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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas biitiba 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 katalizé
apgriezenisku oglekla dioksida hidratéSanu, veidojot bikarbonata anjonu.' Tas tiek iedalitas astonas
evolucionari atkirigas génu gimenés: a, B, v, 9, €, ¢, 1, 6 un 12 Lai ari pec struktiiras Sie enzimi ir
daudzveidigi, visam CA klasém aktivaja centra ir metala jons ka kofaktors. Pieméram, a-CA satur
Zn?*, un tam ir iz3kirosa loma CA Katalitiskaja cikla.® ST ir visplasak petita 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 méerki.>* Cilvekos Iidz §im ir zinami 15
a-CA izoenzimi, kas atSkiras péc to struktiiras, lokalizacijas un katalitiskas aktivitates.*

Cilveka CA izoformas tick klasificétas atbilstosi to subsiinu lokalizacijai: citosoliskas izoformas
(CA L 11, 11, VI, XIHT), mitohondriju izoformas (CA VA, VB), sekretéta izoforma (CA VI), ka ar1
ar membranu saistitas izoformas (CA 1V, IX, XII, XIV).4 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 vézis, glaukoma, vielmainas un neirologiskas saslimsanas.” Tiek uzskatits, ka divas
transmembranas izoformas — CA IX un CA XII —, kas ir paaugstinati ekspresétas cieto véZu
§iinas, nodrosina optimalu $iinas ieks€jo un argjo pH, tadgjadi veicinot audzgju attistibu un
metastazesanos.>® CAIX un CA XIl izoformu ekspresija var kalpot ka diagnostikas un
prognozesanas biomarkieris noteiktiem véza veidiem, ka arT korel€ ar terapijas rezistenci hipoksijas
un acidozes d&l.***** Lidz ar to selektivu CA IX/XII inhibitoru izveide ir perspektiva strategija véza
arst€Sanai ar plasam lietoSanas iesp&jam klrnika.

Ar rentgendifraktometrijas palidzibu ir izdevies noteikt trisdimensionalo struktdiru vairumam
cilvéka CA izoformu, kas veicinaja CA inhibitoru attistibu.>* Katalitiski aktivo izoformu aktivais
centrs ir novietots koniska dobuma, ko veido divi atikirigi 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 ddens molekulu vai hidroksidjonu.>* CA
izoformu strukturala Iidziba un augsta aminoskabju secibas identitate katalitiskaja domena
apgritina selektivu inhibitoru konstrué$anu. Nemot véra CA IX un CA XIlI izoformu parmeérigo
ekspresiju véza audos, bet zemu — normalos audos, §1 promocijas darba pétijums ir mérkéts uz
selektivu CA IX/XII inhibitoru izstradi, saglabajot organisma plasi sastopamo CA | un CAI
izoformu aktivitati.

Daudzi pétfjumi tika versti uz CA un to inhibitoru mijiedarbibas izpratni, kas sniegtu vertigas
norades racionalam zalu dizainam. Patlaban ir zinami Cetri dazadi inhibé$anas mehanismi:
1) kompleksESanas ar enzima aktivaja centra eso$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.) gadijuma); 3) aktiva
centra ieejas aizsegSana (kumarini, tiokumarini); 4) periféra saistiSanas (§im saistibas veidam gan
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zinams tikai viens piemérs — 2-(benzilsulfinil)-benzoskabe, ta saistas arpus aktiva centra,
hidrofobaja kabata blakus aktiva centra ieejai),>* ka ar ir vairaki CA inhibgjosi savienojumi,
kuriem darbibas mehanisms nav noteikts.

Dazi klasiskie CA inhibitori, pieméram, acetazolamids (AAZ), metazolamids, sultiams un
dorzolamids tiek lietoti kliniki ka diurdtiki, pretglaukomas vai pretepilepsijas Iidzekli.?
Savienojumi, kas satur cinku saistos0 —SO,NH, grupu, ir vieni no visefektivakajiem CA
inhibitoriem, tacu to neselektiva CA izoformu inhibéSana ir saistita ar nevélamiem blakusefektiem.
Tadg] tiek konstruéti jauni inhibitori ar uzlabotu selektivitati, to skaita zalu kandidats SLC-0111,
kas tika izstradats, lai inhib&tu tie§i ar vézi saistitas CA IX un CA XII izoformas (1. att.).'***
SLC-0111 ir sasniedzis klmiskos pétijumus, kuros iesaistiti pacienti ar metastatiskiem cietiem
audzéjiem.14 Tas atspogulo CA inhibitoru terapeitisko potencialu onkologisko slimibu arsté$ana.

Promocijas darba autores un vinas kol€gu pétniecibas grupa fokusgjas uz neklasisko kumarina
tipa CA inhibitoru izp&ti un attistiSanu. Enzima aktivaja centra notiek kumarinu hidrolize, veidojot
attiecigas kanglskabes, kas bloké aktiva centra ieeju.’>'® Kumarinu CA inhib&3anas sp&ja tika
atklata dabasvielu ekstraktu augstas caurlaidibas skrininga rezultata, un tie izraisija lielu interesi,
pateicoties biologiskajai aktivitatei uz visam aktivajam a-CA izoformam.”®" Grupas ieprieksgjie
petijumi 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 IX un XI1 (1. att.).®* 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\>_§,) F o) S\\O
{ S—NH

w Aoy A A

H H H

Acetazolamids (AAZ) SLC-0111
S=0
x" o oYy 0-$s0 o-F~or
o (0]
Kumarins, X =0 A B Cc

Tiokumarins, X = S

1. att. CA inhibitoru strukttiras.

Pétijuma mérkis un uzdevumi

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

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

2. noteikt sintez&to savienojumu inhibg&joso aktivitati uz izvéletam cilveka CA izoformam;

3. izpétit savienojumu ietekmi uz $tnu dzivotspéju, ka ari noteikt $kidibu Gdent;

4. veikt struktiras—aktivitates likumsakaribu analizi un sniegt ieskatu saistiS$anas 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 iegiito savienojumu sp&a inhib&t
cilveéka CA izoformas. Savienojumi selektivi inhib&ja ar audz&ju saistitas izoformas 1X un XII.
P&tijuma rezultata iegita virkne inhibitoru, kam piemit zema nanomolara CA IX/XII| inhib&Sanas
aktivitate. Atseviskiem parstavjiem papildus tika izvertéta citotoksicitate un noteikta skidiba tident.
Noskaidrotas struktliras—aktivitates likumsakaribas deva ieskatu par iesp&jamo saistiSanas veidu ar
mérkenzimu. 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, merkgjot tos uz
oglskabes anhidrazes IX un XII izoformam.

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

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti trijas zinatniskajas originalpublikacijas un viena

apskatraksta. P&tjjuma rezultati prezentéti devinas konferencgs.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Prologs

Fosforu saturoSiem savienojumiem piemit plasa spektra biologiskas aktivitates, tostarp pretvéza,
pretmikrobu un pretiekaisuma ipa§ibas, ka arf inhibgjosa iedarbiba uz dazadiem enzimiem.?>?
Fosfora grupu ievadisana biezi vien uzlabo zalvielu farmakokinétiku un farmakodinamiku, liecinot
par augstu izmantoSanas potencialu medicinas l,dmija'l,z‘s’28 turklat $1s grupas var but vairaku citu
funkcionalo grupu bioizostéri, kuru prieksrociba ir paaugstinata biopieejamiba.?®? Lidz ar to tika
paredz@ts, ka benzoksafosfepina oksidi C ir iesp&jami sulfokumarina analogu bioizostéri (1. att.).

Fosforu saturoSu kondensétu heterociklu sintézes metodologija ir salidzinosi ierobezota. NoO
literatira zinamajam parejas metalu katalizétam parveértibam $adu P-heterociklu veidoSanai cikla
saslég§anas metatéze ir izcelama ka universila metode benzanelétu septinloceklu ciklu
konstrugsanai. ST metode tika veiksmigi lietota gan séru, gan fosforu saturo$u analogu sintézei
(2. att.).?**® 3H-1,2-Benzoksafosfepina 2-oksida C atvasinajumus tika planots iegiit, izmantojot
lidzigu pieeju. Nakamajas apakSnodalas aprakstita So jauno fosfororganisko savienojumu sint€ze un
izverteta to biologiska aktivitate.

1. O-Alilésana Q

2. Klaizena o R Cikla saslégsanas
pargrupésanas OEt metatéze
_ _ > F_—_ _ >
OH OH 0-F~0Et 0-F~oEt
o] [¢]
O\\ /\/
Vitiga S Cikla saslég$anas
)

-
O reakcija a @ X /J metatéze
_— _ = _ =
OH OH 0-$%0 -
o

SN
o
2. att. Benzanel&tu P- vai S-saturosu septinloceklu heterociklu iegisanas 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 iegiSanas metodologiju, kuras pamata ir olefinu
metatézes reakcija cikla saslégsanai.?**® Sakuma komerciali pieejamie salicilaldehidi la-h tika
parvérsti par vinilfenoliem 2a-h, wveicot Wittig olefinéSanas reakciju (1.shéma). Talaka
fosforileSsana ar hloridu 3 deva diolefinus 4a-h, Kkas tika ciklizéti par
benzoksafosfepiniem 5a-h, izmantojot otras paaudzes Grubbs katalizatoru.
etoksiatvasinajumus 5a—h ar TMSBr, notika etilgrupas noskelSana, veidojot hidrogénfosfonatus
6a-h. Produktu iznakumi reakcijas bija vid&ji augsti lidz augsti.

velamajiem
Apstradajot

Q
A\ =
CI/P\/\/
6 MePPhBr OFEt
5 2 ! No tBuOK /l A 3 /l X /
R —_— R— —_— R——
4N NoH THF, 18 h, iit. X" “oH NEt;, CH,Cl, X 0-F~oEt
N 18h,0°C—it. 0o
1a-h 2a-h 4a-h
76-88% 60-94% PhMe | o pbs 1
al H e| 3Br 4h,70°C
b| 51 f| 3-OMe
c| 5Br g| 35diCl - ~
d| 4Br h| 5NO, -z | L | -
A _ CH,Cly, 24 h, it. X _
o-foH 2 0-f okt
o] o]
6a-h 5a-h

71-90%

63-86%

1. shéma. Benzoksafosfepina oksidu 5 un 6 sintéze.

Lai novértétu sintez&to ciklisko fosfonatu 5 un 6 (3. att.) inhibitoro aktivitati un selektivitati,
tika noteikta So savienojumu sp&ja inhib&t Cetras farmakologiski nozimigas cilvéka oglskabes
anhidrazes izoformas — CA I, I, IX un XI1.3 Citosoliskds CA izoformas I un II ir sastopamas
daudzos veselos audos, tapéc to inhib&Sana ir nevélama, savukart transmembranas izoformas 1X un
XII paaugstinati ekspres€jas audz&ju $iinas un tiek uzskatitas par potencialiem zalvielu merkiem.
Iegiito inhibitoru aktivitates uz CA ir izteiktas ka K; (inhib&anas konstantes) vertibas.

y " Re® )
o-f~or o~for o-f~or Br o-f-or
o [¢] o [e]
5a: R = Et 5b: R=Et 5c: R=Et 5d: R = Et
6a:R=H 6b:R=H 6c:R=H 6d:R=H
= = Cl = 02N\©(§>
0-f~or 0-F~or 0-F~or 0-P~or
Br o] OMe O cl (0] le]
5e: R=Et 5f: R = Et 5g: R = Et 5h: R = Et
6e:R=H 6fR=H 6g:R=H 6h:R=H

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

In vitro analizes dati liecina, ka testétie savienojumi 5, 6 ir selektivi inhibitori pret ar audzgju
saistito CA 1X un CA XII izoformam un nav aktivi pret CA | un CA Il. Visi atvasinajumi uzradija
Ki vertibas mikromolara diapazona, atseviskos gadijumos sasniedzot pat submikromolaru limeni
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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. legitie rezultati liecina arT par to, ka
benzoksafosfepina oksidi ir sulfokumarinu A, B bioizostéri analogi mijiedarbiba ar CA izoformam.
Salidzinot ar acetazolamidu (AAZ), redzams, ka fosforu saturo$ie savienojumi 5, 6 ir vajaki
mérkenzimu inhibitori, tomér, pateicoties to augstajai selektivitatei un fizikalkimiskajam ipasibam,
benzoksafosfepina pamatstruktiira ir piemerota talakai optimizeSanai.

1. tabula

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

Ki (um)=

Savienojums

CAI CAIll CAIX CA XII
5a >100 >100 0,82 0,82
6a >100 >100 1,3 0,51
5b >100 >100 47 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 34 1,5
5e >100 >100 11,3 3,3
6e >100 >100 2,5 1,8
5f >100 >100 9,0 7,4
6f >100 >100 1,8 1,2
59 >100 >100 6,1 3,4
69 >100 >100 0,80 1,7
5h >100 >100 39 0,95
6h >100 >100 0,67 1,0
AA2025 ..................... 0012 ..................... ; 025 .................... 0006 ...........

[a] Noteikts sadarbiba ar prof. C. T. Supuran grupu Florences Universitate. [b] Rezultati ir aprékinati ka vidgjais no tris
neatkarigiem mérfjumiem (klidas ir £5-10% robeZas no noraditajam vértibam). [c] Inhibitoru un enzimu saturosie
Skidumi tika inkubéti 6 h i.t. * References standarts.

Sis apaks$nodalas pétijumi ir aprakstiti originalpublikacija J. Enzyme Inhib. Med. Chem. 2023,
38 (1), 216-224.
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2. Benzoksafosfepina pamatstruktiiras kimiskas daudzveidibas paplasinasana

Lai iegitu plasaku informaciju par struktiras—aktivitates likumsakaribam, tika veikta
benzoksafosfepina oksida modificé$ana, ievadot dazadus arilaizvietotajus 7-, 8- un 9-pozicija.
Arilatvasinajumi 7-9 tika sintezeti paladija katalizéta Suzuki-Miyaura $kérssametinasanas reakcija
starp komerciali pieejamajam arilborskabém un halogenidiem 6b,d,e (2. shéma). No ieprieksgjiem
rezultatiem zinams, ka 6-pozicija aizvietotus atvasindjumus iegiit nav iesp&jams, jo attiecigais
diolefins sterisko traucgjumu dél neciklizéjas metatézes stadija.”> legiito produktu 7-9 biologiskas

aktivitates lautu noskaidrot piemérotako aizvietotaju novietojumu jaunu $ada tipa CA inhibitoru
dizaina.

Pd(dppf)Cl,

a| H g| 35-dici
| B(OH
m . R{j/ Oz koo, b| 4-0Me  h| 3F
—P. S 1,4-dioksans/H,0 c| 4-COEt i | 4Me
O~\\~OH all as i | scom
o} 16 h, 80°C ) - i | 3-CoMe
e| 4-Cl k| 3-NO,
o 7a-l f | a-CF, 1| 4-Bu
54-63%
Pd(dppf)Cl,
. R
0 H d| 4ci
2 _di = a
Br 0-fi~oH 4 1d6'°: 5: g i/(';?o b| 40Me e | 35.diCl
o ' c| 4-COoEt f| 2-NO,
6d
Pd(dppfCl,
@ O/B(OH)Z K008 al H d| 4cCl
" RS T ddiokemno b| 4OMe e 35diCl
X 1,4-dioksans/H,0 ;
o o~fioH ' ? c| 4COEt | 2-NO,
Br o} 16 h, 80°C
6e 9a-f

66-89%

2. shema. Benzoksafosfepina oksida 7-, 8-, 9-arilatvasinajumu 7-9 sintgze.

Arilatvasinajumi 7-9 uzradija saméra lidzigas K; vértibas (mikromolara Itmeni) uz CA IX un
CA XII izoformam ka sakotngjie 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
aktvakie $o sériju inhibitori. ST tendence ir novérojama arf sulfokumarina A un homosulfokumarina
B analogu rindas.?%%® 1idz ar to talaka funkcionalize$ana, lai uzlabotu aktivitati, tika veikta
benzoksafosfepina 7-pozicija.
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CA inhib&Sanas dati savienojumu s€rijam 7-9 un standarta inhibitoram AAZ

2. tabula

Savienojums

Ki (um)

CAl CAIl 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 1,1
7t >100 >100 3,7 0,59
79 >100 >100 7,3 4,2
7h >100 >100 0,63 0,56
7i >100 >100 15 0,94
7j >100 >100 9,5 15
7k >100 >100 7,6 0,64
71 >100 >100 4,9 0,97
............. 8 a>100>1001827
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
8f >100 >100 12,9 0,67
............. 9 a>100>100165255
9b >100 >100 39,4 52,4
9c >100 >100 55,3 >100
ad >100 >100 48,9 65,3
%e >100 >100 22,4 28,2
............. o 220000 38A e
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 (kladas ir £5-10% robezas no noraditajam veértibam). [c] Inhibitoru un enzimu saturosie

$kidumi tika inkubéti 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$€jos pétljumos par benzoksatiina un benzoksatiepina dioksidiem A un B, kas ir
benzoksafosfepina oksidu C tuvakie analogi, tika atklats, ka acilaminofunkcijas ievadiSana
pamatstruktiira nozimigi ietekm&ja savienojumu inhibitoro aktivitati pret CA IX un CA XII.2#
Tadel nakama darba posma, lai sasniegtu labaku aktivitati, tika nolemts sintez&t atvasindjumus ar
amida funkcionalajam grupam. Vispirms iepriek$ iegltais nitrobenzoksafosfepins 5h tika reducéts
lidz aminam 10, Kas talak tika acil&ts ar virkni karbonskabju hloridu. P&c starpproduktu etilgrupas

noskel$anas ar TMSBr tika iegiti attiecigie amidi 11a—m (3. shéma).

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

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

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

h| 4--CoHy 0| 2--CoHy i | 4-F-CeHs k| 2-Nafti- 1| 2-Furi-  m| 2-Tienil-
3. shéma. Benzoksafosfepina oksida amino- un acilaminoatvasinajumu 10 un 11 sintéze.

S1 pétijuma ietvaros jaunu un selektivu oglskabes anhidrazes inhibitoru klasts tika papildinats
ar1 ar urinvielas atvasinajumiem 12. Urinvielas funkciju saturosi savienojumi tiek plasi izmantoti
zalvielu konstruésana un attistiSana, lai uzlabotu lidersavienojumu biologisko aktivitati, ka arT
fizikalkimiskos parametrus.®® Turklat zalvielas kandidats SLC-0111, kas uzradija spécigu
CAIX/XII inhib&Sanu un kam ir pabeigti 1 fazes kliniskie pé&tijumi (NCT02215850), satur
urinvielas fragmentu. Benzoksafosfepina oksida urinvielas atvasinajumi tika sintez&ti, aminam 10
reaggjot ar dazadiem arilizocianatiem, kam seko O-deetilé$ana, izmantojot TMSBr (4. shéma).
Velamas N,N -diarilurinvielas 12a—m tika iegiitas ar vidgjiem lidz augstiem iznakumiem.

1. RNCO, THF, 16 h, 0°C —it. H H
Hsz 2. TMSBr, CH,Cly, 24 h, i.t. R/N\"/Nm
o)
o~f~oEt 0-f~on
o) o]
10 12a-m
48-91%

a| Ph b| 4Tol c| 3-MeO-CgH, d| 4MeO-CeH; | 3-CiCgH, f | 4-ChCeHs 9| 2-Br-CeHs

h| 4BrCeHs 1| 4CoHy J | 3FCoHs k| 4FCoHy || 3-FsC-CoHy  m| 3-Fa0-CoHs
4. shema. Benzoksafosfepina oksida urinvielas atvasinajumu 12 sintéze.

Jaunsintez&to amino-, acilamino- un urinvielas atvasinajumu 10-12 enzimatiskie testi uz CA I,

I, IX, XII paradija interesantus rezultatus. Tapat ka ieprieks 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 [imeni — dazi savienojumi uzradija labaku inhib&Sanas

aktivitati uz CA IX vai CA XII neka SLC-0111 un AAZ (3. tabula). Jauzsver, ka sp&ja inhibé&t 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 (n1)™>><1

Savienojums

CAI CAIll CA IX CA XII
10 >10000 >10000 35 16,6
............ T
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
11g >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
11m >10000 >10000 32,8 74,6
12a >10000 >10000 34,9 >10000
12b >10000 >10000 46,9 >10000
12¢ >10000 >10000 53,3 >10000
12d >10000 >10000 53 >10000
12e >10000 >10000 52,9 >10000
12f >10000 >10000 54,8 >10000
129 >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
SLcowi® 5080 960 451 45
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 mérfjjumiem (kladas ir +5-10% robezas no noraditajam vertibam). [c] Inhibitoru un enzimu saturo$ie

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

Jaatzimé, ka dazos véza apakstipos CA XII ekspresijai, salidzinot ar CA IX izoformu, ir
minimala ietekme uz audzgja $inu proliferaciju.®® Turklat CA XII ir sastopama vairakos normalos
audos, kas liecina par nepiecie$amibu noteiktos gadijumos izstradat selektivakus CA IX inhibitorus
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attieciba pret CA X11.%3* Savienojumi 12, kam piemit CA IX inhib&Sanas selektivitate, varétu biit
Ipasi 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&Sanas sp&ju (ar K; vertibam nanomolara diapazona). No
tiem 10, 11c un 12d tika izv€léti turpmakajiem in vitro eksperimentiem citotoksicitates parbaudei.
Analizgjamo inhibitoru citotoksicitate tika p&tita uz A375 melanomas $tnu, HCT-116 kolorektala
véza $unu un MDA-MB-231 triskar$i negativa kriits véza $tinu linijam, kas kultivétas Klasiskajos
apstaklos. Sitinu dzivotspgjas noteikanai tika izmantota MTT (3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromids) kolorimetriska metode.*** Rezultati liecinaja, ka aminam 10 un amidam
11c ir zema citotoksiska aktivitate visas p€tljuma analiz€tajas Stnu linijas, savukart urinvielas
atvasinajums 12d uzradija izteiktaku citotoksisko efektu — inkubacija ar 12d samazinaja HCT-116
stunu proliferaciju par 40% un A375, MDA-MB-231 $tnu proliferaciju par 50% 100 uM
koncentracija (4. att.).

A375 HCT-116 MDA-MB-231
120 120 120
Sion) — P2 Cio] _ peo0t  prooms Sa] _ peomot
= Ry 7N
‘S S ©
w80 i_{—%&\ T 80 ‘" 80
£ e & s
2 60 \f 2 60 2 60 e
o o [-%
t T T T T | t T T T T 1 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 §iinu
linijam péc 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 literatiira zinamajiem CA inhibitoriem piemit augsta citotoksicitate,*® tomer tiek

uzskatits, ka CA IX/XII inhibitoru pretvéZa potencials galvenokart ir saistits ar to spgju modulét
audzgja mikrovidi, samazinot acidozi, ka arT kavgjot laundabigo §tinu aug$anu un izplatisanos.’
Turklat kombinacija ar citam zalvielam CA IX/XII inhibitori var darboties sinergiski, sensibiliz&jot
v&za §iinas un tadgjadi palielinot kimijterapijas efektivitati.***° Interesanti, ka prekliniskajos in vitro
pétijumos zalvielas kandidats SLC-0111 neietekmgja v&za Stinu dzivotsp&ju normoksijas un neitrala
pH (7,4) apstaklu gadijuma, tacu uzradija citotoksisko aktivitati véza $anu linijas, kultivétas skaba
vide (pH 6,7) vai hipoksijas apstaklos.*" lIzteiktu antiproliferativu un antimetastatisku iedarbibu
SLC-0111 uzradija in vivo krits véZza modelos.**?

Citotoksicitates testi plasaka Stnu Imiju paneli, ieklaujot v@za S§iinu linijas ar paaugstinatu
CA IX/XII ekspresiju un to inkubaciju hipoksijas apstaklos, sniegtu papildu informaciju par
benzoksafosfepina oksidu terapeitisko potencialu. Nemot véra novéroto selektivitati CA izoformu
inhib&sana (3. tabula), pétijjumi par $o savienojumu ietekmi uz véza $tnam, kuram ir raksturiga
pozitiva CA IX ekspresija un negativa/vaja CA XII ekspresija (vai vice versa), lautu izvertet
saistibu starp mérkproteInu inhib&$anu un véza $iinu 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 Gdeni. Analize tika veikta fosfata fiziologiskaja

18



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 tideni — fosfonatiem
6a, 7h, 11c, 11j, 12d, 12k ta ir izteikti augstaka neka sultonu analogiem B, B1, B2 (5. att.).
Japiebilst, ka benzoksafosfepina oksidu $kidibas vertibas ir lidzvertigas neatkarigi no aizvietotaja.
Turklat no fosfonskabém ir iesp&ams iegut salus, lai papildus paaugstinatu $kidibu Gdent.
Potencialu zalvielu $kidiba ir bitisks parametrs, kas ietekm& to absorbciju, biopieejamibu un
administréSanu. NeapmierinoSas farmakoking&tikas Tpasibas nereti ir saistitas ar savienojumu zemu
$kidibu un $inu caurlaidibu.*

E
H
m Q\'(Nm
O )
0-$s0 0-$s0 o-$0
o o )
B B1 B2

0,15 mg/mL 0,0004 mg/mL 0,56 mg/mL

z
O R— || H H H
DA MO Y
R |
—P. —P. O _P. X O _P.
O~\i~0H O~ ~0H O~\~0H O~\~OH

[¢] 0] [e] [e]
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. Izvel&to inhibitoru $kidiba PBS buferT (noteikts sadarbiba ar Dr. H. Kazokas grupu LOSI
Hromatografijas laboratorija).

Sis apaksnodalas pétijumi ir aprakstiti originalpublikacija ACS Med. Chem. Lett. 2025, 16 (6),
1031-1037.
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4. Inhibitoru klasta papildinasSana un saistiSanas mehanisma izpéte
(Nepublicgti rezultati)

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

Jauni mazmolekulari CA inhibitori tika sintez&ti, izmantojot benzoksafosfepina oksida
aminoatvasinagjumu 10 ka galveno biivbloku. Savienojuma 10 acetilé$ana lava iegit acetamidu 13.
Reakcija ar CSI amins 10 tika parversts par N -neaizvietotu urinvielu 15, savukart, amnam 10
reaggjot ar sulfamoilhloridu, veidojas sulfamids 16. Veicot Debus—Radziszewski reakciju, no
buvbloka 10 tika iegtts arT imidazols 14, lai parbauditu, vai imidazolilgrupa varétu darboties ka
arilgrupas bioizostérs (5. shéma).

H H
Me\"/N = AcCl, NEts CISO,NCO HzN\"/N =
-
o CH,Cly, 16 h CH,Clp, 18 h o
o-P~ 2C12, 2Cl2, 0-P~
W OEt 0°c—it 0°C—it. 3 OBt
13 HoN ~ 15
88% - m — 72%
—P.
N glioksals [ goa
@ formalins o H
NN ~ NH,4CI 10 H,NSO,CI 5N ==
- ————— HNTY
MeOH NMP, 16 h
0P~ ' 0-P~
W OBt 16 h, 60 °C 0°C-it WOt

14
40%

16
60%

5. sheéma. N-SaturoSu benzoksafosfepina oksida atvasinajumu 13-16 sinteze.

N-Metilatvasinajuma 17 iegiSanai tika izmantota Fukuyama metode,*? kuras pamatd ir

aminogrupas aizsargasana ar 2,4-dinitrobenzolsulfonilgrupu. N-Aizsargata amina alkilé$ana ar Mel

un tai sekojoSa DNs grupas noskelSana ar L-cistetnu NEt3 klatiene deva vajadzigo otr&jo aminu 17

(6. shema).
1. DNsCl, Py
H CH,Cl,, 16 h
Me/Nm 0°C-it
2. Mel, K,CO.
o-P~ » RabU3
W OBt DMF, 2, it
17 3. L-Cys, NEt3
67% DMF, 16 h, i.t.
3 stadijas
’YIe formalins, AcOH
ME/Nm NaBH(OAc);
| 1,2-DCE, 16 h, i.t.
0-f~or :
e}
18 (R = Et)
94% TMSBr
CH,Clp, 24 h, i.t.
19 (R=H)

92%

10

Hsz

O

-F~OEt
o

Br(CH,)sBr
K,CO3, Nal
>
MeCN

16 h, 80 °C

@

~
0-f~oEt
o
20

51%

(BrCH,CH,),0

S

KoCO3 N

—

DMF, 16 h, 80 © ,
6h,80°C 0-Frot
o

21

76%

6. shéma. N-SaturoSu benzoksafosfepina oksida atvasinajumu 17-21 sintéze.
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Biivbloka 10 parvérSana par N,N-dimetilatvasinajumu 18 tika wveikta ar formaldehidu
reducgjosas amingSanas cela. Paklaujot savienojumu 18 ieprieks aprakstitajiem McKenna reakcijas
apstakliem, ar augstu iznakumu tika iegiits ar analogs 19. Savukart piperidina un morfolina
atvasingjumi 20 un 21 tika sintezgti, attiecigi alkilgjot aminu 10 ar 1,5-dibrompentanu vai bis(2-
brometil)éteri (6. shema).

Slapekli saturoSu atvasinajumu rindas paplasinasanai amins 10 tika transformets par glicinamida
22 un guanidina 23 analogiem, izmantojot reakciju ar N-Boc-aizsargatu glicinu vai 1H-pirazol-
1-karboksamidinu. P&c aizsarggrupu noskelSanas skaba vidé meérksavienojumi tika ieghti
trifluoracetatu salu veida (7. shema).

1. Boc-Gly-OH, EDC-HCI ® H
THF, 16 h, i.t. H3N/\"/ ~
2. TFA, CH,Cl,, 16 h, i.t. O o] _
22 : CF4CO; 0-P~okt
o]
HoN = 22
[ 2 stadijas
0’%\05 N)\
NHB:
10 1. BocN ¢ ® H
NEtz, CH,Clp, 16 h, i.t. HSN\"/N =~
€]
2. TFA, CH,Cly, 16 h, it CF5;CO, NH _
- l o o~f~oEt
o]
23
87%
2 stadijas

7. shema. N-SaturoSu benzoksafosfepina oksida atvasinajumu 22 un 23 sintgze.
Jauno CA inhibitoru 13-23 K; veértibas bija robezas no 23 nM lidz 3,44 uM (4. tabula).

