UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Wrydziat Chemii

Syntezy chiralnych pochodnych selenoorganicznych
o potencjalnej aktywnosci antyoksydacyjnej
| antynowotworowej

Anna Laskowska

Promotor: prof. dr hab. Jacek Scianowski
Promotor pomocniczy: dr Agata J. Pacula-Miszewska

Praca doktorska
wykonana w Katedrze Chemii Organicznej
Wydziatu Chemii
Uniwersytetu Mikolaja Kopernika w Toruniu

Torun, 2024



Panu Profesorowi Jackowi Scianowskiemu,
sktadam serdeczne podziekowania
za nieoceniong pomoc i wsparcie,

za cenne wskazowki, cierpliwos¢ i Zyczliwosé

okazane podczas przygotowania niniejszej pracy doktorskiej.



Rodzicom - za ich wsparcie, mitos¢ i wiare we mnie i moje mozliwosci
na kazdym etapie mojej edukacji.

Mamie za nieskoniczong cierpliwos¢ w wystuchiwaniu

moich dylematéw zyciowych i zawodowych.

Tacie za nieustanne trzymanie kciukow

i poczucie, Ze robie cos waznego.

Przyjaciotom - za ich obecnosé, cierpliwosé i wsparcie,

ktore dodawaty mi sit w trudnych momentach.

Agacie i Magdalenie — za wspolprace, inspiracje i serdecznosé zaréowno jako

wspoipracownicom, jak i wspaniatym kolezankom.

Wszystkim Pracownikom Katedry Chemii Organicznej - za mozliwosé rozwijania sig

W wyjgtkowej atmosferze, ktora czynita codzienng prace przyjemnosciq.



Spis tresci

WYKAZ SKIOTOW ... 5
1. Streszczenie W JeZyKu POISKIML......uvviiiiiiiiiiciiec e 6
2. Summary iNENGlISh ......ooiiii 8
3. Whprowadzenie do rozprawy doKtOrskie] ...........cccouevveirieriiieniieiie e 10
4. CRIPIACY ..ttt s 17
S5. Spis publikacji stanowigcych podstawe rozprawy doktorskiej .........ccccceeeeennne 18
6. Omowienie publikacji wchodzacych w sktad rozprawy doktorskiej ............... 19

6.1  PUBNKACIA L [PL] .eeeieiiiieiiieiie e 19

6.2 PUDNKACIA 2 [P2] ..ot 24

6.3 PUBIKACIA 3 [P3] ..oceeeiiieiiieiie et 29

6.4 PUDIKACIA 4 [PA] ..ot 32

6.5  PUBIKACIA 5 [P5] .eeeeiveeeiiiieiiii ettt 38
7. POUSUMOWANIE. ...t 44
8. LIEEIALUIE. ... 48
9. Wyksztalcenie 1 05132nig¢cia NAUKOWE ......ccvveeiiiiiiiiiiiiiieeees e 55
10. Publikacje wchodzace w sktad rozprawy doktorski€] ..........cccvvvvviiieeiniiiinnnne, 63
11. Oswiadczenia wspotautordw publikacji........ccovveiviiieiiiiie i 142



Wykaz skrotow

ABTS - kwas 2,2'-azyno-bis(3-etylobenzotiazolino-6-sulfonowy)
Ebselen - 2-fenylo-1,2-benzizoselenazol-3(2H)-on

DPPH - 2,2-difenylo-1-pikrylohydrazyl

DTT* - disulfid ditionu

DTT" — ditiotreitol

GIn 80 - glutamina

GPx - peroksydaza glutationowa

GR - reduktaza glutationowa

GSH - glutation

GSSG - forma utleniona glutationu

HL-60 — linia komorkowa raka biataczki promielocytowej

HPLC - wysokosprawna chromatografia cieczowa

HUVEC — linia normalnych komorek srodblonka zyly pepowinowe;j

ICso - st¢zenie hamujgce badanej substancji potrzebne do zahamowania w 50% wzrostu
komorek w hodowli

MCF-7 — linia komérkowa raka piersi

NADPH - zredukowana forma dinukleotydu nikotynoamidoadeninowego
NMR - magnetyczny rezonans jadrowy

PhSH — tiofenol

ROS - reaktywne formy tlenu

SARS-CoV-2 - wirus z rodziny koronawirusow, ktory powoduje chorobe COVID-19
Sec 450 - selenocysteina

TLC - chromatografia cienkowarstwowa

Trp 158 — tryptofan

TrxR — reduktaza tioredoksyny



1. Streszczenie w jezyku polskim

Biologiczna aktywno$¢ pochodnych selenoorganicznych jest w duzej mierze
zwigzana z ich zdolnoscig do nasladowania aktywnos$ci peroksydazy glutationowej
(GPx). GPx jako antyoksydacyjny selenoenzym utrzymuje homeostaz¢ redoks
w organizmie poprzez katalityczny rozklad nadtlenkow nieorganicznych i organicznych
do wody lub alkoholu w obecno$ci glutationu lub innych endogennych tioli jako
wspotkatalizatorow. Nadmierna produkcja reaktywnych form tlenu (ROS) powoduje
niekontrolowang proliferacj¢ 1 apoptoz¢ komorek. Stan ten nazywany réwniez stresem
oksydacyjnym prowadzi do wielu czesto wystepujacych schorzen, w tym chordb ukladu
sercowo-naczyniowego, neurodegeneracji, starzenia si¢ 1 uszkodzenia komorek
prowadzacych do procesOw nowotworzenia.

Synteza nowych pochodnych selenoorganicznych o duzej aktywnosci
antyoksydacyjnej 1 przeciwnowotworowej przy zachowaniu niskiej toksycznosci jest
obecnie jednym z gldéwnych celéw badan dotyczacych farmakologicznego ich
zastosowania oraz realizowanej przeze mnie rozprawy doktorskiej. Glownym celem
mojej pracy bylo wprowadzenie chiralnych grup funkcyjnych w poblizu atomu selenu,
aby zbada¢ wplyw stereochemii centrow stereogenicznych na ich aktywnos¢ biologiczna.
Synteza 1 przebadanie aktywnos$ci zwigzkéw bedacych w stosunku do siebie
enancjomerami, epimerami czy diastereocizomerami moze wykaza¢ rozne oddziatywania
migdzy okreslonymi uktadami biologicznymi, a $cisle okreslong strukturg przestrzenng.
W trakcie badan otrzymatam 70 zwigzkow selenoorganicznych, wérdd ktorych znajduje
si¢ 7 achirlanych oraz 63 chiralnych pochodnych, ktére sa w stosunku do siebie
enanjomerami lub diastercoizomerami. Modyfikowane sg na atomie azotu lub tlenu
grupami alkilowymi acyklicznymi i1 cyklicznymi z dodatkowymi pier§cieniami
aromatycznymi i grupami hydroksylowymi a takze na atomie selenu grupami fenylowa
lub acetylowa. Wszystkie pochodne przebadatam jako potencjalne antyoksydanty oraz
srodki cytotoksyczne.

Pierwsza zsyntetyzowang przeze mnie grupa zwigzkow selenorganicznych byty
N-podstawione benzizoselenazolony, sposrod, ktorych wyrdznity si¢ pochodne N-2-
hydroksy-1-indanylowe jako prooksydanty. Pochodne z konfiguracja (S) atomu wegla C1
wykazywaty najwyzsza aktywnos$c¢ cytotoksyczng zarowno wobec linii komorkowej raka
piersi MCF-7 oraz raka biataczki promielocytowej HL-60 ze wszystkich

syntetyzowanych w tej pracy zwiazkow. Diselenidy odznaczaty si¢ wyjatkowymi



wlasciwosciami redukcji nadtlenku wodoru w tescie Iwaoki NMR, ktorych aktywnosé
znaczgco wzrastala w wyniku obecno$ci ugrupowania N-hydroksyindanylowego.
Otrzymatam, rowniez diselenid N-trans-2-hydroksy-1-indanylowy, wykazujacy silne
dziatanie przeciwnowotworowe wobec linii komorkowej HL-60, ktory jest nietoksyczny
dla komorek normalnych $rédblonka zyly pepowinowej (HUVEC). Wprowadzenie
dodatkowej grupy fenylowej przy atomie selenu pozwolilo na otrzymanie silnego
inhibitora dla wzrostu komorek raka piersi MCF-7, ktorym okazat si¢ N-(1S,2R)-(-)-cis-
(2-hydroksy-1-indanylo)-2-(fenyloseleno)benzamid. Zoptymalizowanie metody
otrzymywania chiralnych g-karbonylowofenylowych selenidow, pokazato iz kluczowym
etapem syntezy tych zwigzkow jest wygenerowanie karboanionu z wyjsciowego ketonu.
Wprowadzenie dodatkowej grupy karbonylowej zamiast pierscienia fenylowego
znaczgco polepszyto aktywnos$ci antyoksydacyjne i cytotoksyczne.

Ostatni etap rozprawy doktorskiej obejmowal synteze nieznanej w literaturze
nowej grupy zwigzkow f-karbonylofenyloselenidow, posiadajacych grupe estrowg w
pozycji orto do atomu selenu. Zwigzki te okazaly si¢ bardzo dobrymi zmiataczami
wolnych rodnikow, a terpenowa pochodna O-(-)-mentylo-2-((2-
oksopropylo)seleno)benzoesan wykazywala aktywnos$¢ przeciwutleniajaca podobng do

Troloxu.



2. Summary in English

The biological activity of organoselenium derivatives is related mainly to their
ability to mimic the activity of glutathione peroxidase (GPx). GPx, as an antioxidant
selenoenzyme, maintains redox homeostasis in the body by catalytically decomposing
inorganic and organic peroxides to water or alcohol in the presence of glutathione or other
endogenous thiols as co-catalysts. Excessive reactive oxygen species (ROS) production
causes uncontrolled cell proliferation and apoptosis. This condition, also called oxidative
stress, leads to many common diseases, including cardiovascular diseases,
neurodegeneration, ageing and cell damage, leading to carcinogenesis.

The synthesis of new organoselenium derivatives with high antioxidant
and anticancer activity while maintaining low toxicity is currently one of the leading
research goals on their pharmacological application and my doctoral dissertation.
The main goal of my work was to introduce chiral functional groups near the selenium
atom to study the influence of the stereochemistry of stereogenic centers on their
biological activity. Synthesis and testing of the activity of compounds that are
enantiomers, epimers or diastereomers can show different interactions between specific
biological systems and a strictly defined spatial structure. During the research, | obtained
70 organoselenium compounds, including 7 achiral and 63 chiral derivatives that are
enantiomers or diastereomers in relation to each other. They are modified on the nitrogen
or oxygen atom with acyclic and cyclic alkyl groups with additional aromatic rings and
hydroxyl groups and on the selenium atom with phenyl or acetyl groups. | tested all
derivatives as potential antioxidants and cytotoxic agents. The first group
of organoselenium compounds | synthesized were N-substituted benzisoselenazolones,
among which N-2-hydroxy-1-indanyl derivatives stood out as pro-oxidants. Derivatives
with the (S) configuration of the C1 carbon atom showed the highest cytotoxic activity
against the MCF-7 breast cancer cell line and the HL-60 promyelocytic leukemia cell line
out of all the compounds synthesized in this work. Diselenides were characterized by
exceptional hydrogen peroxide reduction properties in the lwaoka NMR test, the activity
of which increased significantly due to the presence of the N-hydroxyindanyl group.
| also obtained N-trans-2-hydroxy-1-indanyl diselenide, which showed strong anticancer
activity against the HL-60 cell line, which is non-toxic to normal umbilical vein
endothelial cells (HUVEC). The introduction of an additional phenyl group at

the selenium atom allowed obtaining a strong inhibitor of MCF-7 breast cancer cell



growth, which turned out to be N-(1S,2R)-(-)-cis-(2-hydroxy-1-indanyl)-2-
(phenylselenide)benzamide. Optimization of the method for obtaining chiral p-carbonyl
phenyl selenides showed that the key step in the synthesis of these compounds is the
generation of a carbanion from the starting ketone. Introducing an additional carbonyl
group instead of the phenyl ring significantly improved antioxidant and cytotoxic
activities. The doctoral dissertation's last stage included synthesizing a new group of
[S-carbonyl phenyl selenide compounds unknown in the literature, having an ester group
in the ortho position to the selenium atom. These compounds proved to be excellent free
radical ~ scavengers, and the  terpene  derivative  O-(-)-menthyl-2-((2-

oxopropyl)selenyl)benzoate showed antioxidant activity similar to Trolox.



3. Wprowadzenie do rozprawy doktorskiej

Zwiazki selenoorganiczne z uwagi na ich wyjatkowe wiasciwosci znalazty
szerokie zastosowanie w syntezie organicznej jako reagenty o charakterze
elektrofilowym, nukleofilowym i wolnorodnikowym [1]. ,Zielone” katalizatory
selenoorganiczne stosowane sa w wielu reakcjach, w tym np. w utlenianiu
ketonow/aldehydow metodg Baeyera-Villigera, przeksztalceniu alkenow w epoksydy lub
diole oraz utlenianiu alkoholi i zwigzkéw zawierajacych azot [2,3]. Stosowane zamiast
metali do aktywacji nadtlenku wodoru, zapewniajg wysoka reaktywnos$¢ 1 selektywnos¢
w licznych przemianach syntetycznych [4]. Ponadto prowadzone sa rowniez intensywne
poszukiwania  biologicznie aktywnych pochodnych stanowigcych podstawe
projektowania nowych selenoterapeutykoéw [5]. Polgczenia selenoorganiczne posiadaja
wiasciwos$ci dzigki ktorym mogg by¢ zastosowane jako zwigzki przeciwutleniajace [6],
przeciwnowotworowe [7], przeciwbakteryjne [8], przeciwcukrzycowe [9],
przeciwwirusowe [10], przeciwzapalne [11] oraz jako terapeutykiw chorobie Alzhaimera
[12].

Biochemiczna rola selenu zwigzana jest z jego obecnoscig w strukturze chiralnego
amnokwasu  L-selenocysteiny, ktory tworzy centrum aktywne unikalnego
antyoksydacyjnego selenoenzymu - peroksydazy glutationowej (GPx) [13]. GPx
katalizuje redukcje¢ szkodliwych nadtlenkow przez co obniza poziom reaktywnych form
tlenu (ROS) i odgrywa kluczowa role w homeostazie redoks organizmu [14]. Nadmierna
produkcja ROS powoduje niekontrolowang proliferacje i apoptoze komorek [6]. Stan ten
nazywany rowniez stresem oksydacyjnym prowadzi do wielu czg¢sto wystepujacych
schorzen, w tym choréb uktadu sercowo-naczyniowego, neurodegeneracji, starzenia si¢
i uszkodzen komorek prowadzacych do proceséw nowotworowych [15,16].

Peroksydaza glutationowa wykorzystuje glutation (GSH) lub inne endogenne
tiole, jako kofaktora wykorzystywanego w redukcji wodoronadtlenkow, takich jak H2O»
i wodoronadtlenkow organicznych ROOH. GPx chroni blony lipidowe i inne sktadniki
komorkowe przed utlenianiem [17]. Miejsce aktywne tego selenoenzymu (Rysunek 1)
zawiera trzy aminokwasy, tj. selenocysteine (Sec 450), glutamine (GIn 80) i tryptofan
(Trp 158) [18]. Atom Se utrzymywany jest w aktywnej, zjonizowanej formie dzigki
specyficznemu $rodowisku aminokwasow, ktore znajduja si¢ w odleglosci wigzania
wodorowego od Sec tworzac tzw. triade katalityczng [19]. Zwiekszona nukleofilowos¢

atomu selenu nasila aktywno$¢ katalityczng catego selenoenzymu. Dodatkowo, trwalos¢
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wigzania C—Se, zapobiega zatruciu selenem oraz zmniejsza ryzyko jego nadmiernego

utleniania [17].

Secyso

Rysunek 1. Miejsce aktywne peroksydazy glutationowej [20]

Mechanizm redukcji nadtlenkow przez GPx przedstawiony jest na schemacie 1.
W pierwszym etapie cyklu katalitycznego selenol (E-SeH) 1 jest utleniany do kwasu
selenenowego (E-SeOH) 2. W przypadku zwigkszonego stresu oksydacyjnego, nast¢puje
utlenienie zwigzku posredniego E-SeOH 2 do stabilnego kwasu seleninowego (E-SeO2H)
4. W obu przypadkach zarowno zwigzek 2 jak i 4 redukowany jest poprzez wolny tiol
GSH, tworzac posredni selenylosulfid (E-SeSG) 3. Zwigzek 3 poddany dziataniu GSH
redukuje si¢ za posrednictwem tiolu do (E-SeH) 1. W rezultacie regeneruje si¢ miejsce
katalityczne enzymu z jednoczesnym utlenieniem GSH do disulfidu GSSG. Reduktaza
glutationowa (GR) przy pomocy NADPH przeksztalca GSSG w wolny GSH [21].

ROOH ROH
ROH

o S @ /\d
Q

1

3 GSH
ngg/_\
GSH 3 6586
(NADPH)

(NADPH)
Schemat 1. Cykl eliminacji nadtlenkow ROOH przez GPx [17]
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Naturalna aktywno$¢ biologiczna GPx zainspirowata wiele grup badawczych do
syntezy pochodnych selenoorganicznych, ktore moga nasladowa¢ aktywno$é
antyoksydacyjng tego enzymu [3]. Liczne testy in vitro i in vivo dowiodly, ze zwigzki te
mogg by¢ z powodzeniem stosowane jako $rodki farmakologiczne [22]. Jednak
znalezienie biodostgpnych czasteczek selenoorganicznych o wysokim potencjale redoks
i niskiej toksycznosci jest nadal kluczowym problemem w tej dziedzinie badan. Wiasciwe
zaprojektowanie leku moze pomodc wyeliminowaé ten problem i umozliwié
konstruowanie zwigzkoéw, ktore mogg selektywnie oddzialywa¢ z okreslonymi
receptorami w organizmie czlowieka [23]. Z tego powodu, celem mojej pracy byla
synteza  pochodnych  selenoorganicznych  wykazujacych ~ wysoki  potencjal
antyoksydacyjny i przeciwnowotworowy, ktore sa bezpieczne dla komorek normalnych.

Réznica w aktywnos$ci biologicznej mimetykoéw GPx, ktére sg w stosunku do
siebie epimerami lub enancjomerami r6znigcymi si¢ okres$long trojwymiarowg orientacjg
atomow, zostala zaprezentowana przez grupe badawcza Scianowskiego. Wykorzystujac
enancjomerycznie czyste terpenylowe aminy z uktadéw p-mentanu, karanu i pinanu,
zsyntetyzowano szereg N-terpenylobenzizoselenazol-3(2H)-onéw obejmujacy pary
enancjomerow i diastercoizomerow [24]. Otrzymane pochodne zostaly zbadane jako
srodki cytotoksyczne na linii komorkowej MCF-7, czyli raka piersi. Wyniki aktywnosci
przeciwnowotworowej przedstawiono jako ICso (ang. inhibitory concentration) co
oznacza stezenie hamujgce badanej substancji potrzebne do zahamowania w 50% wzrostu
komorek w hodowli, w stosunku do wzrostu komoérek kontrolnych [25]. Nizsze wartosci
ICs0 wskazujg na wigkszg skuteczno$¢ zwigzku. Wyjatkowe warto$ci 1Csq zazwyczaj
wynoszg ponizej 1 uM dla bardzo silnych inhibitorow, do 10 uM dla silnych inhibitoréw,
a do 50 puM dla $rodkow cytotoksycznych o umiarkowanym dziataniu. Znaczgco
odmienny wynik aktywnoS$ci przeciwnowotworowej uzyskano np. dla enancjomerow 5
i 6 otrzymanych z (+) i (-)-neomentyloaminy (Rysunek 2). Zaobserwowano, ze pochodna
5 ma prawie 7 razy wyzsza aktywno$¢ cytotoksyczng niz pochodna 6. Zmiany
w stereochemii tych zwigzkow moga wptywaé na stabilnos$¢, zdolno$¢ wigzania oraz ich

metabolizm, co skutkuje r6znymi poziomami aktywnosci biologiczne;.
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Rysunek 2. Elementy struktury wphwajgce na reaktywnosé zwigzkoéw 5, 6

Struktura przestrzenna czasteczki bioaktywnej jest wazng cecha wptywajaca na
jej oddzialywanie z centrami aktywnymi biatek i caly cykl biochemiczny. Rozng
aktywnos¢ biologiczng enancjomerow obserwowano wczesniej rowniez W przypadku
znanych lekéw, gdzie jeden enancjomer byt potencjalnym $rodkiem terapeutycznym,
a drugi wykazywat znaczna toksycznos¢, jak np. w dobrze znanym przypadku (R)- i (S)-
talidomidu [26].

Przeciwne enancjomery/diastereoizomery mogg wykazywac silniejszg lub stabszg
aktywno$¢ w wyniku zmiany interakcji lub indukcji powinowactwa do innych domen
docelowych. Transformacja jednego zwigzku do innego izomeru, poprzez zmiang uktadu
wigzan (regioizomery) lub tréjwymiarowej orientacji atoméw (epimery/ enancjomery),

moze zmieni¢ aktywno$¢ biologiczng czasteczki [27] (Schemat 2).

Stereoselektywna interakcja lek-bialko/enzym

enancjomery epimery / diastereoizomery

- ! . T -
Ec_/7 . _E / | / \
~ . ¥t | ' ! '
D Lo D N D \ D
Fo ok ek, gk
g A o N o Y
B i B B B
N | Lol A o F oo
I Y B g
aktywny nieaktywny silna interakcja slaba interakcja

Schemat 2. Oddziatywanie roznych izomerow z docelowymi miejscami wigzania
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Chiralny zwiazek, posiadajacy $ciSle ustalong orientacje podstawnikow, ktore
pasuja do pewnych domen biatkowych, moze wykazywacé lepsza aktywnos¢ biologiczna.
Przeciwnie, jego enancjomer, ze wzgledu na przeciwng konfiguracje asymetrycznego
centrum wegla, moze by¢ biologicznie nieaktywny lub wykazywaé dziatania niepozadane
[28]. Dodatkowo, jesli wiecej niz jedno centrum chiralne jest obecne w czasteczce,
mozemy zaobserwowac dwa epimery/ diastereoizomery z silniejszg lub stabsza interakcja
lek-biatko/enzym. Reaktywnos$¢ mozna réwniez modulowaé przez przeksztalcenie
zwigzku do jego regioizomeru, posiadajagcego inng organizacje atomow, ale ten sam wzor
czasteczkowy. W ten sposdb mozna zmieni¢ site¢ wigzania lub rozwing¢ powinowactwo
do innych domen biatkowych.

Kazdy izomer moze wykazywa¢ inne wlasciwosci biochemiczne
1 farmakologiczne, w tym transport, biodostepnos¢, selektywnos¢, metabolizm
i wydalanie [29]. Optymalizacja stereochemiczna leku moze prowadzi¢ do zwigkszenia
jego biodostepnosci i efektywnosci terapeutyczne;.

Réznorodne wilasciwosci zwigzkéw selenoorganicznych, takie jak mozliwos¢
aplikacji jako katalizatoréw w syntezie organicznej, aktywno$¢ przeciwutleniajgca oraz
ich potencjalne zastosowania terapeutyczne, nadal przyczyniaja si¢ do niemalejacego
zainteresowania tg tematykg wielu grup badawczych. Zglebienie zagadnienia
stereochemii w chemii selenoorganicznej oraz zrozumienie wplywu konfiguracji
przestrzennej na aktywno$¢ biologiczng i wlasciwosci chemiczne tych zwigzkoéw jest
jednym z najmniej zbadanych tematow w tej dziedzinie badan. Chociaz znane sa
przyktady chiralnych pochodnych selenorganicznych syntetyzowanych jako zwigzki
bioaktywne, wptyw okreslonych centrow stercogenicznych, W szczegodlnosci rdznica
migdzy aktywno$cig enancjomerow, na bioaktywno$¢ czasteczek nie zostal jeszcze
doglebnie zbadany. Z tego powodu, glownym celem mojej pracy byta synteza howych
chiralnych zwigzkoéw selenoorganicznych oraz zbadanie wplywu stereochemii na ich
aktywno$¢ biologiczng.

Wsréd mimetykéw GPx najbardziej znang grupe pochodnych tworza N-
podstawione benzizoselenazolony, w tym szeroko przebadany ebselen (2-fenylo-1,2-
benzizoselenazol-3(2H)-on) o wszechstronnym potencjale terapeutycznym. Testowany
jest klinicznie pod katem roznych chordb, w tym jako lek na neurologiczne zaburzenia
afektywne dwubiegunowe [30], jako $rodek na ochrong stuchu przed uszkodzeniami
wywolanymi hatasem [31], a takze jako potencjalny lek na choroby zakazne, w tym
infekcje wywolane przez SARS-CoV-2 (COVID-19) [32]. Z tego wzgledu, pierwszym
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celem mojej pracy byta synteza serii chiralnych N-podstawionych benzizoselenazolonow
(B), przebadanie ich aktywno$ci antyoksydacyjnej i przeciwnowotworowej oOraz
wykazanie czy konfiguracja poszczego6lnych centrow asymetrycznych znaczaco wplynie
na reaktywno$¢ Se-pochodnych. Wszystkie grupy zwigzkow selenoorganicznych, ktore

stanowily przedmiot moich badan przedstawione sg na Schemacie 3.

o NaBH,
O H,O/air
Cl R-NH, MeOH c
. N-R
Cl  EtN.DCM PhMgBr

(PhBr, Mg, Et,0)
R-NH, A R-OH B \ O
aceton Et,O/THF, 24h _.R
EtsN aceton o ”
0 NaHCO; R
R °
N D
H
O

T - 7

Schemat 3. Droga syntezy grup zwigzkow zrealizowanych w ramach rozprawy
doktorskiej

Zdolnos¢ do nasladowania aktywnos$ci GPx wykazuja rowniez odpowiednie
pochodne benzizoselenazolonu t.j. selenidy, diselenidy, selenoestry i selenole [20].
Diselenidy (C), ze wzgledu na nizszg energi¢ wigzania Se-Se (172 kJ/mol), niz wigzanie
Se-N (193kJ/mol) w benzizoselenazolonach, stanowity kolejny cel moich badan [33].
Nizsza energia wigzania wskazuje na stabsze oddzialywanie atoméw miedzy soba przez
co wigzanie jest bardziej reaktywne.

Doniesienia odnos$nie modyfikacji struktury benzizoselenazolonéw poprzez
wprowadzenie dodatkowego pierscienia aromatycznego, powodujacego zwickszenie
aktywnosci biologicznych otrzymanych zwigzkéw [34,35], stanowily inspiracje do
syntezy kolejnej grupy chiralnych pochodnych N-podstawionych fenyloselenidow (D).

Sugerujac si¢ budowa GPx w miejscu aktywnym, nowe zwigzki selenoorganiczne
projektowano tak, aby atom selenu wystepowat w otoczeniu heteroatomu np. azotu lub
tlenu [18]. W kolejnej syntetyzowanej przeze mnie grupie zwigzkow zroznicowalam
strukture chiralnych zwigzkow selenoorganicznych poprzez wprowadzenie dodatkowej

grupy karbonylowej (2-oksopropylowej), dzigki czemu otrzymatam nowe chiralne N-
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sfunkcjonalizowane p-karbonyloselenidy (E). Aktualno$ci problemu badawczego
dowodzi rowniez fakt niedawnych doniesien literaturowych na temat modyfikacji
niesymetrycznych alkilowo-arylowych selenidow, ktore posiadaja silne wiasciwosci
przeciwnowotworowe [36,37].

Wykorzystanie estryfikacji w modyfikacji lekéw pozwala rozwigzaé¢ problem
biodostepnosci wielu znanych srodkoéw bioaktywnych [38]. Zastosowanie tej modyfikaciji
w zwigzkach selenoorganicznych, moze poprawi¢ rozpuszczalnos¢ oraz biodostepnosé
tych pochodnych. Z tego powodu kolejnym i jednocze$nie ostaniem etapem mojej pracy
bylo zbadanie wptywu grupy estrowej na bioaktywnos$¢ selenidow pS-karbonylowych
poprzez zastgpienie grupy O-amidowej podstawnikiem o-estrowym. W tym celu
zsyntetyzowalam nieznane dotad w literaturze selenidy f-karbonylowofenylowe
posiadajgce grupg 0-estrowg (F) i ocenitam, czy modyfikacja ta zmienia ich wlasciwosci

przeciwutleniajace 1 przeciwnowotworowe.
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4.

Cel pracy

Ideg pracy doktorskiej byto:

1. Zaprojektowanie i opracowanie wydajnej metody syntezy oraz otrzymanie nowych

grup zwigzkow selenoorgnicznych:

a)

b)

chiralnych N-funkcjonalizowanych benzizoselenazol-3(2H)-onéw,
podstawionych przy atomie azotu rdéznymi ugrupowaniami alifatycznymi
I aromatycznymi,

chiralnych  N-funkcjonalizowanych diselenidow zawierajacych grupe
0-amidowa, poprzez transformacj¢ wigzania Se-N w uktad diselenidowy Se-Se,
chiralnych N-funkcjonalizowanych fenyloselenidow zawierajacych grupe
0-amidowa, poprzez wprowadzenie dodatkowego pierscienia aromatycznego,
chiralnych N-funkcjonalizowanych p-karbonylofenyloselenidow
zawierajacych grupg O-amidowa 1 dodatkowag grupe karbonylowa poprzez
podstawienie atomu selenu grupa 2-oksopropylowa,

achiralnych i chiralnych O-funkcjonalizowanych p-karbonylofenylo-
selenidow zawierajacych grupg o0-estrowa i1 dodatkowa grupe karbonylowa

poprzez funkcjonalizacje atomu selenu grupa 2-oksopropylowa.

Zastosowanie otrzymanych zwigzkéw jako katalizatorow antyoksydacyjnych oraz

zbadanie aktywnosci cytotoksycznej uzyskanych pochodnych, a takze okreslenie

wplywu konfiguracji poszczegdlnych centrow stereogenicznych na bioaktywno$é

wszystkich ~ pochodnych  reprezentujgcych pary  enancjomeréw  lub

diastereoizomerow.
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6. Oméwienie publikacji wchodzacych w sklad rozprawy doktorskiej

6.1 Publikacja 1 [P1]

Zwiqzki selenoorganiczne jako antyoksydanty

Prezentowana praca przegladowa jest podsumowaniem stanu wiedzy
o otrzymanych w ciggu ostatnich dwunastu lat zwigzkach selenoorganicznych o dziataniu
przeciwutleniajagcym. Opisane zostaly zwigzki, ktére mogg okaza¢ si¢ pomocne
w medycynie jako suplementy zapobiegajace chorobom wywolanym stresem
oksydacyjnym. Ponadto przedstawiono czasteczki selenoorganiczne, ktore maja
mozliwos¢ zastosowania jako dodatki do zywnos$ci zapobiegajace utlenianiu lub jako
nanoczastki i polimery zawierajace atom selenu w przemysle materialowym.

We wstepie opisano wplyw reaktywnych form tlenu (ROS) 1 stresu
oksydacyjnego na organizmy zywe, a takze role i podzial przeciwutleniaczy. Wsrod
antyoksydantow mozemy wyrozni¢ czgsteczki pochodzenia naturalnego i syntetycznego
[39,40]. Do uktadéow endogennych wytwarzanych przez organizm, zaliczamy pochodne
enzymatyczne (np. peroksydaza glutationowa (GPx), reduktaza tioredoksynowa (TrxR)
I nieenzymatyczne (np. glutation, ferrytyna, albumina). Natomiast, egzogenne
przeciwutleniacze pochodzace ze zrodet naturalnych, takich jak rosliny (np. flawonoidy,
karotenoidy, witaminy) lub mineraly (selen, cynk, mangan) dostarczane sg poprzez
odpowiednig diete. Druga grupa przeciwutleniaczy to zwigzki pochodzenia
syntetycznego, dostarczane organizmowi w postaci suplementéw diety (np. kwas
L-askorbinowy). Dalej omowiono znaczenie selenoenzymu — peroksydazy glutationowej
(GPx) oraz jej cykl katalityczny. Szczegdtowo przedstawione zostaly rOwniez najczgstsze
metody pomiaru aktywnosci antyoksydacyjnej, ktore rowniez zastosowalam w swoich
badaniach. Pierwsza opisang posrednig metoda oceny aktywnosci przeciwutleniajacej byt
test GSH (zredukowanej formy glutationu) spre¢zony z reduktaza glutationowa (GR)
z uzyciem kofaktora NADPH [41]. Kolejng opisang metoda jest test PhSH, w ktorej
wykorzystywany jest benzenotiol (PhSH) jako alternatywa dla glutationu [42]. Test
ABTS polega na ocenie zdolnosci zwigzkéw selenoorganicznych do odbarwiania
roztworu rodnika ABTSe (kwasu 2,2'-azyno-bis(3-etylobenzotiazolino-6-sulfonowego)
[43]. Opisywany jest rowniez test utleniania ditiotreitolu (DTT™) do disiarczku (DTT®),
gdzie szybkos$¢ reakcji rejestrowana jest za pomoca spektroskopii magnetycznego

rezonansu jadrowego (NMR) [44]. Metoda DPPH polega na mierzeniu zdolnosci
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zwigzkéw do zmiatania wolnych rodnikéw 2,2-difenylo-1-pikrylohydrazylu (DPPHe)
poprzez obserwacj¢ zmiany barwy roztworu z fioletowej na z6tta, co $wiadczy
o antyoksydacyjnej aktywnosci badanego zwigzku [45].

Glowna czes¢ artykutu, czyli opis przeciwutleniaczy w medycynie zostala
podzielona na sekcje: (a) ebselenu i jego pochodnych, (b) diselenidow i ich pochodnych
oraz (c) innych zwigzkoéw selenoorganicznych jako przeciwutleniaczy. W sekcji odno$nie
pochodnych ebselenu wykazano szerokie mozliwosci aplikacyjne ebselenu
1 scharakteryzowano jego modyfikacje, ktore wpltywaja na polepszenie zdolnosci
nasladowania GPx. Zwigzek 7, wykazywal znacznie wyzszg aktywnos¢
przeciwutleniajagcg w porownaniu do innych benzizoselenazolondw prezentowanych
w tym przegladzie i jest 103-krotnie bardziej aktywny niz ebselen [46]. Obecnos¢ grupy
hydroksylowej w zwiagzku 8 czy -NHCH3 w zwiagzku 9 zwigkszata aktywnos$¢ podobna
do GPx odpowiednio 15-krotnie i 2,5-krotnie [47,48]. Interesujacymi doniesieniami sg
przyktady chiralnych benzizoselenazolonéw 10-14, ktéore wykazuja znacznie wyzsza

aktywno$¢ przeciwutleniajgcg w pordéwnaniu do ebselenu (Rys. 3) [24,49-51].

0
0
N
Cr-Oren
H
OH 8 NH O

15-krotnie bardziej aktywne od ebselenu HBC

OCH;

103-krotnie bardziej aktywne od ebselenu 2,5-krotnie bardziej aktywne od ebselenu

N-chiralne benzizoselnazolny

\—CO Me

& éb@

2-krotnie bardziej aktywne od ebselenu 24-krotnie bardziej aktywne od ebselenu
1
|
4-krotnie bardziej aktywne od ebselenu .

Rysunek 3. Benzizoselenazolony 7-14 o lepszej aktywnosci antyoksydacyjnej od ebselenu
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W  kolejnym podrozdziale przedstawiono ciekawe doniesienia odnosnie
syntetyzowanych przez kilka wiodacych grup badawczych diselenidow i ich pochodnych.
Zwiazki te zostaly najszerzej opisane ze wzgledu na dominujaca ilo$¢ doniesien
literaturowych. Braga i wspotpracownicy otrzymali diselenid na bazie amidu 15, ktory
byt 9-krotnie bardziej aktywny niz ebselen [52]. Ta sama grupa badawcza potwierdzita,
ze diselenid 16 zawierajacy w swojej strukturze cholesterol mial dziatanie
przeciwutleniajace 3-krotnie wigksze niz ebselen [53]. W 2021 r. Singh, Kumar
i wspOlpracownicy sytetyzowali szereg diselenidow 17a-d. Zauwazyli oni, ze
podstawniki oddajace elektrony zwigkszajg dziatanie potencjalnych przeciwutleniaczy,
a najwicksza aktywno$¢ przeciwutleniajgca zaobserwowano dla diselenidu 17d (2-
krotnie bardziej aktywnego niz ebselen) [54]. W grupie badawczej Scianowskiego
zsyntetyzowano diselenidy podstawnikami N-arylowymi 18 [55] i N-chiralnymi 19 [49]
(Rys. 4).

O CHs, 0 /@/ R
H T \_se), H
)2 © )2

15 16 NH,
9-krotnie bardziej . . 17a-d
aktywny od ebselenu 3-krotnie bardziej aktywny od ebselenu

R=H, Me, OMe, NMe,

NO
OO “
H
)2 ) )2
18 19

4-krotnie bardziej aktywne od ebselenu

Rysunek 4. Diselenidy 15-19 o lepszej aktywnosci antyoksydacyjnej od ebselenu

Liczne modyfikacje i przeksztatcenia diselenidow do selenoli, selenylosulfidow,
kwasow selenowych i seleninowych, selenotlenkow czy do diselenidow z grupa aminowa
oraz amidowa znacznie zwickszaly aktywno$¢ antyoksydacyja podobna do GPx
[54,56,57]. W przypadku odpowiednich pochodnych diselenidowych: kwasow
N-alkiloseleninowych 21 oraz rozpuszczalnych w wodzie soli potasowych tych kwasow
22 zaobserwowano az 40-krotne polepszenie wlasciwosci przeciwutleniajacych

w porownaniu do ebselenu (Schemat 4). [58]
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Schemat 4. Synteza kwasow seleninowych 22 i soli potasowych tych kwasow 22

W dalszej czgsci opisano wptyw grup hydroksylowej [59] i metoksy [60,61] na
aktywno$¢ katalityczng zwigzkow selenoorganicznych oraz reaktywnos¢ selenidow
I niesymetrycznych fenyloselenidow wobec nadtlenkéw [34]. Przedstawiono rowniez
benzoselenofeny 23-25 na bazie resweratrolu (naturalnego silnego przeciwutlaniacza),
ktore okazaly si¢ by¢ 1,5 razy bardziej od niego aktywne [62]. Innymi przyktadami
zwigzkow wykazujagcymi podobng aktywno$¢ przeciwutleniajaca do naturalnych
antyoksydantow (tutaj witaminy C) sg zwigzki 26 i 27 [63]. W przypadku zwigzkoéw
z dodatkowa grupa hydroksylows, stwierdzono ze, pozycja orto jest najbardziej
korzystnym umiejscowieniem dla tej grupy w stosunku do atomu selenu. Zwigzek 28
wykazywat 9-krotnie wieckszg aktywnos¢ GPx w porownaniu do ebselenu. Z kolei
czasteczka 29 (z grupg OH w pozycji para) byt tylko nieco bardziej aktywny niz zwigzek
referencyjny [59]. Badania efektu wprowadzenia grupy metoksy na aktywnos¢
antyoksydacyjng pokazaly, ze grupa metosky w pozycji para (zwiazki 30-31) w stosunku
do atomu selenu zwigkszata aktywnos$¢ katalityczng. W przeciwienstwie do tego, grupy
m-metoksy maja niewielki wpltyw, a podstawniki 0-metoksy hamujg zdolnos¢ redukcji
nadtlenkow [60,61]. Z kolei, niesymetryczny fenyloselenid 32, wykazywat 2-krotnie

wyzszg aktywno$¢ przeciwutleniajgca niz ebselen [34].
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Rysunek 5. Inne zwigzki selenoorganiczne 23-32 o potencjalnej aktywnosci podobnej do

GPx

W nastepnym rozdziale opisano zwigzki selenoorganiczne jako przeciwutleniacze
stosowane w roznych gateziach przemystu, gdzie wykazano, ze ebselenole hamowaty
peroksydacj¢ kwasu linolowego w tym samym czasie (zwigzek 33) lub znacznie lepiej
(zwigzek 33) co a-tokoferol (Rys. 6) [47] .

