nebija veiksmigi, tap&c joprojam paliek aktuals jautdjums par So savienojumu
konkrétu inhibésanas mehanismu. P&tijuma gaita tika izvirzitas divas galvenas hipotézes: 1) 3H-1,2-
benzoksafosfepina 2-0ksidi iedarbojas uz CA neizmainita veida; vai 2) 3H-1,2-benzoksafosfepina 2-
oksidi ir zalvielu prieksteci, kas tiek parveidoti par aktivajiem savienojumiem hidrolizes cela.
Japiebilst, ka enzimatiskajos testos So inhibitoru aktivitate ir atkariga no inkubacijas perioda, kas
varétu liecinat par to, ka tie darbojas ka zalvielu prieksteci. Pieméram, klasisko CA inhibitoru
gadijuma enzimu un inhibitoru $kidumiem inkubacijas periods ir 15 mintites, tacu benzoksafosfepina
oksidu aktivitates noteik$anai bija nepiecieS$ama seSu stundu inkubacija. Analogisks efekts ir
raksturigs kumariniem un sulfokumariniem, kuru darbibas mehanisms tika noskaidrots
kokristalizacijas pé&tfjumos un ietver heterocikliska fragmenta hidrolitisko SkelSanos; rezultata
izveidojusies skabes atvasinajumi saistas ar enzima aktivo centru (6. att.).16°

Br\©f\ H,0 Br N Bf\@f\/soaH
.o —> - >
O’S‘(O CA katalizéta on=0sH cis—trans OH

hidrolize izomerizé$anas

A1 Z-A2 E-A2

6. att. Sulfokumarina Al CA katalizéta hidrolize.r®

Lai izprastu benzoksafosfepina oksidu mijiedarbibu ar CA, nepiecieS8ama kompleksas pieejas
lictoSana, kas paredz tradicionalo SAR pétjjumu un datormodeléSanas apvienosanu. Tadg] tika
nolemts iegit vairakus papildu modelsubstratus, kas atklatu oksafosfepina fragmenta esosas
dubultsaites un skabekla tiltina lomu CA inhib&sana.

5H-1,2-Benzoksafosfepin- un 3,4,5-trihidrobenzoksafosfepin-2-oksidi (28 un 29) tika sintezéti
lidziga veida ka ieprieksgjas s€rijas inhibitori 6, sakot no 2-alilfenola (24). Fosforilésanas reakcija ar
hloridu 25 no savienojuma 24 tika iegiits diolefins 26, kas veidoja ciklizéto produktu 27, lietojot cikla
saslégsanas metatézi (8. shéma). Jamin, ka reakciju veicam sausa CH.Cl, istabas temperatiira, kas
palidzgja novérst olefina 27 dubultsaites migré$anu. Talaka TMSBr veicinata etilgrupas noskelSana
deva mérksavienojumu 28, no kura tika iegits trihidroanalogs 29, hidrogengjot heterocikliskaja
fragmenta esoSo dubultsaiti.
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24 26 27
CH,Cl,
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94% 85% 2t iy | TMSBr
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-— -
MeOH
o~f~oH - o-fioH
W 16 h, it w
29 28
96% 73%

8. shéma. Benzoksafosfepina oksidu analogu 28 un 29 sinteze.

Lai pagatavotu ciklisko fosfinskabi 37, sakotngji bija nepiecieSams iegiit 2-vinilbenzilbromidu
(33). Savienojums 33 tika sintez&ts no 2-brombenzaldehida (30) saskana ar literatiiras metodi,*® kas
paredzgja tris solu sekvenci — Suzuki-Miyaura sametinasanu starp 30 un kalija viniltrifluorboratu,
aldehida 21 reduc€sanu un iegita spirta 32 Appel tipa broméSanu (9. shéma). Fosforu saturosa
fragmenta ievadiSana tika iesakta ar amonija hipofosfita (34) parvérSanu par bis(trimetilsilil)-
fosfonitu (35), kas tika izmantots reakcija ar bromidu 33.# P&c HMDS pievieno$anas un alilésanas
sekoja apstrade ar MeOH, iegiistot dialkilfosfinskabi 36.** Pedgja stadija, veicot cikla saslégsanas
metatézi, tika iegiits mérksavienojums 37.

O BFK
©i5/' Pd(dppf) c:|2 ©i? NaBHA N NBS, PPh, @:/\
—_——
=0 NEts, T NEL, PO 2 thEMeoH OH CH,Cl, Br
18h, 80 °C 2h,0°C —it. 1h,0°C—it.
30 31 32 33
83% 93% 74%
1. 33, CH,Cl,
16 h, 0°C —it.
o (TMS),NH H 2. (TMS),NH, 2 h = Grubbs Il =
H—-P-H _ > _ = B —
P
1 0 TN " _
% 2, 100°C T™SO” ~OTMS 3. Alilbromids, 16 h RoH CHCly Pmon
NH, 4. MeOH o 4h,40°C 5
34 35 36 37
88% 56%

9. shéma. 1,3-Dihidrobenzfosfepina 2-oksida 37 sintéze.

Nemot véra iesp&jamo inhibéSanas mehanismu, kas ietver oksafosfepina hidrolizi, ieprieks
sintezgtie benzoksafosfepina oksidi 5h un 6h tika paklauti hidrolizes reakcijai ar NaOH tdens
$kidumu. Reakcijas rezultata veidojas fosfonats 38 un fosfonskabe 39 ar Z-konfiguracijas dubultsaiti.
Savienojuma 38 struktiira tika pieradita ar monokristala rentgendifraktometriju. SalidzinaSanas
noliika hidrolizétais analogs 39 tika parversts par E-izomeru 40, apstarojot to ar violetas gaismas LED
(10. shéma).
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10. shéma. Fosfonata 38 un fosfonskabju 39, 40 sintéze (rentgendifraktometrijas pétijumi tika veikti
sadarbiba ar Dr. S. Belakovu LOSI Fizikali organiskas kimijas laboratorija).

Modelsavienojumu CA izoformu inhib&Sanas testu dati dalgji apstiprinaja izvirzito hipotezi par
3H-1,2-benzoksafosfepina 2-oksidu hidrolizi enzima vid€. Atbilstosi Sai hipotézei cikla atvérSanas
produkti 38 un 39 saglabaja selektivitati un uzradija inhibitoro aktivitati pret CA IX/XII, kas bija
salidzinama ar ciklisko analogu 5h un 6h aktivitati. Savienojuma 6a dubultsaites regioizomera 28 un
hidrogenéta atvasinajuma 29 rezultati liecina, ka dubultsaitei benzoksafosfepina bazes struktiira ir
liela nozime CA izoformu inhibéSana, jo tas reduc€Sana izraisa aktivitates zudumu. Iesp€jams,
dubultsaite ierobeZo struktiiru kustigumu hidrolizes gadijuma un/vai veido nozimigas hidrofobas
mijiedarbibas ar enzima aktivaja centra esoSajam aminoskab&m. Savukart benzofosfepma 37
aktivitati varétu skaidrot ar $T mazmolekulara liganda sp&ju ieiet CA IX un CA XII izoformu
katalitiskaja kabata (5. tabula).