4. tabula

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

Ki (n)®><1

Savienojums

CAI CAll CAIX CAXI

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 >10000 >10000 1230 1150

VT 250121 ....................... 5 58 ....................... 57 .............

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

21



Veicot benzoksafosfepina oksida atvasinajuma 10 aminogrupas modifikacijas, SAR pétijumos
noskaidrots, ka alifatisko fragmentu ievadiSana kopuma samazinaja inhibitoro aktivitati (salidzinot
13 ar 10 un 11a—m; ka art 17-22 ar 10). Sintezétie 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.un4.tabula). Rezultati liecina par nepiecieSamibu precizi regulét st€riskos un
elektroniskos efektus konstrugjamo ligandu aizvietotajiem N-saturo$aja sanu k&de. Interesanti, ka
N’-neaizvietotai urinvielai 15 tika novérota lidziga CA IX selektivitate attieciba pret CA XllI
inhib&$anu ka N -arilurinvielam 12a—m. No visiem test€tajiem savienojumiem tikai sulfamids 16
inhibgja CA | un Il izoformas, kas bija sagaidams, nemot véra —SO,NH, grupas koordiné$anos ar
cinka jonu.* Toties savienojums 16 uzradija augstiku inhib&Sanas aktivitati uz mérkenzimiem
CA IX/XII neka uz CA I/1I, paradot benzoksafosfepina struktiiras ietekmi uz vélamas selektivitates
nodrosinasanu.

CA enzima kristalizacijas méginajumi kompleksa ar dazadiem 3H-1,2-benzoksafosfepina 2-
oksida atvasindjumiem nebija veiksmigi, tap&c joprojam paliek aktuals jautajums par So
savienojumu konkr€tu inhib&Sanas mehanismu. Pe&tljuma gaita tika izvirzitas divas galvenas
hipotézes: 1) 3H-1,2-benzoksafosfepina 2-o0ksidi iedarbojas uz CA neizmainita veida; vai 2) 3H-
1,2-benzoksafosfepina 2-oksidi ir =zalvielu priekste¢i, kas tiek parveidoti par aktivajiem
savienojumiem hidrolizes cela. Japiebilst, ka enzimatiskajos testos $o inhibitoru aktivitate ir
atkariga no inkubacijas perioda, kas var€tu liecinat par to, ka tie darbojas ka zalvielu prieksteci.
Pieméram, klasisko CA inhibitoru gadijuma enzimu un inhibitoru $kidumiem inkubacijas periods ir
15 minites, tacu benzoksafosfepina oksidu aktivitates noteikSanai bija nepiecieSama seSu stundu
inkubacija. Analogisks efekts ir raksturigs kumariniem un sulfokumariniem, kuru darbibas
mehanisms tika noskaidrots kokristalizacijas petijumos un ietver heterocikliska fragmenta
hidrolitisko SkelSanos; rezultata izveidojusies skabes atvasinajumi saistds ar enzima aktivo centru
(6. att.).’o?

Br\©\/\ H,0 Br\@f\ BF\C(\/S%H
.0 —> N -
5% CA katalizéta on>93H cis—trans OH

hidrolize izomerizé$anas

A1 Z-A2 E-A2

6. att. Sulfokumarina A1l CA katalizéta hidrolize.'®

Lai izprastu benzoksafosfepina oksidu mijiedarbibu ar CA, nepiecieSama kompleksas pieejas
lietosana, kas paredz tradiciondlo SAR pétijumu un datormodel&Sanas apvienoSanu. Tadé] tika
nolemts iegit vairakus papildu modelsubstratus, kas atklatu oksafosfepina fragmenta eso$as
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 iepriek$&jas sérijas 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 noverst olefina 27 dubultsaites migréSanu. Talaka TMSBr veicinata etilgrupas
noskelsana deva meérksavienojumu 28, no kura tika ieguts trihidroanalogs 29, hidrogengjot
heterocikliskaja fragmenta esoSo dubultsaiti.
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O ot
F 25 Z Grubbs Il A
NEt;, CH,Cl i CH,CI P
OH >z O~ ~OEt 2-2 O~\i~OEt
18h,0°C —it. o 2h,40°C o
24 26 27
CH,Cl,
S 5
94% 85% 2t iy | TMsBr
PdIC
©(\> H, (1 atm) ©(\\>
- e
—P< MeOH -
O OH 16 h, it. O\ oH
29 28
96% 73%

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

Lai pagatavotu ciklisko fosfinskabi 37, sakotng&ji bija nepiecieSams iegiit 2-vinilbenzilbromidu
(33). Savienojums 33 tika sintezéts no 2-brombenzaldehida (30) saskana ar literatiiras metodi,* kas
paredzgja tris solu sekvenci — Suzuki-Miyaura sametinasanu starp 30 un kalija viniltrifluorboratu,
aldehida 21 reduceéSanu un iegiita 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.* Péc HMDS pievieno3anas un alilésanas
sekoja apstrade ar MeOH, iegiistot dialkilfosfinskabi 36.* P&dgja stadija, veicot cikla saslégsanas
metatézi, tika ieglits mérksavienojums 37.

O BEK
_ " = - > _ " >
° NEt,, PrOH 2 THF/MeOH OH CH,Cly Br
18 h, 80 °C 2h,0°C —it. 1h,0°C—it.
30 31 32 33
83% 93% 74%
1.33, CH,Cl,
16h, 0°C —it.
Q (TMS),NH H 2. (TMS),NH, 2 h = /J/ Grubbs Il C@
H—-P-H _ = _ > _ =
P
1 ) PN " _
o@ ® 2 h, 100 °C TMSO™ "OTMS 3. Alilbromids, 16 h E\\OH CH,Cl, FI’I\OH
NH, 4. MeOH o 4h,40°C 5
34 35 36 37
88% 56%

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

Nemot veéra iesp&jamo inhib&Sanas mehanismu, kas ietver oksafosfepina hidrolizi, ieprieks
sintez&tie benzoksafosfepina oksidi 5h un 6h tika paklauti hidrolizes reakcijai ar NaOH udens
Skidumu. Reakcijas rezultata veidojas fosfonats 38 un fosfonskabe 39 ar Z-konfiguracijas
dubultsaiti. Savienojuma 38 struktira tika pieradita ar monokristala rentgendifraktometriju.
Salidzina$anas nolika hidrolizétais analogs 39 tika parvérsts par E-izoméru 40, apstarojot to ar
violetas gaismas LED (10. shéma).
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10. shéma. Fosfonata 38 un fosfonskabju 39, 40 sintéze (rentgendifraktometrijas p&tijumi tika veikti
sadarbiba ar Dr. S. Belakovu LOSI Fizikali organiskas kimijas laboratorija).

Modelsavienojumu CA izoformu inhib&Sanas testu dati dal&ji apstiprinaja izvirzito hipot€zi par
3H-1,2-benzoksafosfepina 2-oksidu hidrolizi enzima vide. Atbilstosi Sai hipotézei cikla atverSanas
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 regioizoméra 28
un hidrogen&ta atvasinajuma 29 rezultati liecina, ka dubultsaitei benzoksafosfepina bazes struktira
ir liela nozime CA izoformu inhib&$ana, jo tas reduc€Sana izraisa aktivitates zudumu. Iespgjams,
dubultsaite ierobezo strukttru kustigumu hidrolizes gadijuma un/vai veido nozimigas hidrofobas
mijiedarbibas ar enzima aktivaja centra esoS$ajam aminoskabém. Savukart benzofosfepina 37
aktivitati varétu skaidrot ar §1 mazmolekulara liganda sp&ju ieiet CA IX un CA XII izoformu
katalitiskaja kabata (5. tabula).

5. tabula

CA inhib&8anas dati savienojumiem 28, 29, 3640 un standarta inhibitoram AAZ

Ki ()2

Savienojums

CAl CAIl 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
40 ND ND ND ND
AAZOZS ..................... 0012 ..................... 0 025 .................... 0006 ...........

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

Savienojumu molekulara modelé$ana CA struktira lautu noskaidrot izdevigako saistibas veidu
un sniegtu noderigu informaciju par attistiSanas iesp&jam turpmakajos p&tijjumos.
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SECINAJUMI

Izstradata sintézes pieeja, kas ietver olefinu veido$anos no 2-hidroksibenzaldehidiem un cikla
saslégSanas metatézi ka galveno stadiju, lauj iegit jaunus fosforu saturoSus heterocikliskos
savienojumus — 3H-1,2-benzoksafosfepina 2-oksidus. Sos savienojumus ir iesp&jams talak
funkcionalizgt, ieglistot plasu atvasinajumu klastu.

Cikla saslég$anas
] metatéze

0 = L)
P P
S OH S

o-for
o)

3H-1,2-Benzoksafosfepina 2-oksidi ir jauna cilvéka CA inhibitoru klase, kuras parstavji uzradija
augstu inhib&Sanas sp&ju un selektivitati uz véza stnas ekspresétajam CA IX un XII izoformam,
salidzinot ar organisma plasi sastopamajam CA | un II.

N +/ Jauna tipa inhibitori
R |  Selektiva CA IX/XIl inhib&sana
O’E\OR'
o) K vértibas sasniedz nM [imeni

7-Aminoatvasinajums, ka ari 7-acilamino- un 7-urinvielas atvasinajumi ar dazam arilgrupam
uzradija visaugstako inhibitoro aktivitati pret CA 1X un/vai CA XIIL. Tie ir efektivaki ar audz&ju
saistito izoformu inhibitori neka AAZ vai zalvielas kandidats SLC-0111. legitie rezultati
liecina, ka savienojumi ir pieméroti turpmakai izp&tei un attistiSanai ka potenciali pretvéza

lidzekli.
~ F
u
0
R\@(j 2 K; (CA IX): 3,5 nM Ki (CA XII): 4,0 nM
P
R'= H vai Et /©/ o /©/ D
0 o
MeO F
\_ K; (CA 1X): 5,3 nM K, (CA IX): 4,4 nM

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

Bioizostéra
C(j aizvietoana @
—_—
0-$%0 o-fon
o) o}
0,15 mg/mL (PBS) 2,30 mg/mL (PBS)
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5. CA inhibitoriem ar benzoksafosfepina pamatstruktiiru var biit [idzigs darbibas mehanisms ka
radniecigajiem kumarimiem un sulfokumariniem. Piedavatais savienojumu saistibas veids
CA IX vai CA XII aktivaja centra ietver oksafosfepina hidrolizi, kam seko saistiSanas pie aktiva
centra ieejas vai ar cinka neproteina ligandu. Strukturalas atskiribas CA izoformu I, 11, IX un
XII aktiva centra apkartng, ka ari 1,2-benzoksafosfepin-2-oksida aizvietotaju daba nosaka
inhib&Sanas selektivitati.

Enzima katalizéta

= hidrolize

7'\

/7
O—%\ORV OH /F’\
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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 o, B, v, 3, €, ¢, n, 6 and .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
0-CA a target of therapeutic interest.>* 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 I,
I, 11, VII, XII) isoforms, mitochondrial (CA VA, VB), secreted (CA VI), as well as membrane-
bound (CA IV, IX, XII, XIV) isoforms.* Moreover, there are three catalytically inactive CA-related
proteins (CARP VII1, X, X1), 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 IX and CA XIlI, 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.>!®** Therefore, designing and developing selective CA IX/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.>™* 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.>* 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 IX and CA XII, given their overexpression in cancerous tissues and limited expression in
normal tissues, while preserving the activity of the housekeeping isoforms CA | and CA II.

Over the past few decades, humerous 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)."*** 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.”>'® 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 a-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 IX and XII inhibitors (Fig. 1).®* In this
Doctoral Thesis, a novel chemotype — 3H-1,2-benzoxaphosphepine 2-oxide C — is studied as a
platform for next-generation CA inhibitors.

o)
o NN @ R o X
e Py

Acetazolamide (AAZ) SLC-0111
oL L T OO
S=0
x>0 0% 0-$% 0-f~or
(o] o]
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;
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3. explore the effects of the compounds on cell viability and evaluate their aqueous solubility;
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 IX and XII. A
series of inhibitors with low nanomolar potency against CA IX/XIl, 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 1X 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.; Balafova, A.; Nocentini, A.; Supuran, C.T.; Zalubovskis, R. 3H-1,2-
Benzoxaphosphepine 2-oxides as selective inhibitors of carbonic anhydrase 1X 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 IX 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 1X and XIl. ACS Med. Chem. Lett. 2025, 16 (6),
1031-1037.
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5.

Manuscript regarding the last chapter of the Thesis is in preparation.

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.

31



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.?>?® 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).22® 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.

Q

1. O-Allylation al ,P\/\ Ring-closing
‘\ 2. Clalsen @ Z OEt @ 7 metathesis A
_ = _ =
/=
OH OH 0~R~oEt o~ okt
o [¢]
O
Ring-closing
O Wittig @ AN ‘\/\ metathests
OH OH —S\ O—S <0

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.

32



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
la-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.

cI Y
MePPhBr OFt
C(\ _ BuK S 3 @(\ /J/
R—— —_— R—
THF 18h,rt. X-"“oH NEts, CH,Cl, X 0-P~ogt
18 h,0°C —r.t. o)
1a-h 2a-h 4a-h
76-88% 60-94% PhMeo Grubbs II
al H e| 3-Br 4h,70°C
b| 51 f| 3-OMe
c| 5Br g| 35<iCl ~ ~
d| 4Br h| 5NO, L | L | -
_ CH,Cly, 24 h, rt. -
0~f~oH 2 ' 0-R~0Et
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 CA I 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.

= | = Br. = =

O'P\OR O—P\OR O—P\OR Br O—P\OR
5a: R = Et 5b: R = Et 5¢c: R=Et 5d: R = Et
6a:R=H 6b:R=H 6¢c:R=H 6d:R=H

=~ =~ cl =~ omm

0-f~or o-f~or o-f~or 0-P~or

Br o] OMe O ¢]] 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

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 XIlI 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, 11, IX and XII

Ki (um)=
Compound CAI CAIl CA IX CA XII
5a >100 >100 0.82 0.82
6a >100 >100 13 0.51
5b >100 >100 47 2.4
6b >100 >100 0.88 0.68
5¢ 100 >100 0.76 16
6¢ >100 >100 1.0 0.96
5d ND ND ND ND
6d >100 >100 3.4 15
5e >100 >100 113 33
6e >100 >100 25 18
5f >100 >100 9.0 74
6f >100 >100 18 12
59 >100 >100 6.1 34
69 100 >100 0.80 17
5h >100 >100 3.9 0.95
6h >100 >100 0.67 1.0
L S— R R — R

[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.
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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.”®

7
Pd(dppf)Cl, R— | al H g | 3s5dici
‘ N :
0-P~ X 1,4-dioxane/H,0 o-F~ c| 4COEt i | 4-Me
& o 16 h, 80°C WOH  d| 4F j | 3-coMe
e| 4 k| 3-NO,
& 7a-l f | 4CF, 1| 44Bu
54-63%
Pd(dppf)Cl,
° AN al H d| 4-c
™ i
B o-fron ! '41 2“;*3;91220 b| 40Me e 35dcCl
o ’ c| 4-COEt f | 2-NO,
6d
Pd(dppf)Cl,
) O/B(OH)Z K,CO3 a| H d| 4-ci
+ R - b | 4-OMe e | 3,5-diCl
N i !
S O—E\OH 1,4 dloxane:Hzo c| acoet o | 2o
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 1, 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.2**

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 1, I1, IX and XII

Ki (um)

Compound

CAl CAIl 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 1.1

7f >100 >100 3.7 0.59

79 >100 >100 7.3 4.2

7h >100 >100 0.63 0.56

7i >100 >100 15 0.94

7j >100 >100 9.5 15

7k >100 >100 7.6 0.64

71 >100 >100 4.9 0.97
............. 8 a>100>1001827

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

8f >100 >100 12.9 0.67
............. 9 a>100>100165255

9b >100 >100 39.4 52.4

9c >100 >100 55.3 >100

ad >100 >100 48.9 65.3

%e >100 >100 22.4 28.2
............. o SN0 G100 384 3L

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.
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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 IX 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, NEt, CH,Cl,

16h, 0°C —r.t. H
o;Nm Fe, AcOH Hsz 2. TMSBr, CH,Clp, 24 h, rt. R\"/Nm
_—
EtOH/H,0O 0
0-P~ 2 o0-P~ o0-P~
3Ot 1h, 70°C 1Ok & oH
5h 10 11a-m
97% 56-81%

al Ph b| 4Tol c| 4MeO-CeH, d| 4-ON-CeHy e| 4-C-CH; f | 4-Br-CoHs @ 2-Br-CeHy

h| atCeHy 0| 2:-CeHs i | 4F-CoHy k| 2Naph 1| 2-Furyi  m| 2-Thieny
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 |
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 —r.t. H H
Hsz 2. TMSBr, CH,Cl, 24 h, r.t. R/N\"/Nm
o)
ookt 0-f>on
o] o]
10 12a-m
48-91%

al Ph b| 4Tol c| 3-MeO-CgH, d| 4MeO-CeH; e| 3-CiCgH, f | 4-CiCeHs 9| 2-Br-CeHs

h| 4BrCeH, i | 4--CeHy i | 3-F-CeHy k| 4-FCHy || 3-FiC-CeH, m| 3-FaC-CoH,
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, II, IX and XII showed intriguing results (Table 3). Consistent
with previously studied analogues 5-9, no inhibitory activity against off-target isoforms CA I and 11
was detected. Remarkably, all the newly synthesised compounds displayed inhibition of the tumour-
associated CA 1X 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 1X.
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Table 3

Inhibition data of compound series 10-12 and the reference compounds SLC-0111, AAZ

against CA I, I1, IX and XII

g Ki (n1)™><1

pestitend CAI CAIl CA IX CAXII

............. 10, 720000 20000 3 BB
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
11e >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
11 >10000 >10000 14.6 6.9
11 >10000 >10000 214 4.0
11k >10000 >10000 20.1 21.2
111 >10000 >10000 22.3 9.7

........... 1M e 220000 220000 328 TR
12a >10000 >10000 34.9 >10000
12b >10000 >10000 46.9 >10000
12¢ >10000 >10000 53.3 >10000
12d >10000 >10000 5.3 >10000
12e >10000 >10000 52.9 >10000
12f >10000 >10000 54.8 >10000
129 >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
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 IX.* Furthermore, the presence of CA XlI
in multiple normal tissues highlights the necessity of selective CA 1X inhibitors over CA XII in
certain cases.** From this perspective, urea-containing derivatives 12 hold particular importance
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in the 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

p=0.001 p<0.01 p <0.0001 p <0.0001
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log [12d (uM)] log [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 IX/XII inhibitors can be synergistic
with other drugs by chemosensitising tumour cells.**“° 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 invivo 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 IX/XII 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 1X-negative and CA XIllI-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
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discernible that the transition from sultones to cyclic phosphonic acids has a significant effect on
aqueous solubility. 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
H
m Q\'(Nm
F O
0-$s0 0-$s0 o-$so
o )
B1 B2

(e}

B
0.15 mg/mL 0.0004 mg/mL 0.56 mg/mL

o) F L
0-f~oH
[¢]
7h

z
R— || =H H H
Q\'(Nm @NTNW
R |
] X (]

0~F~oH o-f~on o-f~on
o [e] [e]
6a 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
N

H
Me\"/ m AcCl, NEty CISO,NCO HzNTNm
-
o CH,Cly, 16 h CH,Cl,, 18 h o

0-P~ 0-P~
W OBt 0°C—rt. 0°C—rt. u OBt
13 HoN ~ 15
88% - m — 72%
N 0-F~0Et
@ glyoxal, formalin © o H
NN = NH,CI 10 H,NSO,CI N =
MeOH NMP, 16 h N
- B ; —
© E‘,\OE‘ 16 h, 60 °C 0°C—rt. © F{")\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 NEt; afforded the
desired secondary amine 17 (Scheme 6).

1. DNsCl, Py
CH,Clp, 16 h
0°C-—rit.
H 2. Mel, K,CO3 Br(CHy)sBr O
Mesz DMF, 2 h, r.t. KCO3, Nal Nm
- —
3. L-Cys, NEt; MeCN P.
0P~ . NEtg 0-P~
1 OBt DMF, 16 h, r.t. 16 h, 80 °C o Oet
17 HoN - 20
67% o 51%
over 3 steps
0’%\05
’\,/Ie formalin, AcOH 10 (BrCH,CH,),0 0

M E/Nm NaBH(OAc); K,CO4 K/Nm
- -
1,2-DCE, 16 h, r.t. DMF, 16 h, 80 °C o

0-f~or -FoEt
0 )
18 (R = Et) 21
94% TMSBr 76%
CH,Cly, 24 h, 1t.
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 ® H
THF, 16 h, r.t. HsN/\n/ —
2. TFA, CH,Cly, 16 h, r.t. €] o _
e " CF3CO; 0-Pot
O
HzN = 22
T oy
1 over 2 steps
O’E\OEt N}\
NHB
10 1. BocN ¢ ® H
NEtz, CH,Cl,, 16 h, r.t. HaN\n/N =
O
2. TFA, CH,Cly, 16 h, r.t. CF5CO; NH "
20l r 3002 o %\OEt

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, 11, IX
and XI1I. 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 |, 11, IX and XII

Ki (nM)®><1

Compound CAI CAll CA IX CA XII

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 >10000 >10000 1230 1150

A — e O T i

[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/XIl 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 XIlI, 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 | and |1, 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/1l, 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\@\ R H,0 Br\©:\ Br\©\/\/SOaH
> — > EEEE——
O/S\<o CA-mediated OHSOSH cis—trans OH

hydrolysis isomerisation

A1 Z-A2 E-A2

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

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,CI,, 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.

N A
CI/P\ o
OEt
Z Grubbs II 1\
NEt3 CH,Cl, —P. — CH,Cl, —P.
o O~ ~OEt 2 O~ ~OEt
18h,0°C —r.t. o) 2h,40°C o)
26 27
CH,Cl,
9 9
94% 85% 24rry | TMSBr
Pd/C
m H, (1 atm) m
-
— MeOH _P.
0~f~oH O~\~OH
1) 16h, rt. )
29 28
96% 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.

O BFK
@/\B/’ Pd(dppf)Cl, @ NaBH, @ NBS, PPh, ©:/\
Z° NEt5, iPrOH A THF/MeOH OH CH,Cly Br
18 h, 80 °C 2h,0°C—rt. 1h,0°C —rt.
30 31 32 33
83% 93% 74%
1. 33, CH,Cly
16h,0°C —rt.
Q (TMS)NH H 2. (TMS)NH, 2 h = Grubbs Il @@
H—P—H — >
A
1 0, A .
b0 ® 2h, 100 °C TMSO™ ~OTMS 3. Allyl bromide, 16 h B~oH CH,Cl, Feon
NH, 4. MeOH o) 4h,40°C o)

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, II, 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 1X and CA XIl 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)=

Compound CAI CAIl CAIX CAXII
28 >100 >100 1.6 35
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
40 ND ND ND ND
AA2025 ..................... 0012 ..................... 0 025 .................... 0006 ...........

[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

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 II.

= +/ Novel chemotype
J Selective inhibition of CA IX/XII

2

R |
0-P~or:
o + Kjvalues 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 1X and/or
CA XIl, 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.

R*@ < Ki (CA IX): 3.5 nM Ki (CA XII): 4.0 nM
o-f~or
o

H H

NN NN
R'=H or Et A T
[e] o]
MeO F

N 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 @
_——
0-$%% 0-f~oH
(¢] (¢]
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 CAXII 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, I, 1X and XII are a
possible reason for the observed selectivity in inhibition.

Enzyme-mediated

a — hydrolysis Z
R—\ | —— R—\ | VY
OH P,

o-f~or :
o nd OR
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X This microreview briefly summarizes recent synthetic approaches toward phosphacoumarins and their
_R=0 derivatives. The synthetic approaches include mainly transition metal-catalyzed reactions, as well as Kolbe

O or oxidation.

Introduction

Phosphorus-containing heterocycles have attracted notice-
able attention of synthetic chemists due to their broad
applicability in medicinal chemistry,' organic synthesis,’
agriculture,” and materials science. In particular, phospha-
coumarins, the phosphorus analogs of coumarin, exhibit
interesting biological activities and could serve as novel
pharmaceuticals.™® Earlier works on the synthesis of
phosphacoumarins include the Knoevenagel condensation
reaction,”® intermolecular Horner—Wadsworth—Emmons

reaction,‘J intramolecular condensation of 2-methoxy-
carbonylbenzylphosphonates,'® and reaction of oxa-
phospholes with terminal acetylenes.''> Noteworthy, a
review on the synthesis of related cyclic phosphonates was
recently published.”® This microreview focuses on the
synthetic approaches toward phosphacoumarins, their
derivatives and analogs covering the literature of the
past decade with the emphasis on the recent literature
sources.

Palladium catalysis
Pd-catalyzed addition/cyclization reaction

of (2-hydroxyaryl)boronic acids with R——
alkynyl phosphonates for the synthesis of a

variety of phosphacoumarins has been
developed by Zhao and coworkers.'
Utilizing this procedure, phosphacoumarins
were obtained in moderate to excellent
yields (30-95%). In general, the reaction
yields were lower when aliphatic and pPh——=
heterocyclic alkynyl phosphonates were OR'
used. Higher yields were achieved when R=H,Hal, Me
aryl alkynyl phosphonates were used. Inall R' =Et, i-Pr
cases, the regioselectivity was high.

o

OR!

R'=Et, i-Pr

I} 1
P—OR' +

R = Ar, HetAr, Alk

I
P—OR",

R
B(OH
©: (OH)2 N
—
OH o R0,
Pd(OAC), 20 examplgf
I 0,
(3 mol %) (30-95%)
PPh; (6 mol %)
H,0, PhMe Ph
R B(OH), 90°C, 24 h
L X
X =L s
OH N
0" br!
5 examples
(36-95%)
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Palladium catalysis (continued)
Lee and coworkers presented a method to ethoxy dibenzo-
oxaphosphorine oxide derivatives, which could be considered
as phosphacoumarin derivatives, from phosphonic acid
monoesters by intramolecular Pd-catalyzed oxidative
cyclization."” The optimal reaction conditions included a
combination of Pd(OAc), and PhI(OAc), with N-acetyl-
L-leucine as a ligand. Under optimized reaction conditions,
the products were obtained in good yields (50-72%).
(@]

M
© OH

Me NHAc
(30 mol %)
Pd(OAc), (10 mol %)
PhI(OAc), (2 equiv)
KOACc (2 equiv)
t-BuOH, 100°C, 12 h
under air
50-72%

o)
I OEt
“OH

s
(~

R=H, Me, F
R' =H, Me, t-Bu, OMe, Ph, Ar

.9

20 examples

In 2020, Carretero and coworkers published their findings
on the anti-hydroarylation of activated alkynes with aryl-
boronic acids mediated by Pd(OAc), and Ir(ppy)s.'® Reac-
tion of the 2-hydroxyphenylboronic acid with alkynyl
phosphonate smoothly yielded the phosphacoumarin
derivative through a tandem sequence involving hydro-
arylation, isomerization, and cyclization.

9 Pd(OAc),/dppe (5 mol %)
tBu—==—P-OFEt AcOH (20 mol %) t-Bu
OEt Ir(ppy)3 (1 mol %) X
+
THF-H,0, 10:1 _R=0
BOH). 80°C, 24 h 0" et
blue light (465 nm)
OH 69%

Phosphonic Kolbe oxidation
In 2018, Mo and coworkers reported another approach to
benzoxaphosphinine oxides.'” They have developed an
anodic oxidation/cyclization method toward the synthesis
of benzoxaphosphinine oxide derivatives starting from 2-(aryl)-
arylphosphonic acid monoesters. The method is transition
metal free, supporting electrolyte and oxidant free, as well
as proceeds at room temperature. The desired cyclized
products were obtained in moderate to good yields (29—
81%). This method tolerates diverse functional groups.
Electron-donating substituents on Ar’® ring were favored,
while electronic nature of substituents on Ar' ring did not
have a prominent influence on this electrochemical
oxidation reaction.

@@

R =H, Me, F, CF3, Cl
R' = H, Alk, Hal, Ac, OMe, OCF3, Ph, Ar

o NaOH (10 mol %) o
IFI,/OEt MeOH-H,0-DMF, 9:1:1 g/OEt
~OH (0.15 M) ~o

(+)Pt/(=)Pt, cc 23 mA
R' rt, air, undivided cell
29-81%

(e

18 examples

Gold catalysis
Lee and coworkers reported an efficient Au(I)-catalyzed
intramolecular hydroarylation of aryl alkynyl phosphonates
for the synthesis of phosphacoumarins.'® The desired com-
pounds were produced in good to excellent yields (60-96%)
via a 6-endo-dig cyclization. The ethoxy and phenoxy
groups attached to phosphorus did not affect the efficiency
of this reaction. A variety of electron-withdrawing or
electron-donating substituents on the phenyl ring attached
to alkynyl group were tolerated as well.