O O
OH
33 34

Rysunek 6. Struktury ebselenoli 33 i 34 o wysokiej aktywnosci antyoksydacyjnej

W ostatniej czgsci przegladu przedstawiono przyktady projektowania nanoczastek
i nanokompozytow selenowych, ktore posiadaja wyjatkowa zdolnos¢ multioksydacyjna,
nasladujac wewnatrzkomorkowe przeciwutleniacze enzymatyczne i nieenzymatyczne,
ktore stanowig system maszynerii przeciwutleniajacej [64]. Dodatkowo opisano polimery
zawierajace atom selenu, ktore wykazuja wlasciwosci przeciwutleniajace, co wskazuje
na szerokie spektrum mozliwosci zastosowania ich w przemysle materiatowym [65,66].

W niniejszej pracy przedstawiono réznorodne klasy zwiazkdéw, a znaczna ilo$¢

publikacji zgromadzonych w przegladzie, wraz z ciaggtym naptywem nowych doniesief
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literaturowych, stanowila podstawe do podjecia tematu przedstawionego w pracy
doktorskiej. Fakt ten $§wiadczy o cigglym zainteresowaniu wielu grup badawczych
poszukiwaniem zwigzkéw selenoorganicznych o wysokim potencjale redoks.
Prezentowana praca przegladowa stanowi uzasadnienie otrzymania pochodnych
benzizoselenazolonow, diselenidow, fenyloselenidow (publikacje [P2], [P3], [P4]).
Szeroka réznorodno$¢ pochodnych selenoorganicznych wskazuje na duze zroznicowanie

kierunkéw badan, stwarzajac wiele mozliwosci badawczych.

6.2 Publikacja 2 [P2]

Dolgczenie chiralnych grup funkcyjnych w celu modyfikacji aktywnosci nowych
mimetykow GPx

Przeciwne enancjomery/diastereoizomery moga wykazywac silniejszg lub stabsza
aktywnos$¢ w stosunku do tych samych badz innych domen docelowych. Bazujac na tym
zalozeniu, celem badan prezentowanych w niniejszej publikacji bylo zidentyfikowanie
szczegdlnych cech strukturalnych, ktore wptywaja na aktywnos$¢ antyoksydacyjng
I cytotoksyczng selenoorganicznych mimetykow GPx. Ocena aktywnosci biologicznej
wykazata, ze konfiguracja poszczegdlnych centrow weglowych moze modulowac
reaktywno$¢ czasteczek. Chiralne zwigzki selenoorganiczne otrzymatam w dwoch
postaciach N-podstawionych benzizoselenazol-3(2H)-onow, z reaktywnym wigzaniem
Se-N (193kJ/mol) oraz odpowiednich difenylodiselenidéw, posiadajacych polgczenie
Se-Se z nizsza energia wigzania (172 kJ/mol).

Pierwszym etapem badan byta synteza N-podstawionych benzizoselenazol-
3(2H)-onow. Procedura opierata si¢ na reakcji chlorku 2-(chloroseleno)benzoilu 36
z dostgpnymi handlowo enancjomerycznie czystymi aminami. Chlorek kwasowy 36
otrzymatam w wyniku reakcji chlorku tionylu z kwasem diselenodibenzoesowym. Kwas
ten natomiast otrzymatam z kwasu antranilowego 35 poprzez utworzenie soli diazoniowe;j
tego kwasu, a nastepnie reakcji z diselenkiem disodu. Otrzymane zwigzki 37a-50a
przeksztatcitam w diselenidy 37b-50b za pomoca procedury redukcji i utleniania -
redukcji borowodorkiem sodu i utleniania na powietrzu. Zsyntetyzowalam szereg
nowych chiralnych benzizoselenazol-3(2H)-onéw i odpowiednich diselenidow

zawierajagcych grupe o0O-amidowa, podstawionych przy atomie azotu rdéznymi

24



ugrupowaniami alifatycznymi i aromatycznymi. Zaréwno benzizoselenazolony (45-

96%), jak i diselenidy (46-93%) zsyntetyzowatam z dobrymi wydajnosciami (Schemat 5)

1. NaNO,, HCI
2. Na2882 1 ,’\\IAZBO|;|.|4
3 SOCI R-NH
37a - 50a 37b - 50b
enancjomery
HO HO E
T
§I||n- § §|||l-- §
41a, 96% 42a, 94%
| 37a, 85% 38a, 67% 39a, 57% 40a, 45% 41b, 58% 42b, 86%
! 37b, 66% 38b, 74% 39b, 46% 40b, 52%

e s o s

43a, 49% 44a, 95% 45a, 76% QO 46a, 65% OO

43b, 92% 44b, 81% 45b, 73% 46b, 65%

5 H

, Q HO HO :
E %III- § gnnn é E
| 473, 71% 48a,51% 49a, 87% 50a, 66% 5
' 47b, 70% 48b, 73% 49b, 93% 50b, 86% ;

Schemat 5. Syntetyzowane chiralne benzizoselenazolony 37a-50a i diselenidy 37b-50b

Okreslono  struktury krystaliczne enancjomeréw 43a/44a (Rysunek 7).
Asymetryczna  czg$¢  struktury  krystalicznej  N-[(R)-(+)-a-metylobenzylo]-1,2-
benzizoselenazol-3(2H)-onu 43a sklada si¢ z 5 czagsteczek, we wszystkich wykryto
konfiguracje (R) centrum chiralnego. W przypadku zwigzku 44a, cz¢$¢ asymetryczna
sktada si¢ rowniez z 5 czgsteczek benzizoselenazolonu, dla wszystkich okreslono

konfiguracje (S) centrum chiralnego.
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Rysunek 7. Asymetryczna czes¢ konstrukcji 43a i 44a. ADP wykreslono przy poziomie
prawdopodobienstwa 50%.

Zbadatam aktywnos$¢ antyoksydacyjng wszystkich pochodnych metoda opartg na
NMR zaprezentowang przez Iwaoke i wspolpracownikow [67]. Zdolno$¢ do redukcji
nadtlenku wodoru mierzono szybkoscia utleniania ditiotreitolu do dwusiarczku (DTT"™
do DTT®). Aktywny katalizator Se powstaje w wyniku utlenienia selenidu 51 do
selenotlenku 52 za pomoca nadtlenku wodoru. Ditiotreitol (DTT™®) redukuje zwigzek 52
do wyjsciowego selenidu 51. Szybko$¢ zanikania substratu (DTT™) oszacowano
rejestrujac zmiany w widmie *H NMR, w okre$lonych odstepach czasu. Rownanie reakcji

(Schemat 6) i wyniki testu antyoksydacyjnego przedstawiono ponizej (Tabela 1).

0
HO/"CSH
N—R . H
H,0, / HOV >N
51 DTT™ [1eq.]
D;0OD
D50 0.1 equiv.
O HO/I‘CS
|
H20 ©\J</N_R Hov S°
1 DTT*
52 ©

Schemat 6. Rownania reakcji utleniania i redukcji podczas zbadania aktywnosci

antyoksydacyjnej
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Tabela 1. Wyniki pomiaru aktywnosci przeciwutleniajgcej dla pochodnych 37a-50a

oraz 37b-50b

Pozostaly DTT™! [%] + SEM

Se-kat.[0.1 equiv.] 5 min 15 min 30 min 60 min
Benzizoselenazolony
37a/38a 90,3+19 884+16 864+17 805+04
39a/40a 86,6+46 833+46 770+33 606=+12
41a/42a 91,0+0,1 883+26 852+3,7 773+45
45a/46a 90,9+19 893+21 883+301 84,7+4,6
47a/48a 84,046 79,650 73.8+22 624+24
49a/50a 874+35 860+29 831+15 780+31
Diselenidy

37b/38b 80,2+44 650+14 474+14 295+43
39b/40b 734+09 505+14 30,1+45 195432
41b/42b 89,5+26 832+45 801+24 753+29
43b/44b 76,4+26 543+43 373+06 26,1+0,2
45b/46b 87,3+33 846+33 824+36 764+39
Ebselen 75 64 58 52

Aktywnos$¢ przeciwutleniajgca wsrod poszczegdlnych par enancjomerow byla
taka sama. Zasadniczo lepsze wyniki uzyskalam dla diselenidow 37b-50b niz dla
odpowiednich benzizoselenazolonéw 37a-50a. Z pochodnych ebselenu najwyzsza
aktywno$¢ wykazywaly zwigzki z podstawnikiem a-metylobenzylowym 43a/44a.
Najlepsze wlasciwosci do redukcji H.O2 zaobserwowatam dla pochodnych indanylowych
posiadajgcych grupy hydroksylowe cis (47b/48b) i trans (49b/50b), przy catkowitej
konwersji ditiolu odpowiednio po 30 i 15 minutach. W poréwnaniu do pochodnych
benzizoselenazolonow z tymi samymi podstawnikami (49a/50a) odpowiadajgce im
diselenidy (49b/50b) okoto 18 razy szybciej redukowaty H2Oo.

Aktywno$¢ cytotoksyczng wszystkich zwigzkdw mierzylam za pomocg testu
(MTT)
promielocytowej HL-60 i raka piersi MCF-7 [68] w ramach wspotpracy z Uniwersytetem

zywotnosci  komorek na liniach komoérkowych Iludzkiej biataczki

Medycznym w todzi. W przypadku benzizoselenazolonow najwigkszy potencjat

antyproliferacyjny zaobserwowalam takze dla pochodnej hydroksyindanylowej 47a
(Tabela 2).
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Tabela 2. Dziatanie antyproliferacyjne zwigzkéow 10a-23a

Zwiazek

ICso [uM] + SEM

MCF-7 HL-60
37a 36,5+4,4 48,5+ 6,3
38a 19,2+1,3 71,2+0,1
39%a 38,3+1,3 26,0+£1,7
40a 351+0,5 33,3+£0,5
4la 62,3+ 3,8 18,5+ 0,5
42a 46,0+ 0,8 26,5+ 3,5
43a 32,8+28 16,1+ 0,0
44a 38,8+0,8 16,8 + 0,4
45a 27,2+0,1 475+6,2
46a 41,1+1,3 52,6 £0,2
48a 28,8+21 282+1,1
50a 276 £2,1 16,2+1,8

Bioaktywno$¢ N-(2-hydroksy-1-indanylo)-1,2-benzizoselenazol-3(2H)-onow
47a-50a zalezata od stereochemii atomu wegla C1 podstawnika przytaczonego do atomu
azotu. Wartos$ci 1Csg byly nizsze dla konfiguracji (S) atomu wegla C1. Biorgc pod uwage
stereochemi¢ atomu wegla C2 z przytaczong grupg hydroksylowa, mozemy zauwazy¢, ze

nie wplywa ona na reaktywnos$¢ czasteczek (Rysunek 8).

HO (R) HO (S)

ICso (MCF-7)

14,9 + 0,9 uM 28,8 +2,1 M 22,1+3,1uM 276+2,1uM
IC5o (HL60)

7,940,3 uM 282+ 1,1uM 11,4 1,0 uM 16,2 £ 1,8 uM

Rysunek 8. Aktywnos¢ enancjomerow i diastereoizomerow pochodnych 20a-23a

Wigkszos¢ diselenidow wykazywala cytotoksycznos¢ tylko w stosunku do linii
komorkowej HL-60, z wyjatkiem pochodnej 39b (ICso 37,00+4,25 uM). Sugeruje to, ze
obecno$¢ wigzania Se-N jest potrzebna do wptywania na proliferacje komérek MCF-7.
Ponadto, aktywno$¢ cytotoksyczng zaobserwowatam wylacznie dla diselenidow
zawierajacych dodatkowa grupe hydroksylowa. Pochodne hydroksybutylowe 39b i 40b
daly najnizsze wartosci ICsp odpowiednio 8,67+0,14 uM i 10,10+ 0,49 uM. Najsilniej
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dziatajagce zwigzki oceniano takze przy uzyciu ludzkich komdrek $rédbtonka HUVEC.
Diselenid  N-trans-2-hydroksy-1-indanylu 50b  wykazal selektywne dziatanie

antyproliferacyjne bez toksyczno$ci wobec normalnych komorek (Tabela 3).

Tabela 3. Aktywnos¢ antyproliferacyjna zwigzkow 10b-23b

IC50 [ pM | = SEM

Zwiazek

MCF-7 HL-60 HUVEC

37b >100 >100

38b >100 >100

40b >100 10,10 £ 0,49

41b >100 >100

42b >100 >100

43b >100 >100

44b >100 >100

45b >100 >100

46b >100 >100

47b >100 20,00 £ 0,16

48b >100 21,75+ 2,08

49b >100 12,40 £ 0,33 18,95 + 0,20

Uzyskane wyniki wykazaly, ze ugrupowanie hydroksybutylowe oraz
hydroksyindanylowe przytaczone do atomu azotu benzizoselenazolonu lub
odpowiedniego  diselenidu  umozliwiaja poprawe  bioaktywnosci  zwigzkow
selenoorganicznych 1 mozna je uzna¢ za przydatne farmakofory w dalszych

modyfikacjach z optymalng interakcja lek-biatko/enzym.

6.3 Publikacja 3 [P3]

Latwa synteza chiralnych fenyloselenidow jako nowych przeciwutleniaczy i srodkow

cytotoksycznych

Modyfikowanie pierwotnego rdzenia benzizoselenazolonu moze znaczaco
wplynag¢ na wlasciwosci fizykochemiczne czasteczki, zmieniajgc w ten sposob
farmakokinetyke¢ 1 dziatanie biochemiczne potencjalnego leku. W niektérych
przypadkach wymiana Se-N na wigzanie Se-Car i wprowadzenie dodatkowego pierscienia
aromatycznego zwickszyta aktywno$¢ cytotoksyczng chiralnych N-terpenowych

benzizoselenazolonow [34].
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Celem niniejszej publikacji bylo zbadanie, czy obecno$¢ grupy fenyloselenidowej
moze nasila¢ dziatanie antyoksydacyjne i antyproliferacyjne. Zsyntetyzowane pochodne
sg parami enancjomerdw i diastereoizomeréw, Co dodatkowo pozwolilo okresli¢, czy
struktura przestrzenna czasteczki moze zwigkszaé potencjat terapeutyczny.

Pierwszym etapem badan byta synteza benzizoselenazolnéw 37a-50a, a nastgpnie
fenyloselenidow 53-66, poprzez reakcje z odczynnikiem Grignarda. W tym celu
nieznacznie zmodyfikowatlam procedur¢ zaproponowang przez Miochowskiego
i wspolpracownikow [69]. Do roztworu bromku fenylomagnezowego wytworzonego
przez ogrzewanie bromobenzenu i Mg® w eterze dietylowym pod chlodnica zwrotna,
dodatam odpowiedni benzizoselenazolon 37a-50a rozpuszczony w Et,O lub THF. Ze
wzgledu na niskg rozpuszczalno§¢ substratow 37a-50a, czas reakcji musiat zostac
wydtuzony do 24h. Wszystkie produkty 53-66 otrzymatam z dobrg wydajnoscia
(Schemat 7).

0]
PhMgBr R
R-NH, ©\//< (PhBr, Mg, reflux, Et,0) N~
> H
Et,O/THF
reflux, 24h Ph
37a-50a 53-66
enancjomery
HO HO §
%IIIII'
§|II||-2 § §“,,,, §
53, 53% 54, 75% 55, 74% 56, 68% 57, 59% 58,47%

Schemat 7. Syntetyzowane chiralne fenyloselenidy 53-66

Kolejnym etapem, bylo zbadanie potencjatu antyoksydacyjnego wszystkich

zsyntetyzowanych zwigzkéw za pomoca dwoch testow. Pierwszy jest to test Iwaoki
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i wspolpracownikow przedstawiony w opisie publikacji 2 [P2]. We wszystkich
przebadanych zwigzkach konwersja ditiolu do disulfidu byta nizsza niz w obecnosci
ebselenu.

Jako drugi test uzyty do ocenienia aktywnosci przeciwutleniajgcej otrzymanych
zwigzkdbw  wykorzystalam  test wychwytywania  rodnikow  2,2'-difenylo-1-
pikrylhydrazylu (DPPH). Test ten stosowany jest do ilosciowego okreslania potencjatu
antyoksydacyjnego standardowych przeciwutleniaczy tj. kwas askorbinowy, a-tokoferol,
kwas galusowy i Trolox [69]. Procent hamowania rodnika DPPH okresla si¢ jako warto$¢
ICs0, czyli jako stezenie przeciwutleniacza wymagane do zmniejszenia o 50%
poczatkowego stezenia DPPH [70]. Metoda ta opiera si¢ na pomiarach
spektrofotometrycznych, w ktorych zaktadamy, ze mechanizm zalezy od transferu
pojedynczego elektronu (SET) oraz transferu atomu wodoru (HAT) [71]. Wyniki tego

testu przestawiono ponizej (Rysunek 9).

7,15
6,47

1,75 171 1,72 1,7 1,43

|Cg, DPPH [MM]
OFLNWPMOILO N 0

53/54 55/56 57/58 59/60 61/62 63/64 65/66

Rysunek 9. Wartosci ICsp dla testu DPPH dla zwigzkéw 53-66

Najwickszy potencjat antyoksydacyjny zaobserwowatam dla fenyloselenidu N-
trans-2-hydroksy-1-indanylu 65/66. Natomiast, jego konformery cis wykazywaty
znacznie nizsza aktywnos$¢.

Podobnie jak w przypadku zwigzkéw zsyntetyzowanych w publikacji 2 [P2],
aktywnosc¢ cytotoksyczng okreslitam na liniach komorkowych biataczki HL-60 oraz raka
piersi MCF-7. Najwickszg aktywnos$¢ cytotoksyczng zaobserwowano dla indanylo
fenyloselenidow posiadajacych grupy 2-hydroksylowe cis (64) i trans (65, 66) (Tabela
4).
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Tabela 4. Dziatanie antyproliferacyjne zwigzkow 63-66

ICso [uM] + SEM

Zwigzek MCE-7 HL-60
63 >150 >150
65 83,38 = 1.04 69.50 + 0.71
66 63,75+ 0.35 5545 + 3.01

Fenyloselenidy z grupa trans-2-hydroksy-1-indanylu 65/66 wykazuja podobnie
niskg aktywnos¢ w stosunku do obu linii komérkowych. Z kolei, w przypadku zwigzku
64 z grupa (1R,2S)-(+)-cis-2-hydroksy-1-indanylu mozna zauwazy¢ znacznie lepsza
skuteczno$¢ hamowania linii komoérkowej MCF-7. Wobec tego, wydaje si¢ ze
bioselektywno$¢ moze by¢ silniej powigzana z rodzajem zwigzkéw selenowych,
niezaleznie od chiralno$ci podstawnika indanylowego.

Modyfikowanie  pierwotnego  rdzenia  benzizoselenazolonu  poprzez
wprowadzenie grupy fenyloselenidowej, nie poprawia bioaktywnosci otrzymanych
pochodnych w porownaniu do odpowiednich benzizoselenazolonéw z ugrupowaniem Se-
N i diselenidow zawierajacych wigzanie Se-Se. Uzyskane wyniki potwierdzaja, ze
rowniez dla tego typu zwigzkow selenoorganicznych obecno$¢ ugrupowania N-

indanylowego wzmacnia wlasciwosci przeciwutleniajgce i przeciwnowotworowe.

6.4 Publikacja 4 [P4]

Synteza nowych chiralnych selenidow #-karbonylowych o dziataniu

przeciwutleniajgcym | przeciwnowotworowym — czesé I

Duza reaktywno$¢ atomu selenu oraz ftatwe jego wprowadzanie w strukturg
substratu, poprzez reakcje selenenylacji i selenocyklizacji [72], pozwala na efektywne
otrzymywanie nowych pochodnych selenoorganicznych, dostarczajac szeroka game
zréznicowanych zwigzkéw heteroorganicznych w lagodnych warunkach reakcji.
Zroznicowane modyfikacje strukturalne i badanie ich wplywu na bioaktywnosc,
przyczynia si¢ do znalezienia idealnej kombinacji cech strukturalnych, umozliwiajacych
zmaksymalizowanie biodostepnosci i efektywnosci terapeutycznej syntetyzowanych
pochodnych.

W prezentowanej publikacji zmodyfikowatam pierwotng strukturg ebselenu

poprzez wprowadzenie ugrupowania 2-(2-oksopropylo)selenidowego. Synteza szeregu
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nowych N-funkcjonalizowanych p-karbonyloselenidow w postaci N-chiralnych par
enancjomerycznych i diastereoizomerycznych pozwolita na okreslenie wptywu
konfiguracji poszczegolnych centrow stereogenicznych na aktywnos$¢ katalityczng
1 antyproliferacyjng czasteczek. Ponadto, oceniony zostal wptyw dodatkowej grupy
karbonylowej na reaktywnos¢ otrzymanych Se-pochodnych.

Pierwszym etapem pracy byla optymalizacja warunkow reakcji syntezy N-
podstawionych  2-((2-oksopropylo)seleno)benzamidéow.  Zastosowanie  metody
zaprezentowanej przez Z. Zhang i wspotpracownikéw [36][37] pozwolito na otrzymanie
planowanego produktu z wydajnoscig wynoszacg zaledwie 30% (proba 1). Sugerujac si¢
pierwsza metodg stosowang do otrzymywania tego typu zwigzkéw z 2010 r. przez Z.
Zhang i wspotpracownikow [73], w celu wytworzenia odpowiedniego karbanionu,
zastosowatam wodoroweglan sodu, co nieznacznie zwigkszyto wydajnosc¢ reakcji do 41%
(préba 2). Uzycie 0,75 M roztworu NaHCOs3 (préby 3 i1 4) rowniez nie poprawito
skutecznos$ci procedury. Kluczowe znaczenie miata kolejnos¢ dodawania odczynnikow.
Zasadniczym etapem tej reakcji bylo zmieszanie ketonu z wodoroweglanem sodu w celu
wytworzenia karboanionu do pdzniejszego acylowania atomu selenu. Najlepszy wynik
uzyskano stosujac nadmiar acetonu jako substratu i rozpuszczalnika, uzyskujac produkt

koncowy z wydajnoscia 87% (proba 6, Tabela 5).

4 N\
o) o)
C| O W N\\\‘
)|\+ NaHCO,| | H2N —_— H
Cl —\
A B c L O )
45

Tabela 5. Optymalizacja warunkow reakcji

Préba Rozpuszczalnik NaHCO3 Warunki i kolejnos¢  Wydajnos¢
dodawania [96]
odczynnikow
1 DCM - 1. A+aceton, rt, 1 h 30
2. C, rt, 20 min
2 DCM 1eq. 1. A+B,rt, 1h 41
2.C,rt,3h
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3 - leqg. (0,75M 1. A+ C,rt, 20min 37
NaHCO3/H:0) 2.B,0°Cdort,2h

4 Aceton leqg. (0,75M 1. B, rt, 25min + A, 0°C do 0
NaHCO3/H:0)  rt, 1h
2.C,rt, 2h
5 THF 1 eq. 1.B rt,30min+ A, rt,1h 65
2.C,rt,3h
6 Aceton 1 eq. 1.B,rt, 30min+ A, rt, 1 h 87
2.C,rt, 3h

Zastosowalam zoptymalizowang procedur¢ do syntezy serii S-karbonylowych
selenidow jako par enancjomerycznych i diastereomerycznych z dobrymi wydajnos$ciami
(Schemat 8). W tym celu, chlorek 2-(chloroseleno)benzoilu 36 przeksztalcitam in situ
w acetylowany selenid 67, ktory nast¢pnie reagowal z enancjomerycznie czystymi

aminami.

aceton _.R
_ NaHCO; Cl R-NH; ”
_—

,,,,,,,, AN oMy
HO HO
68, 62% 69, 56% 70, 68% 71, 95% 72,62% 73, 59%

. 2 > E > . O | O
74,87% 75,80% 76,50% O 77, 41% O

Schemat 8. Syntetyzowane chiralne -karbonyloselenidy 68-81

Zdolnosci antyoksydacyjne otrzymanych zwigzkow oceniatam za pomoca testu
NMR przedstawionego przez Iwaoke 1 wspdlpracownikéw. W taki sam sposob jak

w opisie publikacji 2 [P2]. Wyniki przeprowadzonej analizy przedstawitam w tabeli 6.
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Tabela 6. Wyniki pomiaru aktywnosci przeciwutleniajgcej.

Pozostaly DTT™! [%] + SEM

Se-kat.[0.1 equiv.] 5 minut 15 minut 30 minut 60 minut
Acetoselenidy
68/69 78,7+£5,4 61,2+ 4,8 442 +28 12,8 £ 3,7
70/71 720+7,4 61,3 +6,1 48,8 + 3,7 21,7+1,7
72/73 85,6 +0,1 78,2+0,2 69,3+0,1 56,4 +£0,5
74/75 90,6 +2,2 90,2 +0,7 828+14 73,7+0,5
76/77 93,1+0,1 90,1 +0,6 83,9+0,8 70,9+0,2
80/81 79,1+0,3 56,6 5,3 30,2 +3,3 10,7+ 2,4
Ebselen 75 64 58 52

Aktywno$¢ przeciwutleniajagca wszystkich par enancjomerycznych byla taka
sama. Generalnie najwyzszy potencjal antyoksydacyjny zaobserwowatam dla
acetoselenidow z ugrupowaniem N-indanylowym, ktore posiadajg grupe 2-hydroksylowa
w konfiguracji cis (78/79) i trans (80/81). Poréwnujac wynik zwigzkow 78/79
z warto$ciami zmierzonymi dla odpowiednich pochodnych z ugrupowaniem N-(cis-2-
hydroksy-1-indanylowym) z publikacji 2 [P2] i publikacji 3 [P3], mozna zaobserwowac,
ze diselenidy posiadajace reaktywne i1 podatne na rozszczepienie wigzanie Se-Se s3
H20.. grupy  f-
karbonyloselenidowej zamiast ugrupowania fenyloselenidowego lub wigzania Se-N

najskuteczniejszymi  reduktorami Jednakze  obecnosé
w benzizoselenazolonach znaczaco zwigkszata zdolnosé¢ redukcji H20..

Warto roéwniez wspomnie¢, iz Wprowadzenie dodatkowych pierscieni
aromatycznych do tancuchoéw N-alkilowych, bez przylaczenia jakiejkolwiek polarnej
grupy OH, wydaje si¢ zmniejsza¢ potencjat redukcji H.O2 (pochodne 72/73, 74/75, 76/77,
Tabela 8). Pochodne N-(2-butylowe) 68/69 i te posiadajgce dodatkowa grupe
hydroksylowg 70/71 byly odpowiednio 4- i 2,5-krotnie bardziej aktywne niz dobrze
znany mimetyk GPx ebselen.

Nastegpnie, otrzymane zwigzki zbadalam pod katem ich zdolnosci do
wychwytywania wolnych rodnikow za pomoca testu 2,2-difenylo-1-pikrylhydrazylu
(DPPH) przedstawionym w publikacji 3 [P3]. Dodatkowo, obliczytam réwnowazng
zdolnos¢ antyoksydacyjng Troloxu (TEAC). Wyniki uzyskane dla testu DPPH

przedstawiono na rysunku 10.
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6 561
5

S
E.4
I
002 1,62
O 0,89 0,96
=1
0
68/69 70/71 72/73 74/75 76/77 78/79 80/81
Zwigzek 68/69 72/73 74/75 76/77 78/79 80/81
TEAC [mM TE-1g '] 0.1 0,16 0,12 0,23 0,19 0,39

Rysunek 10. Wartosci ICso oraz TEAC dla testu DPPH dla zwigzkow 68-81

Wszystkie badane pochodne wykazywaly aktywnos$¢ przeciwutleniajacg wobec
rodnika DPPH, jednakze byla ona rdézna zaleznie od dofgczonych podstawnikow.
Najwyzsza zdolno$¢ neutralizacji rodnika DPPH, wykazywaty enancjomery 70/71,
aczkolwiek nizsza niz Trolox (ICs0=0,17 mM). W strukturze zwiagzkow 68/69 atom azotu
jest podstawiony chiralnym alifatycznym tancuchem butylowym, natomiast zwigzki
70/71 posiadajg dodatkowg grupe OH. Roznica w wychwytywaniu wolnych rodnikow
jest okolo 5-krotna, moze to wskazywaé, ze dodatkowe wprowadzenie grupy
hydroksylowej przyczynia si¢ do zwigkszenia potencjatu antyoksydacyjnego.

Dziatanie cytotoksyczne zbadatam na liniach komorkowych raka piersi MCF-7 i
biataczki promielocytowej HL-60. Enancjomery N-(1-hydroksy-2-butanylo)selenidu
70/71 posiadajg najwyzysza aktywno$¢ antyproliferacyjng (Tabela 7).

Tabela 7. Potencjat cytotoksyczny zwigzkéow 68-71 oraz 78-81

ICso [uM] £ SEM

Zwigzek MCE-7 HL-60
68 461+ 16 181 + 11
69 55414 101 + 14
78 392407 273405
79 206 + 5 225 + 2
80 37403 237411
81 38411 238411
Oksaliplatyna 35 [36,37] 0,8 [38]
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Wyniki dla p-karbonyloselenidu z  podstawnikiem  N-(1-hydroksy-2-
butanylowym), poréwnalam z wartosciami ICso zmierzonymi dla odpowiednich
fenyloselenidow, benzizoselenazolondéw i diselenidow (Tabela 8). Wyrazne roznice
pomigdzy aktywnos$ciami mozna zauwazy¢ na linii komérkowej HL-60. Acetoselenidy
sa 2 razy bardziej aktywne niz odpowiadajace im benzizoselenazolony i nieco mniej
cytotoksyczne niz diselenidy. Dodatkowo, wymiana grupy g-karbonylowej na pierscien
fenylowy  znaczaco zmniejszyla  aktywno$¢  antyproliferacyjng  pochodnej

selenoorganicznej.

Tabela 8. Aktywnosé¢ cytotoksyczna dla pochodnych N-(1-hydroksy-2-butanylu)

ICs0 [nM]
(S) (R)
HO ™S HO
\> =
Se-pochodna MCF-7 HL-60 MCF-7 HL-60
p-karbonyloselenid 39,2+0,9 144+05 357406 162+11
Fenyloselenid >150 >150 >150 >150
Benzisoselenazolon 38,3+13 26,0+1,7 351+05 333+0,5
Diselenid 37,0+43 87+01 >100 10,1+0,5

Jak przedstawiono w poprzednich pracach [P2] oraz [P3], obecnos$¢ podstawnika
indanylowego przytaczonego do atomu azotu benzizoselenazolonow i odpowiadajgcych
im diselenidow, a takze fenyloselenidow nasilata dziatanie cytotoksyczne. Dzieje si¢ to
réwniez w przypadku S-karbonyloselenidow. Dodatkowo, biorgc pod uwage zalezno$é
chiralno$ci od aktywnosci w pochodnych N-cis-2-hydroksy-1-indanylowych 78 i 79,
zaobserwowano, ze gdy stereochemia centrow weglowych Cl1 i C2 byta 1R,2S,
bioaktywnos$¢ wobec obu linii komoérkowych znacznie spadta w poréwnaniu z izomerem
1S,2R. Trans enancjomery 80 i 81 réwniez wykazywaly prawie 10-krotnie wigksza
reaktywno$¢ niz selenid 79. Badania potwierdzaja, ze podstawniki 1-hydroksy-2-
butanylowy i 2-hydroksy-1-indanylowy umozliwiaja poprawe bioaktywnosci zwigzkoéw
selenoorganicznych i mozna je wybra¢ jako mozliwe farmakofory w celu dalszego

opracowywania potencjalnych Se-terapeutykow.
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6.5 Publikacja 5 [P5]

Synteza nowych chiralnych selenidow p-karbonylowych o dziataniu

przeciwutleniajgcym i przeciwnowotworowym — czesé 11

Wiazanie estrowe jest niezbedne w kilku szlakach biochemicznych ze wzgledu na
jego tatwa hydrolize przez enzymy esterazy, ktore rozkladajg ester na kwas karboksylowy
i alkohol [74]. Wprowadzenie ugrupowania estrowego w konteks$cie opracowywania
lekéw pozwala rozwigza¢ problem biodostepnosci i1 rozpuszczalnosci wielu znanych
srodkéw bioaktywnych [75][38]. Z tych powoddw, postanowitam zmodyfikowaé
syntetyzowane zwigzki selenoorganiczne dodajgc do struktury wigzanie estrowe.

W prezentowanej publikacji przedstawitam metode sSyntezy selenidow
[S-karbonylowofenylowych posiadajacych grupe 0-estrowg z podstawnikami alkilowymi
oraz arylowymi wsrod, ktorych znajduja sie chiralne oraz monoterpenowe ugrupowania.
Zmodyfikowanie struktury selenidu p-karbonylowofenylowego poprzez zastgpienie
grupy o-amidowej podstawnikiem o-estrowym, pomogto okresli¢ wpltyw grupy estrowe;j
na aktywnos¢ antyoksydacyjng i przeciwnowotworowa zwigzkow selenoorganicznych.

Pierwszy etap badan obejmowat synteze O-podstawionych pochodnych chlorku
kwasowego kwasu 2-((2-oksopropylo)seleno)benzoesowego. W tym celu, chlorek
2-(chloroseleno)benzoilu 36 przeksztalcitam in situ w acetylowany selenid 67, ktory
nastepnie reagowal z dostepnymi handlowo alkoholami. Poczatkowo do powstania
karboanionu, ktory wykorzystano do acylowania atomu selenu wykorzystatam
wodoroweglan sodu. Jednak, w przypadku kilku uzytych alkoholi wydajnos¢ reakcji byta
niska. W nastepnej probie zastgpitam NaHCOs trietyloaming, co znacznie zwigkszylto
wydajnos¢ reakcji. Trietyloamina wydata si¢ by¢ kluczowa do utworzenia karboanionu
i usunigcia chlorowodoru powstalego w reakcji. Dzigki, opracowanej metodzie
otrzymatam seri¢ selenidow pS-karbonylowych: siedem achiralnych pochodnych
alkilowych i arylowych 53-59 i siedem zwigzkoéw optycznie czynnych, w tym pochodng

(-)-mentolu 60 oraz trzy pary enancjomerow 61-66 (Schemat 9).
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Schemat 9. Syntetyzowane acetoselenoestry 82-95

W celu oceny potencjalu antyoksydacyjnego otrzymanych zwigzkow
wykorzystalam dwa testy: metod¢ opartg na redukeji ditiolu do disulfidu przedstawiong
w opisie publikacji 2 [P2] oraz metode wychwytywania wolnych rodnikéw DPPH
przedstawiong w opisie publikacji 3 [P3]. Wyniki testu przeciwutleniajgcego Iwaoki,
wykazaly, ze najlepszym przeciwutleniaczem z tej grupy zwigzkoéw jest O-(propylo)-2-
((2-oksopropylo)seleno)benzoesan 84. Jednakze, konwersja uzyskana dla wszystkich
pochodnych byta mniej efektywna niz dla ebselenu i otrzymanych wcze$niej pochodnych
z grupg 0-amidowa 68-81 opisanych w publikacji 4 [P4]. Sugeruje to, ze obecnos¢
podstawnika o-estrowego zamiast grupy o-amidowej w strukturze selenidow
S-karbonylowych znaczaco obniza zdolno$¢ do redukcji H2O02. W przypadku
enacjomerow z grupg O-2-butylowa 90/91 aktywno$¢ ta zmalata az 9-krotnie,
porownujac z ich odpowiednikami z grupg 0-amidowa 68/69.

Druga  metoda, ktora  wykorzystalam do  zbadania  aktywnosci

przeciwutleniajacych otrzymanych zwiazkéw byt test pod katem ich zdolnosci do
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wychwytywania wolnych rodnikéw. Wyniki uzyskane dla testu DPPH przedstawiono na
Rysunku 11.

5 4,493
4
= 3,35
E.3 2,769
I
o 2,077
22 55
S 1,276 1,223
1 0,64 0,673
0,093 0,125 0,074
0
P D D P E D PP
g7 ¥ &
Zwiazek 82 83 84 85 86 87
TEAC 0027 0058 0048 0061 0116 0,036
Zwiazek 88 89 00/91  92/93  94/95
TEAC 0017 0793 0590 0022 0110

Rysunek 11. Wartosci ICso oraz TEAC dla testu DPPH dla zwigzkow 82-95

Przebadano wszystkie otrzymane O-pochodne
2-((2-oksopropylo)seleno)benzoesanowe, w kazdym przypadku wykryto utrate
absorbancji rodnika DPPH. Zwigzek 89 wykazywat najlepsze zdolnosci wychwytywania
wolnych rodnikéw. Po 15 minutach od rozpoczecia reakcji warto$¢ 1Cso wyniosta 0,093
mM. Porownujac ta warto$¢ z ICso uzyskanym dla Troloxu (0,074 mM) mozna
stwierdzic, ze O-((1R,2S,5R)-(-)-2-izopropylo-5-metylocykloheksylo)-2—((2-
oksopropylo)seleno) benzoesan 89 wykazuje zauwazalng aktywno$¢ wychwytywania
rodnikow DPPH zblizong do Troloxu. Zwigzek ten rdznil si¢ od pozostatych badanych
pochodnych obecnos$cia ugrupowania terpenowego w swojej strukturze. Monoterpeny
bez spr¢zonych wigzan =, takie jak mentol, niec wykazywaly znaczacych wiasciwosci
wymiatania wolnych rodnikéw w tescie DPPH [76]. Wiasciwosci przeciwutleniajacych
nie wykazywal rowniez N-(-)-mentylo-1,2-benzizoselenazol-3(2H)-on 7 w tescie NMR
utleniania ditiolu do disulfidu, natomiast zwigzek ten charakteryzowatl si¢ najlepsza
aktywnoscig przeciwnowotworowa wobec komorek MCF-7 [24]. Moje badania

wykazuja, ze obecno$§¢ w strukturze ugrupowania terpenowego moze pozwoli¢ na
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otrzymanie nie tylko zwigzkow 0 interesujacych  wlasciwosciach
przeciwnowotworowych ale i rowniez przeciwutleniajacych.

W przypadku pozostaltych badanych chiralnych zwigzkow 90-95 zdolnos¢
hamowania wolnych rodnikow byta najwyzsza dla estrow z grupa (sec)-butylowa 90/91,
a najnizsza w przypadku zwigzkow z podstawnikiem a-metylobenzylowym 92/93.