5. tabula

CA inhib&sanas dati savienojumiem 28, 29, 36—40 un standarta inhibitoram AAZ

Ki (uM)=>c]

Savienojums

CAIl CAIll CAIX CAXII
28 >100 >100 1,6 3,5
29 >100 >100 >100 >100
36 ND ND ND ND
37 >100 >100 0,86 0,78
38 >100 >100 2,14 1,98
39 >100 >100 1,80 1,67
............. A0 D DD DD D)
AAZ" 0,25 0,012 0,025 0,006

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitaté. [b] Rezultati ir aprékinati ka vidgjais no tris
neatkarigiem mérjjumiem (kladas ir £5-10% robezas no noraditajam vértibam). [c] Inhibitoru un enzimu saturosie
$kidumi tika inkubgti 6 h i.t. * References standarts.

Savienojumu molekulara modelésana CA struktora lautu noskaidrot izdevigako saistibas veidu
un sniegtu noderigu informaciju par attisti§anas iesp&jam turpmakajos p&tijumos.
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SECINAJUMI

1. Izstradata sintézes pieeja, kas ietver olefinu veido$anos no 2-hidroksibenzaldehidiem un cikla
saslég8anas metatézi ka galveno stadiju, lauj iegtt jaunus fosforu saturo$us heterocikliskos
savienojumus — 3H-1,2-benzoksafosfepina 2-oksidus. Sos savienojumus ir iespéjams talak
funkcionalizgt, ieglistot plaSu atvasinajumu klastu.

/
=i
=z N = I
NSOy
OH
O

Cikla saslég$anas
metatéze

o-for
2. 3H-1,2-Benzoksafosfepina 2-oksidi ir jauna cilvéka CA inhibitoru klase, kuras parstavji uzradija

augstu inhib&Sanas sp&ju un selektivitati uz véza $tinas ekspresétajam CA IX un XII izoformam,
salidzinot ar organisma plasi sastopamajam CA | un Il.

= = +/ Jauna tipa inhibitori
R | y  Selektiva CA IX/XIl inhib&sana
O~\~OR'
a + K vértibas sasniedz nM limeni

3. 7-Aminoatvasinajums, ka arT 7-acilamino- un 7-urinvielas atvasinajumi ar daZam arilgrupam
uzradija visaugstako inhibitoro aktivitati pret CA 1X un/vai CA XII. Tie ir efektivaki ar audz&ju
saistTto izoformu inhibitori neka AAZ vai zalvielas kandidats SLC-0111. Iegiitie rezultati liecina,
ka savienojumi ir piem&roti turpmakai izp&tei un attistiSanai ka potenciali pretvéza lidzekli.

~ F
H
o]
R*@ Ki (CA IX): 3,5 nM Ki (CA XIl): 4,0 nM
oo
R’ = H vai Et T D
o] o}
MeO F
\_ K; (CA IX): 5,3 "M K; (CA IX): 4,4 "M

4. Benzoksafosfepina oksidi ir izmantojami ka kumarina un ta séru saturo$u analogu bioizosteri
attieciba uz CA izoformu inhib&sanu. Sintez&to fosfororganisko mérksavienojumu $kidiba tident
ir ievérojami augstaka neka ieprieks€jas paaudzes inhibitoriem, kas liecina par potenciali uzlabotu
biopieejamibu.

Bioizostéra

C(j aizvietosana @
—_—
0-%%0 o-fon
o (6]
0,15 mg/mL (PBS) 2,30 mg/mL (PBS)
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5. CA inhibitoriem ar benzoksafosfepina pamatstrukttru var bit lidzigs darbibas mehanisms ka
radniecigajiem kumariniem un sulfokumariniem. Piedavatais savienojumu saistibas veids CA 1X
vai CA XII aktivaja centra ietver oksafosfepina hidrolizi, kam seko saisti§anas pie aktiva centra
ieejas vai ar cinka neproteina ligandu. Strukturalas atskirtbas CA izoformu I, II, IX un XII aktiva
centra apkartng, ka arl 1,2-benzoksafosfepin-2-oksida aizvietotaju daba nosaka inhib&Sanas
selektivitati.

Enzima katalizéta
Z — hidrolize Z X
R | —_— > R | o)
o—ﬁc")\OR. OH Py
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GENERAL OVERVIEW OF THE THESIS

Introduction

Discovered in the early 1930s, carbonic anhydrases (CA, EC 4.2.1.1) are a well-known enzyme
superfamily recognised for catalysing the reversible hydration of carbon dioxide to bicarbonate anion
in all living organisms.! They are divided into eight evolutionarily distinct gene families, namely a,
B, v, d, € ¢ 1, 6 and 1.2 While being structurally diverse, all CA enzymes possess a metal ion as a
cofactor at their active site. The a-CA gene family contains Zn?*, which plays a crucial role in the
catalytic mechanism.® This is the most widely studied class of CAs, as it is present in vertebrates; its
activity is involved in manifold physiological and pathological processes, making a-CA a target of
therapeutic interest.®4 In humans, 15 different a-CA isozymes have been identified to date, according
to their structure, cellular localisation and catalytic activity.*

Generally, human CA isoforms are grouped based on subcellular localisation: cytosolic (CA 1, II,
11, V11, X111) isoforms, mitochondrial (CA VA, VB), secreted (CA V1), as well as membrane-bound
(CA IV, IX, XII, XIV) isoforms.* Moreover, there are three catalytically inactive CA-related proteins
(CARP VIII, X, XI), whose biological functions remain poorly defined.*> The dysregulated
expression and activity of catalytic forms of CA are often associated with a variety of medical
conditions, including cancer, glaucoma, metabolic and neurological disorders.* In particular, two
transmembrane isoforms, CA 1X and CA XII, were shown to be overexpressed in many types of solid
tumours, contributing to tumour progression and metastasis through the regulation of intra- and
extracellular pH.%° Their expression can also serve as a diagnostic and prognostic biomarker in
certain cancer histotypes, and is correlated with therapeutic resistance due to involvement in hypoxia
and acidosis.51%! Therefore, designing and developing selective CA I1X/XII inhibitors represents a
potential anticancer strategy with promising clinical applications in both conventional and
combination therapies.

To date, the three-dimensional structures of the majority of the human CA isoforms have been
elucidated by X-ray crystallography, facilitating the development of CA inhibitors.2 The active site
of catalytically active isoforms is located in a conical cavity comprising hydrophobic and hydrophilic
regions, which are essential for enzymatic reactions.>* At the deepest part of this cavity, Zn®* is
embedded and tetrahedrally coordinated by three histidine residues and a water molecule or hydroxide
ion.2* High amino acid sequence identity within the catalytic domain and overall structural similarity
between human CAs pose a challenge for isoform-specific inhibition. In the framework of the
Doctoral Thesis, the author decided to specifically target the inhibition of CA 1X and CA XII, given
their overexpression in cancerous tissues and limited expression in normal tissues, while preserving
the activity of the housekeeping isoforms CA I and CA 1I.

Over the past few decades, numerous studies have focused on the interactions between CAs and
their inhibitors, which can provide valuable clues for rational drug design. So far, four different
inhibition mechanisms have been identified: 1) direct coordination to the catalytic zinc ion (zinc-
binders are classical CA inhibitors, which include primary sulphonamides, (in)organic anions,
carbamates, thiols, selenols, benzoxaboroles); 2) anchoring to the zinc-coordinated water/hydroxide
ion (observed with phenols, polyamines and sulphocoumarins A (Fig. 1)); 3) occlusion of the active
site entrance (coumarins, thiocoumarins); and 4) peripheral site binding (one carboxylic acid
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derivative, 2-(benzylsulphinyl)benzoic acid, was found bound outside the active site — in a
hydrophobic pocket adjacent to the entrance of the active site cavity).?* Additionally, there are many
CA-inhibiting compounds with unknown mechanisms of action.