R’ R
I — - N
_R=0 |PhgPAuCI (5 mol %) oR=0
O bR | AgOTF (5 mol %) OR
R =Et, Ph TfOH (3 equiv) 9 examples
R'=H, Ph, Ar, Alk (60-94%)

DCE, 80°C or rt

R1
R1
o ree e
P=0 —
o\ ~R=0
OFt O okt

R = Me, OMe, Br

10 examples
R' = Ph, Ar, Ak

(60-96%)

Ruthenium catalysis
Majumdar and coworkers reported a convenient synthetic
route to ring-expanded analogs of phosphacoumarin by
Ru-catalyzed ring-closing metathesis."”” According to this
procedure, various 7- and 8-membered P-heterocycles were
synthesized and studied for biochemical properties.?**!
Grubb's first generation catalyst was used in the metathesis
for the formation of cyclized products. The 8-membered
products were obtained at room temperature in good to
excellent yields (67-93%), whereas the formation of the
7-membered products required an increase of the tempe-
rature. Under refluxing conditions, the 7-membered
cyclized products were obtained in good yields (65-79%).
The observed functional group tolerance was high — this
type of reaction tolerated both electron-donating and
electron-withdrawing groups.

e T Z
/" Aromatic orj(\/ R i
‘. Heterocycles CH 7
Somained O,p\/v 2 o5 —CH,
& OEt & OFt
PCy
ond | ona CHCI
Ru— ,Cly } 2Cly
C™ Lo, Phr4-8h gﬁiﬁ?;; 4, 8-12h
Grubb'ys3 || O79% o[
(5 mol %)
LemTTTIT T R
" Aromatic Oﬁ m
‘. Het | -
\\e erocyc tas (0] '\D\‘OEt
------- O—P_ 4 examples o
10 examples g OFt

R = Me, Br, OMe, t-Bu
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Aromatic metamorphosis

The group of Yorimitsu published a novel class of aromatic
metamorphosis in which benzofurans are converted into
6-membered oxaheterocycles.”” This skeletal transforma-
tion is composed of two reactions in one pot: Mn-catalyzed
arylative or alkylative ring opening and subsequent electro-
philic trapping with multivalent heteroatom electrophiles.
Using this methodology, various 6-membered heterocycles
containing P, B, Si, Ge, and Ti atoms could be prepared.
The phosphacoumarin derivative was obtained in moderate
yield from benzofuran by ring opening with organolithium
reagent and treatment with PhPCl,, followed by oxidation
with HzOz.

MnCl, (10 mol %)
TMEDA (1 equiv)
0, PhLi (4 equiv)
_—
Y THF
—78 to 40°C

Il_i
O
—_—
Ph

o

=

PhPCI, (3 equiv)

0to 25°C
then acidic workup
then H,O,
42%

Ph

Ph
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3H-1,2-Benzoxaphosphepine 2-oxides as selective inhibitors of carbonic anhydrase
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ABSTRACT

The synthesis of 3H-1,2-benzoxaphosphepine 2-oxides and evaluation of their inhibitory activity against
human carbonic anhydrase (hCA) isoforms |, Il, IX, and Xl are described. The target compounds were
obtained via a concise synthesis from commercial salicylaldehydes and displayed low to sub-micromolar
inhibition levels against the tumour-associated isoforms hCA IX and XIlI. All obtained benzoxaphosphepine
2-oxides possess remarkable selectivity for inhibition of hCA IX/XIl over the off-target cytosolic hCA iso-

forms | and Il, whose inhibition may lead to side effects.

GRAPHICAL ABSTRACT
R4 ~

0-F~or
> ()
Strong and selective
human CA inhibitors
K; (hCA IX) = 670 nM
K; (h CAXII) =510 nM

Introduction

Carbonic anhydrases (CA, EC 4.2.1.1) are a superfamily of metalloen-
zymes present across all kingdoms of life'. These enzymes catalyse a
simple yet essential physiological reaction - the reversible hydration
of carbon dioxide®. To date, 15 different human CA (hCA) isoforms
have been identified, out of which hCA IX and XlI isoforms are highly
overexpressed in different tumour types and may contribute in the
survival and progression of tumour cells by regulating intra- and
extracellular pH>™®. Therefore, the development of selective hCA IX/
XIl inhibitors is a potential strategy for designing anti-tumour agents.

Due to the high degree of structural homology and sequence
similarities within the active site of the hCA isoforms, the design
and development of isoform-selective hCA inhibitors pose a chal-
lenge’. A variety of compounds have been reported as potent
and selective inhibitors of tumour-associated isoforms hCA IX and
Xl including coumarins®"", thiocoumarins®'!, sulphocoumar-
ins®'27'%, as well as their congeners, homosulphocoumarins (3H-
1,2-benzoxathiepine 2,2-dioxides)'®. In this work, attention was
drawn to phosphorus, as phosphorus-containing molecules display
a multitude of biological activities relevant in medicinal chemis-
try'”. Additionally, several groups have shown the use of organo-
phosphorus compounds as CA inhibitors'®.

Considering isosteric relationship between sulphonyl derivatives
and phosphonates'®, our research group designed and synthesised a
series of benzoxaphosphepine 2-oxides pursuing the development of
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new classes of selective CA inhibitors. These compounds showed
interesting inhibitory activity against hCA IX and XIl. Moreover, the
results of current study demonstrate the bioisosteric utility of the
cyclic phosphonate moiety in the design of novel CA inhibitors.

Materials and methods
Chemistry

The air- or moisture-sensitive reactions were performed under
argon atmosphere using dry glassware. Toluene was freshly dis-
tilled from Na prior to use. DCM and NEt; were distilled from
CaH,. Other reagents, starting materials and solvents were pur-
chased from commercial sources and used as received. TLC was
performed on silica gel plates (60F,s4) and visualised under UV
light (254 and 365nm). Melting points were determined on an
OptiMelt MPA100 apparatus. IR spectra were recorded on a
Shimadzu FTIR IR Prestige-21 spectrophotometer. 'H, '3C, and 3'P
NMR spectra were recorded on a Bruker Avance Neo 400 MHz
spectrometer. The chemical shifts (§) were reported in parts per
million (ppm) relative to the residual solvent peak as an internal
reference (DMSO-dg: 'H 2.50, '3C 39.52; CDCls: 'H 7.26, '3C 77.16;
CeDe: 'H 7.16, 13C 128.06). >'P shifts were referenced externally to
HsPO,. The coupling constants (J) were expressed in Hertz (Hz).
HRMS was performed on a Q-TOF Micro mass spectrometer.
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General procedure for the synthesis of vinylphenols 2

To a stirred solution of MePPhsBr (2.3 eq) in dry THF (3 ml/1 mmol of
MePPh3Br) was added t-BuOK (2.35 eq) in small portions over
20 min. The reaction mixture was stirred under inert atmosphere for
2h at rt. The corresponding hydroxybenzaldehyde 1 (1.0 eq) was
added, and the mixture was kept stirring at rt for another 18 h. The
reaction mixture was treated with sat. ag NH,Cl (25ml) and then
was diluted with Et;0 (3 ml/1 mmol of MePPhsBr). The organic layer
was washed with water (2 x 40ml) and brine (2 x 40 ml), dried over
Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (PE/EtOAc 4:1).

|
o,
By following the general procedure, 2a was prepared from MePPh3Br
(13.46 g, 37.7 mmol), t-BuOK (4.32g, 38.5 mmol), and 2-hydroxybenzal-
dehyde (1a) (2.00g, 164mmol) as a yellowish oil (1.71g, 87%)'%. "H
NMR (400 MHz, CDCl3) ¢ =5.34-5.38 (m, 2H), 5.75 (dd, 1H, J=1738,
14Hz), 6.80 (dd, 1H, J=8.1, 1.1Hz), 6.89-7.01 (m, 2H), 7.12-7.17 (m,

1H), 740 (dd, 1H, J=7.7, 1.7Hz) ppm. C NMR (101 MHz, CDCl,)
5=1158, 116.0, 121.0, 125.0, 1274, 129.0, 131.6, 153.0 ppm.

2-Vinylphenol (2a)

4-lodo-2-vinylphenol (2b)

H
By following the general procedure, 2b was prepared from
MePPh;Br (16.56 g, 46.4 mmol), t-BuOK (5.32g, 47.4 mmol), and 2-
hydroxy-5-iodobenzaldehyde (1b) (5.00g, 20.2 mmol) as a yellow-
ish solid (4.17g, 84%)'®®. '"H NMR (400 MHz, CDCl) 6=5.23 (dd,
1H, J=113, 1.3Hz), 5.80 (dd, 1H, J=17.6, 1.3Hz), 6.67 (d, TH,
J=8.6Hz), 6.77-6.87 (m, 1H), 7.37 (dd, 1H, J=8.6, 2.4 Hz), 7.70 (d,
1H, J=24Hz), 994 (s, 1H) ppm. '*C NMR (101 MHz, CDCls)
d=814,115.1, 1184, 126.9, 130.4, 134.4, 137.0, 154.6 ppm.

4-Bromo-2-vinylphenol (2c)

Br

OH
By following the general procedure, 2c¢ was prepared from

MePPhsBr (8.17 g, 22.9 mmol), t-BuOK (2.62g, 23.4mmol), and 5-
bromo-2-hydroxybenzaldehyde (1c) (2.00g, 10 mmol) as a yellow-
ish solid (1.74g, 88%)'®®. '"H NMR (400 MHz, CDCl;) §=4.98 (s,
1H), 540 (dd, 1H, J=11.3, 1.0Hz), 5.74 (dd, 1H, J=17.8, 1.0Hz),
6.68 (d, 1H, J=8.6Hz), 6.85 (dd, 1H, J=17.8, 11.3Hz), 7.23 (dd, 1H,
J=8.6, 2.4Hz), 7.49 (d, 1H, J=2.4Hz) ppm.

2-Bromo-6-vinylphenol (2d)

OH

Br
By following the general procedure, 2d was prepared from
MePPhsBr (16.35g, 45.8 mmol), t-BuOK (5.25g, 46.8 mmol), and 3-
bromo-2-hydroxybenzaldehyde (1d) (4.00g, 19.9mmol) as a
yellowish solid (3.05g, 77%)'°®. "H NMR (400 MHz, CDCl;) 6 =5.34
(dd, 1H, J=11.2, 1.3Hz), 572 (s, 1H), 5.79 (dd, 1H, J=17.7, 1.3 Hz),
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6.77-6.82 (m, 1H), 7.00 (dd, 1H, J=17.7, 11.2Hz), 7.35-7.41 (m,
2H) ppm. "3C NMR (101 MHz, CDCl;) 6=111.2, 116.2, 1216, 126.2,
126.5, 131.1, 131.3, 149.6 ppm.

2-Methoxy-6-vinylphenol (2e)

OH
OMe
By following the general procedure, 2e was prepared from

MePPh3Br (2.70g, 7.6mmol), t-BuOK (0.87g, 7.7 mmol), and 2-
hydroxy-3-methoxybenzaldehyde (1e) (0.50g, 3.3mmol) as a
yellowish solid (0.40g, 81%)*°. 'H NMR (400 MHz, CDCls) J =3.89
(s, 3H), 5.33 (dd, TH, J=11.2, 1.5Hz), 5.83 (dd, TH, /=178, 1.5Hz),
5.93-5.94 (m, 1H), 6.76-6.80 (m, 1H), 6.81-6.86 (m, TH), 7.00-7.11
(m, 2H) ppm. *C NMR (101 MHz, CDCl;) =562, 109.7, 114.9,
118.9, 119.5, 124.1, 131.2, 143.4, 146.8 ppm.

2,4-Dichloro-6-vinylphenol (2f)

Cl
OH

cl
By following the general procedure, 2f was prepared from
MePPh3Br (2.15g, 6.0mmol), t-BuOK (0.69g, 6.2mmol), and 3,5-
dichloro-2-hydroxybenzaldehyde (1f) (0.50g, 2.6mmol) as a
yellowish solid (0.38g, 76%)*'. "H NMR (400 MHz, CDCls) 6 =5.39
(dd, 1H, J=11.2, 1.0Hz), 5.70-5.72 (m, 1H), 5.80 (d, 1H, J=17.7,
1.0Hz), 692 (dd, 1H, J=17.7, 11.2Hz), 7.23 (d, 1H, J=2.5H2),
7.32-7.34 (m, TH) ppm. ">*C NMR (101 MHz, CDCl3) 6 =117.3, 121.0,
125.5, 125.6, 127.2, 127.4, 130.1, 147.5 ppm.

4-Nitro-2-vinylphenol (2g)

O,N

OH
By following the general procedure, 2g was prepared from

MePPh3Br (9.83g, 27.5mmol), t-BuOK (3.16g, 28.1 mmol), and 2-
hydroxy-5-nitrobenzaldehyde (1g) (2.00g, 11 mmol). The solution
of nitrobenzaldehyde 1g in THF (20 ml) was added at —78°C. The
title product was obtained as a yellow solid (1.70g, 86%)*%. 'H
NMR (400 MHz, DMSO-ds) 6 =5.39 (dd, 1H, J=11.3, 1.2Hz), 5.98
(dd, 1H, J=17.8, 1.2Hz), 6.92 (dd, 1H, J=17.8, 11.3Hz), 7.01 (d,
1H, J=9.0Hz), 8.02 (dd, TH, J=9.0, 29Hz), 8.28 (d, 1H, J=29Hz),
11.32 (s, 1H) ppm. *C NMR (101 MHz, DMSO-ds) 6 =116.1, 116.9,
1223, 124.7, 124.8, 130.1, 139.9, 161.0 ppm.

Diethyl allylphosphonate (S1)
O\\ /\/
(=}
Et0” Yokt

Triethylphosphite (31.0ml, 180.5mmol) and allyl bromide (18.7ml,
216.7 mmol) were stirred and heated for 24h at 70°C. After evapor-
ation of the remaining allyl bromide, the residue was distilled in vacuo
(~4 mbar) to afford product S1 as a colourless liquid (29.00g, 90%),
b.p. 60-62°C/4 mbar®. 3'P NMR (162 MHz, DMSO-d) 6 = 26.81 ppm.
"H NMR (400 MHz, DMSO-dy) 0 =1.22 (t, 6H, J=7.1Hz), 262 (dt, 1H,
J=73, 13Hz), 267 (dt, 1H, J=73, 13Hz), 3.93-4.06 (m, 4H),
5.10-5.26 (m, 2H), 563-5.73 (m, TH) ppm. '*C NMR (101 MHz, DMSO-
de) 6=162 (d, Joc = 5.7Hz), 306 (d, Jpc = 136H2), 61.2 (d, Joc =
63Hz), 119.5 (d, Jpc = 14.2Hz), 1283 (d, Joc = 109Hz) ppm.
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Ethyl allylphosphonochloridatg (3)
\
c|/‘p\/\/
Diethyl allylphosphonate(S1) (28.6g, 160.5mmol) was dissolved in
dry DCM (200 ml). The solution was cooled down to 0°C, and oxalyl
chloride (49.0ml, 0.562 mol) was added dropwise. The reaction mix-
ture was stirred for 16 h at rt. After evaporation of the solvent and
remaining oxalyl chloride, the residue was distilled in vacuo (~4
mbar) to afford product 3 as a colourless liquid (21.64g, 80%), b.p.
88-90°C/4 mbar®. 3'P NMR (162 MHz, DMSO-d) J=39.17 ppm. 'H
NMR (400 MHz, DMSO-ds) 0=1.37 (t, 3H, J=7.1Hz), 293 (dt, 1H,
J=73, 1.2Hz), 299 (dt, 1H, J=73, 1.2Hz), 4.16-437 (m, 2H),
5.26-5.36 (M, 2H), 5.72-5.86 (m, TH) ppm. ">C NMR (101 MHz, DMSO-
do) 6=159 (d, Joc = 7.0Hz), 39.1 (d, Joc = 123Hz), 635 (d, Jpc =
84Hz), 122.2 (d, Joc = 16.8Hz), 125.4 (d, Jpc = 12.8Hz) ppm.

General procedure for the synthesis of diolefins 4

The corresponding vinylphenol 2 (1.0 eq) was dissolved in dry
DCM (10 ml/1 mmol of 2). After cooling down the solution to 0°C,
ethyl allylphosphonochloridate (3) (1.2 eq) and NEt; (1.25 eq)
were added. The reaction mixture was stirred under inert atmos-
phere at rt for 18 h. Water (30 ml) was added, and the mixture
was extracted with EtOAc (3 x 40 ml). The combined organic layers
were washed with brine (2 x 40 ml), dried over Na,SO,, filtered,
and concentrated in vacuo. The crude product was purified by col-
umn chromatography on silica gel (PE/EtOAc 1.5:1).

Ethyl (2-vinylphenyl) allylphosphonate (4a)
/J/

O'E\OEQ
By following the general procedure, 4a was prepared from 2-vinyl-
phenol (2a) (0.38g, 3.16 mmol), ethyl allylphosphonochloridate (3)
(0.56 ml, 3.79 mmol), and NEt; (0.55ml, 3.95 mmol) as a colourless oil
(0489, 60%). IR (thin film, cm™"): 1260 (P=0), 1219 (P=0). *'P
NMR (162 MHz, DMSO-ds) & =24.63 ppm. 'H NMR (400 MHz, DMSO-
dg) 0=1.19 (t, 3H, J=7.0Hz), 2.84-2.97 (m, 2H), 4.00-4.16 (m, 2H),
5.19-5.32 (m, 2H), 536 (dd, 1H, J=11.2, 0.9Hz), 5.71-5.83 (m, 1H),
586 (dd, 1H, J=17.7, 09Hz), 696 (dd, 1H, J=11.7, 11.2H2),
7.16-7.22 (m, 1H), 7.26-7.33 (m, 2H), 7.67 (d, 1H, J=7.7 Hz) ppm. *C
NMR (101 MHz, DMSO-dy) d=16.1 (d, Jpc = 5.8Hz), 31.0 (d, Jpc =
138Hz), 62,6 (d, Joc = 6.8Hz), 116.3, 1204 (d, Joc = 14.6Hz), 120.9
(d, Joc = 2.8Hz), 125.0, 126.3, 127.5 (d, Jpc = 11.4Hz), 1288 (d, Jpc
= 5.0Hz), 129.1, 130.2, 1474 (d, Joc = 89Hz) ppm. HRMS (ESI)
[M+ HI": m/z calcd for Cy3H,505P: 253.0994, found 253.1003.

Ethyl (4-iodo-2-vinylphenyl) allylphosphonate (4b)
| /J/
O'%\OEt
By following the general procedure, 4b was prepared from 4-iodo-2-
vinylphenol (2b) (2.50g, 10.2 mmol), ethyl allylphosphonochloridate (3)
(1.81 ml, 12.2mmol), and NEtz (1.77ml, 12.7 mmol) as a colourless oil
(3.539, 92%). IR (thin film, cm™"): 1265 (P=0), 1220 (P=0). *'P NMR
(162MHz, DMSO-dg) 6=2501ppm. 'H NMR (400MHz, DMSO-d,)
d=1.19 (t, 3H, J=7.1Hz), 290 (dt, 1H, J=73, 1.2Hz), 296 (dt, TH,
J=73, 1.2Hz), 400-4.16 (m, 2H), 5.19-532 (m, 2H), 540 (dd, 1H,

J=11.2, 0.7Hz), 569-5.83 (m, 1H), 593 (dd, 1H, J=17.7, 0.7Hz), 6.84
(dd, 1H, J=17.7, 11.2Hz), 7.11 (dd, 1H, /=86, 1.3Hz), 763 (dd, TH,

J=86, 22Hz), 7.98 (d, TH, J=22Hz) ppm. *C NMR (101 MHz, DMSO-
dg) =161 (d, Joc = 56Hz), 309 (d, Joc = 137Hz), 627 (d, Joc =
6.7Hz), 896 (d, Joc = 1.4Hz), 117.9, 1205 (d, Joc = 150Hz), 1232 (d,
Joc = 27H2), 127.3 (d, Joc = 11.6Hz), 1288, 1313 (d, Jpc = 53Hz),
1322 (d, Joc = 26Hz), 1347, 137.5, 147.3 (d, Joc = 90Hz) ppm.
HRMS (ES) [M+HI": m/z caled for Cy3H,,0sPl 3789960,
found 378.9966.

Ethyl (4-bromo-2-vinylphenyl) allylphosphonate (4c)

Br /J/

0’%\05

By following the general procedure, 4c was prepared from 4-bromo-
2-vinylphenol (2c) (1.63 g, 8.19 mmol), ethyl allylphosphonochloridate
(3) (1.46 ml, 9.83 mmol), and NEt; (1.42ml, 10.2 mmol) as a colourless
oil (1.71g, 63%). IR (thin film, cm™): 1266 (P=0), 1224 (P=0), 1174
(P=0). 3P NMR (162MHz, DMSO-dy) &=25.10ppm. 'H NMR
(400MHz, DMSO-dg) 0=1.16-1.22 (m, 3H), 291 (dt, 1H, J=73,
1.2Hz), 2.97 (dt, 1H, J=73, 1.2Hz), 3.99-4.17 (m, 2H), 5.19-5.32 (m,
2H), 543 (dd, 1H, J=11.2, 0.8Hz), 5.70-5.83 (m, 1H), 597 (dd, TH,
J=17.7, 08Hz), 6.87 (dd, 1H, J=17.7, 11.2Hz), 7.26 (dd, 1H, /=87,
1.3Hz), 7.48 (dd, 1H, J=8.7, 25Hz), 7.86 (d, 1H, J=2.5Hz) ppm. *C
NMR (101 MHz, DMSO-dg) 6 =16.1 (d, Joc = 6.0Hz), 309 (d, Jpc =
137Hz), 62.8 (d, Joc = 6.7H2), 117.3 (d, Jpc = 1.5Hz), 1182, 120.5 (d,
Joc = 150Hz), 1230 (d, Jpc = 2.8Hz), 127.3 (d, Jpc = 11.8Hz), 1288
(d, Joc = 97Hz), 131.1 (d, Joc = 53Hz), 1316, 1466 (d, Jpc =
89Hz) ppm. HRMS (ES)) [M+HI*: m/z caled for Ciy3H,,05PBr:
331.0099, found 331.0103.

2-Bromo-6-vinylphenyl ethyl allylphosphonate (4d)
//
0~f~oEt
r o]

By following the general procedure, 4d was prepared from 2-
bromo-6-vinylphenol (2d) (1.00g, 5.02mmol), ethyl allylphospho-
nochloridate (3) (0.89 ml, 6.03 mmol), and NEt; (0.87 ml, 6.28 mmol)
as a colourless oil (1.28g, 77%). IR (thin film, cm™"): 1262 (P=0),
1219 (P=0). *'P NMR (162 MHz, DMSO-d,) & = 25.07 ppm. 'H NMR
(400 MHz, DMSO-dg) 6 =1.16 (dt, 3H, J=7.0, 0.4 Hz), 3.00-3.10 (m,
2H), 3.96-4.15 (m, 2H), 5.22-5.37 (m, 2H), 542 (dd, 1H, J=11.1,
0.9 Hz), 5.77-5.92 (m, 2H), 7.06 (dd, 1H, J=17.7, 11.1Hz), 7.13-7.19
(m, 1H), 7.61 (dd, 1H, J=7.9, 1.5Hz), 7.69 (dd, 1H, J=7.9, 1.5Hz)
ppm. *C NMR (101 MHz, DMSO-dg) =16.0 (d, Jpc = 6.0Hz), 32.1
(d, Joc = 139Hz), 63.1 (d, Jpc = 6.9Hz), 116.5 (d, Jpc = 4.0H2),
117.6, 120.5 (d, Jo.c = 15.2Hz), 125.6 (d, Jpc = 1.5Hz), 126.7, 127.4
(d, Joc = 11.4Hz), 130.7, 132.2 (d, Jpc = 2.8Hz), 132.8 (d, Jpc =
1.5Hz), 145.0 (d, Joc = 10.7Hz) ppm. HRMS (ESI) [M+HI*: m/z
calcd for Cy3H,7,03PBr: 331.0099, found 331.0092.

Ethyl (2-methoxy-6-vinylphenyl) allylphosphonate (4e)
/J/
0-f~oEt
e O
By following the general procedure, 4e was prepared from 2-
methoxy-6-vinylphenol (2e) (0.32 g, 2.13 mmol), ethyl allylphospho-
nochloridate (3) (0.38 ml, 2.56 mmol), and NEt; (0.37 ml, 2.66 mmol)

as a colourless oil (0.40g, 66%). IR (thin film, cm™"): 1274 (P=0),
1179 (P=0). 3'P NMR (162 MHz, DMSO-d,)  =24.86 ppm. 'H NMR



(400 MHz, DMSO-dg) 0 =1.19-1.24 (m, 3H), 2.86-2.96 (m, 2H), 3.82
(s, 3H), 3.96-4.18 (m, 2H), 5.18-5.31 (m, 2H), 5.37 (dd, 1H, J=11.1,
1.1Hz), 5.74-5.88 (m, 2H), 6.97 (dd, 1H, J=17.7, 11.1 Hz), 7.04 (dd,
1H, J=8.1, 1.5Hz), 7.11-7.17 (m, 1H), 7.22 (dd, 1H, J=7.9, 1.5Hz)
ppm. *C NMR (101 MHz, DMSO-dg) =16.2 (d, Jpc = 6.1Hz), 31.8
(d, Jpc = 139H2), 55.9, 62.1 (d, Jpc = 7.0Hz), 112.2, 116.6, 117.3,
119.9 (d, Jpc = 15.0Hz), 125.2, 128.1 (d, Jpc = 11.5Hz), 1304,
1305 (d, Jpc = 3.5H2), 137.1 (d, Jpc = 9.6Hz), 151.2 (d, Jpc =
3.0Hz) ppm. HRMS (ESl) [M+HI": m/z calcd for Cy4H5004P:
283.1099, found 283.1105.

2,4-Dichloro-6-vinylphenyl ethyl allylphosphonate (4f)
Cl //
0~-f okt
o]

cl
By following the general procedure, 4f was prepared from 2,4-

dichloro-6-vinylphenol (2f) (0.804g, 4.23 mmol), ethyl allylphospho-
nochloridate (3) (0.75 ml, 5.08 mmol), and NEt; (0.74 ml, 5.29 mmol)
as a colourless oil (1.17g, 86%). IR (thin film, cm™"): 1262 (P=0),
1217 (P=0). 3'P NMR (162 MHz, C¢Dg) 6=24.33ppm. 'H NMR
(400 MHz, C¢Dg) 0 =0.88 (dt, 3H, J=7.1, 0.4Hz), 2.63-2.73 (m, 2H),
3.76-3.98 (m, 2H), 5.00-5.11 (m, 3H), 527 (d, 1H, J=17.6Hz),
5.76-5.89 (m, 1H), 7.03 (d, 1H, J=2.5Hz), 7.19-7.21 (m, 1H), 7.25
(dd, 1H, J=17.6, 11.0Hz) ppm. '*C NMR (101 MHz, C¢Dg) 6 =16.3
(d, Joc = 5.7Hz), 33.0 (d, Joc = 141Hz), 634 (d, Jpc = 7.0H2),
118.0, 1204 (d, Jpc = 15.0Hz), 125.0 (d, Joc = 1.9Hz), 127.5 (d,
Joc = 11.5H2), 1289 (d, Jpc = 3.7Hz), 129.4, 130.8, 130.9 (d, Jpc
= 2.1Hz), 1343 (d, Jpc = 3.0Hz), 1438 (d, Jpc = 10.7Hz) ppm.
HRMS (ESl) [M-+HI": m/z caled for Ci3Hi60sPCly: 321.0214,
found 321.0233.

Ethyl (4-nitro-2-vinylphenyl) allylphosphonate (4 g)
O,N /

O”.’goa
By following the general procedure, 4g was prepared from 4-

nitro-2-vinylphenol (24g) (1.00g, 6.06 mmol), ethyl allylphosphono-
chloridate (3) (1.08 ml, 7.27 mmol), and NEt; (1.05ml, 7.57 mmol)
as a yellowish oil (1.70g, 94%). IR (thin film, cm™"): 1273 (P=0),
1232 (P=0). *'P NMR (162 MHz, DMSO-d,) 6 =25.61 ppm. 'H NMR
(400 MHz, DMSO-ds) 0 =1.22 (dt, 3H, J=7.1, 0.3 Hz), 3.00 (dt, 1H,
J=73, 1.2Hz), 3.06 (dt, 1H, J=7.3, 1.2Hz), 4.06-4.22 (m, 2H),
5.21-5.35 (m, 2H), 5.54-5.58 (m, 1H), 5.71-5.85 (m, 1H), 6.11 (dd,
1H, J=17.7, 0.6 Hz), 6.96 (dd, 1H, J=17.7, 11.2Hz), 7.59 (dd, 1H,
J=9.1, 1.2Hz), 8.19 (dd, 1H, J=9.1, 29Hz), 8.45-8.48 (m, 1H)
ppm. "C NMR (101 MHz, DMSO-d,) 6 =16.1 (d, Jpc = 5.8 Hz), 30.9
(d, Joc = 137Hz), 63.1 (d, Jpc = 6.9Hz), 119.6, 120.8 (d, Jpc =
150Hz), 121.7 (d, Jpc = 3.0Hz), 121.8, 124.2, 127.0 (d, Jpc =
11.7Hz), 1286, 129.9 (d, Jpc = 5.5Hz), 1443, 1520 (d, Jpc =
8.6Hz) ppm. HRMS (ESl) [M+HI": m/z caled for Cy3H;,NOgP:
298.0844, found 298.0858.

General procedure for the synthesis of 2-ethoxy-3H-1,2-
b hosphepine 2-oxides 6

P P

The corresponding diolefin 4 (1.0 eq) was dissolved in dry,
degassed PhMe (18 ml/T mmol of 4). The solution was sparged
with argon followed by addition of ruthenium catalyst 5 (CAS:
254972-49-1) (5mol%). The reaction mixture was stirred at 70°C
for 4h, then cooled down to rt, and concentrated in vacuo. The

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 219

residue was purified by column chromatography on silica gel
(EtOAC 100%).

2-Ethoxy-3H-benzolf][1,2]oxaphosphepine 2-oxide (6a)

O’F\C’.)\OEt

By following the general procedure, 6a was prepared from ethyl
(2-vinylphenyl) allylphosphonate (4a) (0.43g, 1.70mmol), and
ruthenium catalyst 5 (81 mg, 0.085mmol) as a greenish dense oil
(0.289, 74%). IR (thin film, cm™"): 1265 (P=0), 1203 (P=0). >'P
NMR (162MHz, DMSO-ds) 6=40.00ppm. 'H NMR (400 MHz,
DMSO-dg) 6=1.28 (t, 3H, J=7.1Hz), 2.62-2.88 (m, 2H), 4.14-4.23
(m, 2H), 5.92-6.04 (m, 1H), 6.71 (dd, 1H, J=10.8, 5.3 Hz), 7.17-7.27
(m, 2H), 7.31-7.41 (m, 2H) ppm. '*C NMR (101 MHz, DMSO-d;)
6=163 (d, Joc = 5.9Hz), 255 (d, Jpc = 125Hz), 62.2 (d, Jpc =
6.9Hz), 121.6 (d, Jpc = 3.4Hz), 1227 (d, Jpc = 12.2Hz), 1250,
127.6 (d, Jpc = 1.1Hz), 129.4, 129.5, 129.6 130.6, 147.5 (d, Jpc =
83Hz) ppm. HRMS (ESl) [M+H]": m/z calcd for Cq;Hq40;P:
225.0681, found 225.0692.