Analizujagc wplyw wprowadzenia wigzania estrowego do struktury zwigzkoéw
selenoorganicznych zamiast grupy o-amidowej nie mozna jednoznacznie, okre§li¢
wplywu tej modyfikacji na aktywno$¢ antyoksydacyjng. Zwiagzki z grupg (Sec)-butylowa
90/91 byly 43 razy bardziej aktywne niz te same pochodne z grupg o-amidowg 68/69.
Natomiast, w przypadku enenjomerow z grupg a-metylobenzylowg 92/93 wiasciwosci
wychwytywania wolnych rodnikow nie poprawily si¢. Nieznaczny wzrost aktywnosci
wykazaty pochodne 94/95, w poréwnaniu do podobnych zwigzkéw zsyntetyzowanych

z ugrupowaniem indanylowym 80/81, ale bez grupy hydroksylowej.

5,61

3,35
2,59

0,12 067 0%

|Cg, DPPH [MM]
O R, NN W d~ 01 OO

90/91 68/69 92/93 74/75 94/95 80/81

Rysunek 12. Wartosci ICso dla testu DPPH dla 90/91, 92/93, 94/95 i odpowiadajgcych
im pochodnych Se z grupq o-amidowg.

Potencjal cytotoksyczny otrzymanych pochodnych zbadalam na liniach
komorkowych raka piersi MCF-7 1 bialaczki promielocytowej HL-60. Najnizsza warto$¢
ICso zaobserwowatam dla O-(metylo)-2-((2-oksopropylo)seleno)benzoesanu 82 dla linii
komoérkowej MCF-7 i O-(2-pentylo)-2-((2-oksopropylo)seleno)benzoesanu 86 dla linii
komorkowej HL-60 (Tabela 9).
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Tabela 9. Potencjat cytotoksyczny zwigzkow 82, 86

ICso [uM] + SEM

Zwiazek

MCF-7 HL-60
82 51,1+0,6 97,2+0,5
86 121,0+0,4 84,0+2,0
Oksaliplatyna 35 0,8

Poréwnujac wyniki badan cytotoksycznych dla wszystkich otrzymanych przeze
mnie grup zwigzkéw selenoorganicznych t.j benzizoselenazolonow, diselenidow,
fenyloselenidow, acetoselenidow z selenidami p-karbonylowymi z grupa 0-estrowa
wida¢ duze zr6znicowanie pomiedzy poszczegdlnymi grupami zwigzkéw oraz pomiedzy
enancjomerami i diastereoizomerami. Jako przyklad przedstawiam poréwnanie wynikow
uzyskanych dla enancjomeréw 92/93 i odpowiadajacych im pochodnych
selenoorganicznych (Tabela 10).

Tabela 10. Aktywnosé cytotoksyczna dla pochodnych z grupg a-metylobenzylowg

R (S)

W

A B
ICs0 [uM]
A B
Se-pochodna MCF-7 HL-60 MCF-7 HL-60

Selenid g —karbonylowy 176,0+3,0 126,0+25 107,0+0,8 94,2+3,0
Z grupg 0-estrowg

Selenid g —karbonylowy 2350+10 303,0+30 2370+11,0 235=+14
z grupg 0-amidowg

Fenyloselenid >150 >150 >150 >150
Benzizoselenazolon 328+28 16,1+0,0 38,8+0,8 16,8+ 0,4
Diselenid >100 >100 >100 >100

Poréwnujac wartosci ICso uzyskane dla pochodnych a-metylobenzylowych
mozna zauwazy¢, ze dla obu czasteczek z grupa 0-estrowa i 0-amidowa, najlepsza
aktywnos$¢ uzyskano dla zwigzkow z konfiguracja S atomu wegla dla linii komorkowe;j
HL-60. Dodatkowo, mozna zauwazy¢ wigksza wrazliwos¢ linii komorkowej HL-60 niz

linii komérkowej MCF-7 na otrzymane pochodne z grupa a-metylobenzylowa. Ogdlnie
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mozna zaobserwowac, ze zamiana ugrupowania 0 -amidowego na o-estrowe zwicksza
potencjal cytotoksyczny otrzymanych p-karbonyloselenidow. Natomiast, sposrod
wszystkich otrzymanych pochodnych z grupa a-metylobenzylowg to benzizoselnazolony
wykazywaty najsilniejszg aktywnos$¢ cytotoksyczna.

Waznym motywem W moich badaniach, szczeg6lnie interesujagcym ze wzgledu
zmian¢ aktywnosci biologicznej poszczeg6lnych enancjomerdw i diastereoizomerow,
byta grupa hydroksyindanylowa. W tej pracy dla selenidu S-karbonylowego z grupa
0-estrowg otrzymatam pochodne z podstawnikiem indanylowym bez dodatkowej grupy
hydroksylowej. Przygladajac si¢ wynikom dla syntetyzowanych grup zwigzkow
z podstawnikiem hydroksyindanylowym, mozna zauwazy¢ mniejsza wrazliwo$é
komorek nowotworowych na zwigzki z wigzaniem estrowym 94/95, jednak trudno
okresli¢, czy jest to efekt zastgpienia grupy amidowej grupg estrowg w pozycji Orto, czy

tez brak dodatkowej grupy hydroksylowej.
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7. Podsumowanie

1) Opracowatam syntezg serii N-podstawionych chiralnych benzizoselenazol-3(2H)-
oné6w 1 odpowiednich diselenidow z grupa o0-amidowa, tworzac szereg
enancjomerdw i diastereoizomeréw. Otrzymanych 28 pochodnych posiada rozne
ugrupowania na atomie azotu, w tym alifatyczne acykliczne i cykliczne tancuchy
weglowe z  dodatkowymi pierScieniami  aromatycznymi 1 grupami
hydroksylowymi. Wszystkie zwiazki przetestowano jako przeciwutleniacze

i srodki przeciwnowotworowe. Uzyskane wyniki wykazaty, ze:

a) Diselenidy sa na ogot lepszymi przeciwutleniaczami, ktorych aktywnosé
ZNnaczgco wzrasta w wyniku obecnosci ugrupowania

N-hydroksyindanylowego,

b) Dziatanie cytotoksyczne benzizoselenazolonow jest podobne zarowno w
stosunku do linii komérkowych HL-60, jak i MCF-7, o najwigkszym
potencjale  antyproliferacyjnym dla pochodnych  N-(2-hydroksy-1-
indanylowych) majgcych konfiguracje (S) atomu wegla C1 bezposrednio

polaczonego z atomem azotu pierscienia selenazolonu,

c) Aktywno$¢ przecinowotworowa diselenidow ulega selektywnej ekspresji
jedynie wobec linii komoérkowych HL-60, a takze przylaczenie grupy
hydroksylowej wydaje si¢ by¢ niezbedne do uzyskania efektu
cytotoksycznego  wobec  linii  komoérkowych  ludzkiej  biataczki

promielocytowe;.

d) Diselenid 50b moze wykazywaé selektywne dziatanie cytotoksyczne przy

minimalnym uszkodzeniu normalnych komorek.

: o -
: ICs (HL60)  ICso (HUVEC)
i N
H 13,0 £ 0,4 uM >100 uM
)

Rysunek 13. Aktywnos¢ cytotoksyczna zwigzku 50b
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2)

3)

4)

Opracowatam syntez¢ chiralnych niesymetrycznych difenyloselenidow
posiadajacych dodatkowa grupe 0-amidowa. Pochodne byly podstawione na
atomie azotu grupami chiralnymi, tworzac szereg par enancjomerow
i diastereoizomerow. Zauwazytam, ze wprowadzenie do struktury dodatkowego
pierScienia  aromatycznego nie poprawia bioaktywnosci pochodnych
selenoorganicznych, w poréwnaniu do odpowiednich benzizoselenazolonow

1 diselenidow.

Zoptymalizowalam metod¢ syntezy chiralnych f-karbonylowofenylowych
selenidow i udowodnitam, Ze wygenerowanie karboanionu z wyjSciowego ketonu
jest kluczowe dla wysokiej wydajnosci reakcji. Procedure t¢ wykorzystalam do
syntezy N-podstawionych pochodnych w postaci par enancjomerycznych
I diastereomerycznych, prezentujac pierwsze przyklady niesymetrycznych
(2-oksopropylo)seleno)benzamidow posiadajacych grupy chiralne przylgczone
do atomu azotu. Po przetestowaniu otrzymanych zwigzkéw jako

przeciwutleniaczy i $rodkoéw cytotoksycznych mozna stwierdzié, ze:

a) W obu wykonanych testach DTT i DPPH najbardziej aktywne byty pochodne
posiadajgce grupy hydroksylowe — ugrupowania hydroksyindanylowe oraz

hydroksybutylowe,

b) Obecnos¢  grupy  fS-karbonyloselenidowej  zamiast  ugrupowania
fenyloselenidowego lub wigzania Se-N w benzizoselenazolonach znaczgco

zwiekszata zdolno$¢ redukcji H20z,

c) Biorgc pod uwage zalezno$¢ chiralnosci od aktywnos$ci, zaobserwowatam, ze
konfiguracje atomu wegla Cl1 i C2 pochodnych N-2-hydroksy-1-
indanylowych wplywaja na ich potencjat antyproliferacyjny, przy czym
najnizsze wartosci ICsp zauwazylam dla zwigzkow z konfiguracja (S) atomu

wegla C1.

Opracowatam metodologie umozliwiajaca otrzymanie nowej grupy zwigzkow
selenoorganiczych p-karbonylofenyloselenidow, posiadajacych grupg estrowsg
w pozycji orto. Kluczowym etapem syntezy bylo zastosowanie trietyloaminy
podczas acylowania selenidu. Otrzymatam pierwsze pochodne z rusztowaniami

alkiloachiralnymi i chiralnymi, w tym rowniez pary enancjomerow. Otrzymane
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5)

pochodne zbadatam pod katem aktywnosci przeciwutleniajacej i cytotoksyczne;.

Analiza wynikéw, wykazata ze:

a) Zamiana grupy amidowej na grup¢ estrowa znaczaco obniza wlasciwosci

redukcyjne H202,

b) Pochodne estrowe sa lepszymi zmiataczami wolnych rodnikow. W tescie
DPPH wynik uzyskany dla zwigzku 89 miat zblizong wartos¢ ICso do warto$ci
dla Troloxu,

c) Aktywnosc¢ cytotoksyczna pochodnych z grupg 0-estrowa nie ulegta poprawie

poprzez zamiang wigzania amidowego na estrowe.

Wszystkie otrzymane pochodne przebadatam in vitro pod katem aktywnosci
antyoksydacyjnej. Zwiazki, ktore wyrdzniaty si¢ najwiekszym potencjatem, to
pochodne:

a) W tescie DTT 47b/48b oraz 49b/50b;

HO HO HO HO
O 0 o)
N N N N
)2 )2 )2 )
47b 48b 49b 50b

Rysunek 14. Struktury zwigzkéw 47b/48b oraz 49b/50b o najwyzszej
aktywnosci antyoksydacyjnej w tescie DTT

b) W tescie DPPH 89, 90 oraz 91,

Rysunek 15. Struktury zwigzkow 89, 90 oraz 91 o najwyzszej aktywnosci
antyoksydacyjnej w tescie DPPH
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6) Wszystkie otrzymane pochodne zostaly poddane testom pod katem ich
aktywnos$ci cytotoksycznej. Najwyzszy potencjal antyproliferacyjny wykazaty

pochodne 47a, 49a oraz 64 dla linii komérkowej MCF-7 a dla linii komérkowej
HL-60 zwiazki 47a, 49a oraz 39b.

) i
5 N% ICso (MCF-7)  ICsq (HL60) du Cs0 (MCF-7) -
: / :
14,9+09uM  7,9+0,3 M 16,7+ 1,4 uM:

47a 64 \I:::]

i HO ;
; N ICso (MCF-7)  ICso (HL60) . g ICsp (HL60)
5 ! H :
H 22,1+31uM 11,4 +1,0 uyM ) 8,7+0,1uM
. ) ;
: 49a 39b

Rysunek 16. Struktury zwigzkéw 39b, 47a, 49a oraz 64 o najwyzszej aktywnosci

cytotoksycznej
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Abstract

Reactive oxygen species (ROS) are responsible for many of civilization’s diseases, including cancer, diabetes, and
Alzheimer's disease, decomposition of products in the food industry, and deterioration of physicochemical
properties of polymers and nanomaterials. In recent years, several organoselenium compounds have been
synthesized and used as peroxide scavengers, which are the source of many antioxidant substances. This review
aims to collect and divide the organoselenium compounds obtained in the last twelve years with antioxidant
activity, which can prove helpful in a) medicine as supplements preventing diseases caused by oxidative stress,
b) as food additives preventing oxidation, or c) in the materials industry as Se-containing nanoparticles and
polymers. In addition, the most common methods for determining GPx-like antioxidant activity are presented.
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1. Introduction

The formation of reactive oxygen species (ROS) in living organisms is related to many basic biological processes,
such as the respiratory chain, metabolism of purine nucleotides, microsomal hydroxylation cycle, and reactions
involving oxidoreductases. The products of these reactions, which include the superoxide anion radical (02")
and hydrogen peroxide (H20;), should be reduced in subsequent biochemical reactions and safely removed from
the body. However, may not be the case for various reasons, for example, stress, improper diet, and strenuous
exercise.!

The imbalance between the rate of ROS formation and the efficiency of the antioxidant system is known as
oxidative stress. Excessive production of ROS with the simultaneous depletion of antioxidant reserves causes
the oxidation of fatty acids, proteins, and DNA. Efforts to reduce oxidative stress can be manifested in the clinical
improvement of patients, while excessive production of ROS is the primary cause or secondary complication of
the disease. Toxic oxidation products are the initiators of several diseases, such as atherosclerosis, hypertension,
diabetes, inflammation, Alzheimer's disease, and cancer.!

Antioxidants are compounds that possess the ability to prevent or inhibit the oxidation of other chemicals,
and among them, we find molecules of both natural and synthetic origin.?® The biological systems include
endogenous compounds produced by the organism, which in turn can be divided into derivatives of enzymatic
(e.g., glutathione peroxidase (GPx), thioredoxin reductase (TrxR), superoxide dismutase (SOD), and catalase)
and non-enzymatic (e.g., lipoic acid, glutathione, ferritin, albumin) origin. When endogenous antioxidants are
unable to protect the body against the effects of ROS, there is a need for exogenous antioxidants derived from
natural sources, such as plants (e.g., flavonoids, phenolic acids, carotenoids, organosulfur compounds, vitamins)
or minerals (selenium, zinc, manganese) provided via appropriate diet. The second group of antioxidants is
compounds of synthetic origin, delivered to organisms in the form of dietary supplements and bioequivalent to
their natural forms (e.g., vitamin C compared to chemically synthesized t-ascorbic acid). Synthetic antioxidants
are also utilized as additives to prevent the oxidation of unstable ingredients in the food, pharmaceutical,
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cosmetic, and materials industries. The classifications of antioxidants, along with the most representative

examples, are shown in Figure 1.4
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Figure 1. Antioxidants, classification with examples.

In the biological context, selenium was considered for many years only as a poison and carcinogen.>®’A
breakthrough moment that changed the perception of selenium and revealed its positive face came in the
second half of the 20t century. At that time, two researchers, Schwarz and Foltz, confirmed that trace amounts
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of selenium are necessary for the proper functioning of animals and human organisms.® Selenium biology has
developed rapidly in recent decades and is now known in various forms as an essential trace element in living
organisms. Nutritional functions of selenium in the human body are provided by the action of 25 selenoproteins.
A key role in effectively reducing harmful peroxides is played by one, so far the best known in mammals,
selenoenzyme - glutathione peroxidase (GPx). The biological activity of this protein is related to the presence of
selenocysteine (Sec) in its active site.® Since these discoveries, the incorporation of a selenium atom in the
structure of various small molecules enabled the design of many potential Se-therapeutics. Numerous
publications in the field of medicinal chemistry present the significant biological potential of organoselenium
compounds in diversified activity assays.1%11,1213

Glutathione peroxidase (GPx) catalyzes the reduction of H.0; and other organic peroxides using glutathione
(GSH) as a cofactor.'* Under physiological conditions, in the first step, active selenol (E-SeH) 1 is oxidized to
selenenic acid (E-SeOH) 2. Acid 2 reacts with glutathione (GSH) to form the selenenyl sulfide 3. Regeneration of
selenol 1 takes place as a result of the reaction of sulfide (E-Se-SG) 3 with another molecule of glutathione (GSH)
and the release of its oxidized form - disulfide (GSSG). In oxidative stress conditions, when the level of hydrogen
peroxide (H203) is high and glutathione (GSH) is low, over-oxidation of selenol takes place, and the formation of
seleninic acid (E-SeOOH) 4 occurs (Figure 2).%

H,0, H,0
GPx H,0, ?
(0] H,0O ///:>>_<<iil\
N
H
Sew [/ G6GPx N GPx
1 | GPx catalytic cycle
| _(oxidative stress) OH
GSSG " GPxcatalytic cycle N
i (physiological conditions) ’1 H

NADPH

GR

GSH
GPx GSH GSSG  GR
NADP*

Figure 2. GPx catalytic cycle. GSH: reduced form of glutathione; GSSG: the oxidized dimeric form of glutathione;
GR: glutathione reductase.

Looking at the GPx catalytic cycle, it should be noted that catalysis will be possible only if the chalcogen atom
is easily reduced to the appropriate nucleophilic form and only if non-reversible overoxidation is prevented. The
unique property of selenenic and seleninic species compared to sulfur analogs results from their easy oxidation-
reduction reactions with the participation of thiols. The formation of sulfonic acid is irreversible'® and sulfinic
acid can be reduced only in a few cases by sulfiredoxin.!” Therefore, an additional evolutionary benefit of using
selenocysteine in the redox protein instead of cysteine is evident.'® An in-depth analysis of the structure and
understanding of the mechanism of GPx activity placed the mentioned selenoenzyme in the center of chemists'
attention. Scientists are trying to synthesize organoselenium compounds that are specific mimetics of GPx and
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thus possess potent antioxidant activity. In this review, we have collected information from the last twelve years
on topics covering the roles of organoselenium compounds as antioxidants in a) medicine and b) in materials
chemistry and the food industry.

2. Methods of Measuring GPx-like Antioxidant Activity

This section presents the most common methods of measuring antioxidant activity that has been used in the
studies listed below.

Method A: GSH/GR coupled assay*®

The glutathione reductase (GR) coupled assay was the first indirect method to evaluate GPx-mimic activity,
developed by Wilson et al. The GR enzyme, at the expense of the cofactor NADPH (B-nicotinamide adenine
dinucleotide 2'-phosphate), catalyzes the reduction of the oxidized form of glutathione (GSSG), formed during
the catalytic action, back to GSH. The initial reduction rates (vo) of NADPH are recorded by using UV spectroscopy
at 340 nm. The GPx-like catalytic activity is studied using various peroxides for this reaction, e.g., hydrogen
peroxide (H20,), tert-butyl hydroperoxide (t-BuOOH), or cumene hydroperoxide (Cum-OOH). The half and
summary equations of the involved reaction are shown below (Eqn 1,2,3).

_______________________________________________________

2GSH + H,0 GSSG + 2H,0 (1)

peroxidase

GSH
GSSG + NADPH + H* “gguctase. 2GSH + NADP* @

H* + NADPH + H,0, — > NADP* +2H,0 )

Method B: PhSH assay?°

In this direct method developed by Tomoda et al., benzenethiol (PhSH) is used as an alternative to glutathione.
The reduction of hydrogen peroxide in the presence of PhSH with simultaneous formation of diphenyl disulfide
(PhSSPh) is assessed using different techniques: a) spectrophotometrically through the UV absorption increase
at 305 nm due to PhSSPh formation; b) using the HPLC analysis because the amount of PhSSPh formed is
determined by the time required for 50% conversion of PhSH to PhSSPh (t1/2 values) and calculated as the peak
areas at different time intervals. The equation of the described reaction is shown below (Egn 4).
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Method C: DTT™Y/ DTT°* NMR assay?%??

The GPx-like antioxidant activity of compounds can be assessed using the test presented by lwaoka et al. The
organoselenium catalyst reduces hydrogen peroxide (H202) and is regenerated in the presence of dithiothreitol
(DTT"ed). The rate of the reaction is measured using *H NMR spectroscopy in CD30D?! or D,0.22 The appearance
of signals representing the formed disulfide (DTT®*) in specific time intervals is recorded. The equation of the
reaction is shown below (Eqn 5).
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Method D: DPPH assay?3

Shaaban et al. described another easy method to assess the radical scavenging activities of organoselenium
compounds and nutritional products. The antioxidant activity of a compound is estimated by its ability to reduce
stable DPPH: radical (purple color in methanol) to DPPHH (colorless) by the decrease in the absorbance at 517
nm.

Method E: ABTS assay?*

In this method presented by Shaaban et al., the antioxidant activity of organoselenium compounds is assessed
by their ability to decolorize the ABTS: (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radicals and the
corresponding radical-scavenging activity is estimated by the decrease in the absorbance at 734 nm.

3. Antioxidants in Medicine

3.1. Ebselen and its derivatives

Ebselen (N-phenylbenzisoselenazol-3(2H)-one) 5 is one of the first synthetic glutathione peroxidase (GPx)
mimetics to catalyze essential reactions involved in protecting cells from oxidative damage and free
radicals.?>2527 Currently, it is in the second and third phases of clinical trials as a therapeutic in treating diseases
caused mainly by oxidative stress (Figure 3).28 This section presents recent advances in synthesis of new ebselen
analogs with enhanced GPx-like activity. Modifications of the ebselen 5 structure mainly include the
replacement or substitution of the phenyl group on the nitrogen atom (ring B) or the connection of various
substituents on the benzamide ring A.

Clinical trials

Meniere's Disease (phase 3)
N Bipolar Disorder (phase 2)
Se COVID 19 (phase 2)

Hearing Loss (phase 2)

,_________________~

____________________________________________________

Figure 3. Structure of ebselen.

3.1.1. Modification of ebselen rings A and B. A series of benzisoselenazolones with additional substituents on
the benzamide ring was examined in terms of antioxidant activity by Kumar et al. (2014) utilizing Method B.?°
The high GPx-like activity of benzisoselenazolone 6 (Figure 4), which forms selenol intermediate 8, suggests the
presence of the bulky N-quininamine substituent and the ortho-CHs benzamide substituent stabilizes compound
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8, which regenerates benzisoselenazolone 6 through its reaction with H,O; (Figure 4). Compound 6 showed a
much higher antioxidant activity than other benzisoselenazolones presented in this article and is 103-fold more
active than ebselen 5.2°

0
PhSH
— HN
0— -PhSSPh SeH

'HZO
Figure 4. The high GPx-like activity of benzisoselenazolone 6 and generation of selenol 8.

The GPx-like activity of the ebselenol series was also described by Kumar et al. in 2016 and compared with
ebselen 5 using GSH/H20, and GSH/t-BuOOH assays (Method A).!° All obtained compounds possessed
antioxidant activity higher than ebselen 5. Moreover, all derivatives were more active when the oxidant was
H20,. The compounds were also assessed as GPx-mimics using Method B.?° Ebselenol 10 (Figure 5) was a 15-
fold more active catalyst than ebselen 5. The authors suggest that such high activity of compound 10 was most
likely a result of the hydroxyl group and the selenium center proximity.3° In 2021, Kumar et al. synthesized N-
methyl ebselenamine compounds and then assessed their antioxidant activity (Method A),*° noting that the
excellent GPx-like activity of the obtained derivatives may be related to the close proximity of the -NHMe group
and the selenium atom. Of all the compounds, derivative 11 showed the highest antioxidant activity (2.5-fold
more active than ebselen 5 and 5-fold more active than a-tocopherol).3!

In 2014, a group of Chinese researchers obtained a new series of multi-target directed ligands derived from
ebselen 5 and tested them for catalytic reduction of H,0; using Method A. The results indicated that
compound 12 (Figure 5) exhibited about 1.5-fold higher antioxidant activity than ebselen 5.3
3.1.2. Modification of ebselen ring B. In 2011, a series of di- and tripeptide-based ebselen analogs was
synthesized by Satheeshkumar and Mugesh. The GPx-like antioxidant activity was studied using Method A.*°
The antioxidant activity of these compounds depends significantly on the nature of the peptide moiety attached
to the nitrogen atom of the selenazole ring. Compound 13 (Figure 5), which possesses a Val-Ala peptide, showed
the highest antioxidant activity in all three peroxide assays (about 2-fold higher than ebselen 5). The authors
suggest that the (Val-Ala) dipeptide facilitates the formation of active selenol, which is directly involved in the
scavenging of peroxides (See Figure 2).33

In 2014, in Wirth's research group, a series of new N-chiral benzisoselenazolones was synthesized. The GPx-
like activity of all derivatives was determined by Method B?° (using a high-performance liquid chromatography
(HPLC) assay) and by Method A'® (by the UV-Vis assay), each with two different peroxides, H.0; and CumOOH
as the substrates. Most of the obtained derivatives showed GPx-like activity similar to that of ebselen 5. In
contrast, the highest antioxidant activity was observed for the derivative 14 (Figure 5) with the hydroxyl group
(about two-fold higher than that of ebselen 5 in Method A®°).34

In the last seven years, several N-alkyl,?> N-aryl,3® and chiral benzisoselenazolones3”383% were obtained by
Scianowski et al. The evaluation of the antioxidant activity was based on Method C.?! The compounds 15-23
that exhibited the highest antioxidant activity in each of the mentioned groups are presented in Figure 5. In the
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same research group, the oxygen atom of the carbonyl group was replaced with a sulphur atom by synthesizing
the benzisoselenazothiones, and the obtained derivatives were assessed in terms of their GPx-like antioxidant
activity (Method C?!). The best peroxide scavenger was N-propyl benzisoselenazole-3(2H)-thione (2-fold more
active than ebselen 5).4°
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! 2016-2022
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Method C

Figure 5. Ebselen analogs 6-23 with potential GPx-like activity.

3.2. Diselenides and their derivatives

In addition to benzisoselenazolones, diselenides constitute the second significant group of compounds with
potential antioxidant activity similar to GPx. Diphenyl diselenide (PhSe); is the simplest compound among
diselenides exhibiting antioxidant potential higher than ebselen, probably because of intramolecular
interactions that stabilize its selenylsulfide intermediate, preventing the reduction of H20;. In the recent years,
a number of diselenides have been synthesized and evaluated in vitro for GPx-like antioxidant activity by several
leading research groups.

Page 219 ©AUTHOR(S)



Arkivoc 2023, v, 212-235 Obieziurska-Fabisiak, M. et al.

3.2.1. Diselenides obtained by Braga et al. and Rocha et al. Chiral diselenides and their derivatives from (-)-
ephedrine were prepared and monitored as GPx mimetics by Braga et al. (2012). Diselenide 24 and derivative
25 showed catalytic performance 11.5- and 4-fold higher, respectively, compared to the standard (PhSe),.* By
combining the structures of ebselen 5 and derivative 24 (the highest antioxidant activity in the previous work),
Braga and co-workers obtained amido-based diselenide 26, which was 9- and 3-times more active than the
standard benzisoselenazolone 5 and (PhSe),.4> The same research group confirmed that alkyl diselenide 27
containing a cholesterol unit in its structure possessed an antioxidant effect 3-fold higher than ebselen 5.43
Aniline-based diselenide 28 substituted with the p-CF3z group was 5- and 2-times more active than ebselen 5 and
(PhSe),, respectively. The obtained results showed that the catalytic efficiency increased with the electron-
withdrawing capacity of the substituent in the para position. The amino group participates in stabilizing the
selenolate intermediate through a hydrogen bond with the selenium atom, creating a zwitterionic form.%

In 2012, Braga, in cooperation Hassan and Rocha, obtained B-amino-based diselenides and disulfides.
Diselenide 29 showed a very significant antioxidant potential (5-times higher than (PhSe);) and non-toxic
effect.*> The same scientists continued the idea of synthesizing organoselenium compounds with a heteroatom
close to the selenium atom, noting the interesting GPx-like activity of this type of derivative. In 2015, they
presented the synthesis of aliphatic and aromatic 2-picolylamide-based diselenides with proximal non-bonding
Se--O interactions. The aromatic compound 30 possessed about 5-times higher antioxidant potential than
(PhSe),.%6 Three years later (2018), Braga and Rocha conducted the synthesis of a new class of chiral
diselenoamino acid derivatives from phenylalanine and valine. Diselenide 31 showed antioxidant activity similar
to (PhSe).. The obtained results suggested that the catalytic activity of the GPx mimetics presented in this paper
depends on the steric effects that can be influenced by the number of carbon atoms between the selenium
atom and the amino acid residue and/or by the amino acid lateral residue.*’

In 2014, Ibrahim, Rocha et al. revealed that an amino group in amino diselenides drastically enhances
their GPx-like catalytic activities by synthesizing 1-(2-(2-(2-(1-aminoethyl)phenyl)diselanyl)phenyl)ethanamine
32 and comparing the results obtained with activity observed for (PhSe). (two times higher activity than
(PhSe);).*8 In 2019, the same compound 32 was tested in vitro and in vivo in mice, showing no acute toxicity.*

The GPx-like activity for all the diselenides and their derivatives 24-32 was evaluated according to
Method B.2° The relative activity observed for the individual derivatives 24-32 and their structures are
summarized in Figure 6.
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Figure 6. Diselenides and their derivatives 24-32 with potential GPx-like activity assessed by Braga, Rocha et al.

3.2.2. Diselenides designed by Singh et al. Another research group specialized in synthesizing organoselenium
compounds with potential antioxidant activity is that of Singh et al. In 2014, they assessed the antioxidant
potential of nicotinoyl-based organoselenium compound 33 (2,2'-diselenobis[3-amidopyridine]), and it was two-
times more active than ebselen 5.°° The results obtained in this work inspired the authors to synthesize new
pyridine-based GPx mimics by substituting suitable functional groups. In the same year, an article appeared
about the synthesis of pyridoxine-derived diselenides and other organoselenium derivatives (selenides, selones,
seleninic acids, selenosulfides) was performed. Among all derivatives, the lower potential was observed for
selenide 34, selone 35, selenosulfide 38 and the highest for diselenide 36 (1.5-fold more active than ebselen 5)
and seleninic acid 37 (2-fold active than ebselen 5).°! In the next paper (2015), Singh et al. proposed to modify
diselenide 36 by introducing a bromine atom in the 6-position of the pyridine ring. This substitution increased
the antioxidant activity of derivative 39 (2-fold more active than ebselen 5).°2 In 2021, Singh, Kumar et al.
received a series of diselenides 40a-d, selenazolonamines 41a-d, selenoxides 42a-d. They noticed that electron-
donating substituents dramatically increased the antioxidant potential. Moreover, the selenoxides 42a-d
showed a GPx-like activity higher than the corresponding selenazolonamines 41a-d. The highest antioxidant
activity was observed for diselenide 40d (2-fold more active than ebselen 5).°3> The GPx-like activities of all
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compounds 33-42 were assessed by utilizing Method A.'° The relative activities for the individual derivatives 33-
42 and their structures are summarized in Figure 7.

nicotinoyl-based diselenides

(o}

3 pyridoxine-based diselenide

CH,OH

HOH,C OH
B X
‘ NH, ﬁ
N/ Se), Br” 'N” “Se),
' Method A : Method A
3 2-fold more active than ebselen 3 32-fo|d more active than ebselen;
Singh o .
***************************** tal modification “-----------------------o-oo-
etal of 36
pyridoxine-based diselenides and derivatives
CH,0H CHl CHOH |, CH,0H CHZ0H CH,OH
HOHZCﬁOH ~ HOHzC\fIOH 2 HOHZCﬁOH H20, HOHzCﬁOH PhSH_ HOHZCﬁOH
P - o) \ 1
N7 SeCH, N se N"se), NS, N” > SesPhi
34 35 36 37 38 :
selenide selone diselenide seleninic acid selenosulfide
(57%) (86%) (88%) (67%) (68%)

Method A
diselenide: 1.5-fold more active than ebselen
seleninic acid: 2-fold more active than ebselen

| selenazolonamines, selenoxides and diselenides |
0 :
: Cre-O-
i NH; N i
; o R 41a-d H ;
1 Se), :
N _— NH, '
: H . 0 40d !
; Se), Method A :
3 NH, ,NOR 2-fold more active than ebselen ;
: 40a-d *% 3
: NH, :
42a-d

Figure 7. Diselenides and their derivatives 33-42 with potential GPx-like activity assessed by Singh et al.

3.2.3. Diselenides synthesized by Mugesh et al. As mentioned above, the high activity of amine-based
diselenides is related to the presence of basic amino groups which can deprotonate the selenol to generate a
more reactive selenolate in the catalytic cycle of GPx (See Figure 2). Mugesh et al., in various studies, assessed
the antioxidant activity of tert- and sec-amine-based diselenides. Modification of the aromatic tert-amino
diselenide 43 ring®* by introducing a 4- or 6-methoxy group increased the antioxidant activity of the new
derivatives 44 and 45.>° The sec-amino diselenides 46a-d containing alkyl substituents turned out to be unstable
and rapidly cyclized to the corresponding isoselenazolones 47a-d. These, in turn, showed GPx-mimetic activity
2- and 3-fold higher than ebselen 5. Stable diselenides 48a-d presented lower antioxidant activity than
isoselenazolones 47a-d and marginally better than ebselen 5. The antioxidant activity was also assessed for
diselenide 49 and compared with the derivative 44.%” The GPx-mimic activity for derivatives 43-48 was evaluated
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using Method A and for compound 49 using Method B.?° The relative activities for the individual derivatives
43-49 and their structures are summarized in Figure 8.
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Figure 8. Diselenides and their derivatives 43-49 with potential GPx-like activity assessed by Mugesh et al.

3.2.4. Diselenides designed by Scianowski et al. N-alkyl,> N-aryl,3® and N-chiral3’*° amido-based diselenides
were synthesized in the Scianowski research group. A significant increase in the antioxidant potential was
observed for appropriate diselenide derivatives: N-alkyl selenenic acids 52a-f and water-soluble potassium salts
of these acids 53a-f.>® The salts 53a-f showed the highest GPx-mimetic activity among all compounds presented
by the Scianowski group. Additionally, the solubility of these salts 53a-f in water gives them great potential in
pharmacology. The GPx-mimic activity for all derivatives 50-57 was assessed using Method C.?%?2 The relative
activities for the individual derivatives 50-57 and their structures are summarized in Figure 9.
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Figure 9. Diselenides and their derivatives 50-57 with potential GPx-like activity assessed by Scianowski et al.

3.3. Other organoselenium compounds as antioxidants
Braga et al. (2012) assessed the GPx-like catalytic activity of selenides and selenoxides using Method B.2° The
selenoxide 58 with an amino chelating group showed 3-fold higher activity than ebselen 5. Selenide 59 was a
poorer catalyst than selenoxide 58, but showed catalytic activity comparable to ebselen 5.>° In 2016, Manichetti
and Braga synthesized different benzo[b][1,4]selenazines. The best antioxidant potential tested using Method
C?! was observed for benzoselenazine 60 which was lower than that of diphenyldiselenide.®®

The antioxidant activity of dithiaselenepanes was assessed using Method C?! by Capperucci et al. (2016).
According to this assay 3,7-dimethyl-1,2,5-dithiaselenepane 61 was more active than (PhSe),. Intriguingly, the
more hindered dithiaselenepane 62 showed lower catalytic efficiency than 61.% In 2019, a series of cyclic and
open-chain selenides was obtained within the same research group. They suggested that the nature of the
functional groups close to the selenium atom strongly influenced the catalytic antioxidant properties of
organoselenides. B-Seleno nitriles 63 and 64 and 2-oxo-1,4-oxaselenane 65 were the best catalysts according to
Methods A'® and C.?! As in the previous report,®! also, in this case, a higher GPx-like activity of cyclic selenides
compared to acyclic analogs was observed.®? In the same research group (2015), resveratrol-based
benzoselenophenes 66-68 were obtained, for which the antioxidant activity was assessed using Method D.23 All
the selenophene derivatives 66-68 were more efficient than resveratrol (about 1.5-fold more active) when
tested under the same conditions.%3

Singh et al. (2017) prepared phenolic 2,3-dihydrobenzo[b]selenophene antioxidants bearing an HO-group
in ortho, meta and para positions with respect to the Se atom. Compound 70, carrying the phenolic group in
ortho position, was found to be the best catalyst, three-fold more active than (PhSe),. Compound 69 (HO-group
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in para position) was slightly more active than the reference compound.®® The antioxidant activity was
determined using Method B.%°

Quinoline derivatives containing selenium were synthesized by Alves et al. in 2021. For these compounds,
the antioxidant activity was assessed using Method D and Method E.?* The obtained results indicated that
compounds 71 and 72 were effective DPPH and ABTS radical scavengers, respectively.®”

Shaaban et al., in their recent papers (2018, 2022),%%%’obtained a series of selenides and determined their
GPx-like antioxidant activity using Methods D?3 and E.?* In the first article, the quinoid-based N-substituted
maleanilic acid 73 and its corresponding methyl ester 74 were more active (approximately 1.5-fold) than ebselen
5.56 Compounds 75 and 76 showed GPx-like activity similar using Method D% like vitamin C.%7

Iwaoka et al., in their reports (2010, 2015, 2017),%1-685%3ssessed the antioxidant activity of water-soluble
cyclic 77, 81, 83-86 and linear selenides 78-80, 82 using Methods A'® and C?! in water and methanol. As a result,
they managed to formulate some general characteristics of the compounds that contribute to the increased
GPx-mimic activity: 1) the most preferred cyclic ring size is five, 2) generally, the reactivity of the substituents
increases in the series NH, <HO <CO:H in agueous medium and vice versa in methanol, 3) in most cases a greater
number of substituents increases the activity of the compound, 4) the stereo configuration of the substituents
does not affect the activity of the compounds in water, unlike in methanol.?1,68:6°

Mugesh et al. (2012, 2015) tested GPx-like antioxidant activity for diaryl selenides bearing amide moieties
and spirodiazaselenuranes using Method A.Y® The reactivity of the selenides 87, 89 and the
spirodiazaselenuranes 88, 90 indicated that the substituents attached to the nitrogen atom have a significant
effect on the antioxidant activity. It has been observed that the introduction of electron-withdrawing groups
generally decreased, while the introduction of electron-donating groups significantly increased the GPx activity
of both diaryl selenides and spirodiazaselenuranes.”®’!

The effect of introducing the methoxy group (in proximity to the selenium atom) on GPx-like antioxidant
activity was investigated in cyclic selenium esters (2014)7? and a series of o-(hydroxymethyl)phenyl selenides
(2016)73 by Press and Back. In both cases, it was observed that a single electron-donating methoxy group in para
position to selenium increased the catalytic activity. In contrast, m-methoxy groups have little effect, and o-
methoxy substituents inhibit the activity. Moreover, the effects of multiple methoxy groups were not
cumulative. The best peroxide scavengers (Method B%°) were cyclic selenium ester 91 and selenide 92.

McNeil and Back (2016) found that the dimeric form 94 acted roughly twice as fast in Method A% than
the monomer 93 due to two redox centers in 94 instead of one in 93. Therefore, dimeric form 94 better
mimicked the multivalent selenoenzyme GPx, which possessed four redox-active selenocysteine moieties.”

