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1. Streszczenie w jezyku polskim

Modyfikacja zwigzkoéw biologicznie aktywnych za pomoca podstawnikéw
metaloorganicznych moze znaczaco zmieni¢ ich aktywno$¢ biologiczng. Aktualnie
prowadzone sg badania nad synteza oraz oceng antyproliferacyjnego potencjalu zwiazkow
metaloorganicznych, ktére moga znalez¢ zastosowanie jako chemioterapeutyki
charakteryzujace si¢ wyzszg selektywnoscia, lepsza biodostgpnoscia i mniejsza toksycznoscia.
Metaloorganiczne analogi zwigzkéw antymitotycznych moga wykazywac wyzsza aktywno$¢
przeciwnowotworowa, a takze przezwyci¢zy¢ oporno$¢ na leki, ktora komorki nowotworowe

nabywaja w trakcie leczenia.

W niniejszej rozprawie doktorskiej opisano synteze i oceniono aktywno$¢ biologiczng
metaloorganicznych analogéw monastrolu, CPUYLO064 1 ispinesibu, bedacych inhibitorami

kinezyny-5.



2. Streszczenie w jezyku angielskim

The modification of biologically active compounds using organometallic substituents can
significantly alter their biological activity. Currently, research is being conducted on the
synthesis and evaluation of the antiproliferative potential of organometallic compounds, which
may have applications as chemotherapeutic agents with higher selectivity, better
bioavailability, and lower toxicity. Organometallic analogs of antimitotic compounds may
exhibit enhanced anticancer activity and potentially overcome drug resistance that cancer cells

develop during treatment.

This doctoral dissertation describes the synthesis and evaluates the biological activity
of organometallic analogs of monastrol, CPUYL064, and ispinesib, which are inhibitors

of kinesin-5.
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3. Wykaz stosowanych skrotow

ATP - adenozyno-5'-trifosforan

DCE - (ang. 1,2-dichloroethane) — 1,2-dichloroetan

DCM - (ang. dichloromethane) - dichlorometan

DIPEA - (ang. diisopropylethylamine) - diizopropyloetyloamina
DMEF - (ang. N,N-dimethylformamide) - N,N-dimetyloformamid
EtOH - etanol

GTP - Guanozyno-5'-trifosforan

ICs - stezenie powodujace 50% inhibicji

MAP - (ang. microtubule-associated proteins) - biatka zwigzane z mikrotubulami
MDR - (ang. multi drug resistance) - oporno$¢ wielolekowa
MeOH - metanol

MS - (ang. mass spectrometry) - spektrometria mas

MW - (ang. microwave) - mikrofale

NMR - (ang. nuclear magnetic resonance spectroscopy) - spektroskopia magnetycznego

rezonansu jagdrowego

RT - (ang. room temperature) — temperatura pokojowa

SAR - (ang. structure activity relationship) - badania zalezno$ci struktura-aktywnos¢
TfOH - (ang. trifluoromethanesulfonic acid) kwas trifluorometanosulfonowy

TFA — (ang. trifluoroacetic acid) - kwas trifluorooctowy

THF - tetrahydrofuran

'Bu - tert-butyl

'BuOK — tert-butanolan potasu

11
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4. Komentarz do rozprawy doktorskiej

4.1 Wprowadzenie

Choroby nowotworowe sg jedng z gtownych przyczyn zgonéw w krajach rozwinigtych,
odpowiadajac za okoto 8,2 miliona przypadkow $miertelnych na calym $wiecie w 2020 roku. !
W 2022 roku odnotowano 1,8 miliona zgondw z powodu nowotwordw, z czego najwigce]
przypadkéw dotyczylo nowotworow phuc (18,7%) oraz jelita grubego (9,3%). Prognozy
wskazuja, ze liczba zgonow spowodowanych chorobami nowotworowymi moze wzrosnaé

dwukrotnie w ciggu najblizszych 15 lat (Rysunek 1).

Odsetek  nowych  chorych na Odsetek zgonéw, ktorych przyczyna
nowotwory w 2022 roku dla obu plci byla choroba nowotworowa w 2022
roku dla obu plci

nowotwor pluc

nowotwor jelita grubego

18,7

nowotwor watroby
11,6

98 5 nowotwor piersi 458 6,9

@ nowotwor zoladka 7.8

@ nowotwér prostaty

inne

Rysunek 1. Odsetek nowych zachorowan na nowotwory oraz zgonow z powodu chorob

nowotworowych w 2022 r.