2-Ethoxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine 2-oxide (6b)
| =

0-F~oEt

By following the general procedure, 6b was prepared from ethyl
(4-iodo-2-vinylphenyl) allylphosphonate (4b) (3.50g, 9.26 mmol),
and ruthenium catalyst 5 (438 mg, 0.46 mmol) as a greenish dense
oil (2469, 76%). IR (thin film, cm™"): 1265 (P=0), 1173 (P=0).
3P NMR (162 MHz, DMSO-ds) d=239.83ppm. 'H NMR (400 MHz,
DMSO-dg) 6 =1.27 (t, 3H, J=7.1Hz), 2.66-2.92 (m, 2H), 4.13-4.22
(m, 2H), 5.95-6.07 (m, 1H), 6.63-6.70 (m, 1H), 6.99-7.04 (m, TH),
7.68 (dd, 1H, J=8.5, 2.2Hz), 7.71 (d, 1H, J=2.2Hz) ppm. *C NMR
(101 MHz, DMSO-ds) =162 (d, Jpc = 5.6Hz), 255 (d, Jpc =
125Hz), 62.4 (d, Jpc = 6.7 Hz), 89.3 (d, Jpc = 1.4Hz), 123.8, 123.9,
124.0, 1283 (d, Joc = 8.7Hz), 130.2, 137.9, 138.8, 147.4 (d, Joc =
8.0Hz) ppm. HRMS (ESI) [M+HI": m/z caled for CyiH;305Pl:
350.9647, found 350.9659.

7-Bromo-2-ethoxy-3H-benzo[f][1,2Joxaphosphepine 2-oxide (6c)
Br: =

0’%\051

By following the general procedure, 6¢ was prepared from ethyl
(4-bromo-2-vinylphenyl) allylphosphonate (4c) (0.92g, 2.78 mmol),
and ruthenium catalyst 5 (132 mg, 0.14 mmol) as a greenish dense
oil (0.53g, 63%). IR (thin film, cm™'): 1274 (P=0), 1220 (P=0).
3P NMR (162 MHz, DMSO-ds) 6 =44.68ppm. 'H NMR (400 MHz,
DMSO-ds) 6 =1.27 (t, 3H, J=7.1Hz), 2.68-2.93 (m, 2H), 4.13-4.23
(m, 2H), 5.97-6.10 (m, 1H), 6.65-6.71 (m, 1H), 7.15-7.19 (m, 1H),
7.54 (dd, 1H, J=8.6, 2.5Hz), 7.58 (d, 1H, J=2.5Hz) ppm. '>C NMR
(101 MHz, DMSO-ds) §=16.2 (d, Joc = 54Hz), 254 (d, Jpc =
125Hz), 62.5 (d, Jpc = 7.0Hz), 116.9 (d, Jpc = 1.5Hz), 123.8 (d, Jp
= 3.5H2), 124.1 (d, Joc = 12.3Hz), 128.4 (d, Jpc = 9.0Hz), 130.0,
132.1, 132.9, 146.7 (d, Jpc = 7.8Hz) ppm. HRMS (ESI) [M +HI*: m/
z caled for C;1H,503PBr: 302.9786, found 302.9791.
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9-Bromo-2-ethoxy-3H-benzol[f][1,2]Joxaphosphepine 2-oxide (6d)

0-F~oEt

By following the general pBrrocedure, 6d was prepared from 2-
bromo-6-vinylphenyl ethyl allylphosphonate (4d) (2.00 g, 6.04 mmol),
and ruthenium catalyst 5 (286 mg, 0.30mmol) as a greenish dense
oil (1.58g, 86%). IR (thin film, cm™"): 1268 (P=0), 1232 (P=0). *'P
NMR (162 MHz, DMSO-d) 6 = 39.08 ppm. 'H NMR (400 MHz, DMSO-
de) 0=1.29 (t, 3H, J=7.1Hz), 2.70-2.83 (m, TH), 2.87-3.00 (m, TH),
4.18-4.32 (m, 2H), 5.95-6.08 (m, 1H), 6.67-6.74 (m, 1H), 7.17 (td, TH,
J=78, 06Hz), 734 (dd, 1H, J=7.8, 1.6Hz), 768 (dd, 1H, /=78,
1.6Hz) ppm. *C NMR (101 MHz, DMSO-dy) 6=162 (d, Jpc =
6.1Hz), 25.8 (d, Joc = 126 Hz), 62.8 (d, Joc = 7.0Hz), 1154 (d, Jpc =
38Hz), 1234 (d, Jpc = 12.2Hz), 126.1, 129.1 (d, Jpc = 9.0Hz), 1293,
1304, 132.7, 144.2 (d, Jpc = 7.8Hz) ppm. HRMS (ESI) [M + HI*: m/z
caled for Cy;1H;305PBr: 302.9786, found 302.9795.

2-Ethoxy-9-methoxy-3H-benzo[f][1,2]Joxaphosphepine 2-oxide (6e)

0-f~0Et

OMe O

By following the general procedure, 6e was prepared from ethyl
(2-methoxy-6-vinylphenyl)  allylphosphonate  (4e)  (315mg,
1.12mmol), and ruthenium catalyst 5 (53 mg, 0.056 mmol) as a
greenish dense oil (0.23g, 81%). IR (thin film, cm N: 1270 (P=0),
1244 (P=0). *'P NMR (162 MHz, DMSO-dg) 6 =41.74 ppm. "H NMR
(400 MHz, DMSO-d,) 0 =1.26 (t, 3H, J=7.1Hz), 2.50-2.63 (m, 1H),
2.79-2.91 (m, 1H), 3.84 (s, 3H), 4.13-4.22 (m, 2H), 5.92-6.04 (m,
1H), 6.65-6.72 (m, 1H), 6.86 (dd, 1H, J=7.8, 1.4Hz), 7.08 (dd, 1H,
J=82, 1.4Hz), 7.14-7.20 (m, 1H) ppm. *C NMR (101 MHz, DMSO-
de) 0=16.1 (d, Joc = 6.1Hz), 254 (d, Jpc = 127 Hz), 55.9, 62.0 (d,
Joc = 6.9Hz), 112.0, 121.3, 1229 (d, Jpc = 12.2Hz), 125.0, 1287,
129.6 (d, Joc = 8.8Hz), 136.6 (d, Jpc = 8.4Hz), 151.2 (d, Jpc =
3.1Hz) ppm. HRMS (ESl) [M+HI": m/z calcd for CyyH;604P:
255.0786, found 255.0800.

7,9-Dichloro-2-ethoxy-3H-benzo[f][1,2]Joxaphosphepine 2-oxide (6f)
cl

=

0~ 0kt
cl e}
By following the general procedure, 6f was prepared from 2,4-

dichloro-6-vinylphenyl  ethyl allylphosphonate  (4f) (0.709,
2.18 mmol), and ruthenium catalyst 5 (103 mg, 0.109 mmol) as a
greenish dense oil (0.46g, 72%). IR (thin film, cm™"): 1276 (P=0),
1242 (P=0). 3'P NMR (162 MHz, DMSO-d,) d =40.02 ppm. 'H NMR
(400 MHz, DMSO-ds) 0 =1.29 (t, 3H, J=7.1Hz), 2.76-3.05 (m, 2H),
4.15-431 (m, 2H), 6.02-6.15 (m, TH), 6.66-6.72 (m, 1H), 7.46 (d,
1H, J=2.6Hz), 7.73 (d, 1H, J=2.6Hz) ppm. '3C NMR (101 MHz,
DMSO-dg) 6 =16.2 (d, Jpc = 6.0Hz), 25.7 (d, Jpc = 126 Hz), 62.9 (d,
Joc = 6.9Hz), 1250 (d, Jpc = 12.2Hz), 126.8 (d, Jpc = 3.6H2),
128.0 (d, Jpc = 9.2Hz), 128.8, 128.9, 129.1, 130.8, 142.3 (d, Jpc =
7.6Hz) ppm. HRMS (ESI) [M+HI": m/z calcd for Cq7H;,05PCly:
292.9901, found 292.9908.

2-Ethoxy-7-nitro-3H-benzol[f][1,2]Joxaphosphepine 2-oxide (6 g)
OgNm

O’%\OEt
By following the general procedure, 6 g was prepared from ethyl
(4-nitro-2-vinylphenyl) allylphosphonate (4g) (1.85g, 6.22 mmol),

and ruthenium catalyst 5 (295 mg, 0.31 mmol) as a brown dense
oil (1.12g, 67%). IR (thin film, cm™"): 1278 (P=0), 1233 (P=0).
3P NMR (162 MHz, DMSO-ds) 6 =38.90ppm. 'H NMR (400 MHz,
DMSO-dg) 6 =1.29 (t, 3H, J=7.1Hz), 2.78-3.03 (m, 2H), 4.18-4.28
(m, 2H), 6.06-6.19 (m, 1H), 6.81-6.88 (m, 1H), 7.44-7.48 (m, 1H),
8.22 (dd, 1H, J=8.9, 2.8 Hz), 8.30 (d, 1H, J=2.8 Hz) ppm. 'C NMR
(101 MHz, DMSO-ds) §=16.2 (d, Jpc = 58Hz), 257 (d, Jpc =
124Hz), 62.8 (d, Jpc = 6.8Hz), 123.2 (d, Joc = 3.8Hz), 124.6, 125.0
(d, Joc = 124Hz), 1264, 1282 (d, Jpc = 9.2Hz), 1288, 144.1,
151.9 (d, Jpc = 8.0Hz) ppm. HRMS (ESI) [M+H]™: m/z calcd for
Cy1H:13NOsP: 270.0531, found 270.0539.

General procedure for the synthesis of 2-hydroxy-3H-1,2-
ben hosphepine 2-oxides 7

P PIEpP

The corresponding ethoxy derivative 6 (1.0 eq) was dissolved in
dry DCM (20 ml/1 mmol of 6), then TMSBr (6.0 eq) was added
dropwise. The reaction mixture was stirred under inert atmos-
phere at rt for 24 h. The volatiles were removed in vacuo, and the
residue was treated with MeOH (15 ml/1 mmol of 6), concentrated,
purified by column chromatography on silica gel (EtOAc 100%).
Products were recrystallised from EtOAc.

2-Hydroxy-3H-benzol[f][1,2]Joxaphosphepine 2-oxide(7a)

o~f-on

By following the general procedure, 7a was prepared from 2-
ethoxy-3H-benzo[fl[1,2]oxaphosphepine  2-oxide (6a) (0.32g,
143mmol) and TMSBr (1.12ml, 856mmol) as a white solid
(0.259, 88%). Mp: 128-129°C. IR (KBr, cm'): 2487 (O =P-OH),
2203 (O=P-OH), 1665 (O =P-OH), 1258 (P=0), 1223 (P=0). *'P
NMR (162MHz, DMSO-ds) &=36.64ppm. 'H NMR (400 MHz,
DMSO-ds) 6 =257 (dd, 1H, J=6.7, 1.0Hz), 2.62 (dd, 1H, J=6.7,
1.0Hz), 5.88-6.01 (m, 1H), 6.64 (dd, 1H, J=10.8, 5.0Hz), 7.09-7.14
(m, 1H), 7.17-7.23 (m, 1H), 7.27-7.37 (m, 2H) ppm. *C NMR
(101 MHz, DMSO-ds) 6=27.1 (d, Jpc = 125Hz), 121.8 (d, Jpc =
3.4Hz), 1236 (d, Jpc = 12.2Hz), 1245, 127.9, 1291 (d, Jpc =
84Hz), 1292, 130.6, 1479 (d, Joc = 7.6Hz) ppm. HRMS (ESI)
[M -+ HI": m/z calcd for CoH1003P: 197.0368, found 197.0371.

2-Hydroxy-7-iodo-3H-benzolf][1,2]Joxaphosphepine 2-oxide (7b)
I ~

0-f~oH

By following the general procedure, 7b was prepared from 2-
ethoxy-7-iodo-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (6b)
(2.22 g, 6.34 mmol) and TMSBr (4.98 ml, 38.0 mmol) as a white solid
(1669, 81%). Mp: 193-194°C.IR (KBr, cm™'): 2490 (O=P-OH),
2198 (O =P-OH), 1652 (O =P-OH), 1259 (P=0), 1217 (P=0). >'p
NMR (162MHz, DMSO-ds) §=36.14ppm. 'H NMR (400 MHz,
DMSO-ds) 0=259 (dd, 1H, J=6.7, 1.0Hz), 2.65 (dd, 1H, J=6.7,
1.0Hz), 5.91-6.03 (m, 1H), 6.56-6.62 (m, 1H), 6.92 (dd, 1H, /=84,
1.1Hz), 7.64 (dd, 1H, J=8.4, 2.2Hz), 7.68 (d, 1H, J=2.2Hz) ppm.
3C NMR (101 MHz, DMSO-ds) 6 =27.1 (d, Joc = 125Hz), 88.6 (d,
Joc = 1.5Hz), 1242 (d, Jpc = 3.2Hz), 1249 (d, Jpc = 122Hz),
127.8 (d, Joc = 8.4Hz), 130.6, 137.6, 138.7, 147.9 (d, Joc = 7.4Hz)
ppm. HRMS (ESI) [M+HI": m/z calcd for CoHoOsPl: 322.9334,
found 322.9345.



7-Bromo-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7c)
Br. =

O'E\OH

By following the general procedure, 7c¢ was prepared from 7-
bromo-2-ethoxy-3H-benzol[fl[1,2]oxaphosphepine  2-oxide  (6¢c)
(0.31g, 1.02mmol) and TMSBr (0.80 ml, 6.14 mmol) as a white solid
(0.23g, 82%). Mp: 163-164°C. IR (KBr, cm™'): 1652 (O =P-OH),
1224 (P=0), 1206 (P=0). > NMR (162MHz, DMSO-d,)
5=3627ppm. 'H NMR (400 MHz, DMSO-ds) §=2.61 (dd, TH,
J=6.7, 09Hz), 2.66 (dd, 1H, J=6.7, 0.9Hz), 5.93-6.06 (m, 1H),
6.58-6.64 (m, 1H), 7.07 (dd, 1H, J=8.6, 0.9Hz), 7.50 (dd, 1H,
J=86, 25Hz), 7.54 (d, 1H, J=2.5Hz) ppm. '*C NMR (101 MHz,
DMSO-dg) 6 =27.1 (d, Jpc = 125H2), 116.3 (d, Jpc = 1.5Hz), 124.0
(d, Jpc = 3.4Hz), 125.1 (d, Joc = 12.0Hz), 1279 (d, Jpc = 8.6Hz),
130.3, 131.8, 132.8, 147.2 (d, Joc = 7.6Hz) ppm. HRMS (ESI)
[M 4+ HI": m/z calcd for CoHoO5PBr: 274.9473, found 274.9470.

9-Bromo-2-hydroxy-3H-benzo[f][1,2]Joxaphosphepine 2-oxide (7d)

o~f~oH
Br
By following the general procedure, 7d was prepared from 9-bromo-

2-ethoxy-3H-benzo[fl[1,2Joxaphosphepine  2-oxide  (6d) (0.60g,
1.98mmol) and TMSBr (1.55ml, 11.9mmol) as a white solid (0499,
90%). Mp: 180-181°C. IR (KBr, cm™"): 2545 (O=P-OH), 2125 (O=P-
OH), 1214 (P=0), 1210 (P=0). *P NMR (162MHz, DMSO-d)
§=3644ppm. 'H NMR (400 MHz, DMSO-dy) & =263 (dd, 1H, J=66,
0.9Hz), 268 (dd, 1H, /=66, 09Hz), 5.92-6.05 (m, 1H), 6.61-6.67 (m,
1H), 7.09-7.14 (m, 1H), 730 (dd, 1H, J=7.8, 1.3Hz), 764 (dd, 1H,
J=79, 15Hz) ppm. 3C NMR (101 MHz, DMSO-dy) 0 =273 (d, Jpc =
125Hz), 1159 (d, Joc = 3.8Hz), 1246 (d, Jpc = 12.1Hz), 1255, 1286
(d, Joc = 86Hz), 129.7, 1302, 1324, 1449 (d, Joc = 74Hz) ppm.
HRMS (ES) [M+HI": m/z caled for CgHgOsPBr:  274.9473,
found 274.9473.

2-Hydroxy-9-methoxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7e)

0~fi~0H
OMe ©O
By following the general procedure, 7e was prepared from 2-

ethoxy-9-methoxy-3H-benzo[f][1,2]Joxaphosphepine  2-oxide (6e)
(185mg, 0.73mmol) and TMSBr (0.57 ml, 437 mmol) as a white
solid (120 mg, 73%). Mp: 200-201°C. IR (KBr, cm™'): 2527 (O=P-
OH), 2224 (O=P-OH), 1275 (P=0), 1256 (P =0).3'P NMR (162 MHz,
DMSO-dg) 6=37.38ppm. 'H NMR (400 MHz, DMSO-dy) &=2.56
(dd, 1H, J=6.6, 0.9Hz), 2.61 (dd, 1H, J=6.6, 0.9Hz), 3.80 (s, 3H),
5.87-5.99 (m, 1H), 6.59 (dd, 1H, /=109, 4.8Hz), 6.82 (dd, 1H,
J=7.7,1.3Hz), 7.01-7.05 (m, 1H), 7.08-7.14 (m, TH) ppm. "3C NMR
(101 MHz, DMSO-dy) 0=27.3 (d, Joc = 126Hz), 55.9, 112.0, 121.6,
123.7 (d, Joc = 12.2Hz), 1244, 1289, 129.0, 129.1, 137.2 (d, Jpc =
7.6Hz), 151.5 (d, Jpc = 3.3Hz) ppm. HRMS (ESI) [M+H]": m/z
calcd for CyoH,,04P: 227.0473, found 227.0477.

7,9-Dichloro-2-hydroxy-3H-benzolf][1,2]oxaphosphepine 2-
oxide (7f)
cl ~
moH
cl o]

By following the general procedure, 7f was prepared from 7,9-
dichloro-2-ethoxy-3H-benzol[fl[1,2]oxaphosphepine  2-oxide  (6f)
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(0.37 g, 1.26 mmol) and TMSBr (1.00 ml, 7.57 mmol) as a white solid
(0279, 81%). Mp: 192-193°C. IR (KBr, cm™'): 2522 (O=P-OH),
2219 (O=P-OH), 1230 (P=0), 1155 (P=0)3"P NMR (162 MHz,
DMSO-dg) d=236.50ppm. 'H NMR (400 MHz, DMSO-ds) & =2.68
(dd, 1H, J=6.7, 0.9Hz), 2.73 (dd, 1H, J=6.7, 0.9 Hz), 5.99-6.11 (m,
1H), 6.62 (dd, 1H, J=11.1, 49Hz), 7.41 (d, 1H, J=2.6Hz), 7.66 (d,
1H, J=2.6Hz) ppm. "C NMR (101 MHz, DMSO-ds) 6 =27.3 (d, Jpc
= 125Hz), 126.1 (d, Jpc = 12.2Hz), 127.2 (d, Jpc = 3.8Hz), 127.5
(d, Jpc = 8.6Hz), 128.2, 1285, 128.9, 131.2, 143.0 (d, Jpc = 7.4Hz)
ppm. HRMS (ESI) [M+HI*: m/z calcd for CoHgOsPCly: 264.9588,
found 264.9595.

2-Hydroxy-7-nitro-3H-benzo[f][1,2Joxaphosphepine 2-oxide (7 g)

Osz
—P<

O7\~OH
[e]

By following the general procedure, 7g was prepared from 2-
ethoxy-7-nitro-3H-benzol[f][1,2]oxaphosphepine 2-oxide (69
(0.33 g, 1.23mmol) and TMSBr (0.96 ml, 7.36 mmol) as a white solid
(0219, 71%). Mp: 183-184°C. IR (KBr, cm™'): 2558 (O =P-OH),
2263 (0=P-OH), 1262 (P=0), 1221 (P=0). *'P NMR (162 MHz,
DMSO-ds) 6=39.26ppm. 'H NMR (400 MHz, DMSO-ds) &= 2.69
(dd, 1H, J=6.6, 0.9Hz), 2.74 (dd, 1H, J=6.6, 0.9 Hz), 6.02-6.15 (m,
1H), 6.73-6.80 (m, TH), 7.32-7.36 (m, 1H), 8.18 (dd, 1H, J=8.9,
2.9Hz), 8.25 (d, 1H, J=2.9Hz) ppm. *C NMR (101 MHz, DMSO-d,)
0=274 (d, Joc = 125Hz), 1232 (d, Jpc = 3.6Hz), 1243, 126.0 (d,
Joc = 120Hz), 1263, 127.7 (d, Jpc = 9.0Hz), 129.1, 143.7, 152.7
(d, Joc = 7.6Hz) ppm. HRMS (ESI) [M-+HI*: m/z caled for
CoHoNOsP: 242.0218, found 242.0226.

Carbonic anhydrase inhibition assay

The CA-catalysed CO, hydration activity was assayed by using an
applied photophysics stopped-flow apparatus®®. Phenol red
(0.2mM) was used as indicator following the initial rates of the
CA-catalysed CO, hydration reaction for a period of 10-100s. The
indicator worked at the absorbance maximum of 557 nm, with
20 mM HEPES buffer (pH 7.4) and 20 mM NaClO, for maintaining
constant ionic strength. For the determination of the kinetic
parameters and inhibition constants, the CO, concentrations were
varied from 1.7 to 17 mM. For each inhibitor, at least six traces of
the initial 5-10% of the reaction were used for determining the
initial velocity. The uncatalysed rates were determined in the
same fashion and subtracted from the total observed rates. The
stock solutions of inhibitor were prepared as 1mM solutions in
distilled, deionised water. Afterwards, dilutions down to 0.01 nM
were prepared in distilled and deionised water. Inhibitor and
enzyme were preincubated together for 6h at room temperature
in order to allow for the formation of the enzyme-inhibitor com-
plex. The inhibition constants were acquired by the non-linear
least squares method using PRISM 3 and the Cheng-Prusoff equa-
tion, whereas the kinetic parameters of uninhibited enzymes were
obtained from Lineweaver-Burk plots and represent the mean
from at least three different determinations. All CA isoforms were
recombinant, obtained in-house as reported earlier®>=’.

Results and discussion
Chemistry

The synthetic strategy for the synthesis of 3H-1,2-benzoxaphos-
phepine 2-oxides is outlined in Scheme 1. The synthesis
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Scheme 1. Reagents and conditions: (i) MePPhsBr, t-BuOK, THF, rt, 18 h, 76-88%;
DCM, rt, 24 h, 71-90%.

commenced with the Wittig reaction of commercially available 2-
hydroxybenzaldehydes 1, which provided olefins 2 in high yields.
In the following step, compounds 2 were treated with ethyl allyl-
phosphonochloridate (3, the reagent was prepared according to
the literature procedure®®) to give diolefins 4 in good to excellent
yields. These key intermediates 4 were successfully cyclised by
ring-closing metathesis, utilising commercially accessible Ru-based
catalyst 5. The reaction furnished corresponding cyclic ethyl phos-
phonates 6 in good vyields. Finally, compounds 6 were treated
with TMSBr to afford hydroxy derivatives 7 in very good yields.

Carbonic anhydrase inhibition

The newly synthesised compounds 6 and 7 were evaluated for
their CA inhibition activity by using the stopped-flow CO, hydrase
assay?*. The study was carried out against four human CA iso-
forms - the ubiquitous cytosolic CA | and Il as well as trans-mem-
brane tumour-associated CA IX and XII'”7. The clinically used
acetazolamide (AAZ) was used as the reference drug. The results
of this study are shown in Table 1, and the following inferences
could be drawn:

i. All synthesised benzoxaphosphepine2-oxide derivatives 6-7
have no inhibitory activity towards cytosolic isoforms hCA |
and hCA Il (K, > 100 puM), whose inhibition in most cases is
undesirable, as hCA | and Il isoforms are found in many tis-
sues of the organism'2”. It should be mentioned that AAZ is
a highly effective inhibitor of all the four hCA isoforms con-
sidered here, which explains the many side effects of
that drug?®2°.

The tumour-associated hCA IX isoform was inhibited by all
synthesised compounds 6-7 with inhibition constants in the
sub-micromolar to low micromolar range (K;: 0.67-11.3 pM).
The compound 7g was found to be the most potent hCA IX
inhibitor among tested compounds with K; = 0.67 uM.

The other tumour-associated isoform hCA Xl was also notably
inhibited by all the synthesised derivatives 6-7 with K| values in
the low micromolar and sub-micromolar range (K: 0.51-7.4

(i) NEt3, DCM, 0°C to rt, 18 h, 60-94%; (iii) 5, PhMe, 70°C, 4 h, 63-86%; (iv) TMSBr,

Table 1. Inhibition data of compounds 6-7 and the standard inhibitor acetazo-
lamide (AAZ) against human CA isoforms |, I, IX and XII.

R, —
o-f~or
o

Rz
6,7
Ki (um)*®

Cmpd R R R, hCA | hCA Il hCA IX hCA XIl
6a Et H H >100 >100 0.82 0.82
7a H H H >100 >100 13 0.51
6b Et | H >100 >100 4.7 24
7b H | H >100 >100 0.88 0.68
6¢C Et Br H >100 >100 0.76 1.6
7c H Br H >100 >100 1.0 0.96
6d Et H Br >100 >100 1.3 33
7d H H Br >100 >100 2.5 1.8
6e Et H OMe >100 >100 9.0 74
7e H H OMe >100 >100 1.8 1.2
6f Bt d Cl >100 >100 6.1 34
7f H cl cl >100 >100 0.80 17
69 Et NO, H >100 >100 39 0.95
79 H NO, H >100 >100 0.67 1.0
AAZ - 0.25 0.012 0.025 0.006

“Values are mean from three different assays using the stopped-flow technique
(errors were in the range of = 5-10% of the reported values).
6 h incubation.

uM). Among all tested compounds, compound 7a was the
most effective inhibitor against hCA XII with K, = 0.51 pM.
Overall, hydroxy derivatives 7 showed slightly higher inhib-
ition potency against tumour-associated hCA IX and Xl than
the corresponding ethoxy derivatives 6. In the case of
hydroxy derivatives 7, the range of K, values was found to be
from 0.67 to 2.5 uM for hCA IX and from 0.51 to 1.8 uM for
hCA XII. Regarding ethoxy derivatives 6, the range of K; val-
ues was from 0.76 to 11.3 uM for hCA IX and from 0.95 to
7.4 uM for hCA XII.



Albeit the efficacy of the synthesised compounds 6-7 was
lower in comparison to the reference drug AAZ, these compounds
displayed desirable isoform-selective inhibition activity for tumour-
associated isoforms hCA IX and hCA XII. The establishing of the
selectivity is necessary to prevent possible side effects from inhib-
ition of cytosolic hCA I and Il isoforms”2%2°,

Conclusions

Herein we report the synthesis of novel benzoxaphosphepine 2-
oxide derivatives as a new class of tumour-associated CA IX and
XIl inhibitors. These compounds were investigated against four
human CA isoforms with pharmacological applications (hCA I, hCA
I, hCA IX, and hCA XII). All tested compounds exhibited selective
inhibition of the tumour-associated hCA isoforms IX and XII with
activities in the sub-micromolar or low micromolar range, whereas
the off-target cytosolic isoforms hCA | and Il were not significantly
inhibited by these compounds. Considering that hCA IX and Xl
are implicated in processes connected to tumourigenesis>™®, pre-
sent findings give an insight towards development of new select-
ive anti-tumour agents.
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ABSTRACT

A range of 3H-1,2-benzoxaphosphepine 2-oxide aryl derivatives with various substitution patterns at posi-
tions 7, 8, or 9 of the scaffold was synthesised in five steps from the commercially available salicylalde-
hydes. All of the newly obtained compounds were studied for their inhibition potency against carbonic
anhydrase (CA) isoforms |, II, IX, and XlI. Delightfully, these compounds showed a striking selectivity for
the cancer-associated CA IX and XIl over the cytosolic CA | and I, whose inhibition may lead to side-
effects. Overall, a structure-activity relationship (SAR) revealed that 7- and 8-substituted aryl derivatives
were more effective inhibitors of CA IX and Xl than 9-substituted derivatives. In addition, the fluorine-
containing analogues emerged as the most potent CA IX/XIl inhibitors in this series.
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Introduction

Cancer is a devastating group of diseases which is one of the
major causes of death worldwide, accounting for nearly 10 million
deaths in 2020'. By approaching to the middle of the 21st cen-
tury, the cancer incidence and mortality rates are expected to
increase to 29.5 million and 16.4 million per year, respectively®.
The development of novel and improved therapies to combat
cancer is therefore of a paramount priority. Carbonic anhydrase
(CA, EC 4.2.1.1) isoforms CA IX and CA XIlI are presently serving as
biomarkers and anticancer drug targets®. Both of these isozymes
are highly overexpressed in various cancer types and may contrib-
ute to the growth of cancer, subsequent metastasis, as well as
impaired therapeutic response®.

CA IX and CA XlI are transmembrane zinc metalloenzymes that
belong to the #-CA family®. Humans have 15 o-CA isoforms with
different expression patterns, molecular features and kinetic prop-
erties®. These enzymes are involved in many important physio-
logical processes (e.g. respiration, homeostasis, and metabolism),
as they catalyse the reversible hydration of CO.°. Hence, the
development of selective CA IX and Xl inhibitors is highly desired
to prevent possible side effects.

At present, none of the clinically used CA inhibitors displays
selectivity for a specific isoform”. Due to the high level of struc-
tural homology between the CA isoforms and sequence similar-
ities within the active site, the design and development of
isoform-specific CA inhibitors remain challenging®. However, to
our knowledge, to date, several molecules have been reported as
potent and selective CA IX and XIlI inhibitors, including coumar-
ins®'2, isocoumarins'®, thiocoumarins®'?, sulfocoumarins®'*"'7,
and their congeners—homosulfocoumarins18 (3H-1,2-benzoxathie-
pine 2,2-dioxides).