Several classical CA inhibitors, such as acetazolamide (AAZ), methazolamide, sulthiame and
dorzolamide, are clinically used as diuretics, antiglaucoma agents or antiepileptic drugs.? Compounds
containing the —SO.NH. group, which binds to Zn?*, are among the most effective CA inhibitors;
however, their non-selective inhibition profile is linked to severe side effects. For this reason, various
novel CA inhibitors with improved selectivity have been introduced, one of which is the drug
candidate SLC-0111, designed to inhibit the tumour-associated isoforms (Fig. 1).'2*® SLC-0111 has
advanced to clinical trials in patients with metastatic solid tumours.* This reflects the promising
therapeutic niche that CA inhibitors may occupy in the treatment of oncological maladies.

Our research group’s main priority is the exploration of non-classical coumarin-type CA
inhibitors, whose binding mechanism does not involve coordination to Zn?*.° Instead, coumarins
bind within the active site of the enzyme in their hydrolysed form, thereby occluding substrate
entry.’>1® They were initially detected as CA inhibitors during high-throughput screening of natural
products and attracted broad interest owing to their ability to inhibit multiple o-CA isoforms.>!
Efforts in advancing the potential of coumarin-based inhibitors have led to the development of
sulphocoumarins A (1,2-benzoxathiine 2,2-dioxides) and their congeners — homosulphocoumarins
B (3H-1,2-benzoxathiepine 2,2-dioxides) as selective CA I1X and XII inhibitors (Fig. 1).18-2* In this
Doctoral Thesis, a novel chemotype — 3H-1,2-benzoxaphosphepine 2-oxide C — is studied as a
platform for next-generation CA inhibitors.

Q_NH,
e OO
S—NH
Me)LN SE NTON
H H H
Acetazolamide (AAZ) SLC-0111
o OO OO OQ
S=0
x"So oYy 0-$%0 o-F~or
[e] [e]
Coumarin, X =0 A B (o3

Thiocoumarin, X =S

Fig. 1. Structures of CA inhibitors.

Aims and objectives

The Doctoral Thesis aims to develop effective and selective CA inhibitors on the basis of the
phosphepine oxide C scaffold, targeting the tumour-associated isoforms IX and XII, with potential
therapeutic applications. The following tasks were set to achieve this aim:

1. develop a methodology for the synthesis and derivatisation of 3H-1,2-benzoxaphosphepine

2-oxide;

2. determine the inhibitory activity of the synthesised analogues against a set of human CA

isoforms;

3. explore the effects of the compounds on cell viability and evaluate their aqueous solubility;

29



4. investigate the structure—activity relationship (SAR) and provide insights into the binding
mechanism.

Scientific novelty and main results

The research presented in the Thesis contributes to the field of selective carbonic anhydrase
inhibitors by developing novel benzoxaphosphepine-based compounds. The established general
synthetic pathway enabled access to a diverse array of substituted 3H-1,2-benzoxaphosphepine
2-oxides. The obtained compounds were investigated for their ability to inhibit various CA isoforms,
showing the preferential activity towards the tumour-associated isoforms 1X and XII. A series of
inhibitors with low nanomolar potency against CA IX/XII, without off-target effects, was discovered.
In addition, several representatives of the benzoxaphosphepine oxide class were evaluated for
cytotoxicity and aqueous solubility. The core inferences from SAR studies, as well as mechanistic
insights into the binding mode, were drawn. The results highlight the potential of these inhibitors as
drug candidates that deserve further exploration.

Structure of the Thesis

The Thesis is a collection of thematically related scientific publications focused on the design and
development of 3H-1,2-benzoxaphosphepine 2-oxide derivatives as potential anticancer agents
targeting carbonic anhydrase I1X and XII isoforms.

Each section of the results chapter of the Thesis presents a summary of a single publication in
chronological order.

Publications and approbation of the Thesis

The main results of the Thesis were summarised in three scientific publications and one review
article. Additionally, the research findings were presented at nine conferences.

Scientific publications

1. BalaSova, A.; Zalubovskis, R. Synthetic methods toward phosphacoumarins (microreview).
Chem. Heterocycl. Comp. 2022, 58, 310-312.

2. Pustenko, A.; BalaSova, A.; Nocentini, A.; Supuran, C.T.; Zalubovskis, R. 3H-1,2-
Benzoxaphosphepine 2-oxides as selective inhibitors of carbonic anhydrase IX and XII.
J. Enzyme Inhib. Med. Chem. 2023, 38 (1), 216-224.

3. BalaSova, A.; Pustenko, A.; Nocentini, A.; Vullo, D.; Supuran, C. T.; Zalubovskis, R. Aryl
derivatives of 3H-1,2-benzoxaphosphepine 2-oxides as inhibitors of cancer-related carbonic
anhydrase isoforms X and XII. J. Enzyme Inhib. Med. Chem. 2023, 38 (1), 2249267.

4. BalaSova, A.; Pustenko, A.; Angeli, A.; Andreucci, E.; Biagioni, A.; Nocentini, A.; Carta, F.;
Supuran, C. T.; Zalubovskis, R. Unraveling the potential of amino-, acylamino-, and ureido-
substituted 3H-1,2-benzoxaphosphepine 2-oxides toward nanomolar inhibitors of tumor-
associated carbonic anhydrases I1X and XII. ACS Med. Chem. Lett. 2025, 16 (6), 1031-1037.

5. Manuscript regarding the last chapter of the Thesis is in preparation.
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Conference participation

1

BalaSova, A.; Zalubovskis, R. Benzoxaphosphepine 2-oxides as potential carbonic anhydrase
inhibitors. 56" International Conference on Medicinal Chemistry (RICT 2021), virtual event,
July 7-9, 2021.

Balasova, A. Benzoxaphosphepine 2-oxides as potential carbonic anhydrase inhibitors.
12" Paul Walden Symposium on Organic Chemistry, virtual event, October 28—29, 2021.
Balasova, A.; Zalubovskis, R. Benzoxaphosphepine 2-oxides as potential carbonic anhydrase
inhibitors. Balticum Organicum Syntheticum (BOS 2022), Vilnius, Lithuania, July 3-6, 2022.
BalaSova, A.; Zalubovskis, R. Benzoxaphosphepine 2-oxides as potential carbonic anhydrase
inhibitors. Drug Discovery Conference 2022, Riga, Latvia, September 22-24, 2022.
BalaSova, A.; Zalubovskis, R. Development of benzoxaphosphepine 2-oxides as carbonic
anhydrase inhibitors. 81% International Scientific Conference of the University of Latvia, Riga,
Latvia, March 17, 2023.

BalaSova, A.; Zalubovskis, R. Design and synthesis of benzoxaphosphepine 2-oxides as
carbonic anhydrase inhibitors. 12" International conference on Carbonic Anhydrases, Naples,
Italy, July 5-7, 2023.

BalaSova, A.; Pustenko, A.; Zalubovskis, R. Development of benzoxaphosphepine 2-oxides
as carbonic anhydrase inhibitors. Autoimmune diseases: main problems and solutions, Riga,
Latvia, November 9-10, 2023.

BalaSova, A.; Pustenko, A.; Zalubovskis, R. Benzoxaphosphepine 2-oxides — a novel class
of carbonic anhydrase inhibitors. Conference “Achievements of the SPRINGBOARD project”,
Riga, Latvia, May 2-3, 2024.