Postep  medycyny  umozliwilt  rozwoj szerokiego ~ wachlarza  terapii
przeciwnowotworowych, takich jak chemioterapia, radioterapia, chirurgia, immunoterapia,
hormonoterapia, terapie oparte na przeciwciatach oraz terapie genowe. Mimo dostgpnosci
réznych metod leczenia, chemioterapia nadal pelni kluczowa role w terapii chordb
nowotworowych i czgsto jest stosowana w polgczeniu z radioterapig czy chirurgig.?
W zaawansowanych stadiach choroby, gdy inne metody s3a niedostgpne lub nieskuteczne,
chemioterapia moze by¢ jedyna dostepna opcja leczenia, zwlaszcza w przypadku nowotwordéw
o wysokim stopniu ztosliwosci. Powszechnie stosowane leki przeciwnowotworowe, w tym leki
alkilujace®, antymetabolity’, antybiotyki przeciwnowotworowe®, inhibitory topoizomerazy’,
inhibitory mitozy® i kortykosteroidy,’ czesto wywotuja liczne dziatania niepozadane i moga
generowac opornos¢ wielolekowa, co prowadzi do niepowodzenia terapii. Aby przezwyciezy¢
efekty uboczne i pokona¢ niedogodno$ci zwigzane ze stosowaniem chemioterapeutykow,

niezbedne jest doskonalenie stosowanych lekow przeciwnowotworowych. Celem tych dziatan
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jest zwigkszenie aktywno$ci lub selektywnosci lekow przy jednoczesnym zmniejszeniu
skutkdw ubocznych, co mozna osiagna¢ poprzez modyfikacje chemiczng ich czasteczek lub

opracowanie terapii ukierunkowanych na nowe cele terapeutyczne.
4.2 Zwiazki antymitotyczne

Zwiazki antymitotyczne, takie jak taksany i alkaloidy Vinca (Barwinka rézowatego),
naleza do najwazniejszych chemioterapeutykow przeciwnowotworowych. Zaktocaja one
dynamik¢ ukladu tubulina—mikrotubule, prowadzac do zaburzenia funkcji wrzeciona
mitotycznego, co skutkuje zahamowaniem podziatu komodrkowego i1 $miercia komorek
nowotworowych.!% ! Zwigzki antymitotyczne dziatajace na mikrotubule wykazuja stosunkowo
niskg selektywnos$¢, co przektada si¢ na wysoka toksycznos$é ogdlnoustrojowg.!? Mikrotubule,
bedace kluczowym elementem cytoszkieletu komorek eukariotycznych, powstaja w wyniku
polimeryzacji czasteczek tubuliny. Te cylindryczne, sztywne struktury, maja S$rednicg
zewngtrzng wynoszacg 25 nm oraz grubo$¢ §ciany wynoszacg 5 nm. Mikrotubule sa zbudowane
z protofilamentow, ktore sktadaja si¢ z heterodimerdow a- i f-tubuliny polaczonych wigzaniami
niekowalencyjnymi.!* Struktura mikrotubul wyréznia si¢ dwoma koficami, dodatnim (+)
i ujemnym (-), oraz miejscem wigzania GTP.!* Zwigzki zaburzajace dynamike mikrotubul
klasyfikuje si¢ wedlug miejsca wigzania z biatkami oraz ich wptywu na stabilizacj¢ mikrotubul.
Dotychczas zidentyfikowano sze§¢ miejsc wigzacych (domen) w mikrotubulach, z czego pig¢
wigze si¢ z f-tubuling, a jedno z a-tubuling w dimerach mikrotubul. Wsér6d tych miejsc
wigzacych wyrdznia si¢: domeng¢ Vinca, kolchicynowsa, paklitakselowa, laulimalidowa,

majtansynowa i pironetynowa'> (Rysunek 2).
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Rysunek 2. Miejsca wigzania zwigzkéw ukierunkowanych na mikrotubule (licencjia CC BY 4.0'%)