In the course of our research, devoted to discovering novel
chemotypes acting as selective CA IX/XII inhibitors that could be
employed in cancer chemotherapy, we previously designed and
synthesised a series of 3H-1,2-benzoxaphosphepine 2-oxides as
bioisosteres of homosulfocoumarins'®. These new compounds
showed excellent selectivity and good inhibitory activity against
both CA IX and XII. Our interest in phosphorus heterocycles stems
from the fact that phosphorus functionalities can improve the
pharmacokinetics profile, bioavailability and water solubility of
drugs®®. Moreover, several groups reported the use of organo-
phosphorus compounds as CA inhibitors?'.
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In continuation of our previous work on the development of
benzoxaphosphepine 2-oxides as CA inhibitors'®, the current
study is aimed to investigate the chemical space around this novel
chemotype. In this paper, we present the synthesis and biological
evaluation of 7-, 8- and 9-aryl-substituted benzoxaphosphepine 2-
oxides.

Materials and methods
Chemistry

The air- or moisture-sensitive reactions were performed under an
argon atmosphere using dry glassware. All reagents, starting
materials and solvents were purchased from commercial sources
and used as received. TLC was performed on silica gel plates (60
F1s4) and visualised under UV light (254 and 365 nm). Reversed-
phase chromatography was done on a Biotage Isolera One system
using Biotage SNAP KP-C18-HS cartridges. Melting points were
determined on an OptiMelt MPA100 apparatus. IR spectra were
recorded on a Shimadzu FTIR IR Prestige-21 spectrophotometer.
"H, "3C and *'P NMR spectra were recorded on a Bruker Avance
Neo 400 MHz spectrometer. The chemical shifts (6) were reported
in parts per million (ppm) relative to the residual solvent peak as
an internal reference (DMSO-dg: 'H 2.50, '3C 39.52; CD;OD: 'H
3.31, '3C 49.00). *'P shifts were referenced externally to H;PO,.
The coupling constants (J) were expressed in Hertz (Hz). HRMS
was performed on a Q-TOF Micro mass spectrometer.

The synthesis and characterisation of 4-iodo-2-vinylphenol (2a),
2-bromo-6-vinylphenol (2¢c), ethyl allylphosphonochloridate (3),
ethyl (4-iodo-2-vinylphenyl) allylphosphonate (4a), 2-bromo-6-
vinylphenyl ethyl allylphosphonate (4c) together with correspond-
ing 3H-1,2-benzoxaphosphepine 2-oxides 6a,c and 7a,c are
reported by our group in the previous paper'®.

5-Bromo-2-vinylphenol (2b)

The titled compound 2b was obtained according to the general
procedure previously reported'® using MePPh;Br (16359,
45.77 mmol), tBuOK (5.25g, 46.8mmol), and 4-bromo-2-hydroxy-
benzaldehyde (4.00g, 19.9mmol) as a yellowish solid (3.21g,
81%). The NMR spectra are consistent with the literature'®. 'H
NMR (400 MHz, DMSO-ds) 0 =5.24 (dd, 1H, J=11.3, 1.6Hz), 5.79
(dd, 1H, J=17.6, 1.6 Hz), 6.87 (dd, 1H, J=17.6, 11.3Hz), 6.95 (dd,
1H, J=8.3, 2.0Hz), 7.00 (d, 1H, J=2.0Hz), 7.37 (d, 1H, J=8.3Hz),
and 10.13 (s, TH) ppm. '>C NMR (101 MHz, DMSO-d,) &= 114,
118.3, 120.8, 122.0, 123.5, 128.0, 130.8, and 155.7 ppm.

5-Bromo-2-vinylphenyl ethyl allylphosphonate (4b)

The titled compound 4b was obtained according to the general
procedure previously reported'® using 5-bromo-2-vinylphenol (2b)
(3.879, 19.4mmol), ethyl allylphosphonochloridate (3) (3.46ml,
23.3mmol) and NEt; (3.38ml, 24.3mmol) as a colourless oil
(4.23 g, 66%). IR (thin film, cm ): 1265 (P=0), 1218 (P=0), 1181
(P=0). *'P NMR (162MHz, DMSO-ds) d=25.50ppm. 'H NMR
(400 MHz, DMSO-dy) 6 =1.20 (t, 3H, J=7.0Hz), 2.94 (dt, TH, J=7.3,
1.2Hz), 2.99 (dt, 1H, J=7.3, 1.2Hz), 4.02-4.18 (m, 2H), 5.20-5.33
(m, 2H), 5.42 (dd, 1H, J=11.2, 1.0Hz), 5.70-5.83 (m, TH), 5.91 (dd,
1H, J=16.6, 1.0Hz), 6.84-6.93 (m, 1H), 7.38-7.43 (m, 1H), 7.48-
7.50 (m, 1H), and 7.62-7.66 (m, 1H) ppm. '3C NMR (101 MHz,
DMSO-ds) 6=16.1 (d, Jpc = 5.6Hz), 30.9 (d, Jpc = 137 Hz), 62.8 (d,
Jpc = 6.8Hz), 1173, 1205 (d, Joc = 1.4Hz), 1206 (d, Jpc =
15.0Hz), 123.7 (d, Joc = 2.6Hz), 127.3 (d, Joc = 11.6Hz), 128.0,
128.2 (d, Joc = 5.0Hz), 129.2, and 147.8 (d, Joc = 9.1Hz) ppm.

HRMS (ESI) [M -+ H]*: m/z calcd for Cy3Hy,05PBr: 331.0099, found
331.0114.

8-Bromo-2-ethoxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (6b)
The titled compound 6b was obtained according to the general
procedure previously reported'® using 5-bromo-2-vinylphenyl
ethyl allylphosphonate (4b) (2.00g, 6.04 mmol) and ruthenium
catalyst 5 (CAS: 250220-36-1) (286 mg, 0.30mmol) as a greenish
dense oil (1.51g, 83%). IR (thin film, cm~"): 1270 (P=0), 1237
(P=0), 1202 (P=0). *'P NMR (162 MHz, DMSO-d;) 4 = 39.41 ppm.
"H NMR (400 MHz, DMSO-d,) 6=1.28 (t, 3H, J=7.0Hz), 2.68-2.93
(m, 2H), 4.15-4.25 (m, 2H), 5.94-6.04 (m, 1H), 6.66-6.70 (m, 1H),
7.28-7.32 (m, 1H), 7.43-7.48 (m, 2H) ppm. '>C NMR (101 MHz
DMSO-de) 6 =16.2 (d, Jpc = 5.7Hz), 25.6 (d, Jpc = 125Hz), 62.5 (d,
Jpc = 6.8Hz), 121.3, 1233 (d, Jpc = 122H2), 1244 (d, Jpc =
3.5Hz), 127.1, 128.0, 128.7 (d, Jpc = 8.8Hz), 132.3, and 147.9 (d,
Joc = 78Hz) ppm. HRMS (ESI) [M+H]*": m/z caled for
Cy1H,303PBr: 302.9786, found 302.9781.

8-Bromo-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7b)
The titled compound 7b was obtained according to the general
procedure previously reported'® using 8-bromo-2-ethoxy-3H-ben-
zo[fl[1,2]oxaphosphepine 2-oxide (6b) (1.13g, 3.73mmol) and
TMSBr (2.93ml, 22.4mmol) as a white solid (0.88g, 86%). Mp:
182-184°C. IR (KBr, cm™'): 2519 (O=P-OH), 2245 (O=P-OH),
1250 (P=0), and 1205 (P=0). *'P NMR (162MHz, DMSO-d,)
5=35.97 ppm. '"H NMR (400 MHz, DMSO-d,) d =2.58-2.68 (m, 2H),
5.91-6.04 (m, 1H), 6.57-6.63 (m, 1H), 7.24-7.29 (m, 1H), 7.31-7.34
(m, 1H), 7.38-7.42 (m, 1H) ppm. "*C NMR (101 MHz, DMSO-d,)
0=27.3(d, Joc = 125Hz), 120.9, 1244 (d, Jpc = 12.0Hz), 124.6 (d,
Joc = 32Hz), 1275, 128.2 (d, Jpc = 8.4Hz), 132.2, and 1485 (d,
Joc = 7.4Hz) ppm. HRMS (ESI) [M-H]": m/z calcd for CoH,O3PBr:
272.9316, found 272.9320.

General procedure for the synthesis of 3H-1,2-
benzoxaphosphepine 2-oxide aryl derivatives 8-10

The corresponding 3H-1,2-benzoxaphosphepine 2-oxide halogen
derivative 7 (200mg, 1.0 eq) was placed in a pressure tube and
dissolved in 1,4-dioxane (5ml) followed by the addition of
degassed water (1 ml). The corresponding boronic acid (1.5 eq),
K,COs (2.0 eq) and Pd(dppf)Cl, (10mol% for iodo derivative 7a;
20 mol% in case of bromo derivatives 7b and 7c) were added to
the solution. The reaction mixture was purged with argon for
5min, the tube was sealed and heated for 16h at 80°C. Upon
cooling to rt, the reaction mixture was filtered through a pad of
celite, which was washed with MeCN. The pH of the filtrate was
adjusted to 2 by addition of TFA. After that, the filtrate was con-
centrated in vacuo. The crude product was purified by reversed-
phase flash chromatography (MeCN/water = 10 to 95%) and
recrystallised from EtOAc.

2-Hydroxy-7-phenyl-3H-benzo[f][1,2]oxaphosphepine 2-oxide (8a)

By following the general procedure, 8a was prepared from 2-
hydroxy-7-iodo-3H-benzo[fl[1,2]oxaphosphepine ~ 2-oxide  (7a)
(200mg, 0.62mmol), phenylboronic acid (114mg, 0.93 mmol),
K,COs (172mg, 1.24 mmol), and Pd(dppf)Cl, (45mg, 0.062 mmol)
as a white solid (101 mg, 60%). Decomp. > 205 °C. IR (KBr, cm™):
2611 (O=P-OH), 2161 (O=P-OH), 1619 (O=P-OH), 1215 (P=0),
and 1196 (P=0). 3'P NMR (162 MHz, DMSO-ds) 6 =35.77 ppm. 'H



NMR (400 MHz, DMSO-dg) 6 =2.62 (d, 1H, J=6.6Hz), 2.67 (d, 1H,
J=6.6Hz), 5.92-6.05 (m, 1H), 6.69-6.76 (m, 1H), 7.15-7.22 (m, TH),
7.32-7.40 (m, 1H), 7.42-7.50 (m, 2H), and 7.56-7.70 (m, 4H) ppm.
3C NMR (101 MHz, DMSO-ds) 6=27.3 (d, Joc = 125Hz), 122.3
(d, Joc = 3.2Hz), 124.0 (d, Jpc = 122Hz), 126.7, 127.5 (d, Jpc =
24Hz), 1283, 1288, 129.0, 129.1 (d, Jpc = 8.6Hz), 136.4, 139.2,
and 147.6 (d, Jpc = 7.5Hz) ppm. HRMS (ESI) [M+H]™: m/z calcd
for Cy5H,,05P: 273.0681, found 273.0685.

2-Hydroxy-7-(4-methoxyphenyl)-3H-benzo[f][1,2]oxaphosphepine
2-oxide (8b)

By following the general procedure, 8b was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (4-methoxyphenyl)boronic acid (142mg,
0.93mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062mmol) as a white solid (115mg, 61%). Mp: 214-216°C. IR
(KBr, cm™"): 2522 (O =P-OH), 2207 (O =P-OH), 1265 (P=0), and
1219 (P=0). 3'P NMR (162 MHz, DMSO-d,) d =36.14 ppm. 'H NMR
(400 MHz, DMSO-ds) 6=2.61 (d, 1H, J=6.1Hz), 2.66 (d, 1H,
J=6.1Hz), 3.79 (s, 3H), 5.91-6.04 (m, 1H), 6.67-6.74 (m, 1H), 6.98-
7.05 (m, 2H), 7.13-7.19 (m, 1H), and 7.50-7.64 (m, 4H) ppm. '>C
NMR (101 MHz, DMSO-dg) 6 =272 (d, Jpc = 125Hz), 55.2, 1144,
1222 (d, Joc = 32Hz), 1238 (d, Jpc = 12.2Hz), 1269, 1277,
128.1, 128.2, 129.2 (d, Jpc = 8.5Hz), 131.5, 136.1, 147.0 (d, Jpc =
7.5Hz), and 1589ppm. HRMS (ES) [M+H]": m/z caled for
C16H1604P: 303.0786, found 303.0798.

Ethyl  4-(2-hydroxy-2-oxido-3H-benzo[f][1,2]oxaphosphepin-7-yl)
benzoate (8c)

By following the general procedure, 8c was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (4-(ethoxycarbonyl)phenyl)boronic  acid
(182 mg, 0.93 mmol), K,COs (172mg, 1.24 mmol), and Pd(dppf)Cl,
(45mg, 0.062mmol) as a white solid (126 mg, 59%). Mp: 250-
252°C. IR (KBr, cm™'): 2512 (O =P-OH), 2187 (O=P-OH), 1710
(C=0), 1286 (P=0), and 1218 (P=0). *'P NMR (162 MHz, DMSO-
dg) 5=35.17ppm. 'H NMR (400 MHz, DMSO-dg) &=1.34 (t, 3H,
J=7.0Hz), 2.61 (d, 1H, J=6.0Hz), 2.66 (d, TH, J= 6.0 Hz), 5.93-6.06
(m, 1H), 6.67-6.76 (m, 1H), 7.17-7.25 (m, 1H), 7.63-7.74 (m, 2H),
7.77-7.86 (m, 2H), and 7.97-8.07 (m, 2H) ppm. 3C NMR (101 MHz,
DMSO-dg) 0=14.2, 27.4 (d, Jpc = 125Hz), 60.8, 122.6 (d, Jpc =
3.2Hz), 1243 (d, Joc = 12.2Hz), 126.8, 127.7, 128.6, 128.7, 128.8
(d, Jpc = 8.4Hz), 129.2, 129.8, 134.9, 143.6, 148.4 (d, Jpc = 7.6 H2),
and 165.5ppm. HRMS (ESI) [M+H]™: m/z calcd for CygH1g0sP:
345.0892, found 345.0901.

7-(4-Fluorophenyl)-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine
2-oxide (8d)

By following the general procedure, 8d was prepared from
2-hydroxy-7-iodo-3H-benzo[fl[1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (4-fluorophenyl)boronic acid (130mg,
0.93 mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062 mmol) as a white solid (114 mg, 63%). Decomp. > 232°C. IR
(KBr, cm™"): 2514 (O =P-OH), 2177 (O=P-OH), 1648 (O=P-OH),
1214 (P=0), and 1200 (P=0). *'P NMR (162MHz, DMSO-dy)
5 =35.88 ppm. "H NMR (400 MHz, DMSO-dy) 6 = 2.59-2.70 (m, 2H),
5.91-6.06 (m, TH), 6.67-6.75 (m, 1H), 7.15-7.22 (m, 1H), 7.24-7.33
(m, 2H), 7.55-7.63 (m, 2H), and 7.66-7.75 (m, 2H) ppm. *C NMR
(101 MHz, DMSO-dg) 0 =273 (d, Joc = 125Hz), 1157 (d, Jpc =
21.0Hz), 1223 (d, Jpc = 3.2Hz), 1240 (d, Jpc = 12.2Hz), 1274,
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128.3, 128.6 (d, Jrc = 8.2Hz), 128.8, 129.1 (d, Jpc = 8.6Hz), 1354,
135.6 (d, Jrc = 2.4Hz), 147.5 (d, Joc = 7.4Hz), and 162.0 (d, Jrc =
244Hz) ppm. HRMS (ESI) IM+HI*: m/z calcd for C,sH,305PF:
291.0586, found 291.0586.

7-(4-Chlorophenyl)-2-hydroxy-3H-benzo[f][1,2Joxaphosphepine
2-oxide (8e)

By following the general procedure, 8e was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (4-chlorophenyl)boronic acid (146 mg,
0.93 mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062 mmol) as a white solid (112mg, 59%). Decomp. > 212°C. IR
(KBr, cm™"): 2089 (O =P-OH), 1637 (O=P-OH), 1201 (P=0), and
1117 (P=0). *'P NMR (162 MHz, DMSO-dy) & = 35.74 ppm. 'H NMR
(400 MHz, DMSO-dy) 6=2.62 (d, 1H, J=6.0Hz), 2.67 (d, 1H,
J=6.0Hz), 5.92-6.06 (m, 1H), 6.67-6.75 (m, 1H), 7.16-7.23 (m, 1H),
7.47-7.54 (m, 2H), and 7.58-7.73 (m, 4H) ppm. '*C NMR (101 MHz,
DMSO-de) 6 =273 (d, Jpc = 125Hz), 122.4 (d, Jpc = 3.2Hz), 124.1
(d, Joc = 122Hz), 127.4, 1284, 1288, 1289, 1290 (d, Jpc =
8.6Hz), 132.4, 135.0, 137.9, and 147.8 (d, Jpc = 7.5Hz) ppm. HRMS
(ESI) IM+HI": m/z caled for CysH,30sPCl: 307.0291, found
307.0290.

2-Hydroxy-7-(4-(trifluoromethyl)phenyl)-3H-benzol[f][1,2]oxaphos-
phepine 2-oxide (8f)

By following the general procedure, 8f was prepared from
2-hydroxy-7-iodo-3H-benzo[fl[1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol),  (4-(trifluoromethyl)phenyl)boronic  acid
(177 mg, 0.93 mmol), K,CO3 (172mg, 1.24 mmol), and Pd(dppf)Cl,
(45mg, 0.062 mmol) as an off-white solid (133 mg, 63%). Decomp.
> 280°C. IR (KBr, cm™'): 1669 (O =P-OH), 1222 (P=0), and 1197
(P=0). *P NMR (162MHz, CD;OD) 6=40.27ppm. 'H NMR
(400 MHz, CD3;0OD) =252 (d, 1H, J=6.7Hz), 257 (d, 1H,
J=6.7Hz), 5.98-6.11 (m, 1H), 6.63-6.69 (m, 1H), 7.23-7.27 (m, 1H),
7.47-7.50 (m, 1H), 7.52-7.57 (m, 1H), 7.60-7.63 (m, 2H), and 7.83-
7.87 (m, 2H) ppm. "C NMR (101 MHz, CD;0D) =292 (d, Jpc =
125Hz), 121.7, 124.1 (d, Jpc = 3.0Hz), 1243 (q, Jrc = 3.6H2),
124.7 (9, Jrc = 3.5Hz), 126.5 (d, Joc = 12.2Hz), 127.1, 128.4, 129.7
(d, Joc = 83Hz), 1299, 130.7, 1316, 1322 (q, Jrc = 32.0Hz)
1363, 1427, and 151.1 (d, Joc = 7.5Hz) ppm. HRMS (ESI)
[M+HI": m/z calcd for Cq6H,303PF3: 341.0554, found 341.0566.

7-(3,5-Dichlorophenyl)-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine
2-oxide (89)

By following the general procedure, 8g was prepared from
2-hydroxy-7-iodo-3H-benzo[fl[1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (3,5-dichlorophenyl)boronic acid (178 mg,
0.93 mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062 mmol) as a white solid (119 mg, 56%). Decomp. > 180°C. IR
(KBr, cm™"): 2508 (O =P-OH), 2255 (O =P-OH), 1230 (P=0), and
1206 (P=0). 3'P NMR (162 MHz, DMSO-d,) d =34.87 ppm. 'H NMR
(400MHz, DMSO-ds) 6=2.61 (d, 1H, J=58Hz), 266 (d, 1H,
J=5.8Hz), 5.92-6.05 (m, 1H), 6.66-6.73 (m, 1H), 7.15-7.21 (m, 1H),
7.55-7.60 (m, 1H), and 7.66-7.78 (m, 4H) ppm. '*C NMR (101 MHz,
DMSO-dg) d=27.5 (d, Jpc = 125Hz), 122.5 (d, Jpc = 3.2Hz), 124.3
(d, Joc = 12.2Hz), 1253, 1268, 127.7, 1286, 1288 (d, Jpc =
8.5Hz), 129.4, 133.2, 134.7, 142.6, and 148.5 (d, Joc = 7.5Hz) ppm.
HRMS (ESI) [M + H]™: m/z calcd for CqsH;,05PCly: 340.9901, found
340.9906.
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7-(3-Fluorophenyl)-2-hydroxy-3H-benzo[f][1,2]Joxaphosphepine
2-oxide (8h)

By following the general procedure, 8h was prepared from
2-hydroxy-7-iodo-3H-benzolf][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (3-fluorophenyl)boronic acid (130mg,
0.93 mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062mmol) as a white solid (180 mg, 60%). Mp: 171-173°C. IR
(KBr, cm™'): 2579 (O =P-OH), 2308 (O =P-OH), and 1190 (P=0).
3P NMR (162 MHz, DMSO-ds) d=35.68ppm. 'H NMR (400 MHz,
DMSO-ds) 6 =2.60-2.72 (m, 2H), 5.90-6.08 (m, 1H), 6.67-6.77 (m,
1H), 7.14-7.24 (m, 2H), 7.46-7.60 (m, 3H), and 7.62-7.70 (m, 2H)
ppm. *C NMR (101 MHz, DMSO-ds) 6=27.3 (d, Joc = 125H2),
113.4 (d, Jrc = 22.2Hz), 1142 (d, Jrc = 21.0H2), 1224 (d, Jpc =
3.2Hz), 122.7, 1240 (d, Jpc = 12.2Hz), 127.6, 128.4, 129.0, 129.1,
130.9 (d, Joc = 8.6Hz), 135.0, 141.6 (d, Jr,c = 7.8Hz), 148.0 (d, Jpc
= 7.6Hz), and 162.7 (d, Jrc = 243Hz) ppm. HRMS (ESI) [M+H]™:
m/z calcd for Cy5H,303PF: 291.0586, found 291.0588.

2-Hydroxy-7-(o-tolyl)-3H-benzo[f][1,2]oxaphosphepine 2-oxide (8i)
By following the general procedure, 8i was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), o-tolylboronic acid (127mg, 0.93 mmol),
K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg, 0.062 mmol)
as a white solid (101 mg, 57%). Mp: 156-158°C. IR (KBr, cm™):
2585 (0O=P-OH), 2303 (O=P-OH), 1623 (O=P-OH), and 1193
(P=0). 3'P NMR (162MHz, DMSO-ds) d=35.70ppm. 'H NMR
(400 MHz, DMSO-dg) =2.23 (s, 3H), 2.63 (d, TH, J=6.6Hz), 2.68
(d, 1H, J=6.6Hz), 5.90-6.03 (m, 1H), 6.64-6.74 (m, 1H), and 7.14-
7.32 (m, 7H) ppm. "3C NMR (101 MHz, DMSO-dg) 6 =20.2, 27.3 (d,
Jpc = 125Hz), 121.6 (d, Jpc = 3.2Hz), 123.8 (d, Jpc = 12.2H2),
126.0, 127.5, 127.7, 129.1 (d, Joc = 8.6Hz), 129.6, 129.8, 1304,
131.0, 134.8, 137.4, 140.2, and 147.0 (d, Jpc = 7.5Hz) ppm. HRMS
(ESI) [M + H]": m/z calcd for Cy4H;605P: 287.0837, found 287.0841.

Methyl 3-(2-hydroxy-2-oxido-3H-benzo[f][1,2]oxaphosphepin-7-yl)
benzoate (8))

By following the general procedure, 8j was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (3-(methoxycarbonyl)phenyl)boronic acid
(168 mg, 0.93 mmol), K;CO3 (172mg, 1.24 mmol), and Pd(dppf)Cl,
(45mg, 0.062mmol) as a white solid (117mg, 57%). Mp: 145-
147°C. IR (KBr, cm™'): 2303 (O =P-OH), 1718 (C=0), 1252 (P=0),
and 1220 (P=0). 3'P NMR (162 MHz, DMSO-ds) 6 =35.62 ppm. 'H
NMR (400 MHz, DMSO-dg) 6 =2.62 (d, 1H, J=6.6Hz), 2.67 (d, TH,
J=6.6Hz), 3.89 (s, 3H), 5.93-6.06 (m, 1H), 6.71-6.76 (m, 1H), 7.19-
7.24 (m, 1H), 7.59-7.68 (m, 3H), 7.93-7.97 (m, 2H), and 8.17-8.19
(m, TH) ppm. '3C NMR (101 MHz, DMSO-dg) d=27.4 (d, Jpc =
125Hz), 52.3, 1225 (d, Joc = 3.0Hz), 1242 (d, Joc = 12.2Hz),
127.1, 127.6, 128.1, 128.6, 1289, 129.0, 129.5, 1304, 131.5, 135.2,
139.7, 148.0 (d, Jpc = 7.6 Hz), and 166.1 ppm. HRMS (ESI) [M + H]*:
m/z calcd for Cy7H,605P: 331.0735, found 331.0734.

2-Hydroxy-7-(3-nitrophenyl)-3H-benzo[f][1,2]Joxaphosphepine
2-oxide (8k)

By following the general procedure, 8k was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (3-nitrophenyl)boronic acid (156 mg,
0.93mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062 mmol) as a yellow solid (120mg, 61%). Mp: 231-233°C. IR
(KBr, cm™"): 2580 (O =P-OH), 1646 (O =P-OH), and 1214 (P=0).

3P NMR (162 MHz, DMSO-dg) d=235.39 ppm. 'H NMR (400 MHz,
DMSO-dg) 6 =2.63 (d, 1H, J=6.6Hz), 2.68 (d, 1H, J=6.6 Hz), 5.94-
6.07 (m, 1H), 6.71-6.77 (m, 1H), 7.21-7.26 (m, 1H), 7.72-7.78 (m,
3H), 8.12-8.23 (m, 2H), and 8.43-846 (m, 1H) ppm. "C NMR
(101 MHz, DMSO-dg) d=27.3 (d, Jpc = 125Hz), 121.0, 122.1, 122.6
(d, Joc = 3.2Hz), 1243 (d, Jpc = 12.2Hz), 127.8, 128.6, 128.8 (d,
Jpc = 85Hz), 1293, 1305, 133.2, 1339, 140.7, and 1483,
148.4ppm. HRMS (ESI) [M+HI": m/z calcd for C;sH;3NOsP:
318.0531, found 318.0537.

7-(4-(tert-Butyl)phenyl)-2-hydroxy-3H-benzo[f][1,2]Joxaphosphepine
2-oxide (81)

By following the general procedure, 81 was prepared from
2-hydroxy-7-iodo-3H-benzo[f][1,2]oxaphosphepine  2-oxide (7a)
(200mg, 0.62mmol), (4-(tert-butyl)phenyl)boronic acid (166 mg,
0.93mmol), K,CO3 (172mg, 1.24mmol), and Pd(dppf)Cl, (45mg,
0.062 mmol) as a white solid (110 mg, 54%). Decomp. > 210°C. IR
(KBr, cm™"): 2162 (O =P-OH), 1654 (O=P-OH), 1220 (P=0), and
1195 (P=0). *'P NMR (162 MHz, DMSO-d,) 6 =31.16 ppm. 'H NMR
(400 MHz, DMSO-ds) 6=1.31 (s, 9H), 2.41-2.47 (m, 1H), 5.83-5.98
(m, TH), 6.53-6.63 (m, 1H), 7.01-7.11 (m, 1H), 7.41-7.51 (m, 4H),
and 7.52-7.60 (m, 2H) ppm. "*C NMR (101 MHz, DMSO-d,) 6 =28.7
(d, Joc = 125Hz), 31.1, 34.2, 122.5 (d, Jpc = 2.8Hz), 1253 (d, Jpc
= 11.4Hz), 125.6, 126.2, 126.7, 128.3, 128.4 (d, Jpc = 8.4Hz), 128.7,
135.3, 136.6, 148.6 (d, Joc = 7.4Hz), and 149.6 ppm. HRMS (ESI)
[M 4+ HI": m/z calcd for Cy9H5,05P: 329.1307, found 329.1307.

2-Hydroxy-8-phenyl-3H-benzol[f][1,2]oxaphosphepine 2-oxide (9a)
By following the general procedure, 9a was prepared from
8-bromo-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol), phenylboronic acid (133mg, 1.09 mmol),
K,CO5 (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg, 0.15 mmol)
as a white solid (121 mg, 61%). Mp: 155-157°C. IR (KBr, cm™):
2582 (O =P-OH), 2162 (O =P-0OH), 1255 (P=0), and 1184 (P=0).
3P NMR (162 MHz, DMSO-dg) 6 =34.14ppm. 'H NMR (400 MHz,
DMSO-ds) 6 =2.60 (d, 1H, J=6.4Hz), 2.65 (d, TH, J=6.4Hz), 5.87-
6.01 (m, TH), 6.60-6.67 (m, 1H), 7.34-7.41 (m, 3H), 7.44-7.52 (m,
3H), and 7.67-7.72 (m, 2H) ppm. '3C NMR (101 MHz, DMSO-d,)
0=27.7 (d, Joc = 125Hz), 119.6 (d, Jpc = 2.8Hz), 122.4, 124.0 (d,
Jpc = 11.6Hz), 126.6, 127.1, 128.0, 128.6 (d, Jpc = 8.0Hz), 129.0,
131.3, 138.7, 141.0, and 148.7 (d, Joc = 7.1Hz) ppm. HRMS (ESI)
[M-H]": m/z calcd for Cy5H,,05P: 271.0524, found 271.0536.