In 2020, Scianowski et al. presented a new method for the synthesis of N-substituted unsymmetrical
phenylselenides with an o-amido function. The highest H.0,-scavenging potential (Method C?!) was observed
for the derivative 95 with N-(3-methylbutyl) substituent. The phenylselenide 95 showed 2-fold higher activity
than ebselen 5.7°

The structures of all the derivatives mentioned above 58-95, with high antioxidant activity, are
summarized in Figure 10.
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Figure 10. Other organoselenium compounds 58-95 with potential GPx-like activity.
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4. Antioxidants in Other Areas

In the food industry, antioxidants are considered food additives. They protect food against fatty acid oxidation
(rancidity), extend the time of shelf life consumption, and prevent the loss of food value. They react with primary
oxidation products (mainly fats), creating less reactive radicals. For the general population, the main source of
Se in the diet are organic forms (generally greater than 80%).”®

Ebselenols substituted with a hydroxyl group in the benzisoselenazolone ring were evaluated for their
capacity to inhibit peroxidation of linoleic acid in a two-phase chlorobenzene/water system open to the
atmosphere using HPLC with UV detection assay.”””® While ebselenols 97 inhibited peroxidation at the same
time as the standard a-tocopherol, ebselenols 96 stopped this process for much longer. In the absence of a
reducing agent (ascorbic acid), ebselenol 96 scavenged peroxide radicals with a stoichiometric number as high
as n = 3 (for comparison, a-tocopherol is known to trap two peroxyl radicals per molecule, so the stoichiometric
number is n = 2). The presented properties of ebselenols 96, 97 (Figure 11) indicate that these compounds can
be used in food technology (as antioxidants protecting food against autooxidation of fatty acids and thus
prolonging the shelf time), in polymer producers, or the oil industry (as antioxidants protecting against
autoxidation, which corresponds to the oxidative deterioration of organic materials).”®

___________________________________________________

o
I

Figure 11. The structures of ebselenols 96 and 97 with high antioxidant activity.

Unique physical, chemical, and antioxidant properties have made selenium nanoparticles (SeNPs),
particularly popular.®° Additionally, SeNPs, due to their higher bioavailability and lower toxicity compared to
other chemical forms of selenium, may be a promising source of selenium in the diet.8!

In 2018, Huang et al. designed the first Se@pDA self-assembly nanocomposite that exhibited remarkable
ROS scavenging property due to excellent GPx-mimic ability of selenium and polydopamine (pDA) reducibility
(Figure 12). Compared to a single composite, the Se@pDA nanocomposite possessed exceptional multi-
antioxidative capacity mimicking intracellular enzymatic and non-enzymatic antioxidants that constitute the
antioxidant machinery system. Experimental data have shown that Se@pDA nanozymes can be effective in
ameliorating the oxidative damage caused by ROS in lipids as well as in DNA, compared to individual Se or pDA
nanoparticles.®?
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Mimicking

Se@pDa L

glutathione, vitamin E, ascorbic acid

Antioxidant Machinery

Figure 12. Illustration of Se@pDA nanozyme as a mimic of intracellular antioxidant machinery.

Selenium-containing polymers, due to the unique properties of selenium, are susceptible to various stimuli,
such as light, radiation, or redox reaction. The most interesting factor, in the context of this review, is the redox
(oxidative- and reductive-reactivity) stimulus.

P(EGx-SeHC) 99, water-soluble selenium-containing polymers, were prepared by ring-opening
polymerization (ROP) of EG«-SeHC 98 (derived from selenohomocysteine (SeHC)) and oligoethylene glycol by Lu
et al. in 2019 (Figure 13).83 The obtained polymer, is a promising protein mimic because of its peptide skeletons
and helical conformations on the one hand, and on the other hand, due to the presence of selenocysteine, it
shows redox responsivity. Compared to the oxidation of homocysteine-derived polypeptides,®* which normally
requires six hour treatment with 1% acetic acid and 300 mM of 1% H,0, at 38 °C, P(EGx-SeHC), 99 could be
oxidized with 20 mM H,O0; in one hour in water at room temperature to obtain 100. The presented features
indicate that selenopolypeptides could find potential applications as chiral materials, stimuli-responsive carriers,
autoxidation, and anti-inflammatory agents.

ROP

RSH H

Figure 12. Preparation and oxidation of P(EGx-SeHC) 99.

Redox reactions play a significant role in drug delivery and the release of selenium-containing polymers. This
is because selenoxide and selenone possess better hydrophilicity than selenium. Xu et al., in their papers (2010,
2013),%>86 presented amphiphilic block polymers with selenide moieties in the main chain or in the side chain.
The polymers self-assembled to form micelles, and then they were structurally disrupted under the mild
conditions of 0.1% H,0,, releasing the desired compound. X-ray photoelectron spectroscopy (XPS) and 7’Se NMR
measurements in both cases showed that transformation from selenide to selenone is associated with the
change of hydrophobic to hydrophilic character.8>86
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5. Conclusions

Antioxidants play a significant role in protecting the body against the negative effects of ROS, excess of which is

the initiator of many diseases. The development of antioxidants containing selenium in their structure is strongly
related to the progress in synthesizing compounds capable of mimicking the catalytic cycle of the essential
antioxidant selenoenzyme - glutathione peroxidase. Benzisoselenazolones, diselenides, selenides, selenoxides,

or selenoesters are compounds that, in connection with their GPx-like activity, can be considered as potential
antioxidant drugs in medicine. Ebselenols can additionally be used as diet additives in the food industry. On the
other hand, the antioxidant properties of Se-containing nanoparticles and polymers provide a wide spectrum of

possibilities for their use in the materials industry. This article reviews the literature from the past 12 years to
2022.
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Abstract: A series of new chiral benzisoselenazol-3(2H)-ones and their corresponding diselenides
bearing an o-amido function substituted on the nitrogen atom with various aliphatic and aromatic
moieties were synthesized. All derivatives representing pairs of enantiomers or diastereoisomers
were obtained to thoroughly evaluate the three-dimensional structure—activity correlation. First,
bensisoselenazol-3(2H)-ones were synthesized by reacting 2-(chloroseleno)benzoyl chloride with
an appropriate enantiomerically pure amine. Then, the Se-N bond was cleaved by a reduction—
oxidation procedure using sodium borohydride and then air oxidation to obtain the correspond-
ing diselenides. All derivatives were tested as antioxidants and anticancer agents. In general,
the diselenides were more reactive peroxide scavengers, with the highest activity observed for
2,2'-diselenobis[N-(1S,25)~(-)-trans-2-hydroksy-1-indanylbezamide]. The most cytotoxic derivative
towards human promyelocytic leukemia HL-60 and breast cancer MCF-7 cell lines was
N-[(15,2R)-(-)-cis-2-hydroksy-1-indanyl]-1,2-benzizoselenazol-3(2H)-one. The structure-activity rela-
tionship of the obtained organoselenium derivatives was discussed.

Keywords: benzisoselenazol-3(2H)-ones; diselenides; pharmacophore; antioxidant activity; antipro-
liferative activity

1. Introduction

As the human body is a combination of permanent changes in concentration, tension
and movement, the overall biochemical processes that occur are far from maintaining
equilibrium. All the reactions and transformation taking place, in most cases carried out by
asymmetrical molecules—irregular yet perfectly fitted to one another—create an excellently
designed system in this seemingly chaotic phenomenon. The key element which is crucial
for proper enzyme function, structure and cell metabolism is the homochirality of L-amino
acids and D-sugars. These small molecules impose the chirality of more complex structures
such as proteins and nucleic acids, which subsequently force the chirality of the whole
cell [1-3]. As a result, potential drugs generally possess fixed stereocenters to efficiently
interact with specific receptors that have a characteristic spatial structure at their binding
side [4-6].

Additionally, the primary biochemical role of selenium is associated with its activity as
the chiral amino acid L-selenocysteine that forms the active center of the antioxidant enzyme
glutathione peroxidase. This enables the elimination of excessive reactive oxygen species
production and redox homeostasis preservation [7,8]. The chiral amino acid environment of
GPx, which surrounds and interacts with L-Sec, is essential for stabilizing L-selenocysteine
in its active-selenol form 1 [9]. As can thus be deduced, the spatial structure of the bioactive
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molecule is an important feature that influences the activity of the enzyme and the entire
biochemical cycle. The same assumption can be superimposed on drugs, where one
enantiomer can be a potential therapeutic with the other exhibiting significant toxicity, as
in the well-known case of (R)- and (S)-thalidomide [10].

To date, a multitude of GPx mimetics possessing an organoselenium moiety that
imitates the characteristic activity of L-Sec was presented and proved efficient in both
in vitro and in vivo assays [11,12]. Among them, N-substituted benzisoselenazolones,
represented by the versatile potential selenotherapeutic Ebselen, create the most explored
group of derivatives with several chiral examples, including functionalized amino acids
4 and 5 [13,14], sugars 6 [15], alkaloids 7 [16], alcohols 8 [17] and terpenes 9 and 10 [18]
(Scheme 1).

o @Ei@

CO,Me ™
\/ 2
H:0 Ebselen /q/ d I{

2 H
SeH

TN NADP*

1 GPx 6, Zhong 2012
o
GSSG
: Vs
K’ SeSG
NADN GSH ’

GPx

2 5, Mugesh 2009

\AN/ GSH ; 4, Mlochowski 1996

ZH . ;

SeOH N\ !

’ | &/ y{/ >
Ll A
HO | | OAXCC&&

7, Skarzewski 2013

Ay

8, Wirth 2014
9, 10 Scianowski 2017

Scheme 1. GPx activity cycle and the structure of known chiral benzisoselenazolones 4-10.

However, the difference in the biological activity of GPx mimetics, possessing distinct
3-dimensional orientation of atoms that serve to compare their epimeric/enantiomeric
forms, has hardly been evaluated but was originally presented by our research group.
Using enantiomerically pure terpene amines from p-menthane, carane and pinane systems,
a series of N-terpenylbenzisoselenazolo-3(2H)-ones including pairs of enantiomers and
diastereoisomers, were synthetized [19]. In our previous studies, we observed that antipro-
liferative activity towards the breast cancer cell line MCF-7 was increased by the presence
of a 2-methylbuthyl carbon chain (structures 11 and 12) [18]. The most potent terpene
derivatives 13 and 15 confirmed this assumption. However, a significantly different result
was obtained for the enantiomer of compounds 13-14 which envisioned the chirality of
C1 and C4 carbon centers as the key element influencing reactivity, and that the difference
in activity between the two enantiomers may be significant (Figure 1).

Herein, we planned to address this issue and identify the particular structural fea-
tures that affect the biological activity of organoselenium GPx mimetics. The opposite
enantiomers/diastereoisomers can exhibit stronger or weaker activity due to the change
of interaction or affinity induction to other target domains. The biological activity eval-
uation will show whether the configuration of particular carbon centers can modulate
the reactivity of the molecules. The chiral organoselenium compounds will also be ob-
tained in two forms—the aforementioned N-substituted benzisoselenazol-3(2H)-ones, with
a reactive Se-N bond (193 k] /mol), and the corresponding diselenides, possessing a Se-Se
functionality with lower bond energy (172 kJ/mol) (Figure 2) [20,21].
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Figure 1. Structural elements influencing the reactivity of compounds 11-15.
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Figure 2. Structural features of the designed compounds—interaction with the target binding sites.

As presented in Scheme 1, the reactive selenol of GPx has to covalently bind with inter-
or intracellular thiols to regenerate the primary reactive form. The ease of breaking the
Se-bond determines the hydrogen peroxide reduction and enzyme regeneration rate. This
way, the synthesis of the presented compounds will enable recognizing the influence of the
chiral moiety and the reactivity of two different types of organoselenium groups on the
bioactivity of the GPx mimetics.

2. Materials and Methods
2.1. General

NMR spectra were recorded on Bruker Avance III/400 or Bruker Avance III/700 (Karlsruhe,
Germany) for 1H and 176.1 MHz or 100.6 MHz for 13 C (see Supplementary Materials).
Chemical shifts were recorded relative to SiMey (50.00) or solvent resonance
(CDCl13 67.26, CD30OD 63.31). Multiplicities were given as: s (singlet); d (doublet); dd (dou-
ble doublet); ddd (double doublet); t (triplet); dt (double triplet); and m (multiplet). The
775e NMR spectra were recorded on Bruker Avance I11/400 or Bruker Avance II1/700 with
diphenyl diselenide as an external standard. NMR spectra were carried out using the
ACD/NMR Processor Academic Edition. Melting points were measured with a Biichi
Tottoli SPM-20 heating unit (Biichi Labortechnik AG, Flawil, Switzerland) and were uncor-
rected. Elemental analyses were performed on a Vario MACRO CHN analyzer (Elementar
Analysensysteme GmbH, Langensenbold, Germany). Optical rotations were measured in
10 mm cells with a polAAr 3000 polarimeter (Optical Activity Limited, Ramsey, United
Kingdom). Column chromatography was performed using Merck 40-63D 60 A silica gel
(Merck, Darmstadt, Germany).

2.2. Procedures and Analysis Data

Compounds were synthesized according to the previously presented procedure [18].

N-[(S)-(+)-sec-butyl]-1,2 benzisoselenazol -3(2H)-one 18a

Yield: 85%; mp 51-52 °C; [ex ] = +40 (c = 1.12, CHCl3);

'H NMR (700 MHz, DMSO) & = 0.84 (t, ] = 7.0 Hz, 3H), 1.26 (d, ] = 7.0 Hz, 3H),
1.58-1.69 (m, 2H), 4.39-4.44 (m, 1H), 7.41-7.44 (m, 1Hyy), 7.58-7.62 (m, 1Hyy), 7.79-7.82 (m, 1H,y),
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8.03-8.06 (m, 1H,;) 13C NMR (700 MHz, DMSO) & = 11.40 (CH3), 21.74 (CH3), 30.57 (CH,),
51.31 (CH), 126.24 (2xCHa), 127.78 (CHar), 129.26 (Cyr), 131.74 (CHar), 139.22 (Cyr), 166.67 (C=0)
77Se NMR 700 MHz, DMSO) & = 804.33 ppm; IR = 2964, 2873, 1738, 1589, 1562, 1443, 1323,
1247, 1217, 1147, 1046, 1020, 788, 737, 697, 591, 509, 416 cm~!. Elemental Anal. Calcd for
C11H13NOSe (255.02): C,51.98; H, 5.15; N, 5.51; Found C, 51.93; H, 5.15; N, 5.49.

N-[(R)-(—)-sec-butyl]-1,2-benzisoselenazol-3(2H)-one 19a

Yield: 67%; mp 50-52 °C; [oc]zDO = —38 (c = 1.24, CHCl3);

'H NMR (700 MHz, DMSO) & = 0.84 (t, ] = 7.0 Hz, 3H), 1.26 (d, ] = 6.3 Hz, 3H),
1.57-1.69 (m, 2H), 4.39—4.44 (m, 1H), 7.40-744 (m, 1H,), 7.58-7.62 (m, 1H,),
7.79-7.82 (m, 1H,,), 8.03-8.06 (m, 1H,;) 3C NMR (400 MHz, DMSO) & = 11.42 (CHj3),
21.77 (CHjs), 30.57 (CHy), 51.26 (CH), 126.22 (CHay), 126.27 (CHayr), 127.76 (CHar), 129.28 (Car),
131.71 (CHay), 139.25 (Cay), 166.64 (C=0) 7/Se NMR (400 MHz, DMSO) § = 802.56 ppm;
IR = 2965, 2873, 1737, 1589, 1563, 1443, 1323, 1246, 1216, 1148, 1047, 1020, 788, 737, 697, 592,
508, 414 cm~!. Elemental Anal. Caled for C11H;3NOSe (255.02): C, 51.98; H, 5.15; N, 5.51;
Found C, 51.95; H, 5.16; N, 5.47.

N-[(S)-(+)-1-hydroxy-2-butanyl]-1,2-benzisoselenazol-3(2H)-one 20a

Yield: 45%; mp 108-109 °C; [cxhzjo = +47 (c = 0.47, CHCl3);

TH NMR (700 MHz, DMSO) & = 0.81 (t, ] = 7.7 Hz, 3H), 1.53-1.60 (m, 1H), 1.71-1.77 (m, 1H),
3.52-3.56 (m, 1H), 3.64-3.68 (m, 1H), 4.40-4.44 (m, 1H), 5.14 (t,] = 5.6 Hz, 1H), 7.39-7.42 (m, 1Hy,),
7.53-7.61 (m, 1H,), 7.81 (dd, J; = 1.4 Hz, J, = 7.0 Hz, 1H,,), 8.01-8.04 (m, 1H,,) '*C NMR
(700 MHz, DMSO) 6 = 11.09 (CHj3), 24.98 (CH3), 56.94 (CH), 63.77 (CHj), 125.96 (2xCH,,),
127.72 (CHay), 128.58 (Car), 131.63 (CH,y), 140.55 (Cayr), 167.32 (C=0) 77Se NMR (700 MHz,
DMSO) & =839.29 ppm; IR = 3224, 2959, 2871, 1590, 1562, 1444, 1338, 1310, 1252, 1082, 1020,
791, 739, 676, 601, 549, 483, 422 cm~!. Elemental Anal. Calcd for C;1H;3NO,Se (271.01): C,
48.90; H, 4.85; N, 5.18; Found C, 48.92; H, 4.85; N, 5.11.

N-[(R)-(—)-1-hydroxy-2-butanyl]-1,2-benzisoselenazol-3(2H)-one 21a

Yield: 57%; mp 109-110 °C; [cxhzjo = —41 (c = 0.83, CHCly);

TH NMR (700 MHz, DMSO) & = 0.81 (t,] = 7.7 Hz, 3H), 1.53-1.60 (m, 1H), 1.71-1.77 (m, 1H),
3.51-3.57 (m, 1H), 3.64-3.68 (m, 1H), 4.38-4.44 (m, 1H), 5.12 (t,] =4.9 Hz, 1H), 7.39-7.42 (m, 1Hy,),
7.57-7.61 (m, 1Hy,), 7.80-7.83 (m, 1H,;), 8.02 (d, ] = 7.7 Hz, 1H,,) 13C NMR (400 MHz,
DMSO) 6 =11.10 (CH3), 24.96 (CHy), 56.87 (CH), 63.73 (CHj), 125.96 (CHar), 125.98 (CHar),
127.70 (CHay), 128.57 (Car), 131.63 (CH,y), 140.56 (Cayr), 167.30 (C=0) 7/Se NMR (400 MHz,
DMSO) & =837.92 ppm; IR = 3233, 2959, 2871, 1591, 1562, 1444, 1338, 1310, 1252, 1081, 1020,
791, 741, 676, 600, 549, 484, 421 cm~!. Elemental Anal. Calcd for C;1H;3NO,Se (271.01): C,
48.90; H, 4.85; N, 5.18; Found C, 48.93; H, 4.84; N, 5.18.

N-[(R)-(—)-1,2,3,4-tetrahydro-1-napthyl]-1,2-benzisoselenazol-3(2H)-one 22a

Yield: 96%; mp 217-220 °C; [o<]1230 = —50 (c = 0.58, CHCl3) (lit. mp 212-214 °C;
[ocﬁ)o = —0.53 (c = 0.075, CHCl3) [17])

'H NMR (700 MHz, DMSO) 6 = 1.81-1.87 (m, 1H), 1.95-2.05 (m, 2H), 2.09-2.15 (m, 1H),
2.76-2.81 (m, 1H),2.87-2.92 (m, 1H), 5.60 (t, ] =7 Hz, 1H), 7.02-7.06 (m, 1Hj;), 7.13-7.25 (m, 3H,,),
7.43-7.47 (m, 1H,,), 7.59-7.62 (m, 1Hy;), 7.84-7.89 (m, 1H,,), 7.96 (d,] = 7.7 Hz, 1H) 3C NMR
(400 MHz, DMSO) % = 20.57 (CHy), 29.16 (CH,), 30.77 (CHy), 51.93 (CH), 126.05 (CHj,),
126.32 (CHar), 126.48 (CHar), 127.86 (CHar), 128.13 (CHar), 128.75 (CHar), 129.40 (CHar),
129.50 (CHay), 131.95 (Car), 136.21 (Cayr), 138.12 (Cayr), 139.77 (Car), 166.88 (C=0) 77Se NMR
(400 MHz, DMSO) 6 = 830.37 ppm; IR = 2919, 2857, 1588, 1561, 1491, 1441, 1308, 1268,
1245, 1154, 1082, 769, 733, 677, 572, 534, 511, 481, 418 cm~!. Elemental Anal. Calcd for
C17H15NOSe (329.03): C, 62.20; H, 4.61; N, 4.27; Found C, 62.25; H, 4.62; N, 4.29.

N-[(5)-(+)-1,2,3 4-tetrahydro-1-napthyl]-1,2-benzisoselenazol-3(2H)-one 23a

Yield: 94%; mp 218-220 °C; [o<}1230 = +54 (c = 0.42, CHCly);

'H NMR (700 MHz, DMSO) & = 1.77-1.84 (m, 1H), 1.92-2.02 (m, 2H), 2.06-2.12 (m, 1H),
2.72-2.79 (m, 1H), 2.83-2.89 (m, 1H), 5.57 (t,] =7 Hz, 1H), 7.00-7.03 (m, 1H,,), 7.10-7.22 (m, 3H,,),
7.40-7.44 (m, 1Hay), 7.55-7.59 (m, 1Hay), 7.84-7.86 (m, 1H,,), 7.93 (d, ] = 7.7 Hz, 1H) 13C NMR
(400 MHz, DMSO) & = 20.58 (CH>), 29.16 (CH>), 30.77 (CHy), 51.92 (CH), 126.06 (CHay),
126.31 (CHay), 126.47 (CHgy), 127.85 (CHay), 128.11 (CHyy), 128.76 (CHyy), 129.40 (CHyy),
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129.50 (CHay), 131.93 (Car), 136.22 (Car), 138.12 (Cayr), 139.77 (Car), 166.86 (C=0) 77Se NMR
(400 MHz, DMSO) § = 830.01 ppm; IR = 2921, 2853, 1589, 1561, 1492, 1441, 1308, 1269,
1245, 1154, 1081, 769, 734, 676, 572, 534, 512, 481, 419 cm~!. Elemental Anal. Calcd for
C17H15NOSe (329.03): C, 62.20; H, 4.61; N, 4.27; Found C, 62.29; H, 4.62; N, 4.21.

N-[(R)-(+)-a-methylbenzyl]-1,2-benzisoselenazol-3(2H)-one 24a

Yield: 49%; mp 108-110 °C; [a]%) = +128 (c = 1.04, CHCl,) (lit. mp 116-117.5 °C;
(] 3 = +120 (c = 1.00, CH5OH) [13])

'H NMR (700 MHz, DMSO) & = 1.68 (d, ] = 7 Hz, 3H), 5.67 (q, ] = 7 Hz, 1H),
7.30-7.33 (m, 1H,;) 7.36-7.42 (m, 4H,), 7.43-7.45 (m, 1H,), 7.58-7.61 (m, 1H,),
7.83(dd,J; =0.7 Hz, ], = 7.7 Hz, 1Hy,), 7.99 (d, ] = 7.7 Hz, 1H) 3C NMR (700 MHz, DMSO)
§ = 20.86 (CH3), 52.37 (CH), 126.18 (CH.;), 126.32 (CHay), 127.40 (2xCHay), 127.83 (CHay),
128.11 (CHyy), 128.99 (2xCHay), 129.03 (Cayr), 131.88 (CHyy), 139.58 (Car), 142.61 (Car),
166.34 (C=0) 77Se NMR (700 MHz, DMSO) 6§ = 819.68 ppm; IR = 2921, 1590, 1560, 1492,
1441, 1308, 1249, 1154, 1115, 1059, 759, 738, 695, 610, 562, 538, 504, 480, 420 cm . Elemental
Anal. Calcd for C15H13NOSe (303.02): C, 59.61; H, 4.34; N, 4.63; Found C, 59.68; H, 4.35; N, 4.60.

N-[(S)-(—)-a-methylbenzyl]-1,2-benzisoselenazol-3(2H)-one 25a

Yield: 95%; mp 109-111 °C; [e]& = —123 (c = 1.02, CHCl3) (lit. mp 116-117.5 °C;
(]2 = —120 (c = 1.00, C,H5OH) [13])

TH NMR (700 MHz, DMSO) 6 = 1.68 (d, ] = 7 Hz, 3H), 5.67 (q, ] = 7Hz, 1H), 7.30-7.33 (m, 1H,,)
7.37-742 (m, 4Hyy), 7.42-7.45 (m, 1H,,), 7.58-7.61 (m, 1H,y), 7.83 (dd, J; = 14 Hz, ], =7.7 Hz,
1H,,), 8.00 (d, J = 7.7 Hz, 1H) 3C NMR (700 MHz, DMSO) 6§ = 20.86 (CH3), 52.41 (CH),
126.18 (CHay), 12632 (CHyy), 127.40 (2xCH,,), 127.83 (CHyy), 128.11 (CHar), 12899 (2xCHy,),
129.02 (Cay), 131.89 (CHyy), 139.59 (Car), 142.60 (Car), 166.36 (C=0) 77Se NMR (700 MHz, DMSO)
§ = 820.47 ppm; IR = 2924, 1590, 1561, 1492, 1441, 1307, 1245, 1158 1059, 759, 738, 695, 610, 560, 538,
504, 448, 416 cm~!. Elemental Anal. Calcd for C;5H;3NOSe (303.02): C, 59.61; H, 4.34; N, 4.63;
Found C, 59.63; H, 4.34; N, 4.58.

N-[(S)-(—)-1-(1-napthyl)ethyl]-1,2-benzisoselenazol-3(2H)-one 26a

Yield: 76%; mp 136-138 °C; [x]2 = —241 (c = 0.72, CHCl3);

'H NMR (700 MHz, DMSO) & = 1.78 (d, ] = 7.0 Hz, 3H), 6.37 (q, ] = 6.3 Hz, 1H),
7.40-7.44 (m, 1H,,), 7.50-7.56 (m, 3H,), 7.60-7.63 (m, 1H,), 7.82 (d, ] = 7 Hz, 1H,,),
7.84-7.89 (m, 2H,;), 7.94-8.02 (m, 3H,,) *C NMR (700 MHz, DMSO) & = 19,72 (CHj3),
48,32 (CH), 123.37 (CHgy), 123.97 (CHy,), 125.67 (CHyy), 126.13 (CH,y), 126.30 (CH,y),
126.44 (CHar), 127.29 (CHar), 127.90 (CHar), 129.00 (Car), 129.21 (CHay), 129.48 (CHay),
131.63 (Car), 131.82 (CHay), 133.99 (Car), 137.91 (Car), 139.73 (Cayr), 165.81 (C=0) 77Se NMR
(700 MHz, DMSO) § = 816.43 ppm; IR = 2924, 2853, 1590, 1562, 1442, 1341, 1309, 1245,
1079, 1020, 798, 736, 674, 605, 523, 505, 453 cm . Elemental Anal. Calcd for C;9H;5NOSe
(353.03): C, 64.78; H, 4.29; N, 3.98; Found C, 64.82; H, 4.29; N, 3.90.

N-[(R)-(+)-1-(1-napthyl)ethyl]-1,2-benzisoselenazol-3(2H)-one 27a

Yield: 65%; mp 135-137 °C; [«]5 = +245 (c = 0.62, CHCl3) (lit. mp 130-132 °C;
(]2 = +2.62 (c = 0.28, CHCl3) [17])

'"H NMR (700 MHz, DMSO) & = 1.78 (d, ] = 7.7 Hz, 3H), 6.37 (q, ] = 6.3 Hz, 1H),
7.40-7.44 (m, 1Hy,), 7.50-7.56 (m, 3H,,), 7.60-7.63 (m, 1H,,), 7.82 (d, ] = 7 Hz, 1H,,),
7.84-7.89 (m, 2H,;), 7.94-8.02 (m, 3H,,) *C NMR (700 MHz, DMSO) & = 19.74 (CHj3),
48.29 (CH), 123.38 (CHa,), 123.96 (CHy,), 125.68 (CHy,), 126.14 (CH,y), 126.30 (CHay),
126.44 (CHay), 127.28 (CHay), 127.88 (CHar), 129.02 (Car), 129.21 (CHay), 129.46 (CHay),
131.63 (Car), 131.80 (CHay), 133.99 (Car), 137.94 (Cayr), 139.73 (Cay), 165.77 (C=0) 77Se NMR
(700 MHz, DMSO) 6§ = 815.51 ppm; IR = 2923, 2853, 1590, 1561, 1456, 1440, 1343, 1309, 1268,
1079, 1020, 797, 739, 675, 606, 522, 504, 453 cm~!. Elemental Anal. Calcd for C;9H;5NOSe
(353.03): C, 64.78; H, 4.29; N, 3.98; Found C, 64.77; H, 4.30; N, 3.89.

N-[(1S,2R)-(—)-cis-2-hydroxy-1-indanyl]-1,2-benzisoselenazol-3(2H)-one 28a

Yield: 71%; mp 187-189 °C; [x]3 = —97 (c = 0.61, CHCl3);

TH NMR (700 MHz, DMSO) & = 2.86-2.89 (m, 1H), 3.14-3.18 (m, 1H), 4.57-4.61 (m, 1H),
556 (d,] =49 Hz, 1H),5.95 (d,] =49 Hz, 1H),6.90 (d,] = 7.7 Hz, 1H,,), 7.14 (t, ] = 7.0 Hz, 1H,,),
7.23 (t, ] = 7.7 Hz, 1Hy,), 7.28-7.31 (m, 1H,,), 7.38-7.41 (m, 1H,,), 7.55-7.59 (m, 1Ha,y),
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7.87-7.90 (m, 1H,,), 7.95 (d, ] = 7.7 Hz, 1H) 3C NMR (400 MHz, DMSO) & = 39.52 (CH5),
61.36 (CH), 73.06 (CH), 124.73 (CHjy), 125.68 (CHyy), 125.71 (CHyy), 125.78 (CHjy), 126.91 (CHay),
127.76 (CHar), 127.86 (CHar), 128.37 (CHar), 131.83 (CHar), 141.06 (Car), 141.46 (Car),
142.28 (Cyy), 168.25 (C=0) 77Se NMR (400 MHz, DMSO) § = 877.05 ppm; IR = 3259, 2922,
2853, 1621, 1533, 1458, 1446, 1349, 1311, 1259, 1047, 1026, 733, 680, 517, 475, 415 cm ™.
Elemental Anal. Calcd for C14H13NO,Se (331.01): C, 58.19; H, 3.97; N, 4.24; Found C,
58.11; H, 3.96; N, 4.29.

N-[(1R,2S5)-(+)-cis-2-hydroxy-1-indanyl]-1,2-benzisoselenazol-3(2H)-one 29a

Yield: 51%; mp 187-189 °C; [«]% = +100 (c = 0.59, CHCls);

'H NMR (700 MHz, DMSO) & = 2.89-2.92 (m, 1H), 3.17-3.21 (m, 1H), 4.60—4.64 (m, 1H),
5.59(d,]J=4.2Hz,1H),598 (d,]=4.9Hz, 1H),6.93 (d,] =7.7 Hz, 1Hy), 7.16 (t,] = 4.9 Hz, 1Hy,),
726 (t, ] = 7.7 Hz, 1Hy,), 7.31-7.34 (m, 1Hy,), 7.41-7.44 (m, 1Hy;), 7.58-7.62 (m, 1H,,),
7.90-7.93 (m, 1H,,), 7.98 (d, ] = 7.7 Hz, 1H) 13C NMR (400 MHz, DMSO) & = 39.56 (CH,),
61.37 (CH), 74.07 (CH), 124.74 (CHar), 125.68 (CHay), 125.71 (CHay), 125.78 (CHar), 126.90 (CHar),
127.76 (CHyy), 127.86 (CHyy), 128.37 (CHgay), 131.82 (CHyy), 141.06 (Cyyr), 141.47 (Cyy),
142.26 (Cyy), 168.24 (C=0) 77Se NMR (400 MHz, DMSO) 6§ = 877.00 ppm; IR = 3234, 2950,
2853, 1602, 1566, 1457, 1445, 1337, 1312, 1271, 1061, 1019, 756, 738, 677, 517, 476, 417 cm ™.
Elemental Anal. Calcd for C14H13INO,Se (331.01): C, 58.19; H, 3.97; N, 4.24; Found C,
58.13; H, 3.98; N, 4.25.

N-[(1S,2S)-(+)-trans-2-hydroxy-1-indanyl]-1,2-benzisoselenazol-3(2H)-one 30a

Yield: 87%; mp 204-206 °C; [a}%) =+212 (c = 0.55, CHCl3);

'H NMR (700 MHz, DMSO) & = 2.80-2.84 (m, 1H), 3.24-3.28 (m, 1H),
443 (kw,] =5.6Hz,1H),5.57(d,] =49Hz, 1H),5.70(d,] =5.6 Hz, 1H),7.10 (d, ] = 7.7 Hz, 1H4;),
7.20-7.24 (m, 1Hy,;), 7.31 (d, ] = 4.1 Hz, 2Hy,), 7.44-7.48 (m, 1H,,), 7.60-7.63 (m, 1H,;),
7.87-7.90 (m, 1H,,), 7.98 (d, ] = 7.7 Hz, 1H) 13C NMR (300 MHz, DMSO) § = 39.01 (CH,),
65.63 (CH), 78.88 (CH), 125.18 (CHay), 125.46 (CH,y), 126.14 (CHay), 12631 (CHay), 127.32 (CHay),
127.80 (CHygy), 128.88 (CHay), 129.01 (Cay), 131.95 (CHyy), 139.56 (Cqyr), 140.85 (Cyr), 140.95 (Cyy),
167.38 (C=0) 77Se NMR (400 MHz, DMSO) & = 824.06 ppm; IR = 3091, 2923, 2850, 1590,
1562, 1460, 1445, 1329, 1312, 1268, 1072, 1021, 793, 743, 733, 676, 516, 458 cm 1. Elemental
Anal. Calcd for C;H13NO,Se (331.01): C, 58.09; H, 3.98; N, 4.26; Found C, 58.15; H, 3.97;
N, 4.22.

N-[(1R,2R)-(—)-trans-2-hydroxy-1-indanyl]-1,2-benzisoselenazol-3(2H)-one 31a

Yield: 66%; mp 205-207 °C; [o<}1230 = —214 (c = 0.57, CHCl3);

'H NMR (700 MHz, DMSO) § = 2.80-2.85 (m, 1H), 3.24-3.28 (m, 1H), 4.43 (kw,
J=5.6 Hz, 1H), 5.56 (d, ] = 4.9 Hz, 1H), 5.69 (d, ] = 5.6 Hz, 1H), 7.10 (d, ] = 9.1 Hz, 1H,,),
7.20-7.24 (m, 1Hay), 7.31 (d, ] = 7.7 Hz, 2H,,), 7.44-7.47 (m, 1Hay), 7.60-7.63 (m, 1Hay),
7.88-7.90 (m, 1H,;), 7.98 (d, ] = 7.7 Hz, 1H) 13C NMR (400 MHz, DMSO) & = 39.33 (CH,),
65.71 (CH), 78.93 (CH), 125.24 (CHar), 125.51 (CHay), 126.20 (CHay), 126.35 (CHar), 127.36 (CHay),
127.85 (CHay), 128.95 (CHay), 129.04 (Cay), 131.98 (CHar), 139.62 (Car), 140.94 (Car), 141.03 (Car),
167.42 (C=0) 77Se NMR (400 MHz, DMSO) & = 823.38 ppm; IR = 3090, 2923, 2852, 1590,
1562, 1460, 1445, 1329, 1312, 1269, 1071, 1021, 793, 744, 733, 676, 516, 457 cm ! Elemental
Anal. Calcd for C;4H13NO,Se (331.01): C, 58.19; H, 3.97; N, 4.24; Found C, 58.15; H, 3.97;
N, 4.22.

2,2'-diselenobis[N-(S)-(+)-sec-butylbezamide] 18b

Yield: 66%; mp 233-235 °C; [a}%o = +43 (c = 0.24, CHCly);

'H NMR (700 MHz, DMSO) & = 092 (t, ] = 7.7 Hz, 3H), 1.18 (d, ] = 7.0 Hz, 3H),
1.50-1.60 (m, 2H), 3.92-3.97 (m, 1H), 7.31-7.34 (m, 1H,;), 7.36-7.39 (m, 1H,;), 7.69 (d,] = 7.7 Hz,
1Hy), 7.79 (d, J = 7.7 Hz, 1H,,), 844 (d, ] = 7.7 Hz, 1H,;) *C NMR (700 MHz, DMSO)
§ =11.15 (CHz), 20.59 (CHs), 29.26 (CHy), 47.33 (CH), 126.55 (CH,y), 128.30 (CHay), 130.41
(CHar), 131.79 (CHar), 132.31 (Car), 134.35 (Car), 167.36 (C=0) 7Se NMR (700 MHz, DMSO)
§ =443.25' ppm; IR: 3312, 2968,, 2927, 2870, 1738, 1612, 1583, 1535, 1448, 1435, 1366, 1353, 1302,
1285, 1229, 1216, 1163, 1146, 1027, 871, 743, 677, 645, 541, 472, 446 cm L. Elemental Anal. Caled
for CroHygN>O,Se; (512.08): C, 51.77; H, 5.53; N, 5.49; Found C, 51.72; H, 5.53; N, 5.52.

2,2'-diselenobis[N-(R)-(—)-sec-butylbezamide] 19b
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Yield: 74%; mp 234-235 °C; [o]) = —41 (c = 0.30, CHCly);

H NMR (700 MHz, DMSO) 6§ = 091 (t, ] = 7.7 Hz, 3H), 1.18 (d, ] = 7.0 Hz, 3H),
1.50-1.60 (m, 2H), 3.92-3.97 (m, 1H), 7.31-7.34 (m, 1Hy;), 7.36-7.39 (m, 1H,,), 7.69 (d, ] = 8.4 Hz,
1H.r), 7.79 (d, J = 7.7 Hz, 1Hy,), 8.44 (d, ] = 7.7 Hz, 1H,,) 3C NMR (700 MHz, DMSO)
§ = 11.15 (CH3), 20.60 (CHj3), 29.27 (CH,), 47.32 (CH), 126.54 (CH,,), 128.30 (CH,,),
130.41 (CH,,), 131.78 (CHLy), 132.32 (Cayr), 134.36 (Cayr), 167.35 (C=0) 77Se NMR (700 MHz,
DMSO) § = 443.17 ppm; IR: 3311, 2968, 2927, 2870, 1738, 1613, 1583, 1535, 1448, 1435,
1366, 1353, 1302, 1284, 1229, 1216, 1164, 1145, 1027, 872, 743, 678, 645, 528, 472, 446 cm ™.
Elemental Anal. Calcd for CyyHygN»>O,Se, (512.08): C, 51.77; H, 5.53; N, 5.49; Found C,
51.70; H, 5.53; N, 5.45.