Zwiagzki wplywajace na stabilno§¢ mikrotubul mozna podzieli¢ na substancje
stabilizujace (aktywatory polimeryzacji) i destabilizujace (inhibitory polimeryzacji)
mikrotubule. Do aktywatorow polimeryzacji tubuliny zalicza si¢ zwiazki wiagzace si¢ do
domeny paklitakselowej takie jak taksany, epotilony oraz do domeny laulimalidu. Do
zwigzkow destabilizujacych mikrotubule zalicza si¢ zwigzki wigzace si¢ do domeny Vinca
takie jak winblastyna, winkrystyna oraz zwigzki wigzace si¢ z domeng kolchicynowa, domenag
majtansyny i domeng pironetyny.!” Oprocz wymienionych zwigzkow odkryto szereg
strukturalnie roznych inhibitorow i aktywatoréw polimeryzacji tubuliny,!® a niektore z nich sg

stosowane w terapii przeciwnowotworowej (Tabela 1)."°
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Zastosowanie Status

Zwigzek Miejsce wigzania A
# i A terapeutyczne kliniczny
Winblastyna Domena Vinca Rak piersi, chloniak, migsaki W zastosowaniu Klinicznym
Winkrystyna Domena Vinca Rak piersi, chloniak, migsaki W zastosowaniu Klinicznym
/i olbing re ak niersi. rak ~ miesaki ; . . . 20
Winorelbina Domena Vinca Rak piersi, rak pluc, migsaki W zastosowaniu klinicznym
ak § of ukls . . S 20
Winflunina Domena Vinca Rak blony Sluzowej ukladu W zastosowaniu klinicznym
moczowego
Chorobv i A Badania zakonczyly si¢
Kolchicyna Domena Kolchicynowa oroby nienowotworowe (dna niepowodzeniem z powodu
moczanowa) A ¢.: 20
duzej toksycznosci
Dline ing o4 < chic o ak ~ ~, 21
Plinabulina Domena Kolchicynowa Rak pluc Faza Il
= = Rak piersi, rak jajnika, wiele = e i 22
Paklitaxel Domena Taxolu P inn\i‘h] W zastosowaniu klinicznym
Docetaxel Domena Taxolu Rak piersi, rak pluc, wiele innych W zastosowaniu Klinicznym ?
T hormonooporny rak gruczolu 5
Cabazitaxel Domena Taxolu krokowego W zastosowaniu klinicznym
D i ona Tz = 25
Epotilon B Domena Taxolu Rak pluc Faza Il
B . s . N 26
Ixabepilon Domena Taxolu Rak piersi, rak endometrium Faza 111

Tabela 1. Przykiady zwigzkow antymitotycznych i ich status kliniczny

Stabilizatory mikrotubul, takie jak taksany (Rysunek 3), sa szeroko stosowane w chemioterapii
nowotworoOw piersi, jajnika, pecherza moczowego, niedrobnokomoérkowego raka ptuc,

nowotworach glowy i szyi, czgsto w polaczeniu z radioterapig i innymi chemioterapeutykami,

23,27

takimi jak cisplatyna.

Rysunek 3. Struktury paklitakselu 2, docetakselu 7 i cabazitakselu 8
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Paklitaksel 2, wyizolowany z kory cisu zachodniego (Taxus brevifolia) w 1967 roku?®,
jak 1 jego polsyntetyczny analog docetaksel 7, hamuja depolimeryzacj¢ (stabilizuja)
mikrotubul, zaburzajac w ten sposéb ich normalng dynamike wymagang do mitozy i proliferacji
komorek, co ostatecznie skutkuje zatrzymaniem komorek w fazie Go/M cyklu komorkowego.?”
Taksany mimo podobnej budowy ro6znig si¢ znacznie pod wzgledem aktywnos$ci
przeciwnowotworowej oraz toksycznosci. Docetaksel 7 ma wigksze powinowactwo do
tubuliny niz 2, co zwigksza jego cytotoksyczno$¢.>® W badaniach in vitro wykazano, ze 7 jest
1,3-12 razy bardziej cytotoksyczny niz paklitaksel w stosunku do réznych linii
komorkowych.3! Obecnie taksany stosowane sg w monoterapii oraz w leczeniu skojarzonym
z innymi lekami przeciwnowotworowymi w chemioterapii m.in. raka piersi, ptuc, zotadka
iglowy.?” Stosowanie taksanow wigze si¢ z szeregiem skutkow ubocznych, a takze moze
prowadzi¢ do wystgpienia opornosci wielolekowej (MDR), co skutkuje niepowodzeniem
terapii.’? Konieczno$¢ przezwyciezenia tych probleméw doprowadzita do opracowania szeregu
analogow 2. Przyktadowo, cabazitaksel 8 wykazuje aktywnos¢ przeciwko liniom komérkowym
opornym na 2 i 7. Cechg odr6zniajaca 8 od innych taksanow jest jego zdolno$¢ do przekraczania
bariery krew-mozg, a zatem moze by¢ skuteczny w leczeniu nowotwordéw znajdujacych sig¢
w trudno dostepnych miejscach, takich jak mozg.>* Obecnie 8 zostat zatwierdzony do terapii