2-Hydroxy-8-(4-methoxyphenyl)-3H-benzo[f][1,2Joxaphosphepine
2-oxide (9b)

By following the general procedure, 9b was prepared from
8-bromo-2-hydroxy-3H-benzo[f][1,2]loxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol), (4-methoxyphenyl)boronic acid (166 mg,
1.09 mmol), K,COs (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (147 mg, 67%). Mp: 205-207°C. IR
(KBr, cm™"): 2556 (O =P-OH), 2305 (O =P-OH), 1248 (P=0), and
1183 (P=0). *'P NMR (162 MHz, DMSO-d;) = 34.96 ppm. 'H NMR
(400MHz, DMSO-ds) 0=2.63 (d, 1H, J=6.4Hz), 268 (d, 1H,
J=6.4Hz), 3.80 (s, 3H), 5.85-6.00 (m, 1H), 6.61-6.67 (m, 1H), 7.00-
7.06 (m, 2H), 7.32-7.36 (m, 2H), 7.45-7.49 (m, 1H), and 7.63-7.69
(m, 2H) ppm. *C NMR (101 MHz, DMSO-dy) 6=27.4 (d, Jpc =
125Hz), 55.2, 114.5, 1189 (d, Jpc = 3.2Hz), 122.1, 1233 (d, Jpc =
11.8Hz), 126.2, 127.8, 128.8 (d, Jpc = 8.2Hz), 130.9, 131.3, 140.8,
1484 (d, Joc = 7.2Hz), and 159.3 ppm. HRMS (ESI) [M-H]: m/z
calcd for Cy6H;404P: 301.0630, found 301.0641.



Ethyl  4-(2-hydroxy-2-oxido-3H-benzo[f][1,2]Joxaphosphepin-8-yl)
benzoate (9c)

By following the general procedure, 9c¢ was prepared from
8-bromo-2-hydroxy-3H-benzolf][1,2]loxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol),  (4-(ethoxycarbonyl)phenyl)boronic  acid
(212mg, 1.09 mmol), K;CO3 (201 mg, 1.45 mmol), and Pd(dppf)Cl,
(106 mg, 0.15mmol) as a white solid (145mg, 58%). Mp: 189-
191°C. IR (KBr, cm~"): 2577 (O=P-OH), 2287 (O=P-OH), 1708
(C=0), 1283 (P=0), and 1192 (P=0). *'P NMR (162 MHz, DMSO-
ds) 9=35.08ppm. 'H NMR (400 MHz, DMSO-ds) d=1.34 (t, 3H,
J=7.1Hz), 2.65 (d, 1H, J=6.2Hz), 2.70 (d, 1H, J=6.2Hz), 4.34 (q,
2H, J=7.1Hz), 5.92-6.06 (m, TH), 6.64-6.72 (m, 1H), 7.39-7.51 (m,
2H), 7.57-7.65 (m, 1H), 7.85-7.91 (m, 2H), and 8.01-8.06 (m, 2H)
ppm. 3C NMR (101MHz, DMSO-ds) 0=142, 274 (d, Jpc =
125Hz), 60.8, 119.9 (d, Joc = 3.2Hz), 1229, 1242 (d, Jpc =
12.0Hz), 126.9, 127.9, 1286 (d, Joc = 8.2Hz), 129.1, 129.9, 131.5,
139.6, 143.0, 1485 (d, Jpc = 7.2Hz), and 165.5 ppm. HRMS (ESI)
[M-H]": m/z calcd for CygH;605P: 343.0735, found 343.0750.

8-(4-Chlorophenyl)-2-hydroxy-3H-benzolf][1,2]Joxaphosphepine
2-oxide (9d)

By following the general procedure, 9d was prepared from
8-bromo-2-hydroxy-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol), (4-chlorophenyl)boronic acid (171 mg,
1.09 mmol), K,COs (201 mg, 1.45 mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (134 mg, 60%). Mp: 203-205°C. IR
(KBr, cm™"): 2583 (O =P-OH), 2292 (O=P-OH), 1218 (P=0), and
1187 (P=0). *'P NMR (162 MHz, DMSO-d,) & = 35.06 ppm. 'H NMR
(400 MHz, DMSO-ds) 6=2.64 (d, 1H, J=6.4Hz), 2.69 (d, 1H,
J=6.4Hz), 5.90-6.03 (m, 1H), 6.63-6.70 (m, 1H), 7.36-7.42 (m, 2H),
7.50-7.55 (m, 3H), and 7.72-7.77 (m, 2H) ppm. '>C NMR (101 MHz,
DMSO-dg) 6 =27.4 (d, Jpc = 125Hz), 119.6 (d, Jpc = 3.2Hz), 1226,
1239 (d, Joc = 12.0Hz), 127.3, 1284, 1287 (d, Jpc = 8.4H2),
129.0, 131.4, 132.9, 137.4, 139.7, and 1484 (d, Jpc = 7.2Hz) ppm.
HRMS (ESI) [M-H]™: m/z calcd for CysH,05PCl: 305.0134, found
305.0143.

8-(3,5-Dichlorophenyl)-2-hydroxy-3H-benzol[f][1,2]Joxaphosphepine
2-oxide (9e)

By following the general procedure, 9e was prepared from
8-bromo-2-hydroxy-3H-benzolf][1,2]loxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol), (3,5-dichlorophenyl)boronic acid (208 mg,
1.09 mmol), K,CO3; (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (141 mg, 57%). Mp: 136-138°C. IR
(KBr, cm™"): 2533 (O =P-OH), 2262 (O =P-OH), 1221 (P=0), and
1196 (P=0). 3'P NMR (162 MHz, DMSO-d,) d =33.47 ppm. 'H NMR
(400 MHz, DMSO-ds) 0=259 (d, 1H, J=6.4Hz), 2.64 (d, 1H,
J=6.4Hz), 5.90-6.03 (m, 1H), 6.60-6.66 (m, 1H), 7.35-7.39 (m, 1H),
7.46-7.49 (m, 1H), 7.54-7.61 (m, 2H), and 7.74-7.78 (m, 2H) ppm.
3C NMR (101 MHz, DMSO-dg) 6=27.8 (d, Jpc = 125Hz), 120.2,
122.6, 124.7, 1253, 127.2, 128.3, 1284, 131.4, 134.7, 137.8, 142.2,
and 148.8 ppm. HRMS (ESI) [M-H]": m/z calcd for C;5H;003PCly:
338.9745, found 338.9760.

2-Hydroxy-8-(2-nitrophenyl)-3H-benzo[f][1,2]Joxaphosphepine
2-oxide (9f)

By following the general procedure, 9f was prepared from
8-bromo-2-hydroxy-3H-benzolf][1,2]loxaphosphepine 2-oxide (7b)
(200mg, 0.73mmol), (2-nitrophenyl)boronic acid (182mg,
1.09 mmol), K,CO5; (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg,
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0.15mmol) as a yellowish solid (159 mg, 69%). Mp: 218-220°C. IR
(KBr, cm™"): 2604 (O =P-OH), 2240 (O =P-OH), 1185 (P=0), and
1126 (P=0). *'P NMR (162 MHz, DMSO-dy) & = 34.84 ppm. 'H NMR
(400 MHz, DMSO-dg) 6=2.65 (d, 1H, J=6.4Hz), 2.70 (d, 1H,
J=6.4Hz), 5.92-6.05 (m, 1H), 6.64-6.70 (m, 1H), 7.07-7.10 (m, TH),
7.16 (dd, 1H, J=8.0, 1.6Hz), 7.38 (d, 1H, J=8.0Hz), 7.57-7.61 (m,
1H), 7.62-7.68 (m, 1H), 7.75-7.81 (m, 1H), and 8.01 (dd, 1H, J=8.0,
1.0Hz) ppm. *C NMR (101 MHz, DMSO-ds) d=27.4 (d, Joc =
125Hz), 1209 (d, Jpc = 3.3Hz), 1239, 1242 (d, Jpc = 11.6H2),
1243, 127.7, 1286 (d, Jpc = 8.6Hz), 129.3, 131.3, 131.8, 133.1,
133.7, 137.8, 148.0 (d, Jpc = 7.2Hz), and 148.7 ppm. HRMS (ESI)
[M-H]": m/z calcd for CysH;;NOsP: 316.0375, found 316.0384.

2-Hydroxy-9-phenyl-3H-benzo[f][1,2]Joxaphosphepine 2-oxide (10a)
By following the general procedure, 10a was prepared from
9-bromo-2-hydroxy-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), phenylboronic acid (133mg, 1.09 mmol),
K,COs (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg, 0.15 mmol)
as a white solid (166 mg, 84%). Mp: 184-186°C. IR (KBr, cm™'):
2592 (O=P-0OH), 2261 (O =P-OH), 1255 (P=0), and 1204 (P=0).
3P NMR (162 MHz, DMSO-ds) d=233.69 ppm. 'H NMR (400 MHz,
DMSO-ds) 0=2.67 (dd, 1H, J=6.7, 1.0Hz), 2.72 (dd, 1H, J=6.7,
1.0Hz), 5.86-5.99 (m, 1H), 6.62-6.68 (m, 1H), 7.23-7.39 (m, 4H),
7.40-7.46 (m, 2H), and 7.60-7.64 (m, 2H) ppm. '>C NMR (101 MHz,
DMSO-ds) 0=27.8 (d, Jpc = 125Hz), 1233 (d, Jpc = 11.6Hz),
1244, 127.2, 128.0, 128.5, 129.3 (d, Jpc = 8.6 Hz), 129.6, 130.5 (d,
Joc = 46Hz), 1343 (d, Joc = 3.4Hz), 137.4, and 144.8 (d, Jpc =
74Hz) ppm. HRMS (ESl) [M-H]: m/z calcd for CysH;,03P:
271.0524, found 271.0527.

2-Hydroxy-9-(4-methoxyphenyl)-3H-benzo[f][1,2Joxaphosphepine
2-oxide (10b)

By following the general procedure, 10b was prepared from
9-bromo-2-hydroxy-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), (4-methoxyphenyl)boronic acid (166 mg,
1.09 mmol), K,COs (201 mg, 1.45 mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (196 mg, 89%). Mp: 199-201°C. IR
(KBr, cm™"): 2573 (O =P-OH), 2257 (O =P-OH), 1248 (P=0), and
1205 (P=0). 3'P NMR (162 MHz, DMSO-d,) § =34.24 ppm. '"H NMR
(400 MHz, DMSO-ds) 0=2.66 (d, 1H, J=6.4Hz), 2.71 (d, 1H,
J=6.4Hz), 3.80 (s, 3H), 5.85-6.00 (m, 1H), 6.61-6.67 (m, 1H), 6.95-
7.02 (m, 2H), 7.20-7.34 (m, 3H), and 7.54-7.60 (m, 2H) ppm. '>C
NMR (101 MHz, DMSO-dg) 6 =276 (d, Jpc = 125Hz), 55.1, 1135,
1233 (d, Joc = 11.3Hz), 1244, 1284, 1294 (d, Joc = 7.8H2),
129.7, 130.0, 130.4, 130.8, 134.0, 1448 (d, Jpc = 7.4Hz), and
158.6 ppm. HRMS (ESI) [M-H]": m/z calcd for CygH;404P: 301.0630,
found 301.0636.

Ethyl  4-(2-hydroxy-2-oxido-3H-benzo[f][1,2]oxaphosphepin-9-yl)
benzoate (10c)

By following the general procedure, 10c was prepared from
9-bromo-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), (4-(ethoxycarbonyl)phenyl)boronic  acid
(212mg, 1.09 mmol), K,CO3 (201 mg, 1.45mmol), and Pd(dppf)Cl,
(106 mg, 0.15mmol) as a white solid (208 mg, 83%). Mp: 194-
196°C. IR (KBr, cm™'): 2566 (O=P-OH), 2272 (O=P-OH), 1710
(C=0), 1285 (P=0), and 1190 (P=0). *'P NMR (162 MHz, DMSO-
ds) 6=34.39ppm. 'H NMR (400 MHz, DMSO-ds) §=1.34 (t, 3H,
J=7.0Hz), 2.66 (d, TH, J=6.1Hz), 2.71 (d, 1H, J=6.1Hz), 435 (q,
2H, J=7.0Hz), 5.88-6.02 (m, TH), 6.64-6.70 (m, 1H), 7.25-7.42 (m,
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3H), 7.72-7.78 (m, 2H), and 7.98-8.03 (m, 2H) ppm. 'C NMR
(101 MHz, DMSO-d) d =14.2, 27.6 (d, Jpc = 125Hz), 60.8, 123.6 (d,
Jpc = 11.6Hz), 124.6, 1286, 1288, 129.1 (d, Jpc = 84Hz), 130.0,
130.3, 131.2, 133.2 (d, Jpc = 3.4H2), 142.2, 144.8 (d, Jpc = 7.4H2),
and 165.7ppm. HRMS (ESI) [M-H]: m/z calcd for CygH;0sP:
343.0735, found 343.0740.

9-(4-Chlorophenyl)-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine
2-oxide (10d)

By following the general procedure, 10d was prepared from
9-bromo-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), (4-chlorophenyl)boronic acid (171 mg,
1.09 mmol), K,COs (201 mg, 1.45 mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (161 mg, 72%). Mp: 217-219°C. IR
(KBr, cm™"): 2568 (O =P-OH), 2261 (O =P-OH), 1256 (P =0), 1205
(P=0), and 1190 (P=0). 3P NMR (162MHz, DMSO-dg)
6=3790ppm. 'H NMR (400MHz, DMSO-ds) 6=2.61 (d, 1H,
J=6.2Hz), 2.66 (d, J=6.2Hz), 5.84-5.97 (m, 1H), 6.58-6.65 (m, 1H),
7.21-7.27 (m, 1H), 7.28-7.35 (m, 2H), 7.44-7.50 (m, 2H), and 7.62-
7.68 (m, 2H) ppm. '3C NMR (101 MHz, DMSO-dy) 6 =28.0 (d, Jpc =
125Hz), 123.9 (d, Jpc = 10.4Hz), 124.3, 127.5, 128.0, 128.7, 129.0
(d, Jpc = 8.2Hz), 130.2, 130.8, 131.5, 133.0 (d, Jpc = 2.4Hz), 136.0,
and 145.1 (d, Joc = 7.4Hz) ppm. HRMS (ESI) [M-H]": m/z calcd for
Cy5H1,05PCl: 305.0134, found 305.0143.

9-(3,5-Dichlorophenyl)-2-hydroxy-3H-benzo[f][1,2]oxaphosphepine
2-oxide (10e)

By following the general procedure, 10e was prepared from
9-bromo-2-hydroxy-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), (3,5-dichlorophenyl)boronic acid (208 mg,
1.09 mmol), K,COs (201 mg, 1.45 mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a white solid (164 mg, 66%). Mp: 210-212°C. IR
(KBr, cm™"): 2542 (O =P-OH), 2228 (O =P-OH), 1259 (P=0), and
1192 (P=0). *'P NMR (162 MHz, DMSO-ds) & =36.19 ppm. 'H NMR
(400 MHz, DMSO-ds) 0=2.64 (d, 1H, J=6.4Hz), 270 (d, 1H,
J=6.4Hz), 5.90-6.03 (m, 1H), 6.64-6.70 (m, 1H), 7.25-7.31 (m, 1H),
7.34-7.43 (m, 2H), 7.60-7.63 (m, 1H), and 7.66-7.68 (m, 2H) ppm.
3C NMR (101 MHz, DMSO-dg) d=27.5 (d, Jpc = 125Hz), 123.9 (d,
Jpc = 12.0Hz), 124.6, 126.9, 1284, 129.0 (d, Jpc = 8.6Hz), 1304,

Ry

Ry OH Ry
Rs R3

1a-1c 2a-2c

R = Ry

(iv)
Rg 0-R~oEt R;
R3 o}
6a-6¢c

131.3, 131.5, 133.7, 140.8, and 144.7 (d, Jpc = 7.4Hz) ppm. HRMS
(ESl) [M-H]": m/z caled for Cy5H,003PCly: 338.9745, found
338.9751.

2-Hydroxy-9-(2-nitrophenyl)-3H-benzo[f][1,2]Joxaphosphepine
2-oxide (10f)

By following the general procedure, 10f was prepared from
9-bromo-2-hydroxy-3H-benzol[fl[1,2]oxaphosphepine 2-oxide (7c)
(200mg, 0.73mmol), (2-nitrophenyl)boronic acid (182mg,
1.09 mmol), K,COs (201 mg, 1.45mmol), and Pd(dppf)Cl, (106 mg,
0.15mmol) as a yellowish solid (161 mg, 70%). Mp: 226-228°C. IR
(KBr, cm™"): 2359 (O=P-OH), 1229 (P=0), and 1192 (P=0). >'P
NMR (162MHz, DMSO-ds) 6=35.15ppm. 'H NMR (400 MHz,
DMSO-ds) 6=2.66 (d, 1H, J=6.4Hz), 2.72 (d, 1H, J=6.4Hz), 5.90-
6.03 (m, 1H), 6.65-6.72 (m, 1H), 7.29-7.35 (m, 1H), 7.38-7.45 (m,
2H), 7.86-7.91 (m, 2H), and 825-8.31 (m, 2H) ppm. *C NMR
(101 MHz, DMSO-dg) 6 =27.5 (d, Jp,c = 125Hz), 123.2, 123.9 (d, Jpc
= 12.0Hz), 124.7, 128.8, 129.0 (d, Jpc = 8.6 Hz), 130.4, 131.0, 131.7,
1323 (d, Joc = 3.4Hz), 1444, 1448 (d, Joc = 7.4Hz), and
146.6 ppm. HRMS (ESl) [M-HI: m/z caled for CysH;{NOsP:
316.0375, found 316.0385.

Carbonic anhydrase inhibition assay

The CA-catalysed CO, hydration activity was assayed by using an
applied photophysics stopped-flow apparatus as reported in previ-
ous papers from our group®2. All CA isoforms were recombinant
proteins, obtained as reported earlier?>=2°,

Results and discussion
Chemistry

Our group recently developed a strategy for the synthesis of
simple derivatives of 3H-1,2-benzoxaphosphepine 2-oxide from
the commercially available salicylaldehydes'®. This methodology
employs a ring-closing metathesis (RCM) reaction as a key step to
construct benzo-fused oxaphosphepine ring. Following this syn-
thetic route'®, we have prepared iodo- and bromo-substituted
analogues 7a-c (Scheme 1). First, halosalicylaldehydes 1a-c were

1,2,4,6,7 a b ¢

s
R I H H
0-F~oH Ry H Br H
R
rate L H H Br

Scheme 1. Reagents and conditions: (1) MePPhsBr, tBuOK, THF, rt, 18h; (2) NEt;, CH,Cl, 0°C to rt, 18h; (3) 5 (CAS: 250220-36-1), PhMe, 70°C, 4h; (iv) TMSBr,

CHCl,, rt, 24h.



converted to styrenes 2a-c. Subsequent phosphorylation and RCM
gave the cyclised compounds 6a-c. Lastly, deprotection was
achieved using TMSBr and the target compounds 7a-c were suc-
cessfully obtained.

With the halo derivatives 7a-c in hand, we next proceeded to
the Suzuki-Miyaura cross-coupling reaction, employing commer-
cial arylboronic acids. As a result, 7-, 8-, and 9-aryl-substituted
benzoxaphosphepine 2-oxides 8-10 were furnished in good to
excellent yields (Schemes 2-4). Noteworthy, the electronic nature
and substitution patterns of arylboronic acids did not significantly
affect isolated yields. However, the coupling reactions occurring at
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position 9 of benzoxaphosphepine 2-oxide core displayed higher
efficacy in yields, compared to positions 7 and 8.

Carbonic anhydrase inhibition

The newly synthesised compounds 7-10 were investigated for
their CA inhibition activity against four pharmacologically relevant
human CA isoforms—the ubiquitous cytosolic CA | and Il as well
as the cancer-associated CA IX and XII. In this study, CA | and CA
Il are considered off-target isoforms, that were tested in order to

I S _~_-B(OH), 0
R g |
0-F~oH
o)
7a 8
@ Me0\© EtO,C F\©
8a, 60% 8b, 61% 8c, 59% 8d, 63%
cl
aelne N elNe
™ ™ cl ™ F o~
8e, 59% 8f, 63% 89, 56% 8h, 60%
“Q Q. Q. "a
S~ MeO,C S O,N == e
8i, 57% 8, 57% 8k, 61% 8l, 54%

Scheme 2. Reagents and conditions: (1)

B(OH),

Pd(dppf)Cl,, K,CO;, 1,4-dioxane/H,0 (5:1), 80°C, 16 h, 54-63%.

+ R— | —_—
NS
Br o~f~on
(e}
7b
@ MeO
9a, 61% 9b, 67%

. Q.

9d, 60%

Scheme 3. Reagents and conditions: (1

9e, 57%
) Pd(dppf)Cl,, K,COs, 1,4-dioxane/H,0 (5:1), 80°C, 16 h, 57-69%.

@NOZ

9f, 69%
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10a, 84% 10b, 89%
Cl
R Q
™ cl S~
10d, 72% 10e, 66%

10c, 83%

10f, 70%

Scheme 4. Reagents and conditions: (1) Pd(dppf)Cl,, K,COs, 1,4-dioxane/H,0 (5:1), 80°C, 16 h, 66-89%.

explore the selectivity of inhibitors towards the CA IX and CA XII
isoforms. The clinically utilised acetazolamide (AAZ) was used as a
reference drug. The following structure-activity relationship (SAR)
can be deduced from the inhibition data reported in Table 1:

i. Equally, as previously reported simple derivatives of benzoxa-
phosphepine 2-oxide'®, all aryl derivatives 8-10 reported
here, as well as 7b, showed no inhibitory activity towards
the off-target CA isoforms | and Il (K; > 100 uM). In the con-
text of cancer treatment with CA inhibitors, this is a desirable
feature to prevent possible side effects, since CA | and CA Il
isoforms are found in many tissues throughout the body®.
The standard drug AAZ has a very good affinity for CA | and
CA Il

ii. The cancer-associated CA IX isoform was inhibited by all of
the tested compounds; however, 9-aryl-substituted deriva-
tives 10 were weak inhibitors, with K; values ranging from
16.5 to 55.3 puM. In general, 7- and 8-aryl-substituted com-
pounds 8 and 9 were much more effective inhibitors with
good or moderate activity. The 7-aryl derivative with the 3-
fluoro substituent 8h emerged as the most potent CA IX
inhibitor with K; = 0.63 pM. The inclusion of -CO,R, -NO, or
—Cl substituent typically resulted in decreased inhibitory
activity against CA IX.

ii. ~ Similarly, another cancer-associated isoform CA XIl was inhib-
ited by 7-aryl and 8-aryl derivatives 8 and 9, whereas 9-aryl-
substituted derivatives 10 displayed weak or no inhibitory
activity (Ki: 25.5-65.3 uM for 10a,b,d-f and K; > 100 uM for
10c that bears the 4-CO,Et substituent). Only the 9-bromo
derivative 7c¢ had a moderate inhibition potency against
both CA IX and XIl. The 7-aryl derivative with the 4-fluoro
substituent 8d was the most effective inhibitor against CA XII
with K; = 0.25 puM. Other fluorine-containing compounds also
exhibited good activity against CA XIl (K, = 0.56 pM for 8h;
Ki = 0.59 uM for 8f). In contrast to CA IX inhibition profile, 7-
and 8-aryl derivatives with the nitro group showed good
inhibition of CA XII (K, = 0.64 uM for 8k; K, = 0.67 uM
for of).

Table 1. Inhibition data of compounds 7-10 and the standard inhibitor acetazo-

lamide (AAZ) against human CA isoforms |, Il, IX and Xl by the stopped-flow

CO, hydrase assay.
6

6
7 Z = 7. Z =
Rm // ) 8 |
s Of~on R s 0 f~on
(e} (e}
7 8-10
- - K (uw)>
Substitution position
Cmpd (7/81/9) R CAl  CAIl CAIX CAXI
7a" 7 | >100 >100  0.88 0.68
8a 7 H >100 >100 077 095
8b 7 4-OMe >100 >100 46 17
8c 7 4COEt  >100 >100 6.0 67
8d 7 4F >100 >100  0.86 0.25
8e 7 4l >100 >100 86 1.1
8f 7 4-CFy >100 >100 37 0.59
8g 7 35dicl >100 >100 7.3 42
8h 7 3-F >100  >100  0.63 0.56
8i 7 4-Me >100 >100 15 094
8j 7 3-CO,Me  >100 >100 95 15
8k 7 3-NO, >100 >100 76 0.64
8l 7 4-tBu >100  >100 49 097
7b 8 Br >100 >100 34 15
% 8 H >100 >100 18 27
9b 8 4-OMe >100  >100 2.1 56
9c 8 4COEt  >100 >100 102 38
od 8 4l >100 >100 5.0 7.1
9e 8 35diCl >100 >100 098 0.84
of 8 2-NO, >100  >100 129 067
7c"° 9 Br >100 >100 25 18
10a 9 H >100 >100 165 255
10b 9 4-OMe >100 >100 394 524
10¢ 9 4COEt  >100 >100 553 >100
10d 9 4l >100 >100 489 653
10e 9 35diCl >100 >100 224 28.2
10f 9 4-NO, >100 >100 384 35.1
AAZ - 025 0012 0025  0.006

Values are mean from three different assays using the stopped-flow technique
(errors were in the range of £ 5-10% of the reported values).

PIncubation time: 6 h.



Collectedly, benzoxaphosphepine 2-oxide derivatives that are
substituted with aryl groups in positions 7 or 8 displayed superior
inhibition efficiency of CA IX and XIl as compared to the 9-aryl-
substituted derivatives. In comparison with the standard drug
AAZ, which is a highly effective inhibitor of all the four CA iso-
forms considered in this study, the analogues 7-10 were less
effective as CA IX and XII inhibitors. However, benzoxaphosphe-
pine 2-oxide derivatives showed desirable selectivity as none of
them inhibited the off-target CA | and CA Il. The most potent
inhibitors of both cancer-associated CA IX and CA Xl were fluor-
ine-containing compounds 8d and 8h.

It is worthwhile to underline here that a 6-h incubation of the
enzyme and each compound 7-10 solutions is essential. When
the incubation period of 15min was used for assaying the inhib-
ition, as generally done for the other types of CA inhibitors, only a
weak inhibition was observed (data not shown). Furthermore, it
appears to be the case with coumarins and related bioisosteres® "%,
These compounds were shown to act as prodrug inhibitors, being
hydrolysed within the CA active site to the corresponding acids;
subsequently, the obtained hydrolysis products bind within the
enzyme active site cavity'®'>'*. By considering aforementioned
points, we assume that benzoxaphosphepine 2-oxides are likely to
undergo the CA-mediated hydrolysis of oxaphosphepine ring with
formation of phosphonic acid derivatives that act as CA inhibitors.

Conclusions

3H-1,2-Benzoxaphosphepine 2-oxides represent a novel chemo-
type acting as isoform-selective CA inhibitors. In this paper, we
have expanded the chemical space around the benzoxaphosphe-
pine scaffold by synthesising aryl derivatives. The latter were eval-
uated for their inhibitory activity against CA |, II, IX and XII. Most
of the compounds tested manifested promising potency in inhibit-
ing the cancer-associated CA isoforms IX and XIl. Furthermore,
none of the target compounds showed significant inhibition of
the cytosolic CA | and Il. The SAR studies indicated that 7- and 8-
substituted aryl derivatives of 3H-1,2-benzoxaphosphepine 2-oxide
were considerately more active CA IX/XII inhibitors than the 9-aryl
derivatives. The introduction of aryl groups at the 9th position of
the scaffold resulted in decreased potency. Among all the tested
compounds, derivatives 8d,h with the fluoro-substituted aryl
groups demonstrated the highest inhibitory activity against CA
IX/XIl, with K; values in the sub-micromolar range. Taking into
account the efficiency and significant selectivity of these novel
molecules, further development and evaluation will be pursued.

Disclosure statement

No potential competing interest was reported by all authors
except CTS. CT Supuran is Editor-in-Chief of the Journal of Enzyme
Inhibition and Medicinal Chemistry. He was not involved in the
assessment, peer review, or decision-making process of this paper.
The authors have no relevant affiliations or financial involvement
with any organisation or entity with a financial interest in or finan-
cial conflict with the subject matter or materials discussed in the
manuscript. This includes employment, consultancies, honoraria,
stock ownership or options, expert testimony, grants or patents
received or pending, or royalties.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 9

Funding

This project has been supported by the European Social Fund
within the Project No 8.2.2.0/20/1/008 “Strengthening of PhD stu-
dents and academic personnel of Riga Technical University and
BA School of Business and Finance in the strategic fields of spe-
cialization” of the Specific Objective 822 “To Strengthen
Academic Staff of Higher Education Institutions in Strategic
Specialization Areas” of the Operational Programme “Growth and
Employment”. The work has been also funded by the Latvian
Institute of Organic Synthesis under internal student grant IG-
2023-09.

ORCID

Anastasija Balasova
Aleksandrs Pustenko

http://orcid.org/0000-0002-1185-1922
http://orcid.org/0000-0003-4930-7372
Alessio Nocentini http://orcid.org/0000-0003-3342-702X
Daniela Vullo http://orcid.org/0000-0002-1352-1900
Claudiu T. Supuran http://orcid.org/0000-0003-4262-0323
Raivis Zalubovskis (®) http://orcid.org/0000-0002-9471-1342

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |,
Jemal A, Bray F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 can-
cers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249.

2. Long J, Ji Z, Yuan P, Long T, Liu K, Li J, Cheng L. Nut con-
sumption and risk of cancer: a meta-analysis of prospective
studies. Cancer Epidemiol Biomarkers Prev. 2020;29(3):565-
573.

3. (a) Neri D, Supuran CT. Interfering with pH regulation in
tumours as a therapeutic strategy. Nat Rev Drug Discov.
2011;10(10):767-777. (b) Supuran CT, Alterio V, Di Fiore A, D’
Ambrosio K, Carta F, Monti SM, De Simone G. Inhibition of
carbonic anhydrase IX targets primary tumors, metastases,
and cancer stem cells: three for the price of one. Med Res
Rev. 2018;38(6):1799-1836. (c) Pastorekova S, Gillies RJ. The
role of carbonic anhydrase IX in cancer development: links
to hypoxia, acidosis, and beyond. Cancer Metastasis Rev.
2019;38(1-2):65-77. (d) Singh S, Lomelino CL, Mboge MY,
Frost SC, McKenna R. Cancer drug development of carbonic
anhydrase inhibitors beyond the active site. Molecules.
2018;23:1045. (e) Waheed A, Sly WS, Doisy EA. Carbonic
anhydrase XIl functions in health and disease. Gene. 2017;
623:33-40.