BalaSova, A.; Pustenko, A.; Zalubovskis, R. Benzoxaphosphepine 2-oxides — a novel class
of carbonic anhydrase inhibitors. Balticum Organicum Syntheticum (BOS 2024), Riga, Latvia,
July 7-10, 2024.
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MAIN RESULTS OF THE THESIS

Prologue

Phosphorus-containing compounds have demonstrated a wide spectrum of biological activities,
including antitumour, antimicrobial and anti-inflammatory properties as well as inhibitory effects
against various enzymes.?>? The introduction of phosphorus moieties influences both the
pharmacokinetics and the pharmacodynamics of drugs, which renders them attractive for application
in medicinal chemistry.2>2® Moreover, phosphorus functionalities can serve as bioisosteres of
different functional groups, frequently providing enhanced bioavailability characteristics.?>?° In this
regard, we envisaged that benzoxaphosphepine oxides C might have potential as bioisosteres for
(sulpho)coumarin analogues (Fig. 1).

The methodology for the synthesis of fused phosphorus-containing heterocycles is relatively
limited. Among several transition-metal-catalysed approaches to form benzofused P-heterocycles,
the use of ring-closing metathesis proved to be a versatile tool for the preparation of 7-membered
benzannulated compounds. This method has been successfully applied to the synthesis of both
sulphur- and phosphorus-containing analogues (Fig. 2).2% Consequently, a similar strategy would
allow to access 3H-1,2-benzoxaphosphepine 2-oxides C. The following sections outline the synthesis
and biological evaluation of these novel organophosphorus derivatives.

1. O-Allylation /P/\ Ring-closing

\
‘\ 2 Claisen @ 7 CI” okt @ 7 metathesis @ \
—_— f_-_.— _—
OH OH o~f~oEt 0-F~0Et
(0] [e]
O
Ring-closing
O Wittig @ X ‘\/\ metathesrs
OH OH —S\ 0-S3,

e
[¢]
Fig. 2. Routes towards benzofused P- or S-containing 7-membered heterocycles.

The synthetic methods of phosphacoumarins and their homologues are summarised in the review
article in Chem. Heterocycl. Comp. 2022, 58, 310-312.
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1. Synthesis and inhibitory potential of benzoxaphosphepine chemotype

The general synthetic route leading to 3H-1,2-benzoxaphosphepine 2-oxides was established
based on previously described methodology involving ring-closing metathesis reaction for the
synthesis of structurally related compounds.?*° At first, commercially available salicylaldehydes 1a—
h were converted to vinylphenols 2a-h using Wittig olefination (Scheme 1). Subsequent
phosphorylation with chloride 3 afforded diolefins 4a—h, which underwent ring-closing metathesis in
the presence of Ru-based catalyst to generate benzoxaphosphepine scaffold. The final cleavage of the
ethyl group in 5a—h was achieved with TMSBr. This robust protocol provided compounds 6a—h in
overall good to excellent yields.

c Y
6 MePPh;Br OEt
5 2 |1 o tBuOK @(\ 3 =z | X //
R—— —_— R—— —_— R——
N NoH THF, 18 h, rt. X" 0H NEt;, CH,Cl, X 0-P~okt
3 18, 0°C —rt. 0
1a-h 2a-h 4a-h
76-88% 60-94% PhMec Grubbs Il
alH e| 3-Br 4h,70°C
b| 51 f| 3-OMe
c| 5Br g| 35-diCl —
TMSB ==
d| 4Br h| 5NO, g DL | -
| CH,Cly, 24 h, rit. _Pe
(] E’I\OH 272 r 0] E’\OEt
o] o)
6a-h 5a-h
71-90% 63-86%

Scheme 1. Synthetic procedure towards benzoxaphosphepine oxides 5 and 6.

In order to evaluate the inhibitory activity and selectivity of the synthesised cyclic phosphonates
5 and 6 (Fig. 3), compounds were screened against four pharmacologically relevant CA isoforms by
means of the stopped-flow CO- hydration assay.®! In this study, the ubiquitous CAl and Il are
regarded as off-target isoforms, whose inhibition is undesirable in contrast to the inhibition of the
cancer-associated isoforms CA IX and XII. The activities of inhibitors, calculated as K; (inhibition
constants) values, were compared to the standard drug AAZ.

= Im Br. = m

o-f~or o-f~or o-f~or Br o-f~or
o] o] o) o)
5a: R = Et 5b: R = Et 5¢c: R = Et 5d: R = Et
6a:R=H 6b:R=H 6c:R=H 6d:R=H
= = Cl = OZN\©(§>
o-fi~or o-fi~or o-f~or o-F~or
Br ¢} OMe O ¢]] 8} o}
5e:R = Et 5f: R = Et 5g: R = Et 5h: R = Et
6e:R=H 6f:R=H 6g:R=H 6h:R=H

Fig. 3. The scope of potential CA inhibitors 5 and 6.

The in vitro assay results revealed that all the tested compounds 5 and 6 possess the desired
activity and isoform selectivity by inhibiting only CA IX and CA XII isoforms. Regardless of the
substitution pattern on the aromatic fragment or phosphorus atom (OH vs OEt), the activity of these
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derivatives lies in the micromolar range, reaching even the submicromolar level, as in compound 6b
(Table 1). These findings also indicate the bioisosteric relationship between sulphocoumarins A, B
and benzoxaphosphepine oxides acting as CA IX/XII inhibitors. Although the inhibitory potential of
cyclic phosphonates 5 and 6 was determined to be weaker than that of AAZ, this novel phosphorus-
containing chemotype laid the groundwork for further structural optimisation in developing more

potent inhibitors.

Table 1

Inhibition data of compound series 5, 6 and the standard inhibitor AAZ against CA I, II, IX and XII

Compound Ki (M)
CAIl CAIll CAIX CAXII
5a >100 >100 0.82 0.82
6a >100 >100 1.3 0.51
5b >100 >100 4.7 2.4
6b >100 >100 0.88 0.68
5¢ >100 >100 0.76 1.6
6c >100 >100 1.0 0.96
5d ND ND ND ND
6d >100 >100 3.4 15
5e >100 >100 11.3 3.3
6e >100 >100 25 1.8
5f >100 >100 9.0 7.4
6f >100 >100 1.8 1.2
5¢ >100 >100 6.1 3.4
69 >100 >100 0.80 1.7
5h >100 >100 3.9 0.95
............. 6N 22002100 0BT L0
AAZ" 0.25 0.012 0.025 0.006

[a] Determined in collaboration with Prof. C. T. Supuran’s group from the University of Florence. [b] Values are the
mean from three different assays using the stopped-flow technique (errors were in the range of £5-10% of the reported
values). [c] Inhibitor and enzyme solutions were preincubated together for 6 h at r.t. * Reference standard.

The results presented in this section are described in the scientific publication in J. Enzyme Inhib.

Med. Chem. 2023, 38 (1), 216-224.

34



2. Exploration of chemical space around benzoxaphosphepine scaffold

Going forward, the research was directed towards the detailed examination of the substitution
effect on carbonic anhydrase inhibition by introducing various aryl groups in the benzene fragment
of the benzoxaphosphepine core. A series of aryl derivatives 7-9 was conveniently obtained in the
Suzuki-Miyaura cross-coupling reaction between halides 6b,d,e and commercial arylboronic acids
(Scheme 2). The resultant 7-, 8- and 9-aryl-substituted products would allow us to gain additional
insight into the positional preference of different tails in inhibitors of such type for enhanced
suppression of CA IX/XII activity. Alas, 6-aryl counterparts were not obtained due to increased steric
hindrance during the ring-closing metathesis step in the synthesis of the corresponding halide.?