raka gruczotu krokowego, ktory nie reaguje na standardowe leczenie hormonalne.?*

Poszukiwanie nowych zwigzkéw antymitotycznych doprowadzito do odkrycia

epotilondw bedacych stabilizatorami mikrotubul.>*

Epotilon B 9 przeszedt faze II badan
klinicznych w leczeniu raka ptuc,” za$ ixabepilon 10 (Ixempra™) zostal zatwierdzony do
leczenia przerzutowego raka piersi oraz nawracajgcych rakow endometrium,® i jest obecnie
badany m.in. w terapii raka jelita grubego, szyjki macicy, piersi, nerki, raka pluc z nadekspresja
BIII-tubuliny oraz potrdjnie negatywnego raka piersi (ang. TNBC — triple negative breast

cancer)* (Rysunek 4).

Rysunek 4. Struktury epotilonu B 9 i ixabepilonu 10
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Inhibitorami polimeryzacji tubuliny o znaczeniu klinicznym sg takze alkaloidy Vinca, takie jak

winblastyna 1, winkrystyna 11, winorelbina 12 i winflunina 13 (Rysunek 5).

Rysunek 5. Struktury winblastyny 1, winkrystyny 11, winorelbiny 12 i winfluniny 13

Zwiazki te dzialaja poprzez wigzanie si¢ z f-tubuling w domenie Vinca. Winblastyna 1,
stosowana od kilkudziesigciu lat w monoterapii oraz w terapii skojarzonej, ma znaczenie
w hamowaniu angiogenezy i regresji nowotworow?®, w tym raka pecherza, piersi, chtoniaka
ztosliwego, migsaka Kaposiego, raka kosmowki, ziarniniaka, choroby Abta-Letterera-Siwego
oraz zto$liwej histiocytozy i innych.’”> 3 Winkrystyna 11, wykazujaca szersze spektrum
dziatania niz 1, jest uzywana przede wszystkim w leczeniu biataczek limfoblastycznych
1 szpikowych, rowniez u dzieci, a takze w terapii chtoniakow, migsakdw, czerniaka ztosliwego,
nowotwordw o$rodkowego uktadu nerwowego (OUN) oraz raka piersi.*> *° Winorelbina 12,
charakteryzujaca si¢ wigksza skuteczno$cig i mniejsza toksycznos$cig niz 1, jest stosowana
w monoterapii raka piersi, a takze w terapiach skojarzeniowych, w leczeniu raka jajnika,
chioniakow, raka przetyku i prostaty.*! Ponadto, 12 jest jednym z lekéw uzywanych w terapii
drobnokomoérkowego raka ptuca (ang. NSCLC - non-small-cell lung carcinoma).*?
Wprowadzenie nowych alkaloidow Vinca, takich jak winflunina 13, umozliwito cz¢$ciowe
przezwycig¢zenie niektorych skutkow ubocznych wywotanych przez naturalne alkaloidy Vinca,
takie jak odwracalna neuropatia obwodowa, neuropatia autonomicznego uktadu nerwowego
inerwow czaszkowych*’, neutropenia, anemia, nudno$ci i wymioty*'. Winflunina 13, wykazuje
mniejsza neurotoksyczno$¢ w poréwnaniu do 11, 1 jest stosowana w leczeniu zaawansowanego
raka urotelialnego (rak blony $§luzowej ukladu moczowego).** NajczeSciej wystepujgcymi