4. (a) Robertson N, Potter C, Harris AL. Role of carbonic anhy-
drase IX in human tumor cell growth, survival, and invasion.
Cancer Res. 2004;64(17):6160-6165. (b) Chiche J, llc K,
Laferriere J, Trottier E, Dayan F, Mazure NM, Brahimi-Horn
MC, Pouysségur J. Hypoxia-inducible carbonic anhydrase IX
and XII promote tumor cell growth by counteracting acid-
osis through the regulation of the intracellular pH. Cancer
Res. 2009;69(1):358-368. (c) Angeli A, Carta F, Nocentini A,
Winum J-Y, Zalubovskis R, Akdemir A, Onnis V, Eldehna WM,
Capasso C, Simone G. Carbonic anhydrase inhibitors target-
ing metabolism and tumor microenvironment. Metabolites.
2020;10:412.

5. (a) Hewett-Emmett D, Tashian RE. Functional diversity, con-
servation, and convergence in the evolution of the alpha-,
beta-, and gamma-carbonic anhydrase gene families. Mol
Phylogenet Evol. 1996;5(1):50-77. (b) Hassan MI, Shajee B,



10 A. BALASOVA ET AL.

Waheed A, Ahmad F, Sly WS. Structure, function and appli-
cations of carbonic anhydrase isozymes. Bioorg Med Chem.
2013;21(6):1570-1582.

(a) Supuran CT. Structure and function of carbonic anhy-
drases. Biochem J. 2016;473(14):2023-2032. (b) Supuran CT.
Carbonic anhydrases and metabolism. Metabolites. 2018;
21:25.

Kumar S, Rulhania S, Jaswal S, Monga V. Recent advances in
the medicinal chemistry of carbonic anhydrase inhibitors.
Eur J Med Chem. 2021;209:112923.

(a)Alterio V, Di Fiore A, D’Ambrosio K, Supuran CT, De
Simone G. Multiple binding modes of inhibitors to carbonic
anhydrases: How to design specific drugs targeting 15 dif-
ferent isoforms? Chem Rev. 2012;112(8):4421-4468. (b)
Aggarwal M, Kondeti B, McKenna R. Insights towards sul-
fonamide drug specificity in o-carbonic anhydrases. Bioorg
Med Chem. 2013;21(6):1526-1533.

Zalubovskis R. In a search for selective inhibitors of carbonic
anhydrases: coumarin and its bioisosteres: synthesis and
derivatization. Chem Heterocycl Comp. 2015;51(7):607-612.
(a) Maresca A, Temperini C, Vu H, Pham NB, Poulsen S-A,
Scozzafava A, Quinn RJ, Supuran CT. Non-zinc mediated
inhibition of carbonic anhydrases: coumarins are a new class
of suicide inhibitors. J Am Chem Soc. 2009;131(8):3057-
3062. (b) Supuran CT. Coumarin carbonic anhydrase inhibi-
tors from natural sources. J Enzyme Inhib Med Chem. 2020;
35(1):1462-1470.

(@) Bonneau A, Maresca A, Winum J-Y, Supuran CT.
Metronidazole-coumarin conjugates and 3-cyano-7-hydroxy-
coumarin act as isoform-selective carbonic anhydrase inhibi-
tors. J Enzyme Inhib Med Chem. 2013;28(2):397-401. (b)
Sharma A, Tiwari M, Supuran CT. Novel coumarins and ben-
zocoumarins acting as isoform-selective inhibitors against
the tumor-associated carbonic anhydrase IX. J Enzyme Inhib
Med Chem. 2014;29(2):292-296.

Maresca A, Temperini C, Pochet L, Masereel B, Scozzafava A,
Supuran CT. Deciphering the mechanism of carbonic anhy-
drase inhibition with coumarins and thiocoumarins. J Med
Chem. 2010;53(1):335-344.

Onyilmaz M, Koca M, Bonardi A, Degirmenci M, Supuran CT.
Isocoumarins: a new class of selective carbonic anhydrase IX
and Xl inhibitors. J Enzyme Inhib Med Chem. 2022;37(1):
743-748.

(a) Tars K, Vullo D, Kazaks A, Leitans J, Lends A, Grandane A,
Zalubovskis R, Scozzafava A, Supuran CT. Sulfocoumarins
(1,2-benzoxathiine-2,2-dioxides): a class of potent and iso-
form-selective inhibitors of tumor-associated carbonic anhy-
drases. J Med Chem. 2013;56(1):293-300. (b) Krasavin M,
Zalubovskis R, Grandane A, Domraceva |, Zhmurov P,
Supuran CT. Sulfocoumarins as dual inhibitors of human car-
bonic anhydrase isoforms IX/XIl and of human thioredoxin
reductase. J Enzyme Inhib Med Chem. 2020;35(1):506-510.
(a) Tanc M, Carta F, Bozdag M, Scozzafava A, Supuran CT. 7-
Substituted-sulfocoumarins are isoform-selective, potent car-
bonic anhydrase |l inhibitors. Bioorg Med Chem. 2013;
21(15):4502-4510. (b) Nocentini A, Ceruso M, Carta F,
Supuran CT. 7-Aryl-triazolyl-substituted sulfocoumarins are
potent, selective inhibitors of the tumor-associated carbonic
anhydrase IX and XII. J Enzyme Inhib Med Chem. 2016;31(6):
1226-1233.

(@) Grandane A, Tanc M, Zalubovskis R, Supuran CT.
Synthesis of 6-tetrazolyl-substituted sulfocoumarins acting
as highly potent and selective inhibitors of the tumor-

20.

21.

associated carbonic anhydrase isoforms IX and XII. Bioorg
Med Chem. 2014;22(5):1522-1528. (b) Grandane A, Tanc M,
Zalubovskis R, Supuran CT. 6-Triazolyl-substituted sulfocou-
marins are potent, selective inhibitors of the tumor-associ-
ated carbonic anhydrases IX and XII. Bioorg Med Chem Lett.
2014;24(5):1256-1260. (c) Grandane A, Tanc M, Zalubovskis
R, Supuran CT. Synthesis of 6-aryl-substituted sulfocoumarins
and investigation of their carbonic anhydrase inhibitory
action. Bioorg Med Chem. 2015;23(7):1430-1436. (d)
Grandane A, Tanc M, Di Cesare Mannelli L, Carta F,
Ghelardini C, Zalubovskis R, Supuran CT. 6-Substituted sulfo-
coumarins are selective carbonic anhdydrase IX and Xl
inhibitors with significant cytotoxicity against colorectal can-
cer cells. J Med Chem. 2015;58(9):3975-3983. (e) Grandane
A, Nocentini A, Domraceva |, Zalubovskis R, Supuran CT.
Development of oxathiino[6,5-b]pyridine 2,2-dioxide deriva-
tives as selective inhibitors of tumor-related carbonic anhy-
drases IX and XIl. Eur J Med Chem. 2020;200:112300.
Podolski-Reni¢ A, Dini¢ J, Stankovi¢ T, Jovanovi¢ M, Ramovi¢
A, Pustenko A, Zalubovskis R, Pesi¢ M. Sulfocoumarins, spe-
cific carbonic anhydrase IX and Xll inhibitors, interact with
cancer multidrug resistant phenotype through pH regulation
and reverse P-glycoprotein mediated resistance. Eur J Pharm
Sci. 2019;138:105012.

(a) Pustenko A, Stepanovs D, Zalubovskis R, Vullo D, Kazaks
A, Leitans J, Tars K, Supuran CT. 3H-1,2-benzoxathiepine 2,2-
dioxides: a new class of isoform-selective carbonic anhy-
drase inhibitors. J Enzyme Inhib Med Chem. 2017;32(1):767-
775. (b) Pustenko A, Nocentini A, Balasova A, Alafeefy A,
Krasavin M, Zalubovskis R, Supuran CT. Aryl derivatives of
3H-1,2-benzoxathiepine 2,2-dioxide as carbonic anhydrase
inhibitors. J Enzyme Inhib Med Chem. 2020;35(1):245-254.
(c) Pustenko A, Nocentini A, Balasova A, Krasavin M,
Zalubovskis R, Supuran CT. 7-Acylamino-3H-1,2-benzoxathie-
pine 2,2-dioxides as new isoform-selective carbonic anhy-
drase IX and XlI inhibitors. J Enzyme Inhib Med Chem. 2020;
35(1):650-656.

Pustenko A, Balasova A, Nocentini A, Supuran CT,
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.

(a) Rodriguez JB, Gallo-Rodriguez C. The role of the phos-
phorus atom in drug design. ChemMedChem. 2019;14:190-
216. (b)Yu H, Yang H, Shi E, Tang W. Development and clin-
ical application of phosphorus-containing drugs. Med Drug
Discov. 2020;8:100063. (c) Ceradini D, Shubin K. New meth-
ods for the synthesis of phosphono-d-lactones (microre-
view). Chem Heterocycl Comp. 2021;57(12):1167-1169. (d)
Balasova A, Zalubovskis R. Synthetic methods toward phos-
phacoumarins (microreview). Chem Heterocycl Comp. 2022;
58(6-7):310-312.

(@) Bonnac L, Innocenti A, Winum J-Y, Casini A, Montero J-L,
Scozzafava A, Barragan V, Supuran CT. Carbonic anhydrase
inhibitors: aliphatic N-phosphorylated sulfamates - a novel
zinc-anchoring group leading to nanomolar inhibitors. J
Enzyme Inhib Med Chem. 2004;19(3):275-278. (b) Winum J-W,
Innocenti A, Gagnard V, Montero J-L, Scozzafava A, Vullo D,
Supuran CT. Carbonic anhydrase inhibitors. Interaction of iso-
zymes |, I, IV, V, and IX with organic phosphates and phospho-
nates. Bioorg Med Chem Lett. 2005;15(6):1683-1686. (c)
Nocentini A, Alterio V, Bua S, Micheli L, Esposito D, Buonanno
M, Bartolucci G, Osman SM, ALOthman ZA, Cirilli R, et al.
Phenyl(thio)phosphon(amid)ate benzenesulfonamides as



22.

23.

potent and selective inhibitors of human carbonic anhydrases
Il and VIl counteract allodynia in a mouse model of oxaliplatin-
induced neuropathy. J Med Chem. 2020;63(10):5185-5200.,. (d)
Giilgin i, Trofimov B, Kaya R, Taslimi P, Sobenina L, Schmidt E,
Petrova O, Malysheva S, Gusarova N, Farzaliyev V, et al.
Synthesis of nitrogen, phosphorus, selenium and sulfur-con-
taining heterocyclic compounds: determination of their car-
bonic anhydrase, acetylcholinesterase, butyrylcholinesterase
and o-glycosidase inhibition properties. Bioorg Chem. 2020;
103:104171.

Khalifah RG. The carbon dioxide hydration activity of
carbonic anhydrase. I. Stop-flow kinetic studies on the native
human isoenzymes B and C. J Biol Chem. 1971;246(8):
2561-2573.

(a) Supuran CT, llies MA, Scozzafava A. Carbonic anhydrase
inhibitors. Part 29. Interaction of isozymes |, Il and IV with
benzolamide-like derivatives. Bioorg Med Chem. 1998;33:
739-752. (b) Sentirk M, Gilgin I, Dastan A, Kifrevioglu Ol,
Supuran CT. Carbonic anhydrase inhibitors. Inhibition of

24,

25.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY @ 1

human erythrocyte isozymes | and Il with a series of antioxi-
dant phenols. Bioorg Med Chem. 2009;17(8):3207-3211.
Leitans J, Kazaks A, Balode A, Ivanova J, Zalubovskis R,
Supuran CT, Tars K. Efficient expression and crystallization
system of cancer-associated carbonic anhydrase isoform IX.
J Med Chem. 2015;58(22):9004-9009.

(@) Aspatwar A, Parvathaneni NK, Barker H, Anduran E,
Supuran CT, Dubois L, Lambin P, Parkkila S, Winum J-W.
Design, synthesis, in vitro inhibition and toxicological evalu-
ation of human carbonic anhydrases I, Il and IX inhibitors
in 5-nitroimidazole series. J Enzyme Inhib Med Chem. 2020;
35(1):109-117. (b) Pustenko A, Nocentini A, Gratteri P,
Bonardi A, Vozny |, Zalubovskis R, Supuran CT. The antibiotic
furagin and its derivatives are isoform-selective human car-
bonic anhydrase inhibitors. J Enzyme Inhib Med Chem.
2020;35(1):1011-1020. (c) Ivanova J, Carta F, Vullo D, Leitans
J, Kazaks A, Tars K, Zalubovskis R, Supuran CT. N-substituted
and ring opened saccharin derivatives selectively inhibit
transmembrane, tumor-associated carbonic anhydrases X
and XII. Bioorg Med Chem. 2017;25(13):3583-3589.



4. pielikums / Appendix 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 IX and XII.

ACS Med. Chem. Lett. 2025, 16 (6), 1031-1037.

This is an open access article distributed under the terms of the Creative Commons CC BY license.
Copyright © 2025, American Chemical Society



Downloaded viaLATVIAN INST OF ORGANIC SYNTHESIS on November 24, 2025 at 15:32:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACSMedicinal
Chemistry Letters)
This article is licensed under CC-BY-NC-ND 4.0 @ ® @ @

pubs.acs.org/acsmedchemlett

Unraveling the Potential of Amino-, Acylamino-, and Ureido-
Substituted 3H-1,2-Benzoxaphosphepine 2-Oxides toward
Nanomolar Inhibitors of Tumor-Associated Carbonic Anhydrases IX
and Xl

Anastasija BalaSova, Aleksandrs Pustenko, Andrea Angeli, Elena Andreucci, Alessio Biagioni,
Alessio Nocentini, Fabrizio Carta, Claudiu T. Supuran, and Raivis Zalubovskis™

Cite This: ACS Med. Chem. Lett. 2025, 16, 10311037 I:I Read Online

ACCESS | [l Metrics & More ‘ Article Recommendations ‘ @ Supporting Information
ABSTRACT: 3H-1,2-Benzoxaphosphepine 2-oxides were recently N ~
identified as a novel class of carbonic anhydrase (CA) inhibitors. In R m
this study, which aims to broaden the chemical space around this o-F~or
g I . o) + Isoform-selectivity

scaffold and improve inhibition potency against cancer-related = R = H.acyl
isoforms (CA IX and CA XII), we report the synthesis and o-Fe G i’nhizitors + Nanomolar inhibition
biochemical evaluation of amino-, acylamino-, and ureido- % OoR ’ )

. ; K 4 + Facile synthesis
substituted benzoxaphosphepine oxides 2—4. All members of Novel chemotype HoH
these series showed no off-target inhibition of cytosolic CA I and of CA inhibitors AT m
CA 1II activity, while the inhibition of the target isoforms was © 0-F~or
strongly dependent on the substitution pattern. To our delight, o

CA IX inhibitors

several compounds managed to inhibit tumor-associated CA
isoforms at the nanomolar level, which is equal to or even surpasses
that of the reference drugs. The results of the current study bolster and extend previous research, demonstrating the capability of the
benzoxaphosphepine oxide chemotype to serve as a platform for the future development of new therapeutic agents.

KEYWORDS: carbonic anhydrase, carbonic anhydrase inhibitors, benzoxaphosphepine oxide, anticancer, amidation

arbonic anhydrases (CA, EC 4.2.1.1) constitute an ample inhibitors of cancer-associated CA isoforms, such as (iso)-

family of metalloenzymes that catalyze the reversible coumarins,*”"” thiocoumarins,'”'® and other related com-
hydration of carbon dioxide to bicarbonate anion, thus ]pounds.l%25 Moreover, one selective CA IX/XII inhibitor
participating in numerous physiological processes.' Their possessing a benzenesulfonamide moiety with a urea tether,
modulators have broad application prospects in the design of SLC-0111, is currently undergoing clinical trials for the
pharmacological agents for the treatment or prevention of a treatment of hypoxic malignancies (Phase 1 was completed
variety of maladies, including cancer, %laucorna, bacterial successfully; Figure 1).”**” Considering the critical role of CA
infections as well as cognitive disorders.”” In particular, two IX and CA XII in tumor development, it is necessary to

transmembrane CA isoforms IX and XII have enhanced
expression in solid tumors, which leads to increased tumor rising of the annual death toll from oncological diseases.”®

growth, survival, and metastasis du? 4to maintaining favorable Recent findings in our group revealed benzoxaphosphepine
intra- :and extracelliular pH' level. ‘ Frequently, the' over- oxides A as selective CA IX and XII inhibitors2>*° Albeit
expression of these isoforms is associated with drug resistance

and poor prognosis in certain cancers.” The inhibition of CA
IX and CA XII is a promising strategy for the development of
novel anticancer drugs.

The main obstacle in the elaboration of CA inhibitors is
connected to the isoform selectivity problem due to the —
structural similarity among the different human CA isoforms.®’ Received: February 24, 2025 oy et
Achieving selectivity is crucial for minimizing side effects that Revised:  April 25, 2025
arise from the inhibition of the ubiquitous CA I and CA IL. To Accepted:  April 28, 2025
address this issue, extensive research efforts have been devoted Published: May 13, 2025
to the discovery and development of chemotypes targeting
specific isoforms of CA.*™'* Several studies led to a number of

introduce new chemotypes to efficiently combat cancer amid

displaying the desired isoform selectivity, compounds of
previous studies suppressed the activity of both CA IX and
CA XII at the micromolar level. Aiming to increase the potency
of these inhibitors toward the target isoforms, herein we

© 2025 The Authors. Published b
Americ‘én Chemlilcai Socie(; https://doi.org/10.1021/acsmedchemlett.5c00099
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Figure 1. Structure of SLC-0111 and schematic representation of compounds studied.

Scheme 1. Synthesis and Substrate Scope of Benzoxaphosphepine Oxide Acylamino Derivatives 3a—m from Precursor 1

1. RC(0)CI, NEts, CH,Cl,
16h,0°C —rt.

Osz Fe, AcOH Hsz 2. TMSBr, CH,Cly, 24 h, r.t. \"/ m
EtOH/H,O (¢}
o~ fi~oEt 0-fi~oEt 0~f~oH
b 1h,70°C b o)
1 2 (97%) 3a-m (56-81%)
@ Me\©l Meo\© OZN\©l Cl\© Br\© @
Br
3a (68%) 3b (64%) 3c (78%) 3d (62%) 3e (81%) 3f (79%) 3g (61%)
| F.
Q Q a. a
~~ N ~~ ~~ (O N ST
|
3h (75%) 3i (73%) 3j (81%) 3k (80%) 31 (66%) 3m (56%)

Scheme 2. Synthesis and Substrate Scope of Benzoxaphosphepine Oxide Ureido Derivatives 4a—m from Aniline 2
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designed analogues of A with a primary amine, an acylamino or
a ureido substituent at the 7-position on the basis of prior
structure—activity relationship (SAR) studies (Figure 1).
Exploration of the SAR of these novel series was also
conducted in conjunction with cytotoxicity assays of the
most promising representatives. Additionally, the solubility of
the selected compounds was determined, showing the
potential of benzoxaphosphepine oxide derivatives as drug
candidates.

The synthesis of benzoxaphosphepine oxides bearing an
amine moiety, an acylamino or a ureido substituent at the 7-
position began with nitrobenzoxaphosphepine oxide 1, which

1032

was prepared in 3 steps from commercially available starting
material following our previously established experimental
protocol (Scheme 1).*” Compound 1 was then reduced using
iron powder in acidic media to afford aniline 2 in a nearly
quantitative yield. To obtain a series of acylamino derivatives
3, aniline 2 was treated with the respective acyl chlorides in the
presence of NEt; followed by O-dealkylation with TMSBr.
This robust method provided target compounds 3 in good
yields.

The introduction of the ureido group was achieved by
reaction of aniline 2 with various aryl isocyanates (Scheme 2).
Subsequent cleavage of phosphonate ethyl ester was performed

https://doi.org/10.1021/acsmedchemlett.5c00099
ACS Med. Chem. Lett. 2025, 16, 1031-1037
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by action of TMSBr giving the final compound 4a—m in
moderate to excellent yields. Notably, the purification of
products 4a—m did not require column chromatography.

All the prepared derivatives 2—4 were screened for
inhibitory activity against four relevant CA isoforms (I, II,
IX, and XII) using the stopped-flow CO, hydration assay
(Table 1).*" Their activities, expressed as K; values, were

Table 1. Inhibition Data of Compounds 2—4, SLC-0111,
and the Standard Inhibitor AAZ against CA Isoforms I, II,
IX, and XII

K; (nM)**
Cmpd CAI CAIL CAIX CA XII
2 >10000 >10000 3.5 16.6
3a >10000 >10000 10.8 7.3
3b >10000 >10000 20.5 7.8
3c >10000 >10000 10.1 8.1
3d >10000 >10000 294 6.7
3e >10000 >10000 158.4 64.1
3f >10000 >10000 25.8 84.4
3g >10000 >10000 232 8.9
3h >10000 >10000 18.7 §7.5
3i >10000 >10000 14.6 6.9
3j >10000 >10000 274 4.0
3k >10000 >10000 20.1 272
3l >10000 >10000 22.3 9.7
3m >10000 >10000 32.8 74.6
4a >10000 >10000 349 >10000
4b >10000 >10000 46.9 >10000
4c >10000 >10000 §3.3 >10000
4d >10000 >10000 53 >10000
4e >10000 >10000 529 >10000
4f >10000 >10000 54.8 >10000
4g >10000 >10000 46.9 >10000
4h >10000 >10000 36.8 >10000
4i >10000 >10000 36.0 >10000
4 >10000 >10000 S1.8 >10000
4k >10000 >10000 4.4 >10000
41 >10000 >10000 319 >10000
4m >10000 >10000 42.7 >10000
SLC-0111 5080 960 45.1 4.5
AAZ 250 12.1 25.8 5.7

“Values are mean from 3 different assays using the stopped-flow

technique (errors were in the range of + $S—10% of the reported
b -

values). “Incubation time: 6 h.

compared with those of the reference compounds acetazola-
mide (AAZ) and SLC-0111. The obtained results allowed us
to derive the following SAR:

e Analogously to the previous studies, current representa-
tives of benzoxaphosphepine oxide class showed no
inhibition against cytosolic and widely expressed off-
target CA I and CA IL This feature distinguishes these
compounds from AAZ, a potent clinically approved CA
inhibitor, which can cause various side effects due to its
nonselectivity.*

o All synthesized compounds 2—4 displayed remarkable
inhibitory activity against tumor-associated CA IX
isoform, with Kj in the medium to low nanomolar
range. The best inhibition was observed for aniline 2 and
urea derivatives 4d, 4k, bearing methoxy and fluoro
substituent at the 4-position of the phenyl ring,
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respectively. In most cases, acylamino derivatives 3 and
ureas 4 exhibited comparable potencies to the reference
inhibitors AAZ and SLC-0111. However, 4-chloroben-
zamide 3e showed the poorest inhibition for CA IX
relative to all the compounds reported. Of note,
increasing lipophilicity by incorporating aromatic unit
into aniline 2 generally led to decreased inhibitory
activity. No firm correlation was observed between the
electronic nature of the aryl substituent and inhibition
potency.

e As for the other tumor-associated CA isoform XII,
compounds 2—4 demonstrated a notably different
inhibition profile when compared to that of CA IX.
Specifically, the introduction of ureido group led to
completely inactive compounds 4a—m, suggesting that
the conformational rigidity of N,N’-diarylureas may be
responsible for the observed inactivity.*” In turn, other
derivatives 2—3 showed effective inhibition of CA XII at
nanomolar concentrations, with 4-fluorobenzamide 3j
being the most potent inhibitor in this series. Changing
the fluorine substituent to chlorine, bromine or iodine at
the 4-position resulted in decrease of potency, as shown
in compounds 3e, 3f, 3h. Interestingly, the switch from
the 4-position to the 2-position of the bromo and iodo
substituent in compounds 3g and 3i gave more than an
8-fold increase in activity. Amides 3a—d, 3i, and 3j were
highly effective in inhibiting the target isoform and
possessed activity on par with the reference drugs.

The discrepancy in the inhibition profile between
(acyl)amino and ureido compounds may be attributed
to differences in amino acid residues within the
“selective pocket” located in close proximity to the
active site, which is more sterically hindered in case of
CA XIL** Hence, conformationally locked compounds,
such as arylureas 4, may exhibit difficulty entering the
active site.

In vitro cytotoxicity assays were conducted for the
compounds with the highest inhibitory activity on CA IX (2,
3c, and 4d) on A375 melanoma cells, HCT-116 colorectal
cancer cells, and MDA-MB-231 triple-negative breast cancer
cells (Figure 2, also see Supporting Information). After 72 h of
treatment, 2 exhibited minimal cytotoxic activity across all
tumor types, achieving a maximal effect of approximately 10—
15% at a concentration of 100 M (Figure 2A). Similarly,
treatment with 100 yM 3c resulted in a maximal cytotoxic
activity of about 10% in A375 and MDA-MB-231 cells, while
HCT-116 cells showed around 30% inhibition of proliferation
(Figure 2B). In contrast, compound 4d demonstrated
significantly higher tumor cell cytotoxicity across all of the
tested cell types. Specifically, 100 uM 4d reduced proliferation
by 50% in A375 and MDA-MB-231 cells and by 40% in HCT-
116 cells (Figure 2C).

Additional solubility studies for benzoxaphosphepine oxides
8,2 9,% 3¢, 3j, 4d, 4k along with the previously reported by
our group benzoxathiepine dioxides 5—7'~** were conducted
in phosphate buffered saline solution (PBS) at pH ~ 7.4
(Table 2). The obtained data indicate a notable difference
between these two chemotypes; as expected, members of the
benzoxaphosphepine class exhibited good aqueous solubility in
comparison to the benzoxathiepine analogues. Indeed, the
switch from the sultone moiety to cyclic phosphonic acid
resulted in a more than 15-fold increase of water solubility (5
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Figure 2. Cytotoxic activity of compounds 2 (A), 3¢ (B), and 4d (C) on A37S melanoma cells, HCT-116 colorectal cancer cells, and MDA-MB-

231 breast cancer cells, N = 4, GraphPad Prism 10.3.1.

vs 8). Furthermore, regardless of the substituents in the
benzene ring of 8, the aqueous solubility remains high (>2 mg/
mL). This can potentially lead to improved bioavailability
profile of benzoxaphosphepine-derived inhibitors of CA
described herein.

In conclusion, the presented expansion of the 3H-1,2-
benzoxaphosphepine 2-oxide library allowed for the identi-
fication of novel CA inhibitors with superior potency against
cancer-associated CA isoforms IX and XII. All title compounds
— aniline 2, amides 3, and ureas 4 — were biologically
evaluated for the inhibition of several CA isoforms involved in
essential physiological (CA I, II) and pathological (CA IX,
XII) processes. Gratifyingly, the entire set of derivatives
investigated here showed no inhibitory activity against the off-
target cytosolic isoforms CA I and II, while demonstrating
interesting inhibition profiles for the cancer-related isoforms
CA IX and CA XII. All synthesized molecules indicated
significant inhibitory effects against CA IX, with aniline 2 and
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ureas 4d, 4k being the best in this wide array of inhibitors (K;:
3.5, 5.3, and 4.4 nM, respectively). However, in the case of CA
XII, the SAR analysis disclosed that urea derivatives of
benzoxaphosphepine oxide 4 were entirely inactive; benzamide
3j was the most potent CA XII inhibitor with a K; of 4.0 nM.
Presumably, the inactivity of ureas 4 toward CA XII may be
linked to the spatial features nearby the active site. The
mechanism of action of these inhibitors will be investigated in
our future studies. Since CA-inhibitor cocrystallization experi-
ments with compounds reported in this paper have failed so
far, the future goal of our research is to perform in silico
docking studies to verify the activity and selectivity of the
change to the amide/ureas’ moiety.

Although the cytotoxicity of selected CA inhibitors was not
prominent, overall presented findings, including solubility,
provide prospects for further optimization in the development
of antitumor agents. This supports the need for dedicated
studies aimed at refining cytotoxicity assessment protocols to
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Table 2. Solubility of Inhibitors 5—9, 3¢, 3j, 4d, and 4k in PBS Buffer

Cmpd Structure Solubility (mg/mL)?
g O
5 odeo 0.15
o
O
62 O - 0.0004
o0~%%0
(e]
H
75 ; 1@ 0.56
F (o]
0~
6]
s o,
8 oo 2.30
o)
930 F - 226
0-F~oH
[e]
MeO.
Qs
3c m 2.43
(o]
o-f~on
[¢]
.
©\m“
3 m 2.14
o
0-FoH
(o]
RN
4d O T m 2.26
MeO 0-F~oH
[e]
R R
4k O T m 2.35
F 0'%\OH

“Solubility was determined by the HPLC-UV method at 25 °C.

be conducted in vitro across a broader panel of tumor cell lines
and histotypes and under diverse microenvironmental
conditions (e.g, normoxia vs. hypoxia). The inclusion of
three-dimensional tumor models may further improve the
translational relevance. Finally, in vivo studies in appropriate
tumor models will be crucial to evaluate pharmacokinetics,
biodistribution, and therapeutic efficacy under physiologically
relevant contexts. Collectively, these strategies will guide
further optimization of lead compounds toward clinical
translation.
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Introduction

Carbonic anhydrases (CAs) are a family of metalloenzymes that catalyze the reversible interconversion
between carbon dioxide and bicarbonate anion.” These enzymes are critical for maintaining acid—base
homeostasis and for facilitating various physiological processes such as respiration, renal function, and
bone resorption.” The inhibition of carbonic anhydrases has emerged as a promising therapeutic
strategy, particularly in the context of cancer. Cancer cells exhibit an altered metabolic state,
characterized by an acidic tumor microenvironment. The dysregulation of pH homeostasis within
tumor cells and their surroundings promotes tumor progression, invasion, and resistance to therapy. CA
isoforms 1X and XII are overexpressed in many solid tumors, making them attractive targets for
anticancer therapy.”

Results and Discussion

Chemistry

The synthesis of 8-aminobenzoxaphosphepine 2-oxide 4 was accomplished using a similar procedure,
which was previously used by our group for the preparation of a 7-substituted analogue (Scheme 1).*
Nitrosalicylaldehyde underwent the Wittig olefination to furnish 2-vinylphenol 1, which was
phosphorylated to give diolefin 2. Ring-closing metathesis of 2 provided 8-nitro-substituted derivative
3, which was subsequently reduced to aniline 4.