Z
Pd(dppfCl, RZ ol —
Im R ©/B(OH)Z 4>ch03 = = b [ 4-OMe h| 3-F
: . R :
0-P~ X 1,4-dioxane/H,0 0P~ c| 4COEt i | 4-Me
B oH 16 h, 80°C woH  d| 4F i | 3-coMe
e| aci k| 3-NO,
o 7a-l f | 4-CF, 1| 4tBu
54-63%
Pd(dppf)Cl,
8 + R—— all all ag
X ~di Z P~
Br o-fioH 1’412":(2':)60/220 R | OTWOH b | 40Me e 35l
o ’ c| 4-COEt f | 2-NO,
6d 8a-f
57-69%
Pd(dppf)Cl,
'R PP b| 4OMe e | 35-diCl
X 1,4-dioxane/H,0 :
o 07fon ' z c| 4-COEt f | 2-NO,
Br o} 16 h, 80°C
6e 9a-f

66-89%

Scheme 2. Synthesis of benzoxaphosphepine oxide 7-, 8-, 9-aryl derivatives 7-9.

The aryl analogues 7-9 were subjected to the same inhibition assay against CA I, 11, IX and XII
with AAZ serving as the reference inhibitor. The data indicated that these compounds exhibited
similar activity (uM range) as their precursors 6b,d,e, as well as retained selectivity for the target CA
isoforms. Among the synthesised biaryls 7-9, 9-substituted derivatives 9 showed the poorest
inhibition of CA IX/XII, whereas the potencies of 7- and 8-substituted derivatives 7 and 8 were
substantially higher (Table 2). Generally, representatives of compound series 7 and 8 displayed
comparable inhibitory activity; however, a slightly better inhibition profile was observed in the case
of 7. This trend was also evident in aryl-substituted sulphocoumarins A and their congeners B.202
Therefore, further functionalisation was performed at position 7 of the benzoxaphosphepine scaffold.
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Table 2
Inhibition data of compound series 7-9 and the standard inhibitor AAZ against CA I, Il, IX and XII

Ki (uM)eoc]

Compound

CAIl CAIll CAIX CAXII
7a >100 >100 0.77 0.95
7b >100 >100 4.6 1.7
7c >100 >100 6.0 6.7
7d >100 >100 0.86 0.25
Te >100 >100 8.6 11
7f >100 >100 3.7 0.59
79 >100 >100 7.3 4.2
7h >100 >100 0.63 0.56
7i >100 >100 1.5 0.94
7j >100 >100 9.5 15
7k >100 >100 7.6 0.64
.............. 2200 2200 B OOT
8a >100 >100 1.8 2.7
8b >100 >100 2.1 5.6
8c >100 >100 10.2 3.8
8d >100 >100 5.0 7.1
8e >100 >100 0.98 0.84
e BE 22002100 129 e 067 ...
9a >100 >100 16.5 25.5
9b >100 >100 39.4 52.4
9c >100 >100 55.3 >100
9d >100 >100 48.9 65.3
% >100 >100 22.4 28.2
e I 2000 2000 B4 BL.
AAZ" 0.25 0.012 0.025 0.006

[a] Determined in collaboration with Prof. C. T. Supuran’s group from the University of Florence. [b] Values are the
mean from three different assays using the stopped-flow technique (errors were in the range of +5-10% of the reported
values). [c] Inhibitor and enzyme solutions were preincubated together for 6 h at r.t. * Reference standard.

The results presented in this section are described in the scientific publication in J. Enzyme Inhib.
Med. Chem. 2023, 38 (1), 2249267.

36



3. Paving the way to nanomolar inhibition of the target isozymes

In the following investigation, the incorporation of an amide functional group into the scaffold of
benzoxaphosphepine oxide was considered. Previous findings on benzoxathiine and benzoxathiepine
dioxides A and B uncovered that the presence of the acylamino functionality contributes to enhanced
inhibitory activity towards CA I1X and CA XII isoforms.?*?* In the first step, nitro derivative 5h,
prepared in the earlier part of this research, was reduced to aniline 10, which was then acylated by
aroyl or heteroaroyl chlorides. The intermediate phosphonates underwent the ethyl group cleavage,
furnishing the corresponding amides 11a—m (Scheme 3).

1. RC(O)CI, NEts, CH,Cl,

16 h,0°C —rt. H
omm Fe, AcOH Hsz 2. TMSBr, CH,Cly, 24 h, rt. R\"/Nm
—_—
EtOH/H,0 0
0-P~, 2! 0-P~ 0P~
6 OEt 1h,70°C 6 OEt \C\)OH
5h 10 11a-m
97% 56-81%

a| Ph b| 4Tol | 4MeO-CoH, d| 4-O,N-CgH, e| 4-ClCoH, | 4-BrCgH, g 2-Br-CeH,

h| 44CeHy 0| 2:-CoHy i | 4FCoHy k| 2Naph 1| 2-Fuyl  m| 2-Thienyl
Scheme 3. Synthesis of benzoxaphosphepine oxide (acyl)amino derivatives 10 and 11.

Aside from acylamino derivatives 11, ureido analogues 12 were also synthesised, as this structural
motif is present in SLC-0111 — a potent CA IX/XII inhibitor that completed Phase I clinical trials
(NCT02215850). Moreover, urea-containing compounds are increasingly utilised in drug design and
development in order to improve pharmacological properties.®> The preparation of
benzoxaphosphepine oxide ureido derivatives was achieved by reaction of aniline 10 with various
commercial isocyanates (Scheme 4). Successive TMSBr-mediated O-deethylation provided the
corresponding N,N’-diarylureas 12a—m in moderate to excellent yields.

1.RNCO, THF, 16 h, 0°C —rt. H H
HoN = 2. TMSBr, CH,Cly, 24 h, r.t. R/N\"/N =
P 0 P
O~\~OEt O~\i~OH
o) o)
10 12a-m
48-91%

a| Ph b| 4Tol  c| 3MeO-CoH; d| 4MeO-CoH; e | 3-ClCeH; f | 4-CiCgHs @ 2-Br-CoHs

h| 4-BrCeH, i | 4-CeHy i | 3-F-CeHy k| 4-FCeHy 1| 3-F;cCgHs m| 3-FiC-CeHy
Scheme 4. Synthesis of benzoxaphosphepine oxide ureido derivatives 12.