2,2'-diselenobis[N-(S)-(+)-1-hydroxy-2-butanylbezamide] 20b

Yield: 52%; mp 200-202 °C; []& = +65 (c = 0.31, CHCly);

THNMR (700 MHz, DMSO) & =092 (t, ] = 7.7 Hz, 3H), 1.44-1.52 (m, 1H), 1.66-1.73 (m, 1H),
3.41-3.46 (m, 1H), 3.49-3.53 (m, 1H), 3.86-3.93 (m, 1H), 4.73 (t, ] = 6.3 Hz, 1H), 7.31-7.35 (m, 1H,;),
7.36-7.40 (m, 1H,y), 7.70 (dd, J; = 1.4 Hz, ], = 8.4 Hz, 1H,,), 7.84 (dd, J; = 1.4 Hz, ], = 8.4 Hz,
1H.,), 8.31 (d, ] = 8.4 Hz, 1H,;) 13C NMR (700 MHz, DMSO) & = 11.05 (CH3), 24.12 (CH,),
53.94 (CH), 63.51 (CH,), 126.50 (CH,y), 128.43 (CH.,y), 130.40 (CHy;), 131.82 (CH,;), 132.38 (Cay),
134.27 (Car), 167.91 (C=0) 77Se NMR (700 MHz, DMSO) § = 444.00 ppm; IR: 3278, 3045, 2969,
2870, 1738, 1622, 1583, 1530, 1453, 1366, 1306, 1283, 1216, 1179, 1165, 1076, 1060, 1048, 1025,
873,727, 692, 644, 557, 447 cm~!. Elemental Anal. Calcd for CpyHogN»O4Se, (544.04): C,
48.72; H, 5.20; N, 5.16; Found C, 48.65; H, 5.21; N, 5.11.

2,2'-diselenobis[N-(R)-(—)-1-hydroxy-2-butanylbezamide] 21b

Yield: 46%; mp 199-201 °C; [ochzjo = —67 (c =041, CHCl3);

THNMR (700 MHz, DMSO) & = 0.89 (t, ] = 7.0 Hz, 3H), 1.41-1.49 (m, 1H), 1.63-1.70 (m, 1H),
3.38-3.43 (m, 1H), 3.46-3.50 (m, 1H), 3.83-3.89 (m, 1H), 4.69 (t, ] = 5.6 Hz, 1H), 7.27-7.31 (m, 1H,;),
7.33-7.37 (m, 1Hqy), 7.67 (dd, J; = 0.7 Hz, ], = 8.4 Hz, 1TH,,), 7.81 (dd, J1 = 1.4 Hz, ], = 7.7 Hz,
1H,;), 8.27 (d, ] = 8.4 Hz, 1H,;) '3C NMR (700 MHz, DMSO) & = 11.05 (CH3), 24.12 (CH,),
53.95 (CH), 63.51 (CH,), 12650 (CHyy), 128.43 (CH,), 130.42 (CH,y), 131.82 (CHay), 132.36 (Cay),
134.27 (Cay), 167.92 (C=0) 7/Se NMR (700 MHz, DMSO) 6= 443.96 ppm; IR: 3276, 3047,
2969, 2870, 1738, 1622, 1584, 1530, 1453, 1365, 1306, 1283, 1216, 1179, 1165, 1076, 1060, 1047,
1025, 873, 727, 691, 644, 557, 448 cm~!. Elemental Anal. Calcd for CpyHpgN»OySe; (544.04):
C,48.72; H,5.20; N, 5.16; Found C, 48.69; H, 5.20; N, 5.09.

2,2'-diselenobis[N-(R)-(—)-1,2,3,4-tetrahydro-1-napthylbezamide] 22b

Yield: 58%; mp 266-268 °C; [x]) = —167 (c = 0.21, CHCly);

H NMR (700 MHz, DMSO) & = 1.69-1.81 (m, 1H), 1.81-1.88 (m, 1H), 1.94-2.05 (m, 2H),
2.72-2.82 (m, 2H),5.25(q, ] = 7Hz, 1H), 7.09-7.19 (m, 3H,), 7.23-7.31 (m, 2H,;), 7.34-7.39 (m, 1Hy;),
774 (dd, ]y = 14 Hz, J, = 7.7 Hz, 1H,,), 7.81 (dd, J; = 14 Hz, J, = 7.7 Hz, 1H,,), 9.05 (d, ] = 9.1 Hz,
1H) 3C NMR (700 MHz, DMSO) § = 20.84 (CH,), 29.37 (CH,), 30.30 (CH,), 48.02 (CH),
12635 (CHayr), 126.60 (CHyy), 127.24 (CH,), 12835 (CHap), 12856 (CHar), 12927 (CHy),
130.52 (CHay), 131.99 (Car), 132.62 (CHay), 134.02 (Car), 137.73 (Car), 137.76 (Car), 167.61 (C=0) 7/Se
NMR (700 MHz, DMSO) = 445.03 ppm; IR: 3279, 2940, 2923, 1627, 1583, 1530, 1486, 1430, 1335,
1256, 1080, 1024, 878, 865, 758, 682, 593, 447 cm™~!. Elemental Anal. Caled for C34H3N>O,Se;
(660.08): C, 62.01; H, 4.90; N, 4.25; Found C, 61.95; H, 491; N, 4.17.

2,2'-diselenobis[N-(S)-(+)-1,2,3 4-tetrahydro-1-napthylbezamide] 23b

Yield: 86%; mp 266-268 °C; []2 = +166 (c = 0.25, CHCly);

TH NMR (700 MHz, DMSO) & = 1.72-1.84 (m, 1H), 1.85-1.91 (m, 1H), 1.97-2.08 (m, 2H),
2.74-2.85 (m, 2H), 528 (q, ] = 8.4 Hz, 1H), 7.12-7.21 (m, 3H,), 7.26-7.34 (m, 2H,,),
7.38-7.42 (m, 1H,,), 7.77 (dd, J; = 1.4 Hz, ], = 7.7 Hz, 1Ha,), 7.85 (dd, J; = 1.4 Hz, J, = 7.7 Hz,
1Hay), 9.08 (d, ] = 9.1 Hz, 1H) 3C NMR (700 MHz, DMSO) 6 = 20.84 (CH,), 29.37 (CH,),
30.30 (CH,), 48.02 (CH), 126.36 (CH,,), 126.60 (CH,), 127.24 (CH,), 128.35 (CHay),
128.56 (CHyy), 129.28 (CHyr), 130.52 (CHar), 131.99 (Cur), 132.62 (CHyy), 134.01 (Cay),
137.72 (Car), 137.76 (Car), 167.62 (C=0) 77Se NMR (700 MHz, DMSO) § = 445.22 ppm;
IR: 3275, 2939, 2922, 1627, 1583, 1530, 1486, 1430, 1334, 1255, 1079, 1024, 878, 864, 758,
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681, 593, 427 cm 1. Elemental Anal. Calcd for C3,H3,N,0,Se; (660.08): C, 62.01; H, 4.90;
N, 4.25; Found C, 62.00; H, 4.89; N, 4.21.
2,2'-diselenobis[N-(R)-(+)-a-methylbenzylbezamide] 24b

Yield: 92%; mp 200-202 °C; [cx]%o = +101 (c = 0.47, CHCl3) (lit. mp 219-220°C;
(]2 = +172 (c = 1.00, dioxane) [13])

THNMR (700 MHz, DMSO) § = 1.52 (d, ] =7 Hz, 3H), 5.17-5.22 (m, 1H), 7.23-7.27 (m, 1Hy,),
7.33-7.39 (m, 4H,;), 7.43-7.45 (m, 2Hy,), 7.67 (dd, J; = 14 Hz, ], = 7.7 Hz, 1Hy), 7.92 (dd,
J1 =14Hz, ], =77 Hz, 1H,,), 9.09 (d, ] = 7.7 Hz, 1H) 3C NMR (700 MHz, DMSO) 5 = 22.61
(CH3), 49.30 (CH), 126.57 (2xCHay), 126.58 (CHay), 127.19 (CHar), 128.60 (CHyy), 128.75 (2xCHay),
130.46 (CHyy), 132.03 (CHyy), 132.53 (Cyy), 133.78 (Cayr), 144.95 (Cqy), 167.15 (C=0) 77Se NMR
(700 MHz, DMSO) b = 444.99 ppm; IR: 3312, 3061, 3033, 2976, 2930, 1625, 1583, 1524, 1451, 1431,
1376, 1325, 1207, 1133, 1091, 873, 709, 696, 674, 644, 472, 443 cm ™. Elemental Anal. Calcd for
C39HgN»0,Se, (608.05): C,59.41; H, 4.65; N, 4.62; Found C, 59.31; H, 4.64; N, 4.55.

2,2'-diselenobis[N-(S)-(—)-a-methylbenzylbezamide] 25b

Yield: 81%; mp 200-202 °C; [a]%)o = —104 (c = 0.63, CHCl3) (lit. mp 219-220 °C;
[«]B = —172 (¢ = 1.00, dioxane) [13])

THNMR (700 MHz, DMSO) 6 = 1.52 (d, ] = 7 Hz, 3H), 5.17-5.23 (m, 1H), 7.23-7.27 (m, 1H,,)
7.32-7.40 (m, 4H,y), 7.43-7.46 (m, 2H,y), 7.66-7.70 (m, 1Hay), 7.92 (dd, J; = 0.7 Hz, J, = 7.7 Hz,
1H,:), 9.09 (d, J = 8.4 Hz, 1H) *C NMR (700 MHz, DMSO) & = 22.62 (CH3), 49.30 (CH),
126.57 (2xCHgy), 126.58 (CHyy), 127.19 (CHgy), 128.61 (CHy,), 128.75 (2xCHy,), 130.45 (CHay),
132.03 (CHay), 132.52 (Car), 133.76 (Car), 144.96 (Car), 167.15 (C=0) 7/Se NMR (700 MHz, DMSO)
5= 445.01 ppm; IR: 3310, 3059, 3032, 2975, 1623, 1583, 1522, 1448, 1431, 1376, 1324, 1207, 1132,
1090, 872, 696, 671, 644, 471, 443 cm~!. Elemental Anal. Calcd for C30HsN»O,Se, (608.05):
C,59.41; H, 4.65; N, 4.62; Found C, 59.32; H, 4.65; N, 4.59.

2,2’-diselenobis[N-(S)-(—)-1-(1-napthyl)ethylbezamide] 26b

Yield: 70%; mp 262-64 °C; []3) = —96 (c = 0.35, CHCly);

THNMR (700 MHz, DMSO) & = 1.66 (d, ] = 7.7 Hz, 3H), 5.95-6.01 (m, 1H), 7.31-7.36 (m, 2H,,),
7.49-756 (m, 2Hy), 7.58-7.62 (m, 1Hy), 7.65-7.69 (m, 2H.:), 7.86 (d, ] = 84 Hz, 1H.,),
790-7.94 (m, 1Hy), 7.95-7.99 (m, 1Hy), 826 (d, ] = 84 Hz, 1Hy), 926 (d, ] = 7.7 Hz, 1H)
13C NMR (700 MHz, DMSO) & = 21.87 (CH3), 45.64 (CH), 123.11 (CHy), 123.63 (CH,,), 125.95
(CHay), 126.09 (CH,y), 126.60 (CHay), 126.73 (CHay), 127.85 (CHar), 128.67 (CHyy), 129.17 (CH,y),
130.40 (CHay), 130.90 (CHyy), 132.03 (Car), 13245 (Cyy), 133.76 (Cyr), 133.90 (Cyr), 14044 (Cyr),
167.10 (C=0) 7Se NMR (700 MHz, DMSO) & = 442.72 ppm; IR: 3290, 2922, 1625, 1583, 1530, 1452,
1429, 1338, 1308, 1284, 1258, 1180, 1132, 1025, 871, 792, 773, 735, 693, 641, 448 cm ! Elemental Anal.
Calcd for C3gH3pN»>O,Se; (708.08): C, 64.59; H, 4.56; N, 3.96; Found C, 64.46; H, 4.55; N, 3.89.

2,2'-diselenobis[N-(R)-(+)-1-(1-napthyl)ethylbezamide] 27b

Yield: 73%; mp 262-264 °C; [aﬁjo =+98 (c = 0.32, CHCly);

1H NMR (700 MHz, DMSO) & = 1.66 (d, ] = 7.7 Hz, 3H), 5.55-6.01 (m, 1H), 7.31-7.36 (m, 2Hay),
749-756 (m, 2H,), 7.58-7.61 (m, 1H,), 7.66-7.69 (m, 2H,), 7.86 (d, ] = 84 Hz, 1H,y),
790-793 (m, 1Hy,), 7.96-7.98 (m, 1Hy), 826 (d, ] = 8.4 Hz, 1Hy), 926 (d, ] = 7.7 Hz, 1H)
13C NMR (700 MHz, DMSO) & = 21.87 (CH3), 45.64 (CH), 123.12 (CH,;), 123.64 (CH,,), 125.96
(CHar), 126.09 (CHay), 126.59 (CHyy), 126.71 (CHyy), 127.85 (CHyy), 128.67 (CHay), 129.17 (CHyy),
13041 (CHay), 13091 (CHay), 132.03 (Cyr), 132.64 (Car), 133.79 (Car), 13391 (Cyy), 14045 (Cay),
167.10 (C=0) 7/Se NMR (700 MHz, DMSO) § = 443.08 ppm; IR: 3292, 3063, 2976, 2927, 1624, 1583,
1531, 1450, 1432, 1337, 1306, 1283, 1258, 1180, 1131, 1083, 1026, 997, 878, 793, 773, 736, 725, 692, 641,
447 cm~!. Elemental Anal. Calcd for C3gH3N,>O,Se; (708.08): C, 64.59; H, 4.56; N, 3.96; Found C,
64.52; H, 4.57; N, 3.90.

2,2’-diselenobis[N-(15,2R)-(—)-cis-2-hydroxy-1-indanylbezamide] 28b

Yield: 70%; mp 241-243 °C; [o(hzjo = —149 (c = 0.39, CHCly);

ITHNMR (700 MHz, DMSO) § = 2.90-2.95 (m, 1H), 3.14 (dd, J; =49 Hz, ], = 9.1 Hz, 1H),
456-4.61 (m, 1H), 5.17-5.21 (m, 1H), 549 (dd, J; = 5.6 Hz, ], = 8.4 Hz, 1H), 7.21-7.27 (m, 2H.y),
7.28-7.35 (m, 3Hay), 7.40-7.44 (m, 1Hy,.), 7.78 (d, ] = 8.4 Hz, 1H,;), 8.01 (d, ] = 7.7 Hz,
1H,), 8.59 (d, ] = 8.4 Hz, 1H,,) 13C NMR (700 MHz, DMSO) 6= 39.92 (CH,), 58.10 (CH),
72.54 (CH), 124.94 (CH,,), 125.35 (CH,;), 126.63 (CHay), 126.86 (CHye), 128.00 (CHay),
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129.00 (CHy), 130.42 (CHyr), 13216 (CHgr), 132.66 (Car), 133.62 (Car), 141.44 (Cay),
142.02 (Car), 168.21 (C=0) 77Se NMR (700 MHz, DMSO) § = 445.85 ppm; IR: 3288, 3046,
2976, 2926, 1622, 1582, 1529, 1428, 1337, 1305, 1281, 1216, 1080, 1047, 997, 873, 792, 772, 735,
691, 558, 447 cm 1. Elemental Anal. Calcd for C3pHpgN,O4Se; (664.04): C, 58.01; H, 4.26;
N, 4.23; Found C, 58.05; H, 4.27; N, 4.17.

2,2'-diselenobis[N-(1R,25)-(+)-cis-2-hydroxy-1-indanylbezamide] 29b

Yield: 73%; mp 241-243 °C; []7) = +152 (c = 0.41, CHCly);

1H NMR (700 MHz, DMSO) 6§ = 2.91-2,95 (m, 1H), 3.14 (dd, J; = 4.9 Hz, J, = 16.1 Hz,
1H), 446 (qd, J; = 2.1 Hz, ], = 4.9 Hz, 1H), 5.18 (d, ] = 4.9 Hz, 1H), 5.49 (dd, J; = 5.6 Hz,
J» = 8.4 Hz, 1H), 7.21-7.27 (m, 2H,,), 7.28-7.35 (m, 3H,,), 7.40-7.44 (m, 1H,;), 7.78 (d,
J=8.4Hz, 1H,,), 8.01 (d,] = 7.7 Hz, 1Hy,), 8.59 (d, ] = 8.4 Hz, 1H,,) '3*C NMR (700 MHz,
DMSO0) 6§ = 39.70 (CH,), 58.10 (CH), 72.53 (CH), 124.94 (CH,,), 125.34 (CHay), 126.63 (CHay),
126.86 (CHar), 128.00 (CHar), 129.00 (CHar), 130.42 (CHay), 132.15 (CHay), 132.65 (Car),
133.62 (Car), 141.43 (Car), 142.02 (Cyp), 168.21 (C=0) 7/Se NMR (700 MHz, DMSO)
§ = 445.85 ppm; IR: 3289, 3047, 2974, 2927, 1622, 1583, 1530, 1431, 1337, 1306, 1282, 1210, 1082,
1046, 997, 877,793, 772, 735, 692, 558, 447 cm . Elemental Anal. Caled for C3pHysN,0,4Se;
(664.04): C, 58.01; H, 4.26; N, 4.23; Found C, 58.09; H, 4.27; N, 4.17.

2,2’-diselenobis[N-(1S,25)-(—)-trans-2-hydroxy-1-indanylbezamide] 30b

Yield: 93%; mp 234-236 °C; [«]5 = +153 (c = 0.33, CHCl3);

1H NMR (700 MHz, DMSO) & = 2.76 (dd, J; = 7.7 Hz, J, = 15.4 Hz, 1H), 3.18 (dd,
J1 = 7.7 Hz, J, = 15.4 Hz, 1H), 4.46 (kwintet, ] = 7 Hz, 1H), 5.29 (t, ] = 7.7 Hz, 1H), 5.41
(d,] = 5.6 Hz, 1H), 7.17-7.23 (m, 4H,,), 7.30-7.34 (m, 1H,,), 7.37-7.41 (m, 1H,,), 7.76 (dd,
J1 =0.7Hz,J, = 7.7 Hz, 1H,,), 7.88 (dd, J; = 0.7 Hz, ], = 7.7 Hz, 1Hy,), 9.03 (d, ] = 8.4 Hz,
1H) 13C NMR (700 MHz, DMSO) 5= 39.34 (CH,), 62.39 (CH), 77.89 (CH), 124.41 (CH,,),
125.16 (CHay), 126.59 (CHay), 127.19 (CH.,y), 128.17 (CHay), 128.64 (CH,y), 130.54 (CHay),
132.09 (CHay), 132.67 (Car), 133.88 (Car), 140.46 (Car), 142.18 (Cayr), 168.32 (C=0) 77Se NMR
(700 MHz, DMSO) & = 445.85 ppm; IR: 3254, 2919, 1630, 1584, 1530, 1456, 1456, 1428, 1345,
1272, 1214, 1122, 1065, 919, 871, 685, 646, 579, 517, 447 cm L. Elemental Anal. Calcd for
C32H28N204Se2 (664.04)2 C, 58.01,‘ H, 4.26,‘ N, 4.23,‘ Found C, 58.05,‘ H, 4.27,‘ N, 4.19.

2,2’-diselenobis[N-(1R,2R)-(—)-trans-2-hydroxy-1-indanylbezamide] 31b

Yield: 86%; mp 233-235 °C; []% = —150 (c = 0.33, CHCly);

1H NMR (700 MHz, DMSO) 6 = 2.76 (dd, J; = 7.7 Hz, J, = 15.4 Hz, 1H), 3.18 (dd,
J1=7.7Hz, J, = 15.4 Hz, 1H), 4.46 (kwintet, ] = 7 Hz, 1H), 5.30 (t, ] = 7.7 Hz, 1H),
5.40 (d,] = 5.6 Hz, 1H), 7.15-7.24 (m, 4H,,), 7.30-7.34 (m, 1H,,), 7.36-7.42 (m, 1H,,), 7.76 (dd,
J1 =0.7Hz, J, = 7.7 Hz, 1H,;), 7.88 (dd, J; = 0.7 Hz, ], = 7.7 Hz, 1Hy,), 9.01 (d, ] = 8.4 Hz,
1H) 13C NMR (700 MHz, DMSO) 6§ = 39.31 (CH,), 62.36 (CH), 77.88 (CH), 124.41 (CHL,,),
125.16 (CHay), 126.59 (CH,y), 127.20 (CH,;), 128.17 (CH,,), 128.64 (CH,y), 130.52 (CHay),
132.09 (CHay), 132.67 (Car), 133.84 (Cayr), 140.44 (Cayr), 142.17 (Cay), 168.32 (C=0) 77Se NMR
(700 MHz, DMSO) § = 445.76 ppm; IR: 3257, 2920, 1630, 1584, 1531, 1458, 1429, 1345,
1272, 1213, 1123, 1066, 920, 871, 658, 649, 580, 518, 448 cm~!. Elemental Anal. Calcd for
C3HosN,04Se; (664.04): C, 58.01; H, 4.26; N, 4.23; Found C, 57.92; H, 4.27; N, 4.18.

2.3. Antioxidant Activity Assay
The antioxidant activity assay was prepared via the method presented by Iwaoka [22].

2.4. MTT Viability Assay
The MTT assay was based on the method of Mosmann [23].

2.5. Crystal Structure Determination

The crystal structures of 24a and 25a were determined. The X-ray diffraction data were
collected at a temperature of 100(1) K with a Rigaku XtaLAB Synergy CCD diffractometer
using CuKa radiation A=1.54184 A. Both structures were solved by direct methods and re-
fined with the full-matrix least-squares method on F2 with the use of the SHELX2017 [24,25]
program package. The absorption corrections were used with CrysAlisPro 1.171.41.120a
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enantiomers

18a, 85%
18b, 66%

£

24a, 49%
24b, 92%

19a, 67%
19b, 74%

3 28b, 70% 29b, 73%
25a, 95% 26a, 76% 27a, 65%
25b, 81% 26b, 73% 27b, 65%

(Rigaku OD, 2021), [26]. The hydrogen atoms were located from the electron density
maps, and their positions were constrained in the refinement. Details of the diffraction
experiments and crystal structures are presented in the Supplemental Materials. The crys-
tallographic data were deposited with the Cambridge Crystallographic Data Centre, the
CCDC numbers: 2014858 and 2014859 for 24a and 25a, respectively.

3. Results and Discussion

The first step of the research involved the synthesis of N-substituted benzisoselenazol-
3(2H)-ones. The procedure was based on the reaction of 2-(chloroseleno)-benzoyl chloride
17, obtained according to our previously reported method [18], with commercially available
chiral amines. Then, the obtained compounds 18a-31a were transformed into diselenides
18b-31b by a sodium borohydride reduction and air oxidation protocol. Both benzisosele-
nazolones (45-96%) and diselenides (46-93%) were synthesized in good yields (Scheme 2).

1. NaNO,, HCI
1. NaBH,

2. NaySe; MeOH
OoH & SOC|2 ©fk R-| NHz ©ﬁ< 2. HgO/alr &
NH2 SeCl Se Se),

18a - 31a 18b - 31b

diastereoisomers

§ 22a, 96% 8 23a, 94:8
20a, 57% 21a, 45% 22b, 58% 23b, 86%
28a, 71% 29a, 51%

20b, 46% 21b, 52%

30a, 87%
l 30b, 93%

31a, 66%
31b, 86%

Scheme 2. Synthetized chiral benzisoselenazolones 18a-31a and diselenides 18b-31b.

Furthermore, the crystal structures of enantiomers 24a/24b were determined. The
asymmetric part of the crystal structure of N-[(R)-(+)-a-methylbenzyl]-1,2-benzisoselenazol-
3(2H)-one 24a consists of five molecules (Supplemental Materials). The single molecule
with the atom numbering scheme is shown in Figure 3. In all of them, the (R) configuration
of the chiral center was detected. The molecular conformation differs slightly between
the molecules, with the dihedral angles between the phenyl ring and the benzisoselena-
zolone moiety being 84.8(8)°, 82.3(9)°, 85.1(9)°, 76.3(9)° and 83.2(9)° for molecules 1-5,
respectively. Significant differences in the conformation of molecules 1-5 were detected,
affecting the positions of the methyl groups relative to the benzisoselenazolone moieties.
The representative Se1-N2-C11-C12 torsion angle of its equivalents in molecules 2-5 are
102.2(15)°, 82.7(19)°, 93.9(19)°, 85(2)° and 64(2)°. The network of short intermolecular
Se ... O contacts involving four molecules is found in the structure. The respective dis-
tances are Sel ... O4[3/2 — x,1 —y, 1/2 + 2] 2.592(13), Se21 ... O44[x, y, 1 + z] 2.640(13),
Sedl... 024 2.627(18), Se61 ... O84[x, y, —1 + z] 2.761(14) and Se81 ... 064 2.677(16) A.

In the crystal structure of N-[(S)-(+)-a-methylbenzyl]-1,2-benzisoselenazol-3(2H)-one 25a,
the asymmetric part also consists of five benzisoselenazolone molecules. For all molecules,
the S configuration of the benzyl C11 chiral centers was found. The dihedral angles between
the phenyl and benzisoselenazolone moieties in molecules 1-5 are 84.6(3)°, 85.8(4)°, 82.5(4)°,
82.7(4)° and 76.4(4)°. Due to the opposite enantiomer, the Sel-N2-C11-C12 torsion angles have
negative signs: —102.5(6)°, —94.5(8)°, —81.8(9)°, —65.6(9)° and —84.4(10)° for molecules 1-5,
respectively. In 25a, the similar network of Se ... O intermolecular interactions is found, with
the respective distances Sel ... O4[1 — x, —1/2 +y, 1/2—2] 2.592(5), Se21...044[x, —1 +y, z]
2.633(6), Sed1 ... 024 2.621(5), Se61 ... 084 2.685(6) and Se81 ... O64[x, 1 +y, z] 2.779(6) A.
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The antioxidant activity of all the obtained compounds was evaluated using the
broadly used test presented by Iwaoka [22]. The Se-catalyst reduces hydrogen peroxide
and regenerates in the presence of dithiol (DTT™9). The rate of the reaction is measured
using 'H NMR spectroscopy. The appearance of signals representing the formed disulfide
(DTT®*) in specific time intervals is recorded (Table 1).

Figure 3. Molecule 1 of 24a with atomic displacement parameters plotted at a 50% probability level.
The atom-numbering scheme is analogous for all molecules in both enantiomers 24a and 25a.

Table 1. Results of the antioxidant activity measurement.

HOI..CSH HO,,. s
v S SH LS

HO'

DTT™ [1eq.] DTTo*
cat. 1W
H,0, H,O
CD40D 2

Remaining DTT™9 (%)

Catalyst (0.1 equiv.) 5 min 15 min 30 min 60 min
Benzisoselenazolones
18a/19a 90 88 86 80
20a/21a 86 83 77 60
22a/23a 91 88 85 77
24a/25a 77 59 38 16
26a/27a 90 89 88 84
28a/29a 84 80 74 62
30a/31a 87 86 83 78
Diselenides
18b/19b 80 65 47 29
20b/21b 73 50 30 19
22b/23b 89 83 80 75
24b/25b 76 54 37 26
26b/27b 87 84 82 76
28b/29b 44 13 2 0
30b/31b 14 2 0 0
Ebselen 75 64 58 52

The antioxidant activity of all enantiomeric pairs was the same. In general, better
results were obtained for diselenides 18b—31b than for the corresponding benzisoselena-
zolones 18a-31a. The best H,O,-scavenging properties were observed for the indanyl
derivatives possessing a cis (28b/29b) and trans (30b/31b) 2-hydroxy group, with the total
dithiol conversion after 30 and 15 min, respectively.

The cytotoxic activity of Se-compounds was measured using a cell viability assay
(MTT) on human promyelocytic leukemia HL-60 and breast cancer MCF-7 cell lines [23]. In
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the case of benzisoselenazolones, the highest antiproliferative potential was also observed
for the hydroxyindanyl derivative 28a (Table 2).

Table 2. The antiproliferative activity of compounds 18a-31a.

ICso (uUM) + SEM

Compound
HL-60 MCE-7
18a 48.5+6.3 36.5+4.4
19a 71.2+0.1 192+13
20a 260+17 383+1.3
21a 333 +£0.5 351+£0.5
22a 185+05 62.3 £3.8
23a 26.5 £ 3.5 46.0 £0.8
24a 16.1 £ 0.0 328 £2.8
25a 16.8 + 0.4 38.8 £0.8
26a 475+ 6.2 272 +0.1
27a 52.6 £0.2 411+£13
28a 79+03 149 £ 09
29a 282+1.1 288 +21
30a 114+1.0 221+31
31a 162 +1.8 27.6+£21

The bio-activity of the N-(2-hydroksy-1-indanyl)-1,2-benzizoselenazol-3(2H)-ones
28a-31a depended on the stereochemistry of the C1 carbon of the N-substituent. The
ICs5¢ values were lower for the (S)-configuration of C1, directly connected to the nitrogen
atom. The stereochemistry of C2, with the attached hydroxy group, seemed to not influence
the reactivity (Figure 4).

(r),OH (s).OH (s).OH (r)OH
(S) /i (R) /i @f} /f (R) /i
ICso (MCF-7)
14.9+0.9 UM 28.8+2.1 UM 22.1£3.1 pM 27.6+2.1 uM
IC5 (HL60)
7.9:0.3 pM 28.2+1.1 uM 11.4+1.0 uM 16.2+1.8 M

Figure 4. Different activity of diastereomeric hydroxyindanyl derivatives 28a-31a.

The corresponding diselenides only expressed cytotoxicity towards the HL-60 cell
line, except for derivative 20b (IC5p 37.00 & 4.25 uM). This suggests that the Se-N bond
is needed to influence the proliferation of MCF-7 cells. Additionally, the cytotoxic activ-
ity was exclusively observed for diselenides bearing an additional hydroxy group. The
hydroxybuthyl derivatives 20b and 21b gave the lowest ICs5) values 8.67 &+ 0.14 uM and
10.10 £ 0.49 uM, respectively. Most potent compounds were also evaluated using human
endothelial cells HUVEC. The N-trans-2-hydroksy-1-indanyl diselenide 31b revealed a
selective antiproliferative activity with no toxicity towards normal cells (Table 3).
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Table 3. The antiproliferative activity of compounds 18b-31b.
IC50 (uM) + SEM
Compound
HL-60 MCE-7 HUVEC

18b >100 >100

19b >100 >100

20b 8.67 £0.14 37.00 + 4.25 9.92 £0.07
21b 10.10 & 0.49 >100

22b >100 >100

23b >100 >100

24b >100 >100

25b >100 >100

26b >100 >100

27b >100 >100

28b 20.00 £+ 0.16 >100

29b 21.75 £ 2.08 >100

30b 12.40 £+ 0.33 >100 18.95 £ 0.20
31b 13.00 £ 0.41 >100 >100

4. Conclusions

Herein, we reported the synthesis of chiral N-substituted benzisoselenazol-3(2H)-ones
and the corresponding diselenides with o-amido function, creating a series of enantiomers
and diastereoisomers. The 28 obtained derivatives possess various moieties on the nitrogen
atom, including aliphatic acyclic and cyclic carbon chains with additional aromatic rings
and hydroxy groups. All compounds were tested as antioxidants and anticancer agents.
The obtained results revealed that: diselenides are generally better antioxidants with a
significant activity enhancement by the presence of N-hydroxyindanyl moiety; the cytotoxic
activity of benzisoselenazolones is similar towards both HL-60 and MCF-7 cell lines with
the highest antiproliferative potential for N-(2-hydroksy-1-indanyl) derivatives having
a (S)-configuration of the Cljnganyl carbon directly connected to the nitrogen atom of
the selenazolone ring; the anticancer activity of diselenides is only selectively expressed
towards HL-60 cell lines, revealing that the potential to influence the proliferation of
breast cancer cells MCF-7 is connected to the presence of the benzisoselenazolone core; the
attachment of a hydroxy group seems to be essential to obtain a cytotoxic effect on human
promyelocytic leukemia cell lines; the ICs( values obtained for selected diselenides using
human endothelial cells HUVEC showed that these compounds can express a selective
cytotoxic effect with a minimal disruption of the normal cells. It can be concluded that the
hydroxyindanyl moiety attached to the nitrogen atom of the benzisoselenazolone or the
o-amidodiselenide core enables the improvement of the bio-activity of the Se-compounds
and can be considered a useful motif in further modification.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma15062068/s1, 1. 1H, 13C and 77Se NMR spectra of benzisoselenazolo-3(2H)-
ones 18a-31a; 2. 'H, 13C and 7/Se NMR spectra of diselenides 18b-31b; 3. Crystallographic data of
benzisoselenazolo-3(2H)-ones 24a and 25a.
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Organoselenium compounds are well-known for their unique biological properties, including
antioxidant, anticancer and anti-inflammatory. They result from the presence of a particular Se-
moiety enclosed in a structure that provides physicochemical features necessary for effective
drug—target interactions. Looking for a proper drug design that considers the influence of each
structural element has to be conducted. In this paper, we have synthesized a series of chiral
phenylselenides, and evaluated their

antioxidant and anticancer potential. The presented derivatives, as a group of enantiomeric and

possessing an additional N-substituted amide moiety,

diastereomeric pairs, enabled a thorough investigation of the 3D structure—activity dependence in
correlation with the presence of the phenylselanyl group as the potential pharmacophore. The N-
indanyl derivatives possessing a cis- and trans-2-hydroxy group were selected as the most

rsc.li/rsc-advances

Introduction

Over the years, organoselenium chemistry has expanded
through a multitude of research fields including medicine,
catalysis and materials science. Examples of its diverse
applicability include antibacterial' and redox-responsive
materials;® utility as catalysts in oxidation, reduction and
rearrangement reactions, as well as stereoselective reactions;?
and in dietary supplementation as an essential micro-
nutrient. Taking into consideration the nutritional and
biochemical properties of naturally abundant organo-
selenium compounds like selenocysteine, selenomethionine
and selenium as an element itself, one of the leading direc-
tions of development in the field is medicinal chemistry. As
one of the most evaluated small antioxidant molecules,
organoselenium compounds can be considered leading
players in the race for market-approved drugs. The ability to
mimic the antioxidant selenoenzyme glutathione peroxidase
(GPx) determines its high redox-modulating properties.” Over
the years, they have also been proven to exhibit various

“Department of Organic Chemistry, Faculty of Chemistry, Nicolaus Copernicus
University, 7 Gagarin Street, 87-100, Torun, Poland . E-mail: pacula@umk.pl
*Department of Analytical Chemistry and Applied Spectroscopy, Faculty of Chemistry,
Nicolaus Copernicus University, 7 Gagarin Street, 87-100, Torun, Poland
‘Department of Biomolecular Chemistry, Faculty of Medicine, Medical University of
Lodz, 6/8 Mazowiecka Street, 92-215, Lodz, Poland

+ Electronic supplementary information (ESI) available: 'H, *C and 7’Se NMR
spectra of  phenylselenides 6-19 are available. See DOL:
https://doi.org/10.1039/d3ra02475j
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promising antioxidants and anticancer agents.

biological activities including anticancer, anti-inflammatory,
and antibacterial.*'* However, issues associated with
bioavailability and side effects remain major obstacles in the
design of safe Se-therapeutics.

Since the discovery of the well-known peroxide scavenger
ebselen (N-phenylbenzisoselenazol-3(2H)-one) a lot has been
accomplished in the search for the ideal structural modifi-
cations that would maximize the therapeutic potential of the
Se-moiety and reduce its toxicity."**® Modifying the primary
benzisoselenazolone core can significantly affect the physi-
cochemical properties of the molecule, thus changing the
pharmacokinetics and biochemical outcome of the potential
drug. We have recently observed that in some cases, the
exchange of the Se-N for a Se-C,, bond and incorporation of
an additional aromatic ring enhances the cytotoxic activity of
chiral N-terpene benzisoselenazolones 1 and 3. The ICs,
values decreased approximately six and twelve times for N-
menthyl 2 and N-caranyl phenylselenide 4, respectively
(Fig. 1).

These results prompted us to investigate if the presence of
the phenylselanyl group can enhance the antiproliferative
effect. There are few methods that enable to obtain unsym-
metrical phenylselenides with a secondary amide group:
starting from corresponding benzisoselenazolones through
the reaction with Grignard reagent (method A);*® based on the
Ru-catalyzed selenation of benzamides (method B);** and Cu-
catalyzed nucleophilic substitution of o-iodobenzamides
(method C), previously reported by our research group”
(Scheme 1). Herein, we have utilized one of the known

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 N-terpene phenylselenides with enhanced bio-activity.
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Scianowski, 2020 18h, Ar

Scheme 1 Methods for the preparation of diphenylselenides mono-
substituted with o-amido function.

protocols to synthesize a series of chiral unsymmetrical
diphenyl selenides and evaluated their antioxidant and anti-
cancer activity. The presented derivatives are pairs of enan-
tiomers and diastereoisomers, which additionally allows
determining whether the molecule's spatial structure can, in
this case, influence the drug-target interaction and increase
the therapeutic potential.

Results and discussion

The first stage of the research involved the synthesis of
phenylselenides 6-19. For this purpose, we have slightly
modified the procedure proposed by Mlochowski and co-
workers (Method A, Scheme 1). To a solution of phenyl

(0} o 0
PhMgBr R
Cl R-NH; (PhBr, Mg, reflux, Et,0) N~
e /N—R —_— = H
SeCl Se Et,O/THF
e reﬂzux, 24h SePh

5 6-19

Scheme 2 Synthesis of phenylselenides 6—19.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnesium bromide, formed by refluxing PhBr and Mg® in
diethyl ether, appropriate N-substituted benzisoselenazolone
5 (obtained previously through the reaction of 2-(chlor-
oseleno)benzoyl chloride with an appropriate enantiomeri-
cally pure amine®) dissolved in Et,O or THF was added
(Scheme 2).

Due to low solubility of the starting materials 5, the reaction
time had to be elongated to 24 h. All products 6-19 were ob-
tained in good yields (Scheme 3). Surprisingly, our recently re-
ported protocol (Method C, Scheme 1) was not efficient for these
type of bulky substrates, e.g. compound 15 was obtained in only
38% yield, contrary to Method A which furnished the final
phenylselenide 15 in 92%.

The antioxidant activity of all synthesized compounds was
evaluated by two assays. First, by the procedure presented by
Iwaoka and co-workers.** Herein, the particular selenide 6-19,
serving as the Se-catalyst, is first oxidized by hydrogen
peroxide to the corresponding selenooxide 20. Then, the acti-
vated catalyst 20 transforms the dithiol DTT™ to the disulfide
DTT®*. The progress of the reaction, disappearance of signals
correlated with DTT™? and appearance of those associated
with DTT®, is monitored by the changes in "H NMR spectra in
specific time intervals. Unfortunately, in all cases, the
conversion was less efficient than in the presence of ebselen
(Table 1).