MS1


mailto:raivis@osi.lv

0
MePPh,Br e NS

CI/P
tBuOK N OEt Grubbs II

o —_— —_—
NEt;, CH,Cl _ PhMe, 70 °C
O,N OH '3 CH2Cly P\OEt
0°C-rt.
1(68%) 2(91%)

m Fe AcOH
0P EtOH/HQO ON
OEt 50°C

4(75%) 3 (81%)

0-F oEt
o
Scheme 1. Synthesis of aniline 4.

Aniline 5, reported in our earlier work,” was converted into acetamide 6 and urea 8 via reaction with
AcCl or chlorosulfonyl isocyanate, respectively. The Debus—Radziszewski reaction with glyoxal,
formaldehyde and NH,4CI yielded imidazole 7, whereas reaction with sulfamoyl chloride afforded
sulfamide 9 (Scheme 2).
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Scheme 2. Synthesis of compounds 6-9.

The preparation of N-methyl derivative 10 involved Fukuyama method, in which the starting aniline 5
was transformed to 2,4-dinitrobenzenesulfonamide, which was then methylated with Mel. The mild
cleavage of sulfonamide protecting group was performed in the presence of L-cysteine and NEts,
yielding the target product 10. The synthesis of N,N-dimethylaniline 11 was performed utilizing
reductive amination of formaldehyde. The construction of piperidine and morpholine analogues 12, 13
was readily done using alkylation of 5 with 1,5-dibromopentane and bis(2-bromoethyl)ether,

respectively (Scheme 3).
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Scheme 3. Synthesis of compounds 10-13.

O-Deethylation of compound 11 was done using standard McKenna conditions (Scheme 4).
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Scheme 4. Deethylation of compound 11.

Treatment of aniline 5 with the respective N-Boc-protected glycine or di-Boc-1H-pyrazole-1-
carboxamidine and subsequent removal of the Boc groups with TFA afforded the desired compounds

15 and 16 as trifluoroacetate salts (Scheme 5).
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Scheme 5. Synthesis of compounds 15 and 16.

The synthesis of 2,5-dihydro- and 2,3,4,5-tetrahydrobenzoxaphosphepine 2-oxides 19 and 20 was
completed as shown in Scheme 6. In the first step, commercially available 2-allylphenol was
phosphorylated with ethyl vinylphosphonochloridate, which was prepared in one step by Arbuzov-type
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reaction from diethyl vinylphosphonate. The resultant diolefin 17 underwent ring-closing metathesis
furnishing 2-ethoxylated derivative 18. Removal of the ethyl group by TMSBr facilitated the formation
of 2-hydroxy analogue 19, whose hydrogenation afforded 20.
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Scheme 6. Synthesis of compounds 19 and 20.

In order to prepare the cyclic phosphinic acid 25, 2-vinylbenzyl bromide (23) was obtained from
2-bromobenzaldehyde, which underwent vinylation under Suzuki—Miyaura conditions. The resultant 2-
vinylbenzaldehyde (21) was reduced and brominated under Appel-type conditions (Scheme 7). The
introduction of phosphorus atom was carried out by conversion of ammonium hypophosphite to
bis(trimethylsilyl)phosphonite, which then reacted with bromide 23. Subsequent reactions with
hexamethyldisilazane, allyl bromide and MeOH yielded diolefin 24, which furnished the target
compound 25 after ring-closing metathesis.
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Scheme 7. Synthesis of compound 25.
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In addition, 7-nitrobenzoxaphosphepine 2-oxides 26 and 28 prepared by previously established
methodology” were hydrolyzed under alkaline conditions to give Z-phosphonate 27 and Z-phosphonic
acid 29, respectively (Scheme 6). The double bond geometry in compound 27 was unambiguously
proven by single-crystal X-ray diffractometry. Compound 29 was irradiated with violet light LED to

give the corresponding E-phosphonic acid analogue 30.
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Scheme 8. Synthesis of compounds 27, 29, and 30.

Carbonic Anhydrase Inhibitory Activity
Table 1. Inhibition data of human CA I, 1, IX, and XII with compounds of series NB and the standard

sulfonamide inhibitor acetazolamide (AAZ).

Ki (UM)*°
Cmpd hCA | hCA Il hCA IX hCA XII

4 ND ND ND ND

6 >100 >100 0.62 0.87
7 ND ND ND ND

8 >100 >100 0.051 3.44
9 0.37 0.094 0.037 0.023
10 >100 >100 0.84 0.71
11 >100 >100 0.95 0.76
12 >100 >100 1.13 1.07
13 >100 >100 0.99 1.28
14 >100 >100 0.92 0.81
15 >100 >100 0.92 0.65
16 >100 >100 1.23 1.15
19 >100 >100 1.6 35

20 >100 >100 >100 >100
24 ND ND ND ND
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25 >100 >100 0.86 0.78

27 >100 >100 2.14 1.98

29 >100 >100 1.80 1.67

30 ND ND ND ND
AAZ 0.25 0.012 0.025 0.006

®Values are mean from 3 different assays using the stopped-flow technique (errors were in the range of
+5-10% of the reported values). ®Incubation time: 6 h.

Materials and Methods

General Information

All non-aqueous reactions were performed under argon atmosphere using dry glassware and dry
solvents. Anilines 4 and 5 were prepared following the literature procedure described in our previous
paper.” Other reagents were purchased from commercial sources and used as received. TLC was
performed on Merck 60 F254 precoated silica gel plates and was visualized with UV light at 254 nm.
Flash column chromatography was carried out using Kieselgel (0.035-0.070 mm) silica gel. Reversed-
phase chromatography was done on a Biotage Isolera One system using Biotage SNAP KP-C18-HS
cartridges. H, *C and *P NMR spectra were recorded on a Bruker Avance Neo 400 MHz
spectrometer. Exact molecular masses (HRMS) were determined on a Waters Synapt G2-Si hybrid

quadrupole time-of-flight (TOF) mass spectrometer equipped with an electron spray ion source (ESI).

Synthesis of 8-amino-2-ethoxy-3H-benzo[f][1,2] oxaphosphepine 2-oxide (4)
8-Nitrobenzoxaphosphepine oxide 3 was synthesized from 4-nitrosalicylaldehyde according to a
general literature procedure.” 8-Amino-2-ethoxy-3H-benzo[f][1,2]oxaphosphepine 2-oxide (4) was
prepared by applying previously established procedure.”
5-Nitro-2-vinylphenol (1). Compound 1 was prepared from MePPhzBr (9.83 g, 27.5 mmol, 2.3 equiv),
t-BuOK (3.16 g, 28.1 mmol, 2.35 equiv) and 4-nitrosalicylaldehyde (2.00 g, 12.0 mmol, 1 equiv) as a
yellow solid (1.35 g, 68%).” *H NMR (600 MHz, CDCls, ¢): 7.53 (dd, J = 8.5, 2.1 Hz, 1H), 7.43 (d,
J=2.1Hz, 1H), 7.27 (d, J = 8.5 Hz, 1H), 6.71 (dd, J = 17.7, 11.2 Hz, 1H), 5.66 (d, J = 17.7 Hz, 1H),
5.30 (t, J = 5.6 Hz, 2H) ppm. *C NMR (151 MHz, CDCls, 8): 153.1, 147.7, 131.8, 130.1, 127.8, 119.9,
116.3, 111.1 ppm.
Ethyl (5-nitro-2-vinylphenyl) allylphosphonate (2). Compound 2 was prepared from 5-nitro-2-
vinylphenol (1) (1.34 g, 8.14 mmol, 1.0 equiv), ethyl allylphosphonochloridate” (1.45 mL, 9.76 mmol,
1.2 equiv), and NEts (2.04 mL, 14.65 mmol, 1.8 equiv) as a yellowish oil (2.21 g, 91%). 'H NMR
MS6



(400 MHz, CDCls, 6): 8.23 (dd, J=2.3, 1.4 Hz, 1H), 8.01 (ddt, J=8.7, 2.3, 0.5 Hz, 1H), 7.69 (d,
J=8.7Hz, 1H), 7.02 (dd, J = 17.7, 11.1 Hz, 1H), 5.93 (dd, J = 17.7, 0.6 Hz, 1H), 5.92-5.79 (m, 1H),
5.57 (dd, J = 11.1, 0.6 Hz, 1H), 5.35-5.25 (m, 2H), 4.31-4.12 (m, 2H), 2.87 (dt, J = 7.3, 1.1 Hz, 1H),
2.82 (dt, J=7.4, 1.3 Hz, 1H), 1.31 (td, J=7.1, 0.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls, 6):
147.7 (d, Jp.c = 9.3 Hz), 136.2 (d, Jp.c = 5.0 Hz), 129.5, 127.0, 126.2 (d, Jpc = 11.7 Hz), 121.5, 121.4,
120.2, 120.1, 1169 (d, Jpc=2.9Hz), 63.7 (d, Jpc=7.0Hz), 32.2 (d, Jpc =140 Hz), 16.5 (d,
Jpc = 5.8 Hz) ppm. *'P NMR (162 MHz, CDCls, 6): 25.02 ppm. HRMS (ESI) [M+H]": m/z calcd for
C13H17NOsP: 298.0844, found 298.0851.

2-Ethoxy-8-nitro-3H-benzo[f][1,2] oxaphosphepine 2-oxide (3). Compound 3 was prepared from ethyl
(5-nitro-2-vinylphenyl) allylphosphonate (2) (1.00 g, 3.36 mmol, 1.0 equiv) and ruthenium catalyst
(CAS: 246047-72-3) (200 mg, 0.235 mmol, 0.07 equiv) as a yellowish oil (0.73 g, 81%). *H NMR
(400 MHz, CDCls, 6): 8.08-8.03 (m, 2H), 7.40 (d, J = 8.3 Hz, 1H), 6.73 (dd, J =10.9, 5.4 Hz, 1H),
6.15 (ddt, J = 17.9, 10.9, 6.8 Hz, 1H), 4.44-4.29 (m, 2H), 2.91-2.64 (m, 2H), 1.42 (t, J = 7.1, 3H) ppm.
BC NMR (101 MHz, CDCls, §): 148.0 (d, Jpc=7.9 Hz), 134.33, 134.31, 131.3, 129.0 (d,
Jpc = 9.2 Hz), 125.5 (d, Jpc = 12.5 Hz), 119.9, 117.8 (d, Jpc = 3.8 Hz), 63.6 (d, Jp.c = 7.2 Hz), 26.6 (d,
Jpc = 128 Hz), 16.6 (d, Jpc = 5.7 Hz) ppm. *'P NMR (162 MHz, CDCls, 6): 39.37 ppm. HRMS (ESI)
[M+H]": m/z calcd for C;3H;3NOsP: 270.0531, found 270.0535.

8-Amino-2-ethoxy-3H-benzo[f][1,2] oxaphosphepine 2-oxide (4). The target compound 4 was prepared
from 2-ethoxy-8-nitro-3H-benzo[f][1,2]oxaphosphepine 2-oxide (3) (706 mg, 2.62 mmol, 1 equiv), Fe
powder (732 mg, 13.1 mmol, 5 equiv), and glacial AcOH (1.35 mL, 23.6 mmol, 9 equiv) as a yellowish
oil (627 mg, 85%). *H NMR (400 MHz, CDCls, 6): 6.97-6.93 (m, 1H), 6.54-6.49 (m, 1H), 6.48-6.45
(m, 2H), 5.71 (ddt, J = 18.6, 10.6, 6.6 Hz, 1H), 4.34-4.18 (m, 2H), 3.90 (br s, 2H), 2.78-2.59 (m, 2H),
1.35 (t, J = 7.1 Hz, 3H) ppm. **C NMR (101 MHz, CDCls, d): 149.0 (d, Jpc = 7.7 Hz), 148.1, 131.6,
1304 (d, Jpc=85Hz), 1182 (d, Jpc=12.8Hz), 1119, 107.6 (d, Jpc=3.8Hz), 62.8 (d,
Joc = 7.1 Hz), 26.2 (d, Jpc = 128 Hz), 16.6 (d, Jpc = 5.7 Hz) ppm. *'P NMR (162 MHz, CDCls, 6):
38.66 ppm. HRMS (ESI) [M+H]": m/z calcd for C11H1sNO3P: 240.0790, found 240.0789.

N-(2-Ethoxy-2-oxido-3H-benzo[f][1,2] oxaphosphepin-7-yl)acetamide (6)

Aniline 5 (250 mg, 1.05 mmol, 1.0 equiv) was dissolved in dry DCM (10 mL). After the solution was
cooled to 0 °C, acetyl chloride (90 pL, 1.25 mmol, 1.2 equiv) and NEt; (0.44 mL, 3.14 mmol, 3.0
equiv) were added. The reaction mixture was stirred under inert atmosphere at r.t. for 16 h, then it was
treated with water (10 mL). The organic layer was separated, and the aqueous layer was extracted with
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EtOAc (2 x 30 mL). The combined organic layers were washed with brine (30 mL), dried over
Na,SO,, and filtered. The filtrate was concentrated in vacuo to give a crude product, which was
purified by flash column chromatography on silica gel (EtOAc/MeOH 10:1) to provide 6 as a white
foam (230 mg, 78%). *H NMR (400 MHz, CDCls, 6): 9.40 (s, 1H), 7.48-7.43 (m, 1H), 7.36 (dd,
J=8.8, 2.6 Hz, 1H), 6.91 (d, J = 8.8 Hz, 1H), 6.43 (dd, J = 10.7, 5.1 Hz, 1H), 5.86-5.72 (m, 1H), 4.25—
4.10 (m, 2H), 2.69-2.45 (m, 2H), 2.02 (s, 3H), 1.30-1.23 (m, 3H) ppm. *C NMR (101 MHz, CDCls,
5): 169.3, 143.4 (d, Jpc = 7.8 Hz), 135.7, 130.2 (d, Jp.c = 8.9 Hz), 127.5, 121.5 (d, Jpc = 3.4 Hz), 121.3
(d, Jpc=12.8Hz), 121.2, 121.0, 62.9 (d, Jpc=7.3Hz), 255 (d, Jpc = 128 Hz), 23.9, 16.3 (d,
Jpc = 5.8 Hz) ppm. **P NMR (162 MHz, CDCls, 6): 40.79 ppm. HRMS (ESI) [M+H]": m/z calcd for
C13H17NO4P: 282.0907, found 282.0895.

1-(2-Ethoxy-2-oxido-3H-benzo[f][1,2] oxaphosphepin-7-yl)urea (8)

Aniline 5 (255 mg, 1.07 mmol, 1.0 equiv) was dissolved in dry DCM (4 mL). After the solution was
cooled to 0 °C, chlorosulfonyl isocyanate (0.10 mL, 1.17 mmol, 1.1 equiv) was added dropwise. The
reaction mixture was stirred under inert atmosphere at r.t. for 2 h, then it was treated with water
(10 mL) and stirred for an additional 16 h. The organic layer was separated and concentrated in vacuo
to give a crude product, which was purified by flash column chromatography on silica gel
(EtOAC/MeOH 5:1) to provide 8 as a white foam (156 mg, 52%). *H NMR (400 MHz, CDCls, ): 8.59
(s, 1H), 7.36 (d, J = 2.6 Hz, 1H), 7.32 (dd, J = 8.7, 2.6 Hz, 1H), 7.05 (d, J = 8.7 Hz, 1H), 6.64 (dd,
J=10.7, 5.3 Hz, 1H), 5.95 (ddt, J = 17.4, 10.7, 6.8 Hz, 1H), 5.86 (s, 2H), 4.16 (dg, J = 8.5, 7.0 Hz 2H),
2.84-2.57 (m, 2H), 1.27 (t, J = 7.0 Hz, 3H) ppm. *C NMR (101 MHz, CDCls, 6): 156.0, 141.7 (d,
Jpc = 7.8 Hz), 137.4, 129.8 (d, Jpc = 8.7 Hz), 127.6, 122.7 (d, Jpc = 12.5 Hz), 121.7 (d, Jpc = 3.1 H2),
119.0, 118.7, 62.2 (d, Jpc = 6.8 Hz), 25.3 (d, Jp.c = 126 Hz), 16.3 (d, Jpc = 5.6 Hz) ppm. *'P NMR
(162 MHz, CDCls, 6): 40.91 ppm. HRMS (ESI) [M+H]": m/z calcd for C1,H16N2O4P: 283.0848, found
283.0855.

N-(2-Ethoxy-2-oxido-3H-benzo[f] [1,2] oxaphosphepin-7-yl)sulfamide (9)

Aniline 5 (200 mg, 0.84 mmol, 1.0 equiv) was dissolved in NMP (N-methyl-2-pyrrolidinone, 8 mL).
After the solution was cooled to 0 °C, sulfamoy! chloride (116 mg, 10.0 mmol, 1.2 equiv) was added.
The reaction mixture was stirred at r.t. for 16 h, then it was treated with water (30 mL) and extracted
with EtOAc (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried over
Na,SO,, and filtered. The filtrate was concentrated in vacuo to give a crude product, which was
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purified by flash column chromatography on silica gel (EtOAc/MeOH 10:1) to provide 9 as a white
foam (160 mg, 60%). 'H NMR (400 MHz, acetone-dg, 6): 8.49 (s, 1H), 7.29 (dd, J=8.7, 2.7 Hz, 1H),
7.23 (d, J=2.7 Hz, 1H), 7.16-7.11 (m, 1H), 6.66 (dd, J =10.7, 5.4 Hz, 1H), 6.41 (s, 2H), 6.04 (ddt,
J=17.3, 10.6, 6.8 Hz, 1H), 4.24 (dg, J = 8.6, 7.1 Hz, 2H), 2.80-2.59 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H)
ppm. *C NMR (101 MHz, acetone-ds, 6): 145.0 (d, Jpc = 7.9 Hz), 137.1, 130.4 (d, Jpc = 8.7 Hz),
129.4, 124.0 (d, Jp.c = 12.7 Hz), 123.2 (d, Jpc = 3.2 Hz), 121.74, 121.67, 63.1 (d, Jp.c = 6.6 Hz), 26.4
(d, Jpc = 127 Hz), 16.8 (d, Jp.c = 5.7 Hz) ppm. **P NMR (162 MHz, acetone-dg, 5): 40.32 ppm. HRMS
(ESI) [M+H]": m/z calcd for C11H1sN,OsPS: 319.0518, found 319.0521.

7-(Dimethylamino)-2-ethoxy-3H-benzo[f] [1,2] oxaphosphepine 2-oxide (11)

A mixture of aniline 5 (200 mg, 0.84 mmol, 1.0 equiv), formaldehyde (37% wt in H,O, 0.16 mL,
2.09 mmol, 2.5 equiv), NaBH(OAc); (1.7 g, 8.03 mmol, 9.6 equiv), and glacial AcOH (0.05 mL,
0.84 mmol, 1.0 equiv) in 1,2-DCE (5 mL) was stirred at r.t. for 16 h. Saturated ag. NaHCO3 (10 mL)
was added, and the aqueous layer was extracted with DCM (3 x 20 mL). The combined organic layers
were washed with brine (30 mL), dried over Na,SO,, and filtered. The filtrate was concentrated in
vacuo to give a crude product, which was purified by flash column chromatography on silica gel
(EtOAC/MeOH 10:1) to provide 11 as a yellowish oil (210 mg, 94%). *H NMR (400 MHz, CDCls, 9):
7.06-7.02 (m, 1H), 6.68 (dd, J = 9.0, 3.1 Hz, 1H), 6.63 (dd, J = 10.6, 5.4 Hz, 1H), 6.46 (d, J = 3.1 Hz,
1H), 5.92 (ddt, J = 17.3, 10.6, 6.8 Hz, 1H), 4.34-4.21 (m, 2H), 2.92 (s, 6H), 2.78-2.55 (m, 2H), 1.37 (t,
J=7.1Hz, 3H) ppm. °C NMR (101 MHz, CDCls, 6): 148.0, 139.6 (d, Jpc = 7.7 Hz), 131.0 (d,
Jpc=8.7Hz), 128.0, 122.3 (d, Jpc=3.3Hz), 121.6 (d, Jpc=12.8 Hz), 114.0, 113.0, 62.3 (d,
Jpc =7.1Hz), 41.1, 25.8 (d, Jpc = 128 Hz), 16.6 (d, Jpc = 5.7 Hz) ppm. *'P NMR (162 MHz, CDCls,
5): 41.94 ppm. HRMS (ESI) [M+H]"*: m/z calcd for Cy3H19NOsP: 268.1103, found 268.1107.

7-(Dimethylamino)-2-hydroxy-3H-benzo[f][1,2] oxaphosphepine 2-oxide (14)

'H NMR (400 MHz, CDCls, 6): 7.06-7.02 (m, 1H), 6.68 (dd, J = 9.0, 3.1 Hz, 1H), 6.63 (dd, J = 10.6,
5.4 Hz, 1H), 6.46 (d, J = 3.1 Hz, 1H), 5.92 (ddt, J = 17.3, 10.6, 6.8 Hz, 1H), 4.34-4.21 (m, 2H), 2.92 (s,
6H), 2.78-2.55 (m, 2H), 1.37 (t, J = 7.1 Hz, 3H) ppm. *C NMR (101 MHz, CDCls, d): 148.0, 139.6 (d,
Jpc = 7.7 Hz), 131.0 (d, Jpc = 8.7 Hz), 128.0, 122.3 (d, Jpc = 3.3 Hz), 121.6 (d, Jpc = 12.8 Hz), 114.0,
113.0, 62.3 (d, Jpc = 7.1 Hz), 41.1, 25.8 (d, Jpc = 128 Hz), 16.6 (d, Jpc = 5.7 Hz) ppm. *'P NMR
(162 MHz, CDClj, 6): 41.94 ppm. HRMS (ESI) [M+H]": m/z calcd for C1;H;sNOsP: 240.0790, found
240.0794.
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2-Ethoxy-7-(piperidin-1-yl)-3H-benzo[f] [1,2] oxaphosphepine 2-oxide (15)

To a stirred solution of aniline 5 (200 mg, 0.84 mmol, 1.0 equiv) in dry MeCN (10 mL) were added
1,5-dibromopentane (0.14 mL, 1.00 mmol, 1.2 equiv), K,CO3 (138 mg, 1.00 mmol, 1.2 equiv), and Nal
(150 mg, 1.00 mmol, 1.2 equiv). The reaction mixture was stirred under inert atmosphere at 80 °C for
16 h. After complete conversion, the reaction mixture was cooled down to r.t. and diluted with Et,0O.
The solids were filtered off, and the filtrate was then concentrated in vacuo to give a crude product,
which was purified by flash column chromatography on silica gel (EtOAc/MeOH 10:1) to provide 15
as a white amorphous solid (131 mg, 51%). '*H NMR (400 MHz, DMSO-ds, d): 7.04-6.99 (m, 1H),
6.93 (dd, J=9.0, 3.0 Hz, 1H), 6.80 (d, J=3.0 Hz, 1H), 6.64 (dd, J=10.7, 5.3 Hz, 1H), 5.93 (ddt,
J=17.4,10.6, 6.7 Hz, 1H), 4.21-4.09 (m, 2H), 3.13-3.04 (m, 4H), 2.82-2.55 (m, 2H), 1.65-1.56 (m,
4H), 1.55-1.47 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H) ppm. *C NMR (101 MHz, DMSO-ds, 5): 148.8, 140.1
(d, Jpc = 7.7 Hz), 130.2 (d, Jpc = 8.7 Hz), 127.8, 122.2 (d, Jpc = 12.4 Hz), 121.8 (d, Jpc = 3.2 Hz),
117.3, 116.6, 62.1 (d, Jpc = 6.7 Hz), 49.9, 25.32 (d, Jpc = 126 Hz), 25.26, 23.8, 16.3 (d, Jpc = 5.7 Hz)
ppm. 3P NMR (162 MHz, DMSO-ds, 6): 40.81 ppm. HRMS (ESI) [M+H]": m/z calcd for
C16H23NO3P: 308.1416, found 308.1414.

2-Ethoxy-7-morpholino-3H-benzo[f][1,2] oxaphosphepine 2-oxide (16)

To a stirred solution of aniline 5 (357 mg, 1.49 mmol, 1.0 equiv) in dry DMF (6 mL) were added 2-
bromoethyl ether (0.21 mL, 1.64 mmol, 1.1 equiv) and K,COj3; (227 mg, 1.64 mmol, 1.1 equiv). The
reaction mixture was stirred under inert atmosphere at 80 °C for 16 h. After complete conversion, the
reaction mixture was cooled down to r.t. and diluted with EtOAc. The solids were filtered off, and the
filtrate was then concentrated in vacuo to give a crude product, which was purified by flash column
chromatography on silica gel (EtOAc/MeOH 10:1) to provide 16 as a colorless oil (352 mg, 76%). *H
NMR (400 MHz, CDCls, ¢): 7.11-7.06 (m, 1H), 6.87 (dd, J =8.9, 3.0 Hz, 1H), 6.68 (d, J = 3.0 Hz,
1H), 6.61 (dd, J = 10.5, 5.3 Hz, 1H), 5.94 (ddt, J = 17.3, 10.5, 6.8 Hz, 1H), 4.35-4.21 (m, 2H), 3.88—
3.81 (m, 4H), 3.14-3.07 (m, 4H), 2.78-2.55 (m, 2H), 1.37 (t, J=7.1Hz, 3H) ppm. °C NMR
(101 MHz, CDCls, §): 1485, 141.8 (d, Jpc = 7.9 Hz), 130.6 (d, Jpc = 8.8 Hz), 128.2, 1225 (d,
Jpc = 3.4 Hz), 122.0 (d, Jpc = 13.0 Hz), 117.4, 116.6, 67.0, 62.9 (d, Jpc = 7.2 Hz), 49.8, 25.9 (d,
Jpc = 128 Hz), 16.6 (d, Jpc = 5.7 Hz) ppm. *'P NMR (162 MHz, CDCls, 6): 41.54 ppm. HRMS (ESI)
[M+H]": m/z calcd for C15H2:NO4P: 310.1208, found 310.1215.
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N-(2-Ethoxy-2-oxido-3H-benzo[f][1,2] oxaphosphepin-7-yl)-2,4-dinitrobenzenesulfonamide (NB-612)
'H NMR (400 MHz, CDCls, 6): 8.67 (d, J=2.2 Hz, 1H), 8.42 (dd, J = 8.6, 2.2 Hz, 1H), 8.08 (d,
J=8.6 Hz, 1H), 7.55 (br s, 1H), 7.16-7.07 (m, 3H), 6.55 (dd, J = 10.8, 5.2 Hz, 1H), 5.99 (ddt, J = 18.3,
10.8, 6.7 Hz, 1H), 4.37-4.22 (m, 2H), 2.70 (ddt, J=21.2, 6.7, 1.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H)
ppm. *C NMR (101 MHz, CDCls, 6): 150.3, 148.7, 146.8 (d, Jpc = 7.6 Hz), 137.7, 133.6, 131.4,
129.24, 129.23 (d, Jpc = 8.6 Hz), 127.1, 125.6, 124.5, 123.5 (d, Jpc = 2.8 Hz), 123.4, 120.9, 63.4 (d,
Jpc=7.0Hz), 26.3 (d, Jpc = 128 Hz), 16.6 (d, Jpc = 5.6 Hz) ppm. HRMS (ESI) [M+H]": m/z calcd for
C17H17N30O9PS: 470.0423, found 470.0430.

N-(2-Ethoxy-2-oxido-3H-benzo[f] [1,2] oxaphosphepin-7-yl)-N-methyl-2,4-dinitrobenzenesulfonamide
(NB-614)

'H NMR (400 MHz, CDCls, 6): 8.45 (d, J=2.2 Hz, 1H), 8.36 (dd, J=8.7, 2.2 Hz, 1H), 7.81 (d,
J =8.7 Hz, 1H), 7.19-7.08 (m, 3H), 6.58 (dd, J = 10.8, 5.3 Hz, 1H), 6.01 (ddt, J =17.6, 10.8, 6.8 Hz,
1H), 4.39-4.24 (m, 2H), 3.41 (s, 3H), 2.78-2.68 (m, 2H), 1.40 (t, J = 7.1 Hz, 3H) ppm. *C NMR
(101 MHz, CDCls, 9): 150.0, 148.5, 147.8 (d, Jp.c = 7.7 Hz), 136.7, 136.3, 133.5, 130.8, 129.3, 129.2
(d, Jpc=8.9Hz), 128.2, 125.7, 123.5 (d, Jpc=7.1Hz), 123.4 (d, Jpc = 2.1 Hz), 119.7, 63.4 (d,
Jpc =7.0Hz), 40.2, 26.3 (d, Jpc = 128 Hz), 16.6 (d, Jpc = 5.6 Hz) ppm. HRMS (ESI) [M+H]*: m/z
calcd for C1gH19N3OgPS: 484.0580, found 484.0603.

2-Ethoxy-7-(methylamino)-3H-benzo[f] [1,2] oxaphosphepine 2-oxide (10)

'H NMR (400 MHz, CDCls, 6): 7.03-6.96 (m, 1H), 6.60 (dd, J = 10.6, 5.4 Hz, 1H), 6.54 (dd, J = 8.7,
2.9 Hz, 1H), 6.36 (d, J = 2.9 Hz, 1H), 5.91 (ddt, J =15.9, 10.6, 6.8 Hz, 1H), 4.35-4.20 (m, 2H), 3.73
(brs, 1H), 2.81 (s, 3H), 2.77-2.56 (m, 2H), 1.37 (t, J = 7.1 Hz, 3H) ppm. *C NMR (101 MHz, CDCls,
0): 146.5, 139.9 (d, Jp.c = 7.6 Hz), 130.8 (d, Jpc = 8.6 Hz), 128.3, 122.5 (d, Jpc = 3.1 Hz), 121.7 (d,
Jpc=12.9Hz), 113.9, 112.1, 62.7 (d, Jpc=7.1Hz), 311, 258 (d, Jpc=128Hz), 16.6 (d,
Jpc =5.7 Hz) ppm. **P NMR (162 MHz, CDCls, 6): 42.03 ppm. HRMS (ESI) [M+H]": m/z calcd for
C12H17NO3P: 254.0946, found 254.0945.
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