The inhibition profiles of amino-, acylamino- and ureido-substituted benzoxaphosphepine oxides
10-12 against CA isoforms I, I, IX and XII showed intriguing results (Table 3). Consistent with
previously studied analogues 5-9, no inhibitory activity against off-target isoforms CA | and 11 was
detected. Remarkably, all the newly synthesised compounds displayed inhibition of the tumour-
associated CA IX in the nanomolar range. However, the activity of CA XII isoform was suppressed
only by aniline 10 and acylamino derivatives 11, while ureas 12 exclusively inhibited CA IX.
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Table 3

Inhibition data of compound series 10-12 and the reference compounds SLC-0111, AAZ
against CA I, 11, IX and XII

Ki (nM)[2<]
Compound
CAI CAIl CA IX CAXII
............. 10 ......210000 1000 .85 .....188 .
1la >10000 >10000 10.8 7.3
11b >10000 >10000 20.5 7.8
11c >10000 >10000 10.1 8.1
11d >10000 >10000 29.4 6.7
1le >10000 >10000 158.4 64.1
11f >10000 >10000 25.8 84.4
119 >10000 >10000 23.2 8.9
11h >10000 >10000 18.7 57.5
11i >10000 >10000 14.6 6.9
11j >10000 >10000 27.4 4.0
11k >10000 >10000 20.1 27.2
111 >10000 >10000 22.3 9.7
A 210000 >10000 328 46 ..
12a >10000 >10000 34.9 >10000
12b >10000 >10000 46.9 >10000
12c >10000 >10000 53.3 >10000
12d >10000 >10000 5.3 >10000
12e >10000 >10000 52.9 >10000
12f >10000 >10000 54.8 >10000
12¢ >10000 >10000 46.9 >10000
12h >10000 >10000 36.8 >10000
12i >10000 >10000 36.0 >10000
12j >10000 >10000 51.8 >10000
12k >10000 >10000 4.4 >10000
121 >10000 >10000 31.9 >10000
12m >10000 >10000 42.7 >10000

[a] Determined in collaboration with Prof. C. T. Supuran’s group from the University of Florence. [b] Values are the
mean from three different assays using the stopped-flow technique (errors were in the range of £5-10% of the reported
values). [c] Inhibitor and enzyme solutions were preincubated together for 6 h at r.t. * Reference standard.

Of note, it has been reported that the expression of CA XII has minimal impact on tumour cell
proliferation in some cancer subtypes, compared to CA 1X.3 Furthermore, the presence of CA Xl in
multiple normal tissues highlights the necessity of selective CA IX inhibitors over CA XII in certain
cases.>** From this perspective, urea-containing derivatives 12 hold particular importance in the
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pharmacological field and may offer potential benefits due to reduced side effects arising from non-
specific inhibition.

Aniline 10, amides 11a,c and ureas 12d,k emerged as the most effective inhibitors of CA IX
and/or CA XII, with K; values equivalent to, or even exceeding, those of SLC-0111 and AAZ. These
promising compounds warranted further investigation. Thus, the cytotoxicity of 10, 11c, 12d was
assessed in vitro on A375 melanoma cells, HCT-116 colorectal cancer cells and MDA-MB-231 triple-
negative breast cancer cells cultivated under standard conditions. Cell viability was evaluated using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay.**® The
results showed that compounds 10 and 11c exhibited low cytotoxic activities across the tested cell
lines. Conversely, compound 12d exerted more pronounced cancer cell cytotoxicity — treatment
with a 100 uM solution of 12d reduced proliferation by 40% in HCT-116 cells and by 50% in A375
and MDA-MB-231 cells (Fig. 4).

A375 HCT-116 MDA-MB-231
120 120 120
£0.001
. gl _ Pe00t oot p < 00001
g g g
= o @ .
= 80 = 80 \ s 80
s 3 s s
3 e = 1Y o o
= 80 \i ¥ 8 ® 60 P
T T T T T 1 4 T T T T T 1 4 T T T T T 1
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
log [12d (uM)] tog [12d (uM)] log [12d (uM)]

Fig. 4. Cytotoxic effect of 12d on A375, HCT-116 and MDA-MB-231 cancer cell lines after
72 hours of incubation (N = 4; data was analysed using GraphPad Prism 10.3.1; determined in
collaboration with Dr. E. Andreucci and Dr. A. Biagioni from the University of Florence).

While some known CA inhibitors possess high cytotoxic potential,®"® their primary anticancer
value often lies in the ability to modulate the tumour microenvironment, reducing acidosis as well as
impairing tumour growth and metastasis.® Moreover, CA 1X/XII inhibitors can be synergistic with
other drugs by chemosensitising tumour cells.3*4% In preclinical in vitro studies, SLC-0111 did not
affect cancer cell viability under normoxic and standard pH (7.4) conditions; however, a notable
cytotoxic effect was observed under acidic pH (6.7) or hypoxic conditions.*! Importantly, SLC-0111
featured antiproliferative and antimetastatic properties in in vivo breast cancer models.*?*®

Additional information regarding the therapeutic potential of benzoxaphosphepine oxides can be
gained by examining the toxicity and antiproliferative efficacy across a broader panel of cell lines,
especially cancer cell lines with higher expression of CA 1X/XI1 and under hypoxic conditions. Given
the observed isozyme selectivity and potent activity in the inhibition of CA, the study on cancer cell
lines that exhibit high expression of CA IX and do not express CA XII (or vice versa — CA IX-
negative and CA XIlI-positive) would allow us to draw the correlation between the inhibition of these
proteins and the antiproliferation of cancer cells.

Complementing the aforementioned findings, the aqueous solubility of members of the 3H-1,2-
benzoxaphosphepine 2-oxide class was determined and compared with representatives of the 3H-1,2-
benzoxathiepine 2,2-dioxide class. The analysis was performed in phosphate-buffered saline solution
(PBS; pH ~ 7.4) at 25 °C using the HPLC-UV method. From the collected data, it is discernible that
the transition from sultones to cyclic phosphonic acids has a significant effect on aqueous solubility.

39



The phosphono derivatives 6a, 7h, 11c, 11j, 12d, 12k have markedly higher solubility than the
corresponding sultone derivatives B, B1, B2 (Fig. 5). Interestingly, no influence on the solubility of
benzoxaphosphepine oxides was observed upon varying the side chain. In addition, the presence of a
free phosphonic acid group allows the formation of salts, which are expected to increase water
solubility. In drug development, solubility in water is a critical factor for drug absorption,
bioavailability and administration. Poor pharmacokinetic properties are often linked to low solubility
and limited permeability.®?

[e]

0.15 mg/mL 0. 0004 mg/mL 0.56 mg/mL

e, e, oD
O’ﬁ’\\OH 0-f~oH 0-f~oH O’P\ oH
(o} (o} o]
11c (R=4-OMe) 11j (R=4-F) 12d (R=4-OMe) 12k (R =4-F)
2.30 mg/mL 2.26 mg/mL 2.43 mg/mL 2.14 mg/mL 2.26 mg/mL 2.35 mg/mL

Fig. 5. Solubility of the selected inhibitors in PBS buffer (measurements were done in collaboration
with Dr. H. Kazoka’s group at the LIOS Laboratory of Chromatography).

The results presented in this section are described in the scientific publication in ACS Med. Chem.
Lett. 2025, 16 (6), 1031-1037.
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4. Expanding the library of inhibitors and probing the binding mechanism
(Unpublished results)

Building on the potential of nitrogen-containing benzoxaphosphepine oxides 10-12, the synthesis
of amino derivative 10 analogues as CA inhibitors was carried out. Aniline 10 showcased exceptional
inhibitory activity against CA IX/XII, exhibiting high ligand efficiency, and thus served as the
benchmark for further structural diversification of the benzoxaphosphepine scaffold.

A wide array of novel benzoxaphosphepine oxide derivatives were synthesised from aniline 10
as a starting material. Acetylation of 10 furnished acetamide 13, whereas reaction with CSI provided
N’-unsubstituted urea 15. In turn, sulphamide 16 was prepared using sulphamoyl chloride. The
Debus—Radziszewski reaction yielded imidazole 14 to verify the possible bioisosterism between
imidazolyl and aryl groups (Scheme 5).