In the second study, the popular 2,2-diphenyl-1-
picrylhydrazyl (DPPH’) radical scavenging assay (RSA) was
used to measure the total antioxidant capacity for all obtained
compounds. It has been applied to quantify antioxidant
activity in many samples using antioxidant standards such as
ascorbic acid, butylated hydroxyl toluene, a-tocopherol,
butylated hydroxyl anisole, gallic acid, and trolox.?* The
results of this assay were expressed as ICs, values (Table 2).
The IC;, value is defined as the antioxidant concentration
required to reduce 50% of the initial DPPH concentration.”
The percentage of inhibition against the DPPH radical was

enantiomers

~ f'"Hoﬁ fioi

11,47% 12, 74% 13, 87%

SR E E""" O §
14,67% O 15, 92%

General
formula

(®]
T2
A
DA

Scheme 3 Synthesized phenylselenides 6—19.
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Table 1 Results of the antioxidant activity measurement
Se-cat. 6-19
[0.1eq] O
N/R HO,,, s
H,0, H Cu DTTox
SePh HoY S
o
R HO,,
‘" sH
H,0 N -CSH DTT™ [1eq.]
seph 20 HO"
6
Remaining DTT™? [%)]

Se-catalyst [0.1 eq.] 5 min 15 min 30 min 60 min
Phenylselenides
6/7 87 86 86 85
8/9 91 85 81 76
10/11 88 84 79 75
12/13 88 85 83 83
14/15 89 86 84 82
16/17 87 85 83 81
18/19 88 85 83 80
Ebselen 75 64 58 52

Table 2 Results collected from the DPPH radical scavenging assay

Compound IC50pppy [tmol L™7]
6/7 7149.2
8/9 1752.6
10/11 1714.3
12/13 1715.1
14/15 1704.7
16/17 6470.4
18/19 1429.3

calculated with the following equation: inhibition (%) = ((4 —
B)/A) x 100, where A and B are the absorptions of the blank
samples and working standards. The DPPH" test is based on

Table 3 The antiproliferative activity of compounds 6-19

ICso [uM] + SEM

Compound HL-60 MCEF-7

6 >150 >150

7 >150 >150

8 >150 >150

9 >150 >150

10 >150 >150

11 >150 >150

12 >150 >150

13 >150 >150

14 >150 >150

15 >150 >150

16 >150 >150

17 >150 16.65 £ 1.36
18 69.50 £ 0.71 83.38 £ 1.94
19 55.45 £ 3.01 63.75 + 0.35

14700 | RSC Adv, 2023, 13, 14698-14702

spectrophotometric mixed mode assays based on single elec-
tron transfer (SET), hydrogen atom transfer (HAT), and proton-
coupled electron transfer (PCET) mechanisms. The DPPH
radical can only be dissolved in organic media thus, this assay
has a higher affinity toward lipophilic than hydrophilic anti-
oxidants. The highest antioxidant capacity was observed for
the trans-indanyl diastereoisomers 18/19. Surprisingly, the cis-
indanyl conformers 16/17 were approximately 4 times less
active.

Next, the antiproliferative activity of derivatives 6-19 was
evaluated towards leukemia HL-60 and breast cancer MCF-7 cell
lines.** The highest cytotoxic potential was observed for the
indanyl phenylselenides possessing the cis (17) and trans (18,
19) 2-hydroxy group (Table 3).

As presented in our previous papers,® the presence of the
indanyl substituent attached to the nitrogen atom of benzi-
soselenazolones and corresponding diselenides also
enhances the cytotoxic effect. A comparison of all 3 types of
indanyl Se-derivatives is presented in Table 4. Benzisosele-
nazolones (A-D) show a moderate cytotoxic activity and it is
similar towards both tested cell lines with IC;, values ranging
from 7.9 + 0.3 to 28.8 + 2.1 uM. In the case of all
diselenides (A-D), the cytotoxicity against MCF-7 cells is low
(ICso > 100 uM), whereas HL-60 cell line is far more sensitive
(IC50 < 20 uM).

Phenylselenides with a trans-hydroxy group (C and D) on the
indanyl scaffold present similar low activity to both cell lines,
however, in the case of cis-hydroxy-indanyl derivative B the
MCF-7 cell line is inhibited more effectively (IC5, = 16.7 + 1.4
uM). Thus, bio-selectivity seems to be strongly related to the
type of the Se-moiety, regardless of the chirality of the indanyl
substituent.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The antiproliferative activity of N-indanyl Se-derivatives
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HO,
O\‘““E@

Organoselenium

3, 5

scaffold A c
ICso [UM]+ SEM

A B
Se-derivative MCF-7 HL-60 MCF-7 HL-60
Phenylselenide >150 >150 16.6 = 1.3 >150
Benzisoselenazolone 14.9 + 0.9 7.9 £ 0.3 28.8 + 2.1 28.2 + 1.1
Diselenide >100 20.0 £+ 0.1 >100 21.7 £ 2.1

C D
Se-derivative MCF-7 HL-60 MCF-7 HL-60
Phenylselenide 83.3 £ 1.9 69.5 + 0.7 63.7 £ 0.3 55.4 + 3.0
Benzisoselenazolone 22.1 + 3.1 11.4 + 1.0 27.6 £ 2.1 16.2 + 1.8
Diselenide >100 12.4 £ 0.3 >100 13.0£0

Conclusions

In conclusion, we have developed a facile synthesis of chiral
unsymmetrical diphenylselenides possessing an additional o-
amide group on one of the aromatic rings. The derivatives were
N-substituted with chiral groups forming a series of enantio-
meric and diastereomeric pairs. Although the phenylselanyl
group seems not to be improving the bio-activity of the orga-
noselenium derivatives, in contrary to corresponding benziso-
selenazolones with Se-N moiety and diselenides equipped with
a Se-Se bond, the obtained results confirm that also for these
type of Se-derivatives, the presence of the N-indanyl scaffold
enhance the antioxidant and anticancer properties. Thus, the
cis- and trans-indanyl moiety can be considered a pharmaco-
phore necessary for the optimal drug-target interaction.

Experimental
General

NMR spectra were recorded on Bruker Avance I11/400 or Bruker
Avance I11/700 (Karlsruhe, Germany) for 'H and 176.1 MHz or
100.6 MHz for >C (see ESI{). Chemical shifts were recorded
relative to SiMe, (6 0.00) or solvent resonance (CDCl; ¢ 7.26,
CD;0OD ¢ 3.31). Multiplicities were given as: s (singlet),
d (doublet), dd (double doublet), ddd (double double doublet), t
(triplet), dt (double triplet), and m (multiplet). The 7’Se NMR
spectra were recorded on Bruker Avance I11/400 or Bruker Avance
111/700 with diphenyl diselenide as an external standard. NMR
spectra were carried out using ACD/NMR Processor Academic
Edition. Melting points were measured with a Biichi Tottoli SPM-
20 heating unit (Biichi Labortechnik AG, Flawil, Switzerland) and
were uncorrected. Elemental analyses were performed on a Vario
MACRO CHN analyzer. Optical rotations were measured in
10 mm cells with a polAAr 3000 polarimeter. Column chroma-
tography was performed using Sigma Aldrich 60 A (52-73 A) 63—
200 pm silica gel (Merck, Darmstadt, Germany).

© 2023 The Author(s). Published by the Royal Society of Chemistry

General procedure for the synthesis of phenylselenides 6-19

To a suspension of elemental magnesium in diethyl ether,
phenyl bromide was slowly added (during this time, the
mixture was continuously heated to 40 °C). The reaction
mixture was stirred and refluxed until all magnesium was
dissolved (=2 h) at 40 °C under anaerobic conditions.
Appropriate N-substituted benzisoselenazol-3(2H)-one, dis-
solved in diethyl ether or THF THF (Et,0: 6, 7, 8, 9, 12, 13, 14,
15; THF: 10, 11, 16, 17, 18, 19) was slowly added. The reaction
was stirred at 40 °C for 24 h, poured on water, and extracted
with DCM. The combined organic layers were dried over
anhydrous magnesium sulfate and evaporated. The crude
product was purified by column chromatography (silica gel,
DCM). Characterization of all obtained products is presented
in ESI file.}

Antioxidant activity assays

DTT-assay. To a solution of compounds 6-19 (0.015 mmol)
and dithiothreitol DTT™ (0.15 mmol) in 1.1 mL of CD;0D, 30%
H,0, (0.15 mmol) was added. "H NMR spectra were measured
right after the addition of hydrogen peroxide and then in
specific time intervals. The concentration of the substrate was
determined according to the changes in the integration on the
"H NMR spectra.?*

The 2,2'-diphenyl-1-picrylhydrazyl (DPPH') method. The
antioxidant capacity of each compound was determined by
spectrophotometric DPPH" method. The discussed compounds
6-19 were dissolved in methanol (5 mL), next different values of
the obtained solutions were added to 0.5 mL DPPH methanolic
solution (0.30 mmol L") and made up to 2.5 mL with meth-
anol. The mixture was shaken vigorously and left in darkness
for 15 min. The absorbance was measured at 517 nm against
a reagent blank (2 mL of methanol with 0.5 mL of DPPH
methanolic solution) using a 1 cm quartz cell in a Shimadzu UV-
1601 spectrophotometer.

RSC Adv, 2023, 13, 14698-14702 | 14701
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The 50% DPPH' inhibition (IC50pppy) Was calculated based
on linear regression analyses (the relationship curve of %DPPH
scavenging versus concentrations of the respective sample).

The calibration curve was prepared using working solutions
of 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic  acid
(trolox) in methanol between 0.02-0.10 mmol mL " and resul-
ted in the equation: %DPPH" = 0.5155C g +1.8291.

MTT viability assay. The MTT (3-(4,5-dimethyldiazol-2-yl)-2,5
diphenyl tetrazolium bromide) assay, which measures the
activity of cellular dehydrogenases, was based on the method of
Mosmann.?* Briefly, cells were seeded into 24-well plates (about
8 x 10 cells per mL) and then left to adhere and grow for 24 h.
Subsequently, the tested compounds in the medium were
added to a final concentration of 0-150 uM for 48 h, followed by
the addition of 100 L. MTT, 5 mg mL " in PBS, for the next 2 h.
Then, the plates were centrifuged, the supernatant was dis-
carded and remaining insoluble formazan crystals were dis-
solved in 1 mL DMSO. The absorbance of the blue formazan
product was measured at 560 nm using FlexStation 3 Multi-
Mode Microplate Reader (Molecular Devices, LLC, CA, USA)
and compared with control (untreated cells). All experiments
were performed three times in triplicate. The concentration of
the tested compounds required to inhibit cell viability by 50%
(ICs0) was calculated from concentration-response curves.
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Abstract: A series of unsymmetrical phenyl S-carbonyl selenides with 0-amido function substituted
on the nitrogen atom with chiral alkyl groups was obtained. The compounds form a series of enan-
tiomeric and diastereomeric pairs and present the first examples of this type of chiral Se derivatives.
All obtained selenides were further evaluated as antioxidants and anticancer agents to define the
influence of the particular stereochemistry of the attached functional groups on the bioactivity of the
molecules. The highest H,O, reduction potential was observed for N-(cis-2-hydroxy-1-indanyl)-2-
((2-oxopropyl)selanyl)benzamide, and the best radical scavenging properties for N-(-1-hydroxy-2-
butanyl)-2-((2-oxopropyl)selanyl)benzamide. Also, both enantiomers of the N-(1-hydroxy-2-butanyl)
selenide expressed the highest cytotoxic potential towards human promyelocytic leukemia HL-
60 cell line with similar IC5y values 14.4 £ 0.5 and 16.2 £ 1.1 uM, respectively. On the other
hand, breast cancer cell line MCF-7 was most sensitive to N-((R)-(-)-1-hydroxy-2-butanyl)- 2-((2-
oxopropyl)selanyl)benzamide (IC50 of 35.7 & 0.6 uM). The structure-activity dependence of the
obtained Se derivatives was discussed, and the most potent compounds were selected.

Keywords: 2-((2-oxopropyl)selanyl)benzamides; pharmacophore; antioxidant activity; antiprolifera-
tive activity

1. Introduction

Finding relationships between the chemical structure and biological activity is an
approach that enables the proper design and further selection of potential drug candidates.
Various structural features of the evaluated compounds have to be considered, including
the installation of functional groups that influence the physicochemical properties of the
molecule, the bonding arrangement of the compound’s basic skeleton, and its chirality.
The selection and incorporation of pharmacophores that can interact and fit into specific
domains of the receptor and improve the molecule’s bioavailability allow the potential
drug’s target bioproperty to be achieved [1-3]. In this context, organoselenium compounds,
creating a diversified group of derivatives with remarkable redox properties, are constantly
being modified and evaluated to find the perfect combination of structural features to
maximize their biocapacity and toxicity reduction [4-6].

The importance and applicability of Se compounds have been highlighted in various
research fields, including catalysis [7], material science [8], and medicinal chemistry [9,10].
Due to the high reactivity of the selenium atom and facile introduction into the struc-
ture of the substrate, through selenenylation and selenocyclization reactions [11], new
Se derivatives can be efficiently obtained, providing a broad range of diversified het-
erorganic compounds under mild reaction conditions. Among this group of derivatives,
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N-substituted benzisoselenazolones 1 occupy an important place because of their unique
ability to act as an artificial L-selenocysteine-like catalyst and mimic the activity of the
antioxidant selenoenzyme glutathione peroxidase (GPx) [12]. It should be highlighted
that the family of glutathione peroxidase includes eight isozymes and five of them are
selenocysteine-containing proteins. Some of them are being studied with cancerous dis-
eases. But, on the other hand, different GPx subtypes play different roles in tumors, and
the mechanisms of action need to be studied further [13-16]. In the presented catalytic
cycle of HyO; reduction by GPx, the active selenol of L-Sec 2, maintained in its ionized
form through a hydrogen bond network with the neighboring amino acid environment
(glutamine and tryptophan residues [17]) is first oxidized to the selenenic acid 3, and further
regenerated in the presence of two GHS molecules. The spatial structure of the potential
GPx mimetic, which needs to interact with the homochiral L-amino acid residues of the
enzyme, influences the efficiency of the entire biochemical cycle. In our research, we syn-
thesized and evaluated the antioxidant and anticancer properties of various N-substituted
benzisoselenazolones, including chiral N-terpenyl and aminoacid derivatives [18]. We have
additionally explored the possibility of improving their catalytic properties by converting
the Se-N bond into different functional groups that could also imitate the active selenol of
L-Sec, like corresponding diselenides 5 [19], phenylselenides 6 [20], seleninic acids, and
their potassium salts 7 [21]. Herein, we have further differentiated the primary structure by
synthesizing a series of new N-functionalized S-carbonyl selenides 8 (Figure 1).

Sec-type catalysts

GSSG \)LN/
:H 4
.......... Y sesG
o \ GSH
. NADPH GR
NH,
HO

HSe b .. NADP*

L-selenocysteine
(Sec, U)

Figure 1. GPx activity cycle and examples of Sec-type catalysts 1, 5-8.

The synthesis of this type of selenide 8 in the form of N-chiral enantiomeric and di-
astereomeric pairs will enable us to conclude the influence of the configuration of particular
carbon centers on the catalytic and antiproliferative activity of the molecules. Additionally,
the ability of the 2-(2-oxopropyl)selanyl moiety to mimic the selenocysteine selenolate
anion and the influence of an additional carbonyl moiety will be evaluated.

2. Results and Discussion

The first step of this research involved synthesizing N-substituted 2-((2-oxopropyl)selanyl)-
benzamide derivatives. The first example of this type of compound, derived from D-glucosamine,
was obtained by Z. Zhang and co-workers in 2010 [22]. The reaction of 2-(chloroseleno)benzoyl
chloride with 1,3 4,6-tetra-O-acetyl-2-deoxy-b-D-glucopyranosylamine, performed in acetone
and catalyzed by sodium bicarbonate, gave the final product with 60% yield. Then, Sh.
Zhang et al. obtained a series of B-carbonyl selenides through a modified procedure
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using dichloromethane as the solvent and eliminating NaHCOj [23,24]. Herein, we have
optimized the reaction conditions based on the synthesis of selenide 9. The method
presented recently by Sh. Zhang and co-workers furnished the final product with only a
30% yield (entry 1). The addition of sodium bicarbonate slightly increased the efficiency
of the procedure (entry 2). Using a 0.75 M solution of NaHCOj (entries 3 and 4) also did
not improve the reaction yield. The order in which the reagents were added significantly
influenced the overall process. The reaction’s key step was mixing the ketone with sodium
bicarbonate to generate the carbanion for the subsequent acylation of the selenium atom.
The best result was obtained using an excess of acetone as both the substrate and the
solvent, furnishing the final product with 87% yield (entry 6, Table 1).

Table 1. Optimization of reaction conditions.

Solvent Conditions and Order

1 V)
(Solubilization of A) NaHCOs of Addition Yield (%)

Entry

. A + acetone, rt, 1 h
. C, rt, 20 min
.A+B,rt,1h

1
1 DCM - 2
1
2.C,rt,3h
1
2

30

2 DCM leq. 41

leqg. (0.75M
NaHCO3 /HzO)

. A+ C,rt, 20 min
.B,0°Ctort,2h
1. B (acetone + H,O
leq. (0.75M solution of NaHCOg3, rt,
NaHCO5;/H,0O) 25min)+ A,0°Ctort,1h
2.C,rt,2h
1. B (acetone + NaHCO;3,
5 THF 1eq. rt, 30 min) + A, rt, 1h 65
2.C,rt,3h
1. B (acetone + NaHCO;3,
6 Acetone 1 eq. rt, 30 min) + A, rt, 1h 87
2.C,rt,3h

37

4 Acetone

The selected conditions proved efficient for a variety of chiral amines. In one-pot
synthesis, 2-(chloroseleno)-benzoyl chloride was first transformed in situ to the acetylated
selenide 10. Subsequent reactions with commercially available enantiomerically pure
amines furnished a series of f-carbonyl selenides as enantiomeric and diastereomeric pairs
in good yields (Scheme 1).

The ability to reduce hydrogen peroxide was evaluated by a conventionally used assay
presented by Iwaoka and co-workers [25]. The method is based on the oxidation of the
Se catalyst to its active species 25 by H,O,, which is later reduced to its initial form by
dithiothreitol (DTT™4). The dithiol DTT is simultaneously transformed into a disulfide
(DTT®¥). 'HNMR spectra, recorded in specific time intervals, present the rate of the dithiol
formation, which equals the rate of HyO, reduction. The results of the performed analysis
are shown in Table 2.
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Scheme 1. Synthetized chiral 3-carbonyl selenides 11-24.
Table 2. Results of the antioxidant activity measurement.
Se-cat. 11-24
[0.1 eQ]
HO,, g
H202 \Cé DTTo*
SeCHZC )CHs HO'
HO.., SH
‘_CSH DTT™ [1eq]
SeCHZC )CHj HO
25 0
Remaining DTT*4 (%)
Catalyst (0.1 equiv.) 5 min 15 min 30 min 60 min
11/12 79 +54 61 +4.8 44428 13+37
13/14 72+74 61 6.1 48 +3.7 21 +1.7
15/16 86 + 0.1 78 +£0.2 69 £ 0.1 56 £+ 0.5
17/18 91 +£2.2 90 + 0.7 82+14 73+ 05
19/20 93 £ 0.1 90 £+ 0.6 83 + 0.8 70 +£0.2
21/22 72 +25 52+0.2 27 £2.7 6+43
23/24 79 + 0.3 56 + 5.3 30 +3.3 10+24
Ebselen 75 64 58 52

All enantiomeric and diastereomeric pairs presented the same H,O,-scavenging poten-
tial. In general, the highest reactivity was observed for both N-indanyl selenides possessing
the 2-hydroxy group in cis (21/22) and trans (23/24) configuration, with the DTT"®? reduced
to 6 and 10%, respectively. The best result obtained for compounds 21/22 was compared
to the values measured for corresponding N-(cis-2-hydroxy-1-indanyl) Se derivatives. As
presented in Figure 2, it can be observed that diselenides possessing a reactive and suscep-
tible to facile cleavage Se-Se bond are the most efficient H,O, scavengers. However, the
presence of a -carbonyl selanyl group, instead of a phenylselanyl moiety or a Se-N bond
of the benzisoselenazolone core, significantly enhanced the H,O, reduction potential.
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Figure 2. Results of the antioxidant activity measurements of corresponding Se derivatives.

It also has to be noted that the sterically undeveloped N-(2-butyl) derivatives 11/12
and those possessing an additional hydroxy group 13/14 were 4 and 2,5 fold, respectively,
more active than the well-known GPx-mimetic ebselen. The introduction of additional
aromatic rings to the N-alkyl chains, without the attachment of any polar OH group, seems
to reduce the H,O, scavenging capacity (derivatives 15/16, 17/18, 19/20, Table 2).

Next, the free radical scavenging activity of the tested selenides was evaluated using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) test (Table 3). This straightforward procedure
relies on donating electrons from the tested compounds to neutralize the radical, changing
the color of DPPH from purple to yellow [26,27]. The discussed assay depends on a mixed
mode involving mechanisms such as hydrogen atom transfer, single electron transfer,
and proton-coupled electron transfer [26]. The advantages of the DPPH test encompass
low cost, effectiveness, experimental simplicity, reproducibility, applicability at ambient
temperature, and the capability for result comparison with alternative radical scavenging
methodologies [27-29]. In contrast to other free radicals, such as peroxyl radicals, hydroxyl
radicals, or superoxide radical anions, the DPPH radical exhibits stability [27]. On the
other hand, DPPH is capable of reacting under certain conditions, even in the absence of
antioxidants, for example, in the presence of oxygen or sunlight [30]. Nevertheless, due to
the usually short time of reaction between tested compounds and DPPH radical (less than
60 min), these reactions do not affect the final result of the analysis.

Table 3. Results of DPPH test.

Compound 1C30 m Antioxidant Capacity
11/12 5.61 0.10
13/14 0.89 0.47
15/16 2.28 0.16
17/18 2.59 0.12
19/20 1.62 0.23
21/22 2.51 0.19
23/24 0.96 0.39

All tested selenides demonstrated the neutralization of the DPPH radical, neverthe-
less, all calculated values were higher than the ICs, for Trolox (0.17 mM). The presence of
different substituents affects their antioxidant activity. The scavenging capacity on DPPH
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radicals was in the order of 13/14 > 23/24 > 19/20 > 21/22 > 15/16 > 17/18 > 11/12.
Additionally, the Trolox equivalent antioxidant capacity (TEAC) was calculated [31,32].
The obtained results were as follows: 0.19 (for 13/14), 0.18 (for 23/24), 0.10 (for 19/20),
0.07 (for 21/22, 15/16, and 17/18), and 0.03 for 11/12. The tested compounds share a
heteroaromatic ring of high electronegativity, and they only differ in their N-substituted
amido group, which comes from chiral amines or amino alcohols. Obtained results indi-
cated that enantiomers 13/14 were the most potent free radical inhibitors, which react with
free radicals, particularly the hydroperoxide radical. In the structure of 13/14, the nitrogen
atom is substituted with a chiral aliphatic butyl chain possessing an OH group. The latter
has been recognized as a hydrogen donor to quench electron mobility while interrupting
the free radical chain reaction. Based on the mechanisms of the DPPH assay described
in the literature [26,27,33,34], we assume that the reaction can occur by a combination of
hydrogen atoms and/or a single electron transfer mechanism, presented for compound 13

in Scheme 2.
DPPH(H) ng7
(colourless)

HAT) O

SET) 3

\ o (e}

DPPH | H“
(colourless) Se—>7

0]

o
DPPH"* dN
(violet at 51 5)

Scheme 2. A plausible mechanism for the DPPH reduction, where HAT—hydrogen atom transfer;
SET—single electron transfer.

Studies of the antioxidant role of N-substituted benzisoselenazolones and their deriva-
tives are scarce compared to those in biological substrates. Moreover, the IC 50 parameter
is a characteristic property of a given antioxidant only under certain conditions, so com-
paring the obtained results with those described in the literature is often difficult. We
have observed different effects of substituents on the DPPH radical scavenging properties
for the tested compounds. Regarding the antioxidant activity, additional insertion of the
hydroxyl group contributes to the scavenging activities. However, from the obtained
results, establishing correlations between the structure of S-carbonyl selenides and their
DPPH neutralization proved challenging. It would be interesting to know the possible
mechanisms of the antioxidant activity of aromatic and aliphatic substituents of the tested
structures, typical to different potentially interesting molecules with antioxidant activity.
Therefore, our future research will focus on this issue.

The antiproliferative activity of all Se compounds was measured using a cell viability
assay (MTT) on breast cancer MCF-7 and human promyelocytic leukemia HL-60 cell
lines [35]. In this case, the highest cytotoxic potential was observed for both enantiomers
of N-(1-hydroxy-2-butanyl) selenide 13 and 14 with similar ICsy values—14.4 + 0.5 and
16.2 + 1.1 pM (HL-60 cell line), respectively (Table 4).
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Table 4. The antiproliferative activity of compounds 11-24.

IC5() [!J,M] + SEM

Compound
MCEF-7 HL-60
11 461+ 1.6 181 £ 11
12 55+14 101 + 14
13 39.2+0.9 144 +05
14 35.7 £ 0.6 162+ 1.1
15 115+ 21 111 £ 3.5
16 188.3 £0.3 142 +1.7
17 235+1 303 +3
18 237 £11 235+ 14
19 87.4+0.5 101 + 0.6
20 724 £0.8 845+ 0.6
21 39.2+0.7 27.3+0.5
22 296 £ 5 225+2
23 37+03 237 +11
24 38+1.1 238+1.1
Oxaliplatin 35 [36,37] 0.8 [38]

Comparing the results obtained for selenides 13 and 14 to the IC50 values measured
for corresponding phenylselenides, benzisoselenazolones, and diselenides, substituted
on the nitrogen atom with the same N-(1-hydroxy-2-butanyl) scaffolds, we can observe a
structure-activity dependence relative to the type of attached Se moiety. In general, the
difference in cytotoxic potential is more visible towards HL-60 cell lines. Selenides 13
and 14 are 2-fold more active than corresponding benzisoselenazolones and slightly less
cytotoxic than the N-(1-hydroxy-2-butanyl) diselenides. Additionally, the exchange of the
B-carbonyl group to a phenyl ring significantly decreases the antiproliferative activity of
the Se-derivative (Table 5).

Table 5. The antiproliferative activity of N-(1-hydroxy-2-butanyl) Se derivatives.

ICs¢ [uM] £ SEM

N
HO 2 HO
Organoselenium —> O
scaffold

Se-derivative MCE-7 HL-60 MCE-7 HL-60
B-Carbonylselenide 39.2+0.9 144 £05 357+ 0.6 162+ 1.1
Phenylselenide >150 >150 >150 >150
Benzisoselenazolone 383+1.3 26,0. =1.7 351405 333+£05

Diselenide 37.00 + 4.25 8.67 +0.14 >100 10.10 = 0.49

In the context of interaction with chiral biological targets, the most interesting phe-
nomenon is to observe a difference in the activity between two enantio- or diastereoisomers.
It was observed in the case of N-cis-2-hydroxy-1-indanyl derivatives 21 and 22. When the
stereochemistry of the C1 and C2 carbon centers was 1R,2S, the bio-activity towards both
cell lines significantly decreased compared to the 15,2R isomer. The trans epimers 23 and
24 also presented almost 10-fold more reactive than selenide 22 (Figure 3).
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3 HO, HO HO,
(o) (R 0 S 0 S, o AR
N\\(S N"TR N\‘(‘s A

Se Se Se Se
21 K’//O 22 kfo 23 K«’&O - Kfo
ICso (MCF-7)
39.240.7 uM 29645 UM 37£0.3 pM 38+1.1 uM
IC5o (HL60)
27.3+0.5 uM 2252 M 23.7+1.1 uM 23.8+1.1 uM

Figure 3. Different bio-activity of diastereomeric hydroxyindanyl selenides 21-24.

3. Materials and Methods
3.1. General

NMR spectra were recorded on Bruker Avance II1/400 or Bruker Avance III/700 (Karl-
sruhe, Germany) for 1H and 176.1 MHz or 100.6 MHz for 13C (Supplementary Materials).
Chemical shifts were recorded relative to SiMey4 (50.00) or solvent resonance (CDCl3 57.26,
CD30OD $3.31). Multiplicities were given as s (singlet), d (doublet), dd (double doublet), ddd
(double double doublet), t (triplet), dt (double triplet), and m (multiplet). The 77Se NMR
spectra were recorded on a Bruker Avance II1/400 or Bruker Avance I1I/700 with diphenyl
diselenide as an external standard. NMR spectra were carried out using ACD/NMR
Processor Academic Edition. Melting points were measured with a Biichi Tottoli SPM-20
heating unit (Biichi Labortechnik AG, Flawil, Switzerland) and were uncorrected. Ele-
mental analyses were performed on a Vario MACRO CHN analyzer. Optical rotations
were measured in 10 mm cells with a polAAr 3000 polarimeter. Column chromatogra-
phy was performed using Merck 40-63D 60A silica gel (Merck, Darmstadt, Germany).
HPLC analyses were recorded on Shimadzu LC-2060C with phenyl-hexyl column in liquid
phase 5-95 or 50-99 (MeOH/H,O0); for chromatographs, see the Supplementary Materials
(Figures S15-528). All amines were commercially available and purchased from Merck
(Merck, Darmstadt, Germany). Their chemical and optical purities were above 97%. The
MCF-7 human breast adenocarcinoma cell line was acquired from the European Collec-
tion of Cell Cultures (ECACC, Nice, France). Cultivation involved the use of Minimum
Essential Medium Eagle (MEME) supplemented with non-essential amino acids, antibiotics
(100 mg/mL streptomycin and 100 U/mL penicillin, 2 mM glutamine, all sourced from
Sigma-Aldrich, St. Louis, MO, USA), and 10% fetal bovine serum from Biological Industries
(Beit-HaEmek, Israel). For the human leukemia cell line HL-60, obtained from the European
Collection of Authenticated Cell Cultures (ECACC Nice, France), the culture medium was
RPMI 1640 plus GlutaMax I (Invitrogen, Grand Island, NY, USA), supplemented with 10%
fetal bovine serum (FBS) and antibiotics (100 pg/mL streptomycin and 100 U/mL peni-
cillin). Cells were maintained at 37 °C in a 5% CO; atmosphere, allowing them to grow
until reaching 80% confluence.

3.2. General Procedure and Analysis Data

NaHCOj3 (0.063 g, 0.75 mmol, 1 eq.) was stirred with acetone (2 mL) for 30 min,
and then the solution of 2-chloroseleno)benzoyl chloride (0.190 g, 0.75 mmol, 1 eq.) in
acetone (1 ml) was added. After 1 h, amine (1 mmol, 1.3 eq.) was added, and the reaction
was continued for 3 h (selenides 15-18, 23, 24) or 12 h (selenides 11-14, 19-22) at room
temperature. After the reaction was finished, the solvent was treated with water (10 mL)
and then extracted with DCM. The combined organic layers were dried over magnesium
sulfate, and the solvent was evaporated on a rotary evaporator. The crude product was
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purified by column chromatography (silica gel, DCM) and then recrystallized from a
mixture of DCM/heptane.

N-((S)-(+)-sec-butyl)-2-((2-oxopropyl)selanyl)benzamide 11.

Yield: 62%; mp 73-74 °C; [o<]%30 =33 (c = 0.24, CHCly).

'H NMR (400 MHz, DMSO) & = 0.87 (t, ] = 7.6 Hz, 3H), 1.11 (d, ] = 6.8 Hz, 3H),
1.44-1.52 (m, 2H), 2.20 (s, 3H), 3.73 (s, 2H), 3.80-3.85 (m, 1H), 7.24 (t,] = 7.6 Hz, 1H,;), 7.38
(t,] =8 Hz, 1Ha), 7.50 (d, ] = 8 Hz, 1H,,), 7.55 (d, ] = 7.6 Hz, 1Hay), 8.21 (d, ] = 8.8 Hz, 1Hay)
13C NMR (400 MHz, DMSO) 6§ = 11.15 (CH3), 20.64 (CH3), 28.67 (CHz), 29.26 (CH,), 35.66
(CHy), 46.97 (CH), 125.80 (CH,y), 128.28 (CHyy), 129.74 (CHy,), 131.00 (CHay), 132.40 (Cyy),
136.19 (Car), 167.58 (C=0), 205.03 (C=0) "/Se NMR (400 MHz, DMSO) § = 319.53 ppm; IR:
3291, 2960, 2932, 2872, 1694, 1636, 1585, 1532, 1457, 1427, 1356, 1264, 1230, 1141, 1039, 882,
743,743,533 cm~!. Elemental Anal. Calcd for C14H190,Se (312.03): C, 53.85; H, 6.13; N,
4.49; Found C, 53.82; H, 6.12; N, 4.48; HPLC purity > 98%.

N-((R)-(-)-sec-butyl)-2-((2-oxopropyl)selanyl)benzamide 12.

Yield: 56%; mp 72-73 °C; [m]g) = —32 (c = 0.31, CHCl3).

I'H NMR (400 MHz, DMSO) & = 0.87 (t, ] = 7.6 Hz, 3H), 1.11 (d, ] = 7.2 Hz, 3H),
1.42-1.50 (m, 2H), 2.20 (s, 3H), 3.73 (s, 2H), 3.80-3.89 (m, 1H), 7.24 (t, ] = 7.2 Hz, 1Hay), 7.36
(t,J=8Hz, 1H,), 7.50 (d,] =8 Hz, 1H,;), 7.55(d, ] = 7.6 Hz, 1H,,), 8.21 (d, ] = 8.4 Hz, 1H,,)
13C NMR (400 MHz, DMSO) 6§ = 11.16 (CH3), 20.64 (CH3), 28.67 (CH3), 29.26 (CH,), 39.67
(CH,), 46.97 (CH), 125.80 (CHa), 128.28 (CHay), 129.75 (CHay), 131.00 (CHay), 132.40 (Car),
136.20 (Car), 167.58 (C=0), 205.03 (C=0) ””Se NMR (400 MHz, DMSO) § = 319.58 ppm; IR:
3299, 2963, 2928, 2873, 1695, 1626, 1583, 1535, 1455, 1431, 1357, 1283, 1230, 1147, 1031, 872,
746,714,546 cm 1. Elemental Anal. Caled for C14H;9NO,Se (312.03): C, 53.85; H, 6.13; N,
4.49; Found C, 53.86; H, 6.15; N, 4.49; HPLC purity > 97%.

N-((5)-(+)-1-hydroxy-2-butanyl)-2-((2-oxopropyl)selanyl)benzamide 13.

Yield: 68%; mp 65-66 °C; [o<]%30 =32 (¢ =0.39, CHCl).

'H NMR (400 MHz, DMSO) & = 0.89 (t,] = 7.2 Hz, 3H), 1.33-1.45 (m, 1H), 1.58-1.67 (m, 1H),
2.20 (s, 3H), 3.40-3.49 (m, 2H), 3.73 (s. 2H), 3.78-3.83 (m, 1H), 4.65 (t,] = 5.6 Hz, 1H), 7.25
(t,J=7.6 Hz, 1Hy,), 7.37 (t, ] = 8 Hz, 1Hy;), 7.50 (d, ] = 8 Hz, 1Hy;), 7.61 (d, ] = 6.8 Hz, 1Hy;),
8.08 (d,] = 7.6 Hz, 1H,;) '*C NMR (400 MHz, DMSO) 6 = 11.05 (CH3), 24.08 (CH,), 28.67
(CH3), 39.64 (CH,), 53.57 (CH), 63.52 (CH,), 125.72 (CH,;), 128.45 (CH,,), 129.64 (CH,,),
131.07 (CHay), 132.61 (Cay), 135.95 (Car), 168.11 (C=0), 205.04 (C=0) 7/Se NMR (400 MHz,
DMSO) é = 321.67 ppm; IR: 3292, 2961, 2874, 1694, 1635, 1585, 1530, 1456, 1355, 1231, 1039,
1017, 880, 743, 685, 577 cm™~!.Elemental Anal. Calcd for C14H;9NO5Se (329.05): C, 51.22; H,
5.83; N, 4.27; Found C, 51.19; H, 5.81; N, 4.27; HPLC purity > 97%.

N-((R)-(-)-1-hydroxy-2-butanyl)-2-((2-oxopropyl)selanyl)benzamide 14.

Yield: 95%; mp 66-67 °C; [o<]%30 = —35 (c = 0.49, CHCl3).

"H NMR (400 MHz, DMSO) 6 = 0.90 (t, ] = 7.6 Hz, 3H), 1.36-1.46 (m, 1H), 1.61-1.71 (m, 1H),
2.23 (s, 3H), 3.45-3.50 (m, 2H), 3.76 (s. 2H), 3.78-3.85 (m, 1H), 4.68 (t,] = 5.6 Hz, 1H), 7.25
(t,]=7.6 Hz, 1Hay), 7.38 (t, ] = 8 Hz, 1H,,), 7.52 (d, ] = 8 Hz, 1H,,), 7.63 (d, ] = 8 Hz, 1H,,),
8.10 (d, ] = 8.4 Hz, 1H,,) '*C NMR (400 MHz, DMSO) & = 11.05 (CH3), 24.08 (CH,), 28.67
(CH3), 39.64 (CHy), 53.57 (CH), 63.52 (CHj), 125.72 (CHay), 128.45 (CHay), 129.64 (CHay),
131.06 (CHay), 132.61 (Car), 135.96 (Car), 168.11 (C = 0), 205.04 (C = O) 7/Se NMR (400 MHz,
DMSO) 6 = 321.67 ppm; IR: 3291, 2961, 2872, 1694, 1636, 1585, 1532, 1457, 1355, 1230, 1039,
1018, 881, 743, 685, 576 cm 1. Elemental Anal. Caled for C, 51.22; H, 5.83; N, 4.27; Found C,
51.23; H, 5.84; N, 4.29; HPLC purity > 97%.

N-((R)-(-)-1,2,3,4-tetrahydro-1-naphthyl) 2-((2-oxopropyl)selanyl)benzamide 15.

Yield: 62%; mp 115-116 °C; [aﬁjo = —35 (c =0.76, CHCl3).

'H NMR (400 MHz, DMSO) 6 = 1.73-1.81 (m, 2H), 1.92-2.00 (m, 2H), 2.23 (s, 3H),
2.73-2.78 (m, 2H), 3.77 (s, 2H), 5.52-5.59 (m, 1H), 7.11-7.19 (m, 3Hay), 7.21-7.28 (m, 2Hay),
737 (t,J=8Hz, 1Hy), 7.53 (d,] =8 Hz, 1H,), 7.60 (d, ] = 8 Hz, 1H,;), 8.85 (d, ] = 8.8 Hz,
1H) 13C NMR (700 MHz, DMSO) § = 20.83 (CH,), 28.70 (CH3), 29.32 (CH5), 30.28 (CH,),
35.77 (CHy), 47.64 (CH), 125.84 (CHy,;), 126.29 (CH,y), 127.16 (CH,;), 128.32 (CHy,), 128.48
(CHay), 129.22 (CHay), 129.84 (CHyy), 131.17 (CHyy), 132.62 (Cay), 135.81 (Cay), 137.65 (Cay),
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137.84 (Cyr), 167.84 (C=0), 205.03 (C=0) ””Se NMR (700 MHz, DMSO) § = 321.23 ppm; IR:
3354, 2999, 2941, 1738, 1680, 1627, 1584, 1530, 1488, 1430, 1356, 1261, 1077, 738, 561 cm .
Elemental Anal. Calcd for CogH»1NO,Se (387.07): C, 62.18; H, 5.48; N, 3.63; Found C, 62.15;
H, 5.51; N, 3.65; HPLC purity > 98%.

N-((5)-(+)-1,2,3 4-tetrahydro-1-naphthyl)-2-((2-oxopropyl)selanyl)benzamide 16.

Yield: 59%; mp 114-115 °C; [oc}%o =34 (c = 0.74, CHCly).