dziataniami niepozadanymi zwigzanymi ze stosowaniem 13 s3 zahamowanie czynnosci szpiku
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kostnego oraz zaparcia®* (Rysunek 5). Kolejnymi inhibitorami polimeryzacji tubuliny
wigzacymi si¢ z domeng Vinca sg halichondryny, wyizolowane z gabki morskiej Halichondria
w 1986 roku (Rysunek 6).% Najwazniejszym przedstawicielem tych zwigzkoéw jest
halichondryn B 14, polieterowy makrolid, ktérego wiasciwosci przeciwnowotworowe po raz
pierwszy zostaly wykazane na mysich liniach komoérkowych biataczki (L1210, P-388)
i czerniaka (B16).*” Warto podkresli¢, ze 14 wykazywal rOwniez wyrazng aktywno$¢
w badaniach in vivo przeciwko réznym rodzajom chemoodpornych ludzkich nowotwordow,
takich jak czerniak LOX, rak jajnika OVCAR-3, rak ptuc NCI H522 oraz rak piersi MDA-MB-
4354 49 Badania nad 14 doprowadzily do opracowania zwigzkéw o wysokiej aktywnosci
biologicznej, takich jak eribulin (E7389) 15, ktory wiaze si¢ zaréwno z dimerem tubuliny, jak
i pojedyncza p-tubuling, hamujagc wzrost mikrotubul bez ich skracania, co zwigksza
skuteczno$¢ w pokonywaniu chemioopornosci.®® Aktualnie 15 znajduje si¢ w fazie II1 badan
klinicznych w leczeniu r6znych nowotworéw, w tym raka prostaty, mig¢saka, raka piersi,
niedrobnokomoérkowego raka ptuc (NSCLC), raka pgcherza moczowego, raka jajnika oraz
inwazyjnego raka piersi.>® Jedng z zalet 15 jest jego nizsza neurotoksycznosé, co pozwolito na

jego wprowadzenie do leczenia ttuszczakomigsaka'® 3!,

14 15

Rysunek 6. Struktury halichondrynu B 14 i eribulinu 15

Sposrdd inhibitorow polimeryzacji tubuliny szczegodlne znaczenie ma kolchicyna S,
ktéra jest naturalnym alkaloidem wyizolowanym z Zimowita Jesiennego (Colchicum
autumnale). Destabilizuje ona mikrotubule, jednakze z uwagi na wysoka toksyczno$¢, nie jest
stosowana w terapii przeciwnowotworowej.>? Kolchicyna 5 jest jednym z najstarszych znanych
lekow, stosowanym od wiekdw w leczeniu roznych chordb, aktualnie za§ wykorzystywana jest
do leczenia dny moczanowej i choroby Behceta.’®> Najczestsze skutki uboczne stosowania
kolchicyny obejmuja biegunke, nudnosci i wymioty. Wysokie dawki 5 moga prowadzi¢ do
powaznych probleméw zotadkowo-jelitowych. Moze ona rowniez powodowa¢ mielosupresj¢
(zahamowanie czynno$ci szpiku kostnego), co prowadzi do leukopenii, anemii

1 trombocytopentii, i jest jednym z gldéwnych ograniczen jej stosowania w wysokich dawkach.
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Przewlekle stosowanie 5 moze prowadzi¢ do toksycznosci narzadowej, w tym uszkodzenia
nerek i watroby, a takze do neuropatii obwodowej objawiajacej si¢ dretwieniem i bolem
konczyn.>* W celu zmniejszenia wysokiej toksycznosci kolchicyny zsyntezowano i zbadano

szereg jej analogow>>>® (Rysunek 7).

\ \ \
pa ORI SO Gl e
—0 e —0
O
7

16

1,6

ICs50=2,9 uM
A549 IC5o= 125 1M
MCF7 ICs0= 54,3 nM

hamowanie polimeryzacji tubuliny IC5, (M)

0,47 0,67

21 R= CH,-O-CHj
A549 IC5y= 12,5 M
MCF7 IC5y= 13,2 1M

22 R=CH,-CH,-CH,-Cl
A549 1C50= 28,8 nM
MCF7 ICsy= 18,2 1M

23 R=Ph
A549 ICso= 11,1nM
MCF7 ICsy= 11,7 1M

24 R=CH,CH,
A549 IC55= 12,2 nM
MCF7 ICs4= 12,2 M
25 R=CH(CH3),
A549 ICs¢= 12,6 1M
MCF7 ICs5= 12,6 nM

Rysunek 7. Struktura kolchicyny 5 i wybranych pochodnych kolchicyny 16-25. Wartosci I1Csy
hamowania polimeryzacji tubuliny (kolor niebieski