H H
Me\"/N = AcCl, NEt, CISO,NCO HzN\"/N =
-
o CH,Cl,, 16 h CH,Clp, 18 h o
O’P\ 212, 2L12, O’P\
o Ot 0°C-rt 0%t 3 OEt

13 H,N =~ 15
88% — — 72%
—P~,

O~ ~OEt
Nﬁ glyoxal, formalin o o H
Q/N = NH,CI 10 HoNSO,CI %N =
MeOH NMP, 16 h PN m
° E:‘)\OEt 16 h, 60 °C 0°C—rt. ° ‘c‘,\OE‘
14 16

40% 60%

Scheme 5. Synthesis of N-containing benzoxaphosphepine oxide derivatives 13-16.

The preparation of N-methyl derivative 17 was accomplished by using the Fukuyama method,*?
in which the starting aniline 10 was converted to 2,4-dinitrobenzenesulphonamide. Alkylation with
Mel followed by deprotection of the DNs group in the presence of L-cysteine and NEts afforded the
desired secondary amine 17 (Scheme 6).

1. DNsCl, Py
CH,Clp, 16 h
0°C-rt.
H 2. Mel, K,COg Br(CHy)sBr G
Mesz DMF, 2 h, rt. KoCOj, Nal Nm
-—
3. L-Cys, NEt, MeCN
0-P~ , 3 o-P~
WOEt DMF, 16 h, rt. 16 h, 80 °C u Rt
17 HoN = 20
67% 51%
over 3 steps
O'E\OEt
'Yle formalin, AcOH 10 (BrCH,CH»),0 O/\
| 1,2-DCE, 16 h, r.t. DMF, 16 h, 80 °C |
o E(’,)\OR r o F.c’.)\OEt
18 (R = Et) 21
94% TMSBr 76%
CH,Cly, 24 h, rt.
19 (R = H)

92%

Scheme 6. Synthesis of N-containing benzoxaphosphepine oxide derivatives 17-21.
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The employment of reductive amination of formaldehyde produced N,N-dimethyl derivative 18,
which was also O-deethylated under standard McKenna conditions to give 19 in excellent yield. The
construction of piperidine and morpholine cycles in 20 and 21 was readily done utilising alkylation
of 10 with 1,5-dibromopentane or bis(2-bromoethyl) ether, respectively (Scheme 6).

Adding to the structural diversity, aniline 10 was transformed into glycinamide derivative 22 and
guanidine derivative 23 by treatment with N-Boc-protected glycine or 1H-pyrazole-1-carboxamidine.
Removal of protecting groups under acidic conditions facilitated the isolation of the target compounds
as trifluoroacetate salts (Scheme 7).

1. Boc-Gly-OH, EDC-HCI ® n
THF, 16 h, r.t. H3N/\"/ =
2. TFA, CH,Cly, 16 h, rt. o O B
272 § CF4CO; 0-Pogt
e}
HoN =~ 22
Q.
{ over 2 steps
O’Fl(’l)\oa N)\
NHBoc
10 1. BocN ® H
NEts, CH,Cly, 16 h, r.t. HsN\"/N =
o
2. TFA, CH,Cly, 16 h, rt. CFsCO; NH
P B o 0-F~0Et
e}
23
87%
over 2 steps

Scheme 7. Synthesis of N-containing benzoxaphosphepine oxide derivatives 22 and 23.

These N-containing analogues 13-23 were tested for their inhibitory activity against CA I, Il, IX
and XII. Compounds showed varied activity, ranging from 23 nM to 3.44 uM (Table 4).

Table 4
Inhibition data of compounds 13-23 and the standard inhibitor AAZ against CA I, 11, IX and XII

Ki (nM)[0¢]

Compound
CAI CAll CAIX CAXII
13 >10000 >10000 620 870
14 ND ND ND ND
15 >10000 >10000 51 3440
16 370 94 37 23
17 >10000 >10000 840 710
18 >10000 >10000 950 760
19 >10000 >10000 920 810
20 >10000 >10000 1130 1070
21 >10000 >10000 990 1280
22 >10000 >10000 920 650
............. 23 .....2W000  >10000 1230 1150
AAZ" 250 12.1 25.8 5.7

[a] Determined in collaboration with Prof. C. T. Supuran’s group from the University of Florence. [b] Values are the
mean from three different assays using the stopped-flow technique (errors were in the range of +5-10% of the reported
values). [c] Inhibitor and enzyme solutions were preincubated together for 6 h at r.t. * Reference standard.
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The salient SAR findings indicated that tailored nitrogen-atom modifications to aniline 10,
particularly the introduction of aliphatic motifs, led to diminished inhibitory potency (as evidenced
in 13 vs 10, 11a-m; and 17-22 vs 10). All acyclic and cyclic aliphatic amines 17-21, as well as
amides 13 and 22, were less potent against CA IX/XII when compared to the corresponding aromatic
derivatives 11 and 12 and the unsubstituted amine 10 (Tables 3 and 4). These aliphatic substitutions
in the N-containing side chain of the benzoxaphosphepine oxide scaffold had detrimental effects on
the inhibitory activity, emphasising the importance of the delicate balance of electronic and steric
effects required for optimal interactions with the target isozymes. Interestingly, the N’-unsubstituted
urea derivative 15 demonstrated a similar selectivity trend, exhibiting high selectivity towards the
CA IX isoform over CA XIl, as observed in the previously analysed N’-aryl-substituted ureido
derivatives 12a—m. Furthermore, among the assessed compounds, only sulphamide 16 inhibited the
off-target CA I and I1, which was anticipated, given the pivotal role that the —SO>NH. group has in
the inhibition of active CA isoforms by coordinating with the catalytic zinc ion.* Compound 16, in
fact, was a more effective inhibitor of the target isoforms CA IX/XII than the off-target CA I/Il,
thereby showing the efficacy of the benzoxaphosphepine oxide moiety to induce the desired
selectivity (Table 4).

Since cocrystallisation trials between CA and different 3H-1,2-benzoxaphosphepine 2-oxides
were unsuccessful, the respective binding mechanism of benzoxaphosphepine-based CA inhibitors
remains unclear and is a matter of ongoing discussion. Currently, two main hypotheses are under
consideration: 1) 3H-1,2-benzoxaphosphepine 2-oxides are genuine inhibitors that directly interact
with the active site in their intact form; 2) 3H-1,2-benzoxaphosphepine 2-oxides are prodrugs that
undergo hydrolysis, with the resulting products then acting as active compounds. The observation
that the inhibition of CAs was time-dependent, requiring a 6-hour incubation to detect the optimal
effect, led us to assume that benzoxaphosphepine oxides can be considered as prodrugs. Moreover,
structurally related coumarins and sulphocoumarins were shown to be hydrolysed by the esterase
activity of CA to yield the corresponding acid derivatives prior to binding (Fig. 6); the mechanism of
action of such compounds was corroborated by crystallographic studies.'®°

Br- N -S03H
\©\/\ CA mediated OHSOSH z:/s—trans \©:\/

hydrolysis isomerisation

Z-A2 E-A2

Fig. 6. CA-mediated hydrolysis of sulphocoumarin Al to E-A2.1°

The combination of in silico analysis with in vitro studies of various model substrates would
provide a tool for understanding the binding mode in lieu of an X-ray cocrystal structure. To
determine the contributions of the double bond and the O-tether in the oxaphosphepine moiety,
several additional compounds were synthesised.

The synthesis of 5H-1,2-benzoxaphosphepine and 3,4,5-trihydrobenzoxaphosphepine 2-oxides
(28 and 29) was completed in a similar manner to 6, starting from 2-allylphenol (24) (Scheme 8). The
resultant diolefin 26, which was formed by phosphorylation of 24 with chloride 25, gave the
cyclisation product 27 via ring-closing metathesis. Notably, changing the solvent from PhMe to
CH>Cl,, as well as decreasing the reaction temperature, prevented migration of the double bond in
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27. The further removal of the ethyl group by means of TMSBr afforded product 28, which was
subjected to hydrogenation to yield trihydro analogue 29.