'H NMR (400 MHz, DMSO) 6§ = 1.74-1.81 (m, 2H), 1.90-1.99 (m, 2H), 2.22 (s, 3H),
2.63-2.68 (m, 2H), 3.77 (s, 2H), 5.51-5.60 (m, 1H), 7.14-7.18 (m, 3Hy;), 7.20-7.28 (m, 2Hy,),
737 (t,]=7.2Hz,1Hy,), 753 (d,] =7.2 Hz, 1Hy;), 7.59 (d,] = 7.6 Hz, 1H,;), 8.83 (d, ] = 8.8 Hz,
1H) 13C NMR (400 MHz, DMSO) 6 = 20.82 (CHb), 28.69 (CH3), 29.30 (CH,), 30.27 (CH,),
35.78 (CHy), 47.64 (CH), 125.85 (CHar), 126.28 (CHar), 127.16 (CHar), 128.31 (CHay), 128.46
(CHar), 129.22 (CHay), 129.87 (CHar), 131.16 (CHagy), 132.56 (Car), 135.84 (Car), 137.65 (Car),
137.82 (Car), 167.85 (C=0), 205.03 (C=0) "/Se NMR (400 MHz, DMSO) § = 319.81 ppm; IR:
3353, 2999, 2941, 1738, 1681, 1627, 1585, 1532, 1488, 1432, 1357, 1262, 1078, 739, 562 cm ™.
Elemental Anal. Caled for CyoHy1NO,Se (387.07): C, 62.18; H, 5.48; N, 3.63; Found C, 62.19;
H, 5.47; N, 3.63; HPLC purity > 98%.

N-((R)-(+)-a-methylbenzyl)-2-((2-oxopropyl)selanyl)benzamide 17.

Yield: 87%; mp 133-134°C; [cx]%o =64 (c = 0.78, CHCly).

'H NMR 400 MHz, DMSO) 6§ = 1.44 (d, ] = 7.2 Hz, 3H), 2.19 (s, 3H), 3.72 (s, 2H),
5.07-5.13 (m, 1H), 7.17-7.24 (m, 1Hyy), 7.24-7.34 (m, 3H.,), 7.35-7.42 (m, 3H,,), 7.51 (d,
J=8Hz, 1H,,), 7.68 (d,] = 6 Hz, 1H,,), 8.88 (d, ] = 8 Hz, 1H) 13C NMR (300 MHz, DMSO)
5 =22.74 (CHj3), 28.67 (CH3), 35.65 (CH,), 48.97 (CH), 125.78 (CH,;), 126.49 (2xCH,,), 127.10
(CHgy), 128.59 (CHgy), 128.69 (2xCHay), 129.73 (CHay), 131.25 (CHyy), 132.84 (Cyy), 135.38
(Car), 145.07 (Cay), 167.31 (C=0), 204.99 (C=0) 77Se NMR (400 MHz, DMSO) § = 322.26 ppm;
IR: 3337, 2989, 2970, 1738, 1678, 1631, 1581, 1530, 1454, 1415, 1353, 1330, 1230, 1156, 755, 746,
686, 554, 541 cm 1. Elemental Anal. Caled for C;5H;9NO,Se (361.06): C, 60.00; H, 5.32; N,
3.89; Found C, 59.95; H, 5.31; N, 3.89; HPLC purity > 98%.

N-((S)-(-)-a-methylbenzyl)-2-((2-oxopropyl)selanyl)benzamide 18.

Yield: 80%; mp 132-133°C; [oc]%? = —61 (c = 0.60, CHCl3).

1'H NMR 400 MHz, DMSO) 6 = 1.46 (d, ] = 7.2 Hz, 3H), 2.21 (s, 3H), 3.75 (s, 2H),
5.07-5.13 (m, 1H), 7.17-7.24 (m, 1Hy;), 7.24-7.34 (m, 3Hy,), 7.35-7.42 (m, 3Hy,), 7.53 (d,
J=8Hz, 1Hy), 7.69 (d, ] = 6 Hz, 1H,;), 8.91 (d, ] = 8 Hz, 1H) 3C NMR (300 MHz, DMSO)
5 =22.72 (CHj3), 28.67 (CH3), 35.67 (CH,), 48.99 (CH), 125.81 (CH,;), 126.50 (2xCH,;), 127.10
(CHar), 128.59 (CHgy), 128.70 (2xCHayy), 129.73 (CHay), 131.25 (CHyy), 132.78 (Cqyr), 135.47
(Car), 145.06 (Cay), 167.34 (C=0), 204.98 (C=0) 77Se NMR (400 MHz, DMSO) & = 322.03 ppm;
IR: 3336, 2989, 2970, 1738, 1678, 1630, 1582, 1529, 1455, 1414, 1354, 1331, 1232, 1157, 755, 747,
686, 555, 541 cm 1. Elemental Anal. Calcd for C15H19NO,Se (361.06): C, 60.00; H, 5.3; N,
3.89; Found C, 59.99; H, 5.30; N, 3.87; HPLC purity > 99%.

N-((S)-(-)-1-(1-naphthyl)ethyl)-2-((2-oxopropyl)selanyl)benzamide 19.

Yield: 50%; mp 161-162°C; [«]3 = —36 (c = 0.55, CHCly).

'H NMR (400 MHz, DMSO) § = 1.61 (d, ] = 6.8 Hz, 3H), 2.21 (s, 3H), 3.75 (s, 2H),
590 (quin, ] =5.6 Hz, 1H), 7.29 (t,] = 7.2 Hz, 1H4,), 740 (t, ] = 7.6 Hz, 1H,,), 7.44-7.57 (m,
5H,), 7.69 (d,] =7.6 Hz, 1Hy,), 7.85 (d, ] =8 Hz, 1H,;), 7.96 (d, ] = 7.6 Hz, 1H,,), 8.23 (d,
J =8 Hz, 1Ha), 9.09 (d, ] = 7.6 Hz, 1H) 13C NMR (400 MHz, DMSO) & = 21.89 (CH3), 28.65
(CH3), 39.64 (CHy), 45.31 (CH), 123.05 (CHar), 123.68 (CHar), 125.79 (CHar), 125.93 (CHar),
126.06 (CHgyy), 126.67 (CHyy), 127.77 (CHay), 128.64 (CHyy), 129.13 (CHyy), 129.77 (CHyy),
130.88 (Cj,yr), 131.25 (CHyy), 132.76 (Cayy), 133.85 (Cyyr), 135.47 (Cayr), 140.52 (Car), 167.26 (C=0),
204.93 (C=0) 77Se NMR (400 MHz, DMSO) & = 322.03 ppm; IR: 3378, 2971, 1738, 1693, 1633,
1537, 1455, 1356, 1257, 1133, 1031, 801, 781, 737, 643, 542 cm . Elemental Anal. Calcd for
CyHy1NO,Se (411.07): C, 64.39; H, 5.16; N, 3.41; Found C, 64.46; H, 5.15; N, 3.42; HPLC
purity >98%.

N-((R)-(+)-1-(1-naphthyl)ethyl)-2-((2-oxopropyl)selanyl)benzamide 20.

Yield: 41%; mp 161-162°C; [oc]gJ =37 (c =0.49, CHCl3).
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'H NMR (400 MHz, DMSO) & = 1.58 (d, ] = 7.2 Hz, 3H), 2.18 (s, 3H), 3.73 (s, 2H),
5.87 (quin, ] =7.6 Hz, 1H), 7.25 (t,] = 7.2 Hz, 1H,,), 7.37 (t, ] = 7.2 Hz, 1H,,), 7.45-7.64 (m,
5H.:), 7.67 (d, ] = 7.6 Hz, 1H,,), 7.82 (d, ] = 8 Hz, 1H.,), 7.93 (d, ] = 8 Hz, 1H.,), 8.21 (d,
J =8 Hz, 1H,,), 9.07 (d, ] = 7.6 Hz, 1H) 13C NMR (400 MHz, DMSO) & = 21.89 (CH3), 28.65
(CH3), 39.61 (CH3), 45.30 (CH), 123.05 (CHar), 123.68 (CHar), 125.78 (CHar), 125.93 (CHay),
126.06 (CHar), 126.66 (CHay), 127.77 (CHay), 128.63 (CHay), 129.12 (CHay), 129.77 (CHayy),
130.88 (Car), 131.25 (CHay), 132.76 (Car), 133.85 (Car), 135.47 (Car), 140.51 (Cayr), 167.25 (C=0),
204.92 (C=0) 77Se NMR (400 MHz, DMSO) 6§ = 322.07 ppm; IR: 3377, 2970, 1738, 1693, 1633,
1537, 1454, 1365, 1257, 1132, 1032, 801, 781, 737, 642, 542 cm~!. Elemental Anal. Calcd for
CaHy NO,Se (411.07): C, 64.39; H, 5.16; N, 3.41; Found C, 64.44; H, 5.18; N, 3.43;. HPLC
purity > 98%.

N-((1S,2R)-(-)-cis-2-hydroxy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 21.

Yield: 76%; mp 111-112 °C; [«]3 = —45 (c = 0.38, CHCl3).

'H NMR (700 MHz, DMSO) 6 = 2.26 (s, 3H), 2.86-2.90 (m, 1H), 3.08-3.13 (m, 1H), 3.80
(d, ] =5.6 Hz, 2H), 4.50-4.53 (m, 1H), 5.12 (d, ] = 4.2 Hz, 1H), 5.38-5.42 (m, 1H), 7.19-7.25
(m, 2Hgy), 7.26-7.29 (m, 3Hy;), 7.41 (t,] = 7.7 Hz, 1Hy;), 7.56 (d,] = 7.7 Hz, 1Hy,), 7.79 (d,
] =7.7 Hz, 1H,;), 8.32 (d, ] = 9.1 Hz, 1H) 13C NMR (700 MHz, DMSO) 6 = 28.78 (CH3), 35.75
(CHy), 40.18 (CH,), 57.85 (CH), 72.55 (CH), 124.81 (CHjy), 125.31 (CHay), 125.76 (CHgy),
126.77 (CHay), 127.88 (CHay), 128.98 (CHay), 129.60 (CHyy), 131.37 (CHa,), 133.13 (Cay), 135.09
(Car), 141.36 (Cay), 142.20 (Car), 168.33 (C=0), 205.10 (C=0) 77Se NMR (700 MHz, DMSO)
5 =324.41 ppm; IR: : 3283, 2947, 2926, 1724, 1634, 1583, 1562, 1477, 1423, 1353, 1227, 1080,
793,737,584 cm 1. Elemental Anal. Caled for C19H;9NO3Se (389.05): C,58.77; H, 4.93; N,
3.61; Found C, 58.81; H, 4.90; N, 3.59; HPLC purity > 99%.

N-((1R,2S)-(+)-cis-2-hydroxy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 22.

Yield: 65%; mp 110-111 °C; [«}%9 =48 (c = 0.42, CHCl3).

H NMR (700 MHz, DMSO) 6 = 2.26 (s, 3H), 2.87-2.91 (m, 1H), 3.08-3.14 (m, 1H), 3.80
(d, ] =5.6 Hz, 2H), 4.51-4.55 (m, 1H), 5.12 (d, ] = 4.2 Hz, 1H), 5.39-5.42 (m, 1H), 7.18-7.25
(m, 2Hgay), 7.26-7.29 (m, 3Hy,), 7.41 (t, ] = 7.7 Hz, 1Hy,), 7.56 (d, ] = 7 Hz, 1Hy;), 7.80 (d,
] =7.7 Hz, 1H,,), 8.32 (d, ] = 8.4 Hz, 1H) 13C NMR (400 MHz, DMSO) 6 = 28.78 (CH3), 35.75
(CH,), 40.18 (CH,), 57.85 (CH), 72.55 (CH), 124.81 (CHa,y), 125.32 (CHar), 125.77 (CHay),
126.78 (CHar), 127.88 (CHar), 128.97 (CHar), 129.61 (CHay), 131.37 (CHar), 133.10 (Car), 135.12
(Car), 141.36 (Cyar), 142.19 (Cay), 168.34 (C=0), 205.10 (C=0) 7/Se NMR (700 MHz, DMSO)
5 = 325.43 ppm; IR: 3349, 2923, 2853, 1724, 1626, 1584, 1560, 1509, 1459, 1354, 1228, 1094,
795, 738, 580 cm~!. Elemental Anal. Caled for C19H;9NO3Se (389.05): C, 58.77; H, 4.93; N,
3.61; Found C, 58.76; H, 4.94; N, 3.60; HPLC purity > 98%.

N-((1S,2S)-(-)-trans-2-hydroxy-1-indanyl) 2-((2-oxopropyl)selanyl)benzamide 23.

Yield: 17%; mp 112-114 °C; [ochzjo =35 (c = 0.38, CHCl3).

'H NMR (700 MHz, DMSO) 6 = 2.26 (s, 3H), 2.71-2.79 (m, 1H), 3.13-3.19 (m, 1H), 3.80
(d,J =7 Hz, 2H), 442 (quin, ] =7 Hz, 1H), 5.22 (t,] = 7.7 Hz, 1H), 5.39 (d, ] = 5.6 Hz, 1H),
7.26-7.34 (m, 4Ha,), 7.28 (t, ] = 6.3 Hz, 1Hay), 7.41 (t, ] = 7 Hz, 1Hy,), 7.57 (d, ] = 5.6 Hz,
1H,.), 7.70 (d, J=7.7 Hz, 1H,,), 8.84 (d, ] = 5.6 Hz, 1H) 3C NMR (300 MHz, DMSO)
& =28.71 (CH3), 35.67 (CHy), 39.11 (CHy), 61.97 (CH), 77.74 (CH), 124.34 (CH,;), 125.11
(CHay), 125.76 (CHay), 127.11 (CHay), 128.09 (CHay), 128.62 (CHay), 129.66 (CH,y), 131.31
(CHar), 132.95 (Cqr), 135.38 (Car), 140.26 (Car), 142.26 (Car), 168.55 (C=0), 205.08 (C=0) 7’Se
NMR (700 MHz, DMSO) $ = 321.18 ppm; IR: 3303, 2997, 2940, 1738, 1677, 1642, 1541, 1364,
1232, 748, 647, 542,517 cm~!. Elemental Anal. Calcd for C19H;9NO5Se (389.05): C, 58.77;
H, 493; N, 3.61; Found C, 58.67; H, 4.91; N, 3.62; HPLC purity > 98%.

N-((1R,2R)-(-)-trans-2-hydroxy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 24.

Yield: 68%; mp 112-114 °C; [a}%o = —31 (c = 0.58, CHCl3).

1H NMR (700 MHz, DMSO) & = 2.26 (s, 3H), 2.74-2.79 (m, 1H), 3.13-3.19 (m, 1H), 3.80
(d,J=7Hz, 2H), 442 (quin, ] =7 Hz, 1H), 5.22 (t,] = 7.7 Hz, 1H), 5.39 (d, ] = 5.6 Hz, 1H),
7.17-7.24 (m, 4H,,), 7.29 (t, ] =7 Hz, 1H,;), 741 (t, ] = 6.3 Hz, 1Hy,), 7.57 (d, ] = 6.3 Hz,
1H,), 7.70 (d, T = 6.3 Hz, 1H,;), 8.84 (d, ] = 8.4 Hz, 1H) 3C NMR (300 MHz, DMSO)
5 =28.71 (CH3), 35.68 (CHy), 39.11 (CHy), 61.97 (CH), 77.74 (CH), 124.32 (CH,;), 125.11
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(CHay), 125.75 (CHay), 127.12 (CHay), 128.10 (CHay), 128.63 (CHay), 129.68 (CH,;), 131.31
(CHar), 132.97 (Car), 135.36 (Car), 140.27 (Car), 142.27 (Car), 168.54 (C=0), 205.08 (C=0) 7/Se
NMR (700 MHz, DMSO) § = 324.38 ppm; IR: 3305, 2997, 2942, 1738, 1677, 1642, 1541, 1365,
1229, 748, 647, 528, 517 cm~!. Elemental Anal. Calcd for C;9H;9NO5Se (389.05): C, 58.77;
H, 4.93; N, 3.61; Found C, 58.71; H, 4.95; N, 3.63; HPLC purity > 97%.

3.3. Antioxidant Activity Evaluation
3.3.1. DTT Activity Assay

To a solution of compounds 11-24 (0.015 mmol) and dithiothreitol DTT*4 (0.15 mmol)
in 1.1 mL of CD30D, 30% H,0, (0.15 mmol) was added. '"H NMR spectra were measured
right after the addition of hydrogen peroxide and then in specific time intervals. The
concentration of the substrate was determined according to the changes in the integration
on the "H NMR spectra [25], Supplementary Materials (Figures S29-S31).

3.3.2. DPPH Radical Scavenging Assay

The 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl) test is based on the capacity of tested
compounds to scavenge the stable free radical DPPH, and the obtained results are expressed
as inhibitory concentration (IC50).

The radical neutralization test was conducted according to the previously described
method [39]. In brief, calibration curves were created for each tested compound by increas-
ing volumes of selenides. Solutions in methanol to a 0.5 mL methanolic DPPH radical
(0.3 mM) made up with methanol to the 2.0 mL. All solutions were measured in triplicate
against a reagent blank (2 mL of methanol + 0.5 mL of DPPH methanolic solution) after
30 min at 517 nm using a UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan).

The inhibition ratio (%) was obtained from the following equation:

inhibition ratio (%) = MA;OAOJOO%, where :

Al—absorbance of sample

AO—absorbance of the reagent blank.

Next, the 50% DPPH inhibition (ICsp) was calculated by the linear regression analysis
between the radical scavenging percentage against the tested compound concentration. All
obtained curves are presented in Supplementary Materials (Figures S32-539).

Additionally, the antioxidant capacity (AC) of tested compounds was determined and
expressed as millimoles of Trolox (TE) equivalent per 1 g of compounds. For this purpose,
the calibration curve of inhibition ratio (%DPPH) vs. TE concentration was prepared
and presented in the Supporting Information (Figure 522). Finally, the results of DPPH
radical scavenging activity by B-carbonyl selenides were presented as Trolox equivalent
antioxidant capacity (TEAC) and calculated as follows [31,32]:

TroloxIC50[mM]
— carbonylselenidesIC50[mM]

Trolox equivalent antioxidant capacity = Tested p

3.4. MTT Viability Assay

The MTT (3-(4,5-didiazol-2-yl)-2,5 diphenyl tetrazolium bromide) assay, which mea-
sures the activity of methylcellular dehydrogenases, was based on Mosmann’s method [35].
Briefly, cells were seeded into 96-well plates (about 1.5 x 10* cells per well, in 100 uL) and
then left to adhere and grow for 24 h. Subsequently, 100 uL of the tested compounds in the
medium was added to a final concentration of 0-250 uM for 24 h, followed by the addition
of 100 uL MTT, 3 mg/mL in PBS, for the next 3 h. After the incubation, the medium was
removed. The remaining insoluble formazan crystals were dissolved in 100 pL. DMSO.
The absorbance of the blue formazan product was measured at 570 nm in the plate reader
spectrophotometer Infinite M200 (Tecan, Austria) and compared with the control (untreated
cells). All experiments were performed three times in triplicate. The concentration of the
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tested compounds required to inhibit cell viability by 50% (ICs) was calculated using
Microsoft Excel software for semi-log curve fitting with linear regression analysis.

4. Conclusions

Herein, we optimized the synthesis of chiral 3-carbonyl selenides and proved that the
generation of the carbanion from the starting ketone is crucial for the high efficiency of the
reaction. This procedure was further used for the synthesis of N-substituted derivatives
in the form of enantiomeric and diastereomeric pairs, presenting the first examples of
unsymmetrical (2-oxopropyl)selanyl) benzamides possessing chiral groups attached to
the nitrogen atom. All compounds were tested as antioxidants by two assays: the DTT
method, presenting the ability to reduce HyO,, and the DPPH procedure for evaluat-
ing radical scavenging capacity. In both cases, derivatives possessing hydroxy groups
were the most active ones—selenides with 2-hydroxy group in cis (DTT assay) and trans
configuration (DTT and DPPH method) and 1-hydroxy-2-butanyl substituent (DPPH as-
say). Additionally, the antiproliferative capacity towards breast cancer MCF-7 and human
promyelocytic leukemia HL-60 cell lines was measured. Also, in this case, both enantiomers
of N-(1-hydroxy-2-butanyl) selenides were the most potent cytotoxic agents with similar
IC50 values. Considering the chirality—activity dependence, we have observed that the
configurations of C1 and C2 carbon of the N-2-hydroxy-1-indanyl derivatives influence
their antiproliferative potential. The results indicate that the N-1-hydroxy-2-butanyl and
N-2-hydroxy-1-indanyl substituents can be selected as possible pharmacophores to develop
potential Se therapeutics with optimal drug-target interaction further.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /ma17040899/s1, Figure S1: (a) 'H NMR, (b) '3C NMR, and
(c) 77Se NMR spectra of N-((S)-(+)-sec-butyl)- 2-((2-oxopropyl)selanyl)benzamide 11; Figure S2: (a) IH
NMR, (b) 13C NMR, and (c) 7/Se NMR spectra of N-((R)-(-)-sec-butyl)- 2-((2-oxopropyl)selanyl)benzamide
12; Figure S3: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of N-((S)-(+)-1-hydroksy-2-
butanyl)-2-((2-oxopropyl)selanyl)benzamide 13; Figure S4: (a) 'H NMR, (b) '3C NMR, and
(c) 77Se NMR spectra of N-((R)-(-)-1-hydroksy-2-butanyl)-2-((2-oxopropyl)selanyl)benzamide 14;
Figure S5: (a) TH NMR, (b) 13C NMR, and (c) 77Se NMR spectra of N-((R)-(-)-1,2,3,4-tetrahydro-1-
napthyl)-2-((2-oxopropyl)selanyl)benzamide 15; Figure S6: (a) "H NMR, (b) 13C NMR, and (c) 7/Se
NMR spectra of N-((S)-(+)-1,2,3,4-tetrahydro-1-napthyl)-2-((2-oxopropyl)selanyl)benzamide 16;
Figure S7: (a) IH NMR, (b) 13C NMR, and (c) 77Se NMR spectra of N-((R)-(+)-a-metylbenzyl)-2-((2-
oxopropyl)selanyl)benzamide 17; Figure S8: (a) IH NMR, (b) 13C NMR, and (c) 77Se NMR spectra
of N-((5)-(-)-a-metylbenzyl)-2-((2-oxopropyl)selanyl)benzamide 18; Figure S9: (a) IHNMR, (b) 13C
NMR, and (c) 7/Se NMR spectra of N-((S)-(-)-1-(1-napthyl)etyl)-2-((2-oxopropyl)selanyl)benzamide
19; Figure S10: (a) "H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of N-((R)-(+)-1-(1-napthyl)etyl)-
2-((2-oxopropyl)selanyl)benzamide 20; Figure S11: (a) 1TH NMR, (b) 13C NMR, and (c) 7/Se NMR
spectra of N-((1S,2R)-(-)-cis-2-hydroksy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 21; Figure S12:
(a) 'H NMR, (b) *C NMR, and (c) 7/Se NMR spectra of N-((1R,25)-(+)-cis-2-hydroksy-1-indanyl)-2-
((2-oxopropyl)selanyl)benzamide 22; Figure S13: (a) TH NMR, (b) 13C NMR, and (c) 7/Se NMR spec-
tra of N-((15,25)-(+)-trans-2-hydroksy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 23; Figure S14:
(a) 'HNMR, (b) 13C NMR, and (c) 77Se NMR spectra of N-((1R,2R)-(-)-trans-2-hydroksy-1-indanyl)-
2-((2-oxopropyl)selanyl)benzamide 24; Figure S15: Chromatograph of N-((S)-(+)-sec-butyl)-2-((2-
oxopropyl)selanyl)benzamide 11; Figure S16: Chromatograph of N-((R)-(-)-sec-butyl)-2-((2-oxopropyl)
selanyl)benzamide 12; Figure S17: Chromatograph of N-((S)-(+)-1-hydroksy-2-butanyl)-2-((2-oxopropyl)
selanyl)benzamide 13; Figure S18: Chromatograph of N-((R)-(-)-1-hydroksy-2-butanyl)-2-((2-oxopropyl)
selanyl)benzamide 14; Figure S19: Chromatograph of N-((R)-(-)-1,2,3,4-tetrahydro-1-napthyl)-2-
((2-oxopropyl)selanyl)benzamide 15; Figure 520: Chromatograph of N-((S)-(+)-1,2,3,4-tetrahydro-1-
napthyl)-2-((2-oxopropyl)selanyl)benzamide 16; Figure S21: Chromatograph of N-((R)-(+)-o-metylbenzyl)-
2-((2-oxopropyl)selanyl)benzamide 17; Figure S22: Chromatograph of N-((S)-(-)-a-metylbenzyl)-2-
((2-oxopropyl)selanyl)benzamide 18; Figure S23: Chromatograph of N-((S)-(-)-1-(1-napthyl)etyl)-
2-((2-oxopropyl)selanyl)benzamide 19; Figure 524: Chromatograph of N-((5)-(-)-1-(1-napthyl)etyl)-
2-((2-oxopropyl)selanyl)benzamide 20; Figure S25: Chromatograph of N-((1S,2R)-(-)-cis-2-hydroksy-
l-indanyl)- 2-((2-oxopropyl)selanyl)benzamide 21; Figure 526: Chromatograph of N-((15,2R)-(-)-
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cis-2-hydroksy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 22; Figure S27: Chromatograph of
N-((15,25)-(+)-trans-2-hydroksy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 23; Figure 528: Chro-
matograph of N-((1R,2R)-(-)-trans-2-hydroksy-1-indanyl)-2-((2-oxopropyl)selanyl)benzamide 24;
Figure S29: Example of 'H NMR spectra for antioxidant Twaoka test after reaction time 5 min,
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Abstract: A series of phenyl B-carbonyl selenides with o-ester functionality substituted on the oxygen
atom with chiral and achiral alkyl groups was synthesized. All compounds are the first examples
of this type of organoselenium derivatives with an ester substituent in the ortho position. The
obtained derivatives were tested as antioxidants and anticancer agents to see the influence of an
ester functionality on the bioactivity of p-carbonyl selenides by replacing the o-amide group with
an o-ester group. The best results as an antioxidant agent were observed for O-((1R,25,5R)-(—)-
2-isopropyl-5-methylcyclohexyl)-2-((2-oxopropyl)selanyl)benzoate. The most cytotoxic derivative
against breast cancer MCF-7 cell lines was O-(methyl)-2-((2-oxopropyl)selanyl)benzoate and against
human promyelocytic leukemia HL-60 was O-(2-pentyl)-2-((2-oxopropyl)selanyl)benzoate.

Keywords: 2-((2-oxopropyl)selanyl)benzoates; pharmacophore; antioxidant activity; antiproliferative
activity

1. Introduction

Organic molecules, both of a synthetic and natural origin, are utilized in almost every
field of industry, depending on their applicability, determined mainly by the particular
functional groups incorporated into their structure. Among those, esters are one of the
most exploited compounds, commonly known for their characteristic fragrance properties
and widely used in the perfume industry [1]. In addition to the natural presence in
essential oils and pheromones, the ester bond is also a dominating functionality in many
primary (e.g., lipids and carbohydrates [2]) and secondary (e.g., lactones, terpenoids and
steroids [3]) metabolites [4]. The ester linkage is essential for several biochemical pathways
due to its ability and facile cleavage by esterases, hydrolase-type enzymes that split the
ester into a carboxylic acid and alcohol [5-7]. In the context of drug development, the
introduction of an ester moiety bears several advantages. The transformation of bioactive
compounds like polar carboxyl or hydroxyl groups into an ester prodrug improves its
solubility and bioavailability [8]. Increased membrane permeability facilitates the delivery
and installation inside the cells, where the molecule can be hydrolyzed to its water-soluble
active form [9,10]. Using esterification in drug modification solves the bioavailability
problem of many known bioactive agents. Examples of drugs applied in their ester form
are presented in Figure 1 [11-13].
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Figure 1. Examples of ester-type drugs.

Organoselenium compounds like selenides, diselenides and selenols are well known
to possess a multitude of possible biological activities due to the ability to mimic the ac-
tivity of several selenoenzymes, including the antioxidant enzyme glutathione peroxidase
(GPx), and they are involved in thyroid physiology, thioredoxin reductase (TRx) and iodothy-
ronine deiodinase (ID) [14-16]. A catalytic reduction in peroxides by GPx is presented in
Scheme 1 [17]. L-selenocysteine 1 builds up the active side of the enzyme and catalyzes the
ROOH reduction to ROH [18]. The Se atom of 2 is maintained in its active ionized form due
to the specific amino acid environment—glutamine and tryptophan—creating the catalytic
triad with L-Sec [19]. The formed seleninic acid 3 is reduced to the starting RSe™ in a two-step
process by two glutathione (GHS) molecules. Se-derivatives acting as artificial L-Sec can
exhibit various bioactivities [20]. Until now, we have synthesized a diversified series of GPx
mimetics, including benzisoselenazolones 5, corresponding diselenides 6 [21] and phenyl
selenides 7 [22]. An evaluation of their antiproliferative activity revealed that installing a
-SePh functionality significantly decreases the reactivity. To address this issue, we created a
new type of selenide-type catalyst possessing a 2-(2-oxopropyl)selanyl group 8 and showed
that this modification significantly enhanced the reactivity of the tested compounds [23].

7 - GPx peroxide reduction cycle
E ROOH
GPx

GR 3
o GSH GSH
NH, GPx
HO NADP*

HSe ? H0
; mka .
L-selenocysteine | H
(Sec,U) | SesG
1 | Sec-type catalysts
OH
° OH o)
O ," \\\
oH N Q
N H . R
N H / o
se 6 SePh se :
5 Se). € 7 8 !
*  ICs (MCF-7) >:° Se
. o)
35.1£0.5 uM >100 pM >150 M 35.740.6uM . B
IC5o (HL60) \
33.3£0.5 M 10.10 £ 0.49 M >150 uM 16.241.1 uM this work

Scheme 1. GPx activity cycle and examples of Sec-type catalysts 5-9.
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Herein, we wanted to examine the influence of an ester functionality on the bioactivity
of B-carbonyl selenides by replacing the o-amide group with an o-ester substituent. For this
purpose, we synthesized the first f-carbonyl phenyl selenides possessing an o-ester group
and evaluated if this modification changes their antioxidant and anticancer properties.

2. Results and Discussion

The first step in the research involved synthesizing a new class of compounds—O-
substituted 2-((2-oxopropyl)selanyl)-benzoate derivatives. The procedure was based on the
reaction of acetylated selenide 11, formed in situ from 2-(chloroseleno)-benzoyl chloride A
and acetone, with commercially available alcohols. Initially, the reaction of acetone with
sodium bicarbonate yielded a carbanion which was used to acylate the selenium atom. A
subsequent reaction with alcohol B furnished the final product 10 with only a 16% yield
(entry 1, Table 1). In the case of a reaction with several other alcohols, the product was not
formed. In the next attempt, NaHCO3 was replaced with triethylamine. In this way, the
reaction efficiency increased to 54% (entry 2, Table 1). The reaction’s key step was mixing
the ketone with triethylamine to form the carbanion and remove the hydrogen chloride
produced in the reaction.

Table 1. Optimization of reaction conditions.

A B o
10
Solvent .
Entry  (Solubilization Base Conditions and Order Yield (%)
of Addition
of A)
1. (acetone + NaHCO;, rt,
1 Acetone NaHCO3 30min)+ A, rt,1h 16
2.B,rt,15h
1. (acetone + Et3N, rt,
2 Acetone Et;N 30min)+ A, rt,1h 54
2.B,rt,15h

The selected conditions (entry 2, Table 1) were applied in further reactions with
commercially available alkyl achiral and chiral alcohols, including monocyclic terpene
alcohol. A series of B-carbonyl selenides, seven alkyl derivatives 12-18 and seven optically
active compounds, including O-terpenyl selenide 19 and three pairs of enantiomers 10 and
20-24, were obtained with good yields (Scheme 2).

All derivatives were evaluated as antioxidants by two assays. Firstly, the NMR-based
method was used, as presented by Iwaoka and co-workers [24]. The ability to reduce
hydrogen peroxide was measured by the rate of dithiothreitol oxidation to disulphide
(DTTred to DTTox). The active Se-catalyst is formed through the oxidation of selenide 25 to
selenoxide 26 by hydrogen peroxide. Dithiothreitol (DTTred) reduces compound 26 to the
starting selenide 25. The substrate (DT Tred) disappearance rate was estimated by recording
changes in the 1H NMR spectrum in specific time intervals. The reaction equation and
antioxidant test results (mean value + standard deviation) are shown below (Table 2), and
all obtained results are presented in the Supplementary Materials (Tables S1 and S2).
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acetone
[ I Cl BN [ I [ I .
enantiomers
SeCl TR~
A 101224 52 E i 1
achiral alkyl groups 20, 16% 21, 22%
' R= ' '
i terpene moiety i
— o e e o |
12, 74% 13, 70% 14, 57% 15, 65% f § 5 b1 10,54% 22,21%
5)\/\ 8 19, 18% g :
16, 39% 17, 34% 18,38% \/ 23, 28% 24, 25%
Scheme 2. Synthetized B-carbonyl selenides with o-ester groups 10 and 12-24.
Table 2. Results of the antioxidant activity measurement.
HO/”CSH HO/,_CS
Ho" > SH ot 8
DTT™d [1eq] DTT>
0
o o
Se/Y SeY
25 O o 26
e-ca
0.1 equiv.
HzOz /
CD40D
Remaining DTT"® (%)
Catalyst . . . .
(0.1 Equiv.) 5 min 15 min 30 min 60 min
12 95.3+0.2 952+ 0.3 948 +£ 0.4 944+ 04
13 96.7 £ 0.1 96.5 + 0.2 95.0 £ 0.1 949 + 04
14 92.8 £ 0.1 88.5+ 0.3 82.0+1.9 75.0 + 1.1
15 93.6 £0.2 93.0+0.1 929 +0.2 92.6 £0.2
16 95.1 £0.1 949 £ 0.1 94.7 £ 0.1 944+ 0.2
17 90.8 £ 0.2 90.6 + 0.3 90.3 £0.3 89.2 £0.2
18 93.5+0.1 915+ 0.2 89.2 £+ 0.3 85.8 + 0.7
19 95.1 £0.1 949 £ 0.1 94.6 £ 0.1 94.3 +£0.2
20/21 95.8 £ 0.1 944+ 0.2 940+ 1.5 921+27
10/22 96.1 £ 0.1 95.7 + 0.1 95.7 £ 0.3 949 + 04
23/24 944+ 0.9 939 £+ 0.8 93.6 £0.7 92.8 £ 0.4
Ebselen 75 64 58 52

The best result was observed for O-(propyl)-2-((2-oxopropyl)selanyl)benzoate 14.
However, the conversion obtained for all derivatives was less efficient than for ebselen and
the previously obtained derivatives with the o-amide group. As presented in Figure 2, it
can be observed that the presence of an o-ester substituent instead of an 0-amide group in
the structure of B-carbonyl selenides significantly lowers the ability to reduce HyO;. In the
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case of enantiomers 20/21 and their counterparts with the o-amide group, these properties
are reduced by as much as 9 times.

: = ——

5 min 15min 30min 60min

Time (min)

—=0=20/21 =0==10/22

=== derivatives 20/21 with o-amide group ==@==derivatives 10/22 with o-amide group

Figure 2. Results of the antioxidant activity measurements of 20/21, 10/22 and corresponding
Se-derivatives with o-amide group.

During our previous research, we also obtained a series of benzisoselenazolones and
diselenides N-functionalized with long carbon chains terminated with ester groups. The
obtained results indicate high reactivity of compounds possessing a Se-N bond along
with the ester functionality. This suggests that the isoselenazolone core is essential for the
elevated antioxidant potential of the ester-type Se-derivatives [25].

Because organoselenium compounds are well known for their ability to act as antiox-
idants and/or pro-oxidants, the compounds obtained were tested for their capacities to
scavenge free radicals. The results obtained for the DPPH assay are presented in Figure 3
and listed in Table S1 (Supplementary Materials).

In this study, the selected B-carbonyl selenides with the o-ester group were tested,
and the loss of DPPH radical absorbance was detected in the presence of all. As observed,
compound 19 exhibited the best free-radical scavenging capabilities. The calculated ICsq
value was 0.0933 mM at 15 min post-reaction initiation. Given the ICs; value obtained
for Trolox (0.0744 mM) and the remaining tested compounds, the free-radical scavenging
capacity of compound 19 can be considered noticeable.

All tested organoselenium derivatives contained the same 2-((2-oxopropyl)selenyl)benzoate
core but differed in the attached esterification functional substituents. O-((1R,25,5R)-(—)-
2-isopropyl-5-methylcyclohexyl)-2-((2-oxopropyl)selanyl)benzoate 19 differed from the
other studied derivatives by the presence of a terpene moiety in its structure. It surprised
us because monoterpenes without conjugated 7 bonds, such as menthol, did not have
satisfactory free-radical scavenging properties in the DPPH assay [26] and antioxidant
activity in the ABTS test [27]. In our previous research, we obtained a new group of chiral
benzisoselenazol-3(2H)-ones substituted on the nitrogen atom with monoterpene moieties,
among others, p-menthane [28]. The antioxidant activities of synthesized benzisoselena-
zolones (such as N-menthyl-1,2-benzisoselenazol-3(2H)-one) were evaluated based on the
Iwaoka test [24]. The pinene derivatives were the most effective, whereas the substrate
conversion observed for the menthane derivative after 60 min was only 67%. However,
this compound was characterized by the best anticancer activity against MCF-7 cells [28].
The latter, the literature data and the values of ICsg obtained in this study suggest that the
presence of terpene moiety [26,27] in the structure may allow compounds with interesting
antioxidant and anticancer properties to be obtained.
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Figure 3. The results of DPPH test for tested compounds where TEAC-Trolox equivalent antioxidant
capacity (ICspTrolox/ICs9 compounds) was calculated.

In the case of the remaining tested compounds, the organoselenium derivatives of
chiral alcohols (20/21, 10/22 and 23/24) exhibited better free-radical scavenging properties
compared to those derived from aliphatic alcohols (12-17) or benzyl alcohol (18). Moreover,
the capacity for free-radical inhibition among this group of compounds was the highest for
butyl esters and the lowest for products incorporating methylbenzyl in their structure.

The inferior properties of inhibiting free radicals for organoselenium derivatives of
aliphatic alcohols may stem from the absence of 7t bonds in the functional moiety. However,
compound 17, containing a double bond, was not characterized by better free-radical
quenching properties. The lowest TEAC value (0.0166) was determined for compound
18, which may be due to the appearance of an aromatic ring in the structure. A similar
situation was observed by Wojtunik et al. [26] for p-cymene. It indicates that further
research on these compounds should concentrate on elucidating their mechanisms of action
as free-radical inhibitors.

The literature extensively discusses the relationship between the structures of well-
known antioxidants (such as polyphenols) and their antioxidant activity. However, for the
discussed compounds, the literature data are very scarce. For this reason, the ICs, values
for the selected and obtained derivatives were compared with the results for analogous
organoselenium compounds described previously [23] (Figure 4).
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Figure 4. The ICs, for the DPPH test of 20/21, 10/22 and 23/24 and corresponding Se-derivatives
with the o-amide group.

Given the obtained results, it is difficult to estimate how the replacement of functional
groups allowed for organoselenium derivatives with better properties to inhibit the action
of free radicals. For example, in the case of compounds 23 /24, these properties increased
modestly, while for compounds with a sec-butyl group (20/21), they increased significantly.
On the other hand, we did not notice a decrease in the IC5; value for derivatives with an
a-methyl benzyl group 10/22. Generally, one of the compounds with the highest reactivity
for derivatives from the o-amide group was observed for N-(trans)-indanyl selenide, for
which the ICsy value was 0.96 mM. Similar compounds synthesized in this work with an
indanyl moiety 23/24 but without a hydroxyl group showed an even higher ability to
scavenge free radicals.

Finally, the cytotoxic activity of the obtained compounds 10 and 12-24 against breast
cancer MCF-7 and human promyelocytic leukemia HL-60 cell lines were assessed using the
cell viability assay MTT [29]. The highest cytotoxic potential was observed for the methyl
B-carbonyl selenoesters 12 for the MCE-7 cell line and sec-amyl B-carbonyl selenoesters 16
for the HL-60 cell line. All results are shown in Table 3.

Table 3. The antiproliferative activity of compounds 10 and 12-24.

I1Cs¢ (uM) £ SEM

Compound
MCE-7 HL-60
12 51.1 0.6 972+ 05
13 1295+1.2 147.0£5.0
14 166.0 + 3.0 972 £0.1
15 273.0+ 3.0 105.0 £ 1.0
16 121.0 £ 0.4 84.0£2.0
17 194.0 £ 5.0 103.0 £ 2.0
18 133.0 £2.0 110.0 £5.0
19 121.0 +10.0 243.0 £8.0
20 313.0 £10.0 1475+ 2.0
21 243.0 £ 10.0 89.4 4+ 0.9
10 176.0 + 3.0 1260+ 25
22 107.0 £ 0.8 942 £3.0
23 123.0 £ 0.4 944+ 3.0
24 136.0 + 3.0 942 £0.7

Oxaliplatin 35[30,31] 0.8 [32]
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Previously, we determined the ICsq values for selenium derivatives like benzisoselena-
zolones, diselenides, phenyl selenides and B-carbonyl selenides with the 0-amide group
substituted with different achiral and chiral moieties, also in the form of enantiomeric
and diastereomeric pairs. Through the analysis of these results, we can see the differenti-
ation of values between individual groups of compounds and between enantiomers and
diastereoisomers. As a representative example, a comparison of the results obtained for
enantiomers 10/22 and corresponding Se-derivatives is presented (Table 4).

Table 4. The antiproliferative activity of «a-methylbenzyl Se-derivatives.

\ (S)
O“‘ j Q" 1)
Organoselenium

scaffold
I1Cs¢ (uM) £ SEM
A B
Se-derivative MCEF-7 HL-60 MCEF-7 HL-60
p-carbonyl selenide 176.0 £ 3.0 126.0 + 2.5 107.0 + 0.8 94.2 + 3.0
with o-ester group
p-carbonyl selenide 235.0 & 1.0 303.0 £ 3.0 237.0 + 11.0 235+ 14
with o0-amide group
Phenyl selenide >150 >150 >150 >150
Benzisoselenazolone 32.8 +2.8 16.1 £ 0.0 38.8 0.8 16.8 £ 0.4
Diselenide >100 >100 >100 >100

Comparing the ICs values obtained for the same a-methylbenzyl derivatives, we can
notice that for both molecules with an o-ester and an o-amide group, the best activity was
achieved for the S configuration for the HL-60 cell line. Additionally, a greater sensitivity
of the HL-60 cell line compared to the MCEF-7 cell line to the obtained derivatives with
an a-methylbenzyl group can be noticed. We can also see an increase in the anticancer
properties of o-ester selenides compared to phenyl selenides. In general, we can observe
that the exchange of the o-amide to o-ester moiety enhances the cytotoxic potential of the
obtained B-carbonyl selenides.

An important scaffold in our research, which is particularly interesting due to the
chirality of compounds and the change in biological activity for individual enantiomers and
diastereoisomers, was the hydroxyindanyl moiety. In this work, for S-carbonyl selenide
with the o-ester group, we obtained derivatives with an indanyl substituent without an
additional hydroxyl group; therefore, the values can not be compared in a direct way.
Looking at the results for the other groups of compounds, we can notice lower sensitivity
of cancer cells to compounds 23 and 24, but it is difficult to determine whether this is the
effect of replacing the amide group with an ester group in the ortho position or the lack of
an additional hydroxyl group.

Looking ahead, our primary goals will involve advancing our understanding of apop-
tosis and DNA damage pathways, which are fundamental to the cytotoxicity mechanisms.
By unravelling the molecular mechanisms governing these pathways, we will aim to elu-
cidate the underlying basis for the anticancer effects of our compounds. Understanding
apoptosis and DNA damage pathways is crucial because they regulate cell death and
survival, especially in cancer.
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3. Materials and Methods
3.1. General

The 1H, 13C NMR and 77S5e NMR spectra were recorded on Bruker Avance II1/400 or
Bruker Avance I11/700 (Karlsruhe, Germany) and 176.1 MHz or 100.6 MHz (Supplementary
Materials). The spectra were made in d¢-DMSO solvent (CD30D 63.31), and chemical shifts
were recorded relative to SiMey or diphenyl diselenide as an external standard. NMR spec-
tra were edited using ACD/NMR Processor Academic Edition. Multiplicities were given
as s (singlet), d (doublet), dd (double doublet), t (triplet), dt (double triplet), q (quartet),
sextet, septet and m (multiplet). Melting points were measured on the Biichi Tottoli SPM-20
heating unit (Btichi Labortechnik AG, Flawil, Switzerland) and were uncorrected. Vario
MACRO CHN analyzer was used for elemental analyses. Optical rotations were measured
with a polAAr 3000 polarimeter (Bury Road Industrial Estate, Ramsey, UK).

For column chromatography, Merck 40-63D 60A silica gel (Merck, Darmstadt, Germany)
was used. Alcohols were commercially available from Merck (Merck, Darmstadt, Germany).
Their chemical purities were above 98%, and optical purities were above 97%. The MCE-7
(human breast adenocarcinoma) cell line was obtained from the European Collection of Cell
Cultures (ECACC, Nice, France), and the HL-60 cell line (human leukemia) was obtained
from the European Collection of Authenticated Cell Cultures (ECACC Nice, France).

3.2. General Procedure and Analysis Data

To acetone (2 mL) was added NaHCOs3 (0.063 g, 0.75 mmol, 1 eq.) (12-15) or EtsN
(0.095 g, 0.75 mmol, 1 eg) (10, 16-24) with stirring for 30 min; then, the solution of 2-
(chloroseleno)-benzoyl chloride (0.190 g, 0.75 mmol, 1 eq.) in acetone (1 mL) was added.
After 1 h, alcohol (1 mmol, 1.3 eq.) was added, and the reaction was continued for 15 h at
room temperature. The reaction was completed with water (10 mL) and was extracted with
DCM. The combined organic layers were dried under magnesium sulfate, and the solvent
was evaporated. The product was purified by column chromatography (silica gel, DCM).

O-(methyl)-2-((2-oxopropyl)selanyl)benzoate 12

Yield: 74%; mp 74-75 °C;

'H NMR (400 MHz, DMSO) & = 2.27 (s, 3H), 3.87 (s, 2H), 3.90 (s, 1H), 7.32 (t, ] = 7.7 Hz,
1Hgy), 7.52-7.59 (m, 2H,,), 7.98 (d, ] = 7.7 Hz, 1H,,) 3C NMR (400 MHz, DMSO) 5 = 28.92
(CH3), 35.44 (CH,), 52.88 (CH>), 125.75 (CHay), 127.98 (Cyy), 128.98 (CHay), 131.69 (CHay),
133.65 (CHar), 136.83 (Car), 167.04 (C=0), 204.90 (C=0) 77Se NMR (400 MHz, DMSO)
5 =339.57 ppm; IR: 2951, 2913, 1693, 1583, 1460, 1433, 1397, 1357, 1288, 1274, 1252, 1193,
1145, 1101, 1056, 1031, 958, 747, 688 cm~!. Elemental Anal. Calcd for C11H;,03Se (271.17):
C, 48.72; H, 4.46; Found C, 48.63; H, 4.57.

O-(ethyl)-2-((2-oxopropyl)selanyl)benzoate 13

Yield: 70%; mp 60-61 °C;

H NMR (400 MHz, DMSO) & = 1.32 (t, ] = 7.2 Hz, 3H), 2.25 (s, 3H), 3.87 (s, 2H), 4.99
(q,/=72Hz 1H),7.30 (t,] = 7.2 Hz, 1H,,), 7.47-7.56 (m, 2H,;), 7.96 (d, ] = 7.2 Hz, 1H,,)
13C NMR (400 MHz, DMSO) 6 = 14.59 (CH3), 28.93 (CH3), 35.46 (CH)), 61.69 (CH,), 125.74
(CHar), 128.31 (Cyy), 128.97 (CHayr), 131.64 (CHay), 133.57 (CHar), 136.70 (Car), 166.59 (C=0),
204.92 (C=0) 77Se NMR (400 MHz, DMSO) & = 338.99 ppm; IR: 2990, 2976, 2910, 2852, 1688,
1582, 1561, 1457, 1398, 1358, 1304, 1286, 1265, 1248, 1145, 1097, 1053, 1031, 1020, 961, 745,
687 cm~!. Elemental Anal. Calcd for C1,H;405Se (285.20): C, 53.98; H, 4.65; Found C, 53.81;
H, 4.71.

O-(propyl)-2-((2-oxopropyl)selanyl)benzoate 14

Yield: 57%;

'H NMR (700 MHz, DMSO) & = 0.98 (t, ] = 7.0 Hz, 3H), 1.74 (sextet, ] = 6.3 Hz, 2H),
2.27 (s, 3H), 3.90 (s, 2H), 4.25 (t, ] = 7.0 Hz, 2H), 7.33 (t, ] = 7.0 Hz, 1H,;), 7.50-7.58 (m,
2H.;), 7.99 (d, ] = 7.7 Hz, 1H,,) 13C NMR (400 MHz, DMSO) 6§ = 10.86 (CH3), 22.04 (CH,),
28.93 (CH3), 35.45 (CHy), 67.01 (CH;), 125.77 (CHar), 128.26 (Car), 128.98 (CHyr), 131.62
(CHar), 133.60 (CH.y), 136.74 (Cay), 166.64 (C=0), 204.93 (C=0) 77Se NMR (700 MHz, DMSO)
b =338.76 ppm; IR: 2969, 2878, 1696, 1584, 1535, 1459, 1354, 1305, 1272, 1227, 1143, 1100,
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1056, 1032, 739 cm~!. Elemental Anal. Calcd for C13H;403Se (299.22): C, 52.18; H, 5.39;
Found C, 52.31; H, 5.55.

O-(2-propyl)-2-((2-oxopropyl)selanyl)benzoate 15

Yield: 65%;

'H NMR (400 MHz, DMSO) & = 1.31 (d, ] = 6.4 Hz, 6H), 2.25 (s, 3H), 3.86 (s, 2H), 5.13
(septet, ] = 6.0 Hz, 1H), 7.30 (t, | = 6.4 Hz, 1H,,), 7.46-7.55 (m, 2Hy,), 7.93 (d, ] = 6.8 Hz,
1H,,) 13C NMR (400 MHz, DMSO) § = 22.11 (2x CH3), 28.94 (CH3), 35.49 (CH,), 69.36 (CH),
125.72 (CHay), 128.73 (Car), 128.97 (CHyy), 131.57 (CHay), 133.49 (CHgy,), 136.54 (Cay), 166.13
(C=0), 204.92 (C=0) 77Se NMR (400 MHz, DMSO) & = 337.89 ppm; IR: 2980, 2937, 1693,
1584, 1455, 1354, 1273, 1254, 1226, 1146, 1098, 1054, 1032, 738 cm 1. Elemental Anal. Calcd
for C13H1403Se (299.22): C, 52.18; H, 5.39; Found C, 52.42; H, 5.48.

O-(2-pentyl)-2-((2-oxopropyl)selanyl)benzoate 16

Yield: 39%;

'H NMR (700 MHz, DMSO) & = 0.91 (t, ] = 7.0 Hz, 3H), 1.30 (d, | = 7.0 Hz, 3H),
1.33-1.45 (m, 2H), 1.56-1.64 (m, 1H), 1.65-1.73 (m, 1H), 2.27 (s, 3H), 3.89 (s, 2H), 5.08 (sextet,
J=7.0Hz, 1H), 7.32 (t, ] = 7.0 Hz, 1H,,), 7.50-7.58 (m, 2H,;), 7.96 (d, ] = 7.7 Hz, 1Ha;)
13C NMR (700 MHz, DMSO) 6§ = 14.22 (CH3), 18.62 (CH,), 20.28 (CH3), 28.94 (CH3), 35.50
(CHy), 37.92 (CHy), 72.26 (CH), 125.76 (CHay), 128.66 (Car), 128.99 (CHar), 131.51 (CHay),
133.51 (CHyy), 136.61 (Cjayr), 166.23 (C=0), 204.94 (C=0) 77Se NMR (700 MHz, DMSO)
5 =339.07 ppm; IR: 2958, 2931, 2872, 1693, 1583, 1458, 1356, 1303, 1275, 1254, 1226, 1183,
1145, 1099, 1054, 1031, 738, 688 cm . Elemental Anal. Calcd for C15H,0O5Se (327.28): C,
55.05; H, 6.16; Found C, 55.23; H, 6.24.

O-(3-methylbut-2-en-1-yl)-2-((2-oxopropyl)selanyl)benzoate 17

Yield: 34%;

'H NMR (700 MHz, DMSO) § = 1.75 (d, ] = 9.1 Hz, 6H), 2.27 (s, 3H), 3.89 (s, 2H), 4.80
(d, ] = 7.0 Hz, 2H), 5.4 (t, | = 7.0 Hz, 1H), 7.32 (t, | = 7.0 Hz, 1Ha;), 7.49-7.58 (m, 2Hay),
7.96 (d, ] = 7.7 Hz, 1H,;) 13C NMR (400 MHz, DMSO) 6 = 18.42 (CH3), 25.91 (CH3), 28.93
(CH3), 35.46 (CH,), 62.27 (CH,), 118.95 (CH), 125.74 (CHay), 128.23 (Cqy), 128.95 (CHyy),
131.67 (CHay), 133.59 (CHL,y), 136.77 (Car), 139.59 (Car), 166.52 (C=0), 204.92 (C=0) 7’Se
NMR (400 MHz, DMSO) 6 = 339.21 ppm; IR: 2971, 2938, 1690, 1585, 1439, 1358, 1270, 1228,
1146, 1095, 1053, 1031, 942, 738, 687 cm . Elemental Anal. Calcd for C15H;303Se (325.26):
C, 55.39; H, 5.56; Found C, 55.61; H, 5.72.

O-(benzyl)-2-((2-oxopropyl)selanyl)benzoate 18

Yield: 38%;

'H NMR (700 MHz, DMSO) & = 2.27 (s, 3H), 3.91 (s, 2H), 5.37 (s, 2H), 7.30-7.35 (m,
2Hay), 7.35-7.39 (m, 1Hay) 7.42 (t, | = 7.7 Hz, 2Hay), 7.47-7.50 (m, 2Har), 7.52-7.58 (m, 2Ha,),
8.02 (d, ] = 7.7 Hz, 1H,;) 13C NMR (400 MHz, DMSO) & = 28.94 (CH3), 35.46 (CH,), 67.07
(CH), 125.83 (CHay), 127.88 (Car), 128.58 (2xCHay), 128.71 (CHy,y), 129.03 (2xCHy,), 129.45
(CHar), 131.79 (CHar), 133.79 (CHar), 136.32 (Car), 137.01 (Cyy), 166.38 (C=0), 204.96 (C=0)
77Se NMR (400 MHz, DMSO) § = 339.53 ppm; IR: 3030, 2924, 2853, 1696, 1584, 1631, 1455,
1355, 1303, 1270, 1251, 1227, 1141, 1096, 1053, 1031, 967, 738, 696 cm~!. Elemental Anal.
Calcd for C17H1603Se (347.27): C, 58.80; H, 4.64; Found C, 59.04; H, 4.71.

O-((1R,2S,5R)-(—)-2-isopropyl-5-methylcyclohexyl)-2-((2-oxopropyl)selanyl)benzoate 19

Yield: 18%; []F = —29 (¢ = 0.20, CHCl3);

'H NMR (700 MHz, DMSO) § = 0.76 (d, ] = 7 Hz, 3H), 0.89 (d, ] = 7 Hz, 3H), 0.91
(d, ] = 7 Hz, 3H), 1.08-1.18 (m, 2H), 1.22-1.29 (m, 1H), 1.48-1.60 (m, 2H), 1.84-1.94 (m,
2H), 1.97-2.05 (m, 1H), 2.22-2.28 (m, 1H), 2.27 (s, 3H), 3.89 (s, 2H), 4.86 (td, J: = 4.9 Hz,
J» =11.2Hz, 1H), 7.33 (t, ] = 7.0 Hz, 1H,;), 7.47-7.56 (m, 2H,;), 7.95 (d, ] = 7.7 Hz, 1H,,)
13C NMR (400 MHz, DMSO) 6 = 16.86 (CH3), 20.94 (CH3), 22.33 (CH3), 23.62 (CH,), 26.64
(CH), 28.95 (CH3), 31.37 (CH), 34.15 (CH3), 35.54 (CH>), 40.98 (CH,), 47.05 (CH), 75.30 (CH),
125.81 (CHay), 128.49 (Cayr), 129.04 (CHyy), 131.46 (CHay), 133.56 (CHgy), 136.76 (Car), 166.08
(C=0), 204.93 (C=0) 77Se NMR (400 MHz, DMSO) & = 338.30 ppm; IR: 2953, 2923, 2868,
1692, 1585, 1460, 1358, 1272, 1254, 1228, 1142, 1098, 1052, 1031, 958, 738 cm . Elemental
Anal. Calcd for CooHyg03Se (395.39): C, 60.75; H, 7.14; Found C, 60.89; H, 7.22.
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O-((S)-(+)-sec-butyl)-2-((2-oxopropyl)selanyl)benzoate 20

Yield: 16%; [cx]%) =50 (c = 0.40, CHCly);

I'H NMR (700 MHz, DMSO) & = 0.90 (t, ] = 7.0 Hz, 3H), 1.28 (d, ] = 11.2 Hz, 3H),
1.58-1.72 (m, 2H), 2.25 (s, 3H), 3.85 (s, 2H), 4.99 (sextet, | = 7.0 Hz 1H), 7.26-7.32 (m, 1Hy;),
7.44-7.57 (m, 2H,;), 7.91-7.99 (dd, J; =2.1 Hz, ], = 9.8 Hz, 1H,,) "*C NMR (700 MHz, DMSO)
5 =10.00 (CHj3), 19.75 (CHj3), 28.73 (CH,), 28.95 (CH3), 35.48 (CHy), 73.71 (CH), 125.77
(CHar), 128.66 (Cqr), 128.98 (CHay), 131.52 (CHjy), 133.52 (CHay), 136.59 (Cyr), 167.27 (C=0),
204.99 (C=0) 77Se NMR (700 MHz, DMSO) & = 338.89 ppm; IR: 2969, 2924, 1693, 1584,
1457, 1434, 1355, 1304, 1273, 1254, 1226, 1144, 1127, 1099, 1053, 1029, 965, 739, 688 cm ™.
Elemental Anal. Caled for C14H1303Se (313.25): C, 53.68; H, 5.79; Found C, 53.97; H, 5.86.

O-((R)-(—)-sec-butyl)-2-((2-oxopropyl)selanyl)benzoate 21

Yield: 22%; [<] 5 = —46 (c = 0.35, CHCl3);

IH NMR (700 MHz, DMSO) & = 0.92 (t, ] = 7.0 Hz, 3H), 1.30 (d, ] = 7.0 Hz, 3H), 1.59-1.72
(m, 2H), 2.27 (s, 3H), 3.88 (s, 2H), 5.01 (sextet, | = 7.0 Hz, 1H), 7.31-7.36 (m, 1H,;), 7.47-7.56
(m, 2Hyy), 7.91-7.99 (dd, J; = 1.4 Hz, J, = 7 Hz, 1H,;) *C NMR (700 MHz, DMSO) & = 10.00
(CHs), 19.75 (CH3), 28.74 (CH,), 28.95 (CH3), 35.49 (CH,), 73.71 (CH), 125.77 (CHay), 128.67
(Car), 128.99 (CH,,), 131.52 (CHy,), 133.52 (CHay), 136.59 (Cayr), 167.27 (C=0), 204.98 (C=0)
77Se NMR (700 MHz, DMSO) § = 338.91 ppm; IR: 2969, 2924, 1693, 1584, 1457, 1355, 1304,
1273, 1254, 1226, 1144, 1127, 1099, 1052, 1028, 966, 739, 688 cm~!. Elemental Anal. Calcd for
C14H1803Se (313.25): C, 53.68; H, 5.79; Found C, 53.54; H, 5.71.

O-((R)-(+)-a-methylbenzyl)-2-((2-oxopropyl)selanyl)benzoate 10

Yield: 54%; [] 3 = 58 (c = 0.24, CHCl3);

'H NMR (400 MHz, DMSO) 6§ = 1.60 (d, ] = 6.4 Hz, 3H), 2.23 (s, 3H), 3.86 (s, 2H),
6.04 (q, ] = 6.8 Hz, 1H), 7.27-7.35 (m, 2H,;), 7.38 (t, ] = 6.8 Hz, 2H,;), 7.42-7.49 (m, 2Ha,,),
7.51-7.56 (m, 2H,y), 8.07 (d, ] = 7.2 Hz, 1H,,) '3C NMR (400 MHz, DMSO) § = 22.78 (CH3),
28.94 (CH3), 35.47 (CHy), 73.71 (CH), 125.82 (CH,y), 126.39 (2x CHy,), 128.11 (Cay), 128.38
(CHay), 128.98 (CHay), 129.02 (2x CHay), 131.80 (CHay), 133.75 (CHay), 136.99 (Cay), 141.99
(Car), 165.77 (C=0), 204.91 (C=0) ””Se NMR (400 MHz, DMSO) § = 339.53 ppm; IR: 2980,
2929, 1695, 1584, 1456, 1355, 1302, 1270, 1252, 1144, 1099, 1053, 1029, 993, 760, 698 cm ™.
Elemental Anal. Calcd for C14H1303Se (361.29): C, 59.84; H, 5.02; Found C, 59.98; H, 4.95.

O-((S)-(—)-a-methylbenzyl)-2-((2-oxopropyl)selanyl)benzoate 22

Yield: 21%; [«] 3 = —59 (¢ = 0.32, CHCl3);

'H NMR (700 MHz, DMSO) 6§ = 1.62 (d, ] = 5.6 Hz, 3H), 2.25 (s, 3H), 3.88 (s, 2H),
6.05 (q, ] = 6.3 Hz, 1H), 7.29-7.36 (m, 2H,,), 7.40 (t, ] = 6.3 Hz, 2H,;), 7.46-7.52 (m, 2H,,),
7.53-7.58 (m, 2H,,), 8.09 (d, ] = 6.3 Hz, 1H,,) '3C NMR (400 MHz, DMSO) § = 22.77 (CH3),
28.94 (CH3), 35.47 (CH,), 73.71 (CH), 125.82 (CHy;), 126.38 (2xCHyy), 128.13 (Cyy), 128.32
(CHay), 129.00 (CHay), 129.01 (2x CHay), 131.79 (CHay), 133.74 (CHay), 136.97 (Car), 141.98
(Car), 165.77 (C=0), 204.89 (C=0) ””Se NMR (400 MHz, DMSO) § = 339.57 ppm; IR: 2979,
2929, 1694, 1583, 1456, 1355, 1301, 1270, 1252, 1143, 1099, 1052, 1028, 993, 760, 698 cm ™.
Elemental Anal. Calcd for C14H1303Se (361.29): C, 59.84; H, 5.02; Found C, 60.02; H, 5.12.

O-((R)-(—)-2,3-dihydro-(1H)-inden-1-yl)-2-((2-oxopropyl)selanyl)benzoate 23

Yield: 28%; []5 = —27 (¢ = 0.31, CHCl3);

IH NMR (700 MHz, DMSO) 6 = 2.14-2.23 (m, 1H), 2.27 (s, 3H), 2.55-2.61 (m, 1H),
2.88-2.97 (m, 1H), 3.09-3.17 (m, 1H), 3.91 (s, 2H), 6.36 (q, ] = 2.1 Hz, 1H), 7.22-7.30 (m, 2H4,),
7.33-7.40 (m, 2H,,), 748 (d, ] = 1.4 Hz, 1H,;), 7.51-7.57 (m, 2H,,), 7.91 (d, ] =7.7 Hz, 1Hy,)
13C NMR (700 MHz, DMSO) 6§ = 28.97 (CH3), 30.24 (CH,), 32.37 (CH}), 35.55 (CH5), 79.71
(CH), 125.37 (CHar), 125.77 (CHay), 125.92 (CHay), 127.17 (CHay), 128.37 (Car), 129.03 (CHay),
129.58 (CHar), 131.76 (CHar), 133.64 (CHar), 136.73 (Car), 141.04 (Car), 144.86 (Car), 166.56
(C=0), 204.91 (C=0) 77Se NMR (400 MHz, DMSO) & = 337.85 ppm; IR: 2970, 2927, 2852,
1692, 1584, 1460, 1355, 1271, 1251, 1227, 1141, 1099, 1053, 1031, 738 cm ™~ !. Elemental Anal.
Calcd for C19H1303Se (373.30): C, 61.13; H, 4.86; Found C, 61.01; H, 4.97.

O-((S)-(+)-2,3-dihydro-(1H)-inden-1-y1)-2-((2-oxopropyl)selanyl)benzoate 24

Yield: 25%; [<] 3 = 24 (c = 0.37, CHCly);
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'H NMR (700 MHz, DMSO) § = 2.14-2.22 (m, 1H), 2.27 (s, 3H), 2.53-2.60 (m, 1H),
2.90-2.97 (m, 1H), 3.08-3.18 (m, 1H), 3.91 (s, 2H), 6.38 (q, ] = 3.5 Hz, 1H), 7.21-7.30 (m, 2H,;),
7.30-7.40 (m, 2Hay), 7.48 (d, | = 7.7 Hz, 1Hay), 7.52-7.58 (m, 2Hy), 7.91 (d, ] = 7.7 Hz, 1H,)
13C NMR (400 MHz, DMSO) § = 28.97 (CHs), 30.24 (CH,), 32.36 (CH,), 35.54 (CHy), 79.70
(CH), 125.36 (CHay), 125.77 (CHyy), 125.92 (CHyy), 127.17 (CHay), 128.36 (Car), 129.02 (CH,y),
129.58 (CHyy), 131.76 (CHay), 133.64 (CHay), 136.74 (Cay), 141.03 (Cayr), 144.86 (Cay), 166.55
(C=0), 204.90 (C=0) ”7Se NMR (400 MHz, DMSO) 5 = 337.85 ppm; IR: 2970, 2925, 2851,
1694, 1584, 1460, 1354, 1271, 1251, 1227, 1142, 1099, 1053, 1032, 740 cm~!. Elemental Anal.
Calcd for C19Hy505Se (373.30): C, 61.13; H, 4.86; Found C, 61.26; H, 4.93.

3.3. Antioxidant Activity Evaluation
3.3.1. DTT Activity Assay

DDT activity assay for compounds 10 and 11-24 was performed according to the
Iwaoka procedure [24].

3.3.2. The 2,2-di(4-tert-Octyl phenyl)-1-picrylhydrazyl) (DPPH) Test

The assay for the neutralization of radicals was executed following the methodology
delineated in our previous work [23]. The 50% decline in absorbance of the DPPH solution
was derived from the curve with the tested compound concentration (mM) plotted against
the absorbance. The obtained results are presented as the inhibitory concentration (ICsg) of
the tested compounds. The absorbance value was measured after 15 min post-initiation.
In addition to the compounds that were obtained, the antioxidant activity of Trolox was
assessed for comparison purposes. The efficacy of the tested compounds in scavenging
DPPH radicals was quantified and expressed as Trolox equivalent antioxidant capacity
(TEAC). All details regarding the procedure are included in the Supplementary Materials.

3.4. MTT Viability Assay

The MTT (3-(4,5-didiazol-2-yl)-2,5 diphenyl tetrazolium bromide) assay, which mea-
sures the activity of methylcellular dehydrogenases, was based on the method of Mos-
mann [29]. The MTT assay was executed following the methodology delineated in our
previous work [23].

4. Conclusions

We developed an efficient method for synthesizing a new group of organoselenium
compounds, B-carbonyl phenyl selenides, possessing an ester group in the ortho position.
The key step in the synthesis was using triethylamine during the acylation of selenide.
The first derivatives with alkyl achiral and chiral scaffolds were obtained. The obtained
derivatives were tested for antioxidant and cytotoxic activity. The antioxidant activity was
tested in two ways: the reduction in peroxide to water (Iwaoka test) and the quenching
of free radicals (DPPH test). As a result of these studies, we observed that the exchange
of the amide group to an ester group significantly lowers the H,O, reduction properties.
However, it was observed that the obtained ester derivatives are better free-radical scav-
engers. The best results were obtained for the compound O-((1R,2S,5R)-(—)-2-isopropyl-5-
methylcyclohexyl)-2-((2-oxopropyl)selanyl)benzoate, for which the ICs value was close to
the value for Trolox. Very good results of the DPPH test were also obtained for the sec-butyl
and indanyl derivatives. In the case of cytotoxic activity, which was tested on two cell lines,
MCEF-7 (breast cancer) and HL-60 (promyelocytic leukemia), we did not notice a relevant
improvement in these properties.



Molecules 2024, 29, 2866 13 of 15

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390 /molecules29122866/s1, Figure S1: (a) 1IH NMR, (b) 13C NMR, and

(c) 77Se NMR spectra of O-(methyl)- 2-((2-oxopropyl)selanyl)benzoate 12; Figure S2: (a) 1H NMR,
(b) 13C NMR, and (c) 77Se NMR spectra of O-(ethyl)- 2-((2-oxopropyl)selanyl)benzoate 13; Figure S3:

(a) IHNMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-(propyl)- 2-((2-oxopropyl)selanyl)benzoate
14; Figure S4: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-(2-propyl)- 2-((2-
oxopropyl)selanyl)benzoate 15; Figure S5: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra

of O-(2-pentyl)- 2-((2-oxopropyl)selanyl)benzoate 16; Figure S6: (a) IH NMR, (b) 13C NMR, and

(c) 77Se NMR spectra of O-(3-methylbut-2-en-1-yl)- 2-((2-oxopropyl)selanyl)benzoate 17; Figure S7:

(a) IHNMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-(benzyl)- 2-((2-oxopropyl)selanyl)benzoate
18; Figure S8; (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-((1R,2S,5R)-(-)-2-
isopropyl-5-methylcyclohexyl)-2-((2-oxopropyl)selanyl)benzoate 19; Figure S9: (a) 1H NMR, (b) 13C

NMR, and (c) 77Se NMR spectra of O-((S)-(+)-sec-butyl)- 2-((2-oxopropyl)selanyl)benzoate 20;
Figure S10: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-((R)-(-)-sec-butyl)- 2-((2-
oxopropyl)selanyl)benzoate 21; Figure S11: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of

O-((R)-(+)-o-methylbenzyl)- 2-((2-oxopropyl)selanyl)benzoate 10; Figure S12: (a) 1H NMR, (b) 13C

NMR, and (c) 77Se NMR spectra of O-((S)-(-)-a-methylbenzyl)- 2-((2-oxopropyl)selanyl)benzoate

22; Figure S13: (a) 1H NMR, (b) 13C NMR, and (c) 77Se NMR spectra of O-((R)-(-)-2,3-dihydro-
(1H)-inden-1-yl1)-2-((2-oxopropyl)selanyl)benzoate 23; Figure S14: (a) 1H NMR, (b) 13C NMR, and

(c) 77Se NMR spectra of O-((S)-(+)-2,3-dihydro-(1H)-inden-1-yl)-2-((2-oxopropyl)selanyl)benzoate

24; Table S1: Results of antioxidant activity measurement of integration from 1H NMR spectra

after reaction time 5 min and 15 min for all compounds; Table S2: Results of antioxidant activity

measurement of integration from 1H NMR spectra after reaction time 30 min and 60 min for all

compounds; Table S3: The results of DPPH Radical Scavenging Assay.
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Prof. dr hab. Jacek Scianowski

Katedra Chemii Organicznej, Wydziat Chemii
Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczam, ze moj udziat jako promotora w nizej wymienionych publikacjach
polegal na opracowaniu koncepcji pracy, koordynowaniu badan, nawigzywaniu
wspoOlpracy z of$rodkami wykonujagcymi pomiary cytotoksycznosci komérek
nowotworowych, korekcie koncowych manuskryptéw i korespondencji z redakcjami
czasopism.

1. M. Obieziurska-Fabisiak; A. J. Pacula-Miszewska; A. Laskowska; J. Scianowski,
Organoselenium compounds as antioxidants, Arkrivoc., 2023, part v, 211

2. A. Laskowska; A. J. Pacula-Miszewska; A. Dlugosz-Pokorska; A. Janecka;
A. Wojtczak; J. Scianowski, Attachment of Chiral Functional Groups to Modify the
- Activity of New GPx Mimetics, Materials, 2022, 15, 2068

3. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral

phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698

4. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. J astrzebska,
A. Dhigosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral -
Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part I,
Materials, 2024, 17, 899

S. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska,
A. Dtugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral
B- Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part IT,
Molecues, 2024, 29, 2866

Torun, 06.08.2024 r. prof. dr hab. Jacek Scianowski
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dr Agata Pacula-Miszewska

Katedra Chemii Organicznej, Wydzial Chemii
Uniwersytet Mikolaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczam, ze méj udziat jako promotora pomocniczego w nizej wymienionych
publikacjach polegal na pomocy w koordynowaniu badan, dyskusji nad uzyskanymi
wynikami i pisaniu wstepnych wersji manuskryptow.

1. M. Obieziurska-Fabisiak; A. J. Pacula-Miszewska; A. Laskowska; J. Scianowski,
Organoselenium compounds as antioxidants, Arkrivoc., 2023, part v, 211

2. A. Laskowska; A. J. Pacula-Miszewska; A. Dlugosz-Pokorska; A. Janecka;
A. Wojtczak; J. Scianowski, Attachment of Chiral Functional Groups to Modify the
Activity of New GPx Mimetics, Materials, 2022, 15, 2068

3. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral

phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698

4. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzgbska,
A. Dlugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral B-
Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part 1,
Materials, 2024, 17, 899

5. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzgbska,
A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral
f- Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part I,
Molecues, 2024, 29, 2866
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Wydzial Chemii

dr Magdalena Obieziurska-Fabisiak

Katedra Chemii Organicznej, Wydzial Chemii
Uniwersytet Mikolaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Os$wiadczam, ze modj udzial w nizej wymienionych publikacjach polegal na
pomocy w wykonywaniu pomiaréw aktywno$ci antyoksydacyjnej wybranych
pochodnych selenoorganicznych i pisaniu wstepnej wersji manuskryptu do Arkivoc.

1. M. Obieziurska-Fabisiak; A. J. Pacula-Miszewska; A. Laskowska; J. Scianowski,
Organoselenium compounds as antioxidants, Arkrivoc., 2023, part v, 211

2. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral

phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698

3. A. Laskowska; A. J. Pacuta-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska,
A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral f-
Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part I,
Materials, 2024, 17, 899

4. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska,
A. Dlugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral

B- Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part IT”,
Molecues, 2024, 29, 2866
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Dr hab. Aneta Jastrzebska, prof. UMK

Katedra Chemii analitycznej i Spektroskopii Stosowanej, Wydzial Chemii
Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczam, ze mdj udzial w nizej wymienionych publikacjach obejmowat
koordynowanie pomiaréw potencjalu antyoksydacyjnego pochodnych seleno-
organicznych testem DPPH i przygotowaniu opiséw do publikacji.

1. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzgbska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral

phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698

2. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska,
- A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral -
Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part I,

Materials, 2024, 17, 899

3. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska,
A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral
B- Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part II”,
Molecues, 2024, 29, 2866

Torun, 06.08.2024 r dr hab. Aneta Jastrzebska, prof. UMK

[{54'-4."::;\4._, ﬂ...,,&




um oy
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ul Mazowiecka 6 8.92-215 Lodz

Oswiadezam, ze moj udzial w nizej wymienionych publikacjach polegal na

wykonywaniu badan dotyezacyeh cylotoksyeznosc pochodnych selenoorganicznych

| korekere manuskryptow.

A. J. Pacula-Miszewska: A. Dlugosz-Pokorska, A. Janecka:
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ctional Growups to Modifv the

A. Wojtczak: . Scianowski. Artachment of Chiral Fun
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3. A. Laskowska: A. 1. Pacula-Miszewska: M. Obieziurska-Fabistak; A. Jastrze¢bska,
A. Dlugosz-Pokorska, K. Gach-Tanczak, J. Scianowski, Svathesis of New Chiral -

Corboind Selenides with Autioxidant and Anticancer Activity Evaluation—Part I,

Vaterials. 2024, 17, 899

A. Laskowska: A. J. Pacula-Miszewska: M. Obieziurska-Fabisiak; A. Jastrzgbska,
A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Svithesis of New Chiral
fi- Carbornl Selenides with Antioxidant and Anticancer Activity Evaluation—Part IT",

Molecies. 2024, 29, 28606
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ul. Mazowiecka 6/8, 92-215 Lodz

Oswiadczam, ze moj udzial w nizej wymienionych publikacjach polegat na
koordynowaniu i wykonywaniu badan dotyczacych cytotoksycznosci pochodnych
selenoorganicznych.

1. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzebska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral
phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698

2. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrz¢bska,
A. Dhugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral -
Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part 1,
Materials, 2024, 17, 899

3. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrz¢bska,
A. Dhlugosz-Pokorska; K. Gach-Janczak, J. Scianowski, Synthesis of New Chiral

- Carbonyl Selenides with Antioxidant and Anticancer Activity Evaluation—Part I,
Molecues, 2024, 29, 2866
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Prof. dr hab. Anna Janecka

Zaklad Chemii Biomolekularnej, Wydziat Lekarski
Uniwersytet Medyczny w Lodzi
ul. Mazowiecka 6/8, 92-215 Lodz

O$wiadczam, ze méj udzial w nizej wymienionych publikacjach polegal na
koordynowaniu badan dotyczacych cytotoksycznosci pochodnych selenoorganicznych
oraz korekcje manuskryptow.

1. A. Laskowska; A. J. Pacula-Miszewska; A. Dlugosz-Pokorska; A. Janecka;
A. Wojtczak; J. Scianowski, Attachment of Chiral Functional Groups to Modify the
Activity of New GPx Mimetics, Materials, 2022, 15, 2068

2. A. Laskowska; A. J. Pacula-Miszewska; M. Obieziurska-Fabisiak; A. Jastrzgbska;
K. Gach-Janczak, A. Janecka; J. Scianowski, Facile synthesis of chiral

phenylselenides as novel antioxidants and cytotoxic agents, RCS Advances, 2023, 13,
14698
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Prof. dr hab. Andrzej Wojtczak
Katedra Chemii Biomedycznej i Polimeréw, Wydzial Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczam, ze moj udziat w ponizszej publikacji polegat na wykonaniu
i opracowaniu analizy krystalograficznej dwoch enancjomeréw N-[a-metylobenzylo]-
1.2-benzizoselenazolonu.

1. A. Laskowska; A. J. Pacula-Miszewska; A. Dlugosz-Pokorska; A. Janecka;
A. Wojtczak; J. Scianowski, Attachment of Chiral Functional Groups to Modify the
Activity of New GPx Mimetics, Materials, 2022, 15, 2068
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Torun, 06.08.2024 r. prof. dr hab. Anﬁrzej Wojtczak