Q
N
CI,P\ X
OEt
Z Grubbs Il \
= _—
NEt3 CH,Cl, _P. CH,Cl, _P.
o O~ ~OEt : O~ ~OEt
18h,0°C —rt. o} 2h, 40°C 0o
26 27
CH,Cl,
o o
94% 85% 24nre | TMSBr
Pd/C
-~ -~
_ MeOH _P
o-f~on o0~fi~oH
R 16 h, rt. Ry

29
96%

28
73%

Scheme 8. Synthesis of benzoxaphosphepine oxide analogues 28 and 29.

In order to prepare the cyclic phosphinic acid 37, 2-vinylbenzyl bromide (33) was obtained from
2-bromobenzaldehyde (30) according to the literature procedure (Scheme 9).** The synthetic
sequence included the Suzuki-Miyaura coupling between 30 and potassium vinyltrifluoroborate,
reduction of aldehyde 31 and Appel-type bromination of alcohol 32. The inclusion of phosphorus-
containing moiety began with the conversion of ammonium hypophosphite (34) to bis(trimethylsilyl)
phosphonite (35), which was then treated with bromide 33.%* Subsequent addition of HMDS followed
by allylation and methanolic work-up formed dialkylphosphinic acid 36.** The final ring-closing
metathesis step furnished the target compound 37.

A BEK
0 NEt,, iPrOH 0 THF/MeOH OH CH,Cl, Br
18 h, 80 °C 2h,0°C —rdt. 1h,0°C —rt.
30 31 32 33
83% 93% 74%
1.33, CH,Cl,
16h,0°C —rt.
o (TMS),NH H 2. (TMS),NH, 2 h @C/J/ Grubbs Il @
—h- P.
1 o} TN .
06 ® 2 h, 100 °C TMSO OTMS 3. Allyl bromide, 16 h 'i’\\OH CH,Cl, FI)I\OH
NH, 4. MeOH le) 4h,40°C e}

34

35

36
88%

37
56%

Scheme 9. Synthesis of 1,3-dihydrobenzophosphepine 2-oxide 37.

Considering the plausible inhibition mechanism through hydrolysis of the oxaphosphepine
moiety, hydrolysed forms of benzoxaphosphepine oxides 5h and 6h were generated upon treatment
with aqueous alkali. The obtained phosphonate 38 and phosphonic acid 39 possess the
Z-configuration of the double bond, which was unambiguously confirmed by single-crystal X-ray
diffraction for 38. To ensure proper SAR comparison, compound 39 was irradiated with a violet light
LED, affording phosphonic acid 40 with the E-configuration of the double bond (Scheme 10).
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Scheme 10. Synthesis of phosphonate 38 and phosphonic acids 39 and 40 (X-ray diffraction studies
were performed by Dr. S. Belyakov at the LIOS Laboratory of Physical Organic Chemistry).

Inhibition assays of the model substrates against CA isoforms I, I1, IX and XII partially supported
the presumption of 3H-1,2-benzoxaphosphepine 2-oxides’ hydrolysis in enzymatic media. In
particular, the open Z-forms 38 and 39 preserved the selectivity and exhibited inhibitory activity
against CA IX/XII similar to that of the cyclic forms 5h and 6h. Moreover, the results of the double
bond positional isomer of 6a, namely 28, and hydrogenated derivative 29 imply that the double bond
in benzoxaphosphepine-based CA inhibitors has to be retained for maintaining their potency. It is
possible that the double bond restricts conformational mobility in the case of hydrolysis and/or
contributes to the formation of key hydrophobic interactions. The activity of benzophosphepine 37
could be explained by this small-molecule ligand’s ability to enter the binding pockets of CA I1X and
CA XII isoforms (Table 5).

Table 5

Inhibition data of compounds 28, 29, 36-40 and the standard inhibitor AAZ
against CA I, 11, IX and XII

Ki (uM)0c

Compound
CAI CAIll CA IX CAXII
28 >100 >100 1.6 3.5
29 >100 >100 >100 >100
36 ND ND ND ND
37 >100 >100 0.86 0.78
38 >100 >100 2.14 1.98
39 >100 >100 1.80 1.67
............. 9 _...NO_ . ND___ ND__ __ND
AAZ" 0.25 0.012 0.025 0.006

[a] Determined in collaboration with Prof. C. T. Supuran’s group from the University of Florence. [b] Values are the
mean from three different assays using the stopped-flow technique (errors were in the range of +5-10% of the reported
values). [c] Inhibitor and enzyme solutions were preincubated together for 6 h at r.t. * Reference standard.

The utilisation of in silico docking could be beneficial for elucidating the binding mechanism of
3H-1,2-benzoxaphosphepine 2-oxides and will be applied in future studies.
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CONCLUSIONS

1. The developed synthesis strategy employing ring-closing metathesis has enabled access to novel
phosphorus-containing heterocyclic compounds — 3H-1,2-benzoxaphosphepine 2-oxides. Their
structural features, in combination with the established synthetic approach, allow further
derivatisation of the scaffold and the preparation of diverse analogues.

Ring-closing
] metathesis

~/

=z N Z "~

R—\l 0 — R_(\j(~~>
OH

o-f~or
o]

2. The structural framework of 3H-1,2-benzoxaphosphepine 2-oxides represents a promising new
class of human CA inhibitors, exhibiting high affinity and exceptional isoform selectivity for the
tumour-associated CA 1X and XII over the ubiquitous CA I and I1.

Z = +« Novel chemotype
R  Selective inhibition of CA IX/XII
O—?‘\OR.
le) « Kivalues reach nM level

3. Among the synthesised series, 7-amino-substituted, as well as acylamino- and ureido-substituted
derivatives bearing specific aryl groups, emerged as the superior inhibitors of CA IX and/or
CA XII, outperforming the reference compounds such as AAZ and SLC-0111. The preliminary
bioactivity profiles suggest that the compounds are suitable for future development and evaluation
as anticancer agents.

- F
"
HoN. \©\"/N\
o
R‘m Ki (CA IX): 3.5 1M K; (CA XII): 4.0 nM
Ao <
R'=Hor Et A T
o o
MeO' F
_ K; (CA IX): 5.3 nM K; (CA IX): 4.4 nM

4. The bioisosteric relationship between the benzoxaphosphepine and (sulpho)coumarin scaffolds
was highlighted with respect to CA inhibition. The aqueous solubility of the phosphorus-
containing compounds surpasses that of the previous-generation analogues, indicating a
potentially improved bioavailability profile.

Bioisosteric

m replacement ©(§>
e e
0-$% o~f~oH
(0] [e]
0.15 mg/mL (PBS) 2.30 mg/mL (PBS)
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5. Benzoxaphosphepine-based CA inhibitors are expected to share a similar mechanism of action
with coumarins and sulphocoumarins. The proposed binding mode within the active site of CA IX
or CA XII involves putative hydrolysis of the oxaphosphepine motif, followed by binding at the
entrance of the catalytic site or anchoring to the zinc-bound water molecule. The spatial
differences in the vicinity of the active sites of CA isoforms I, 11, IX and XI1 are a possible reason
for the observed selectivity in inhibition.

Enzyme-mediated

7 — hydrolysis Z N
Q) EE oy
= NSO
o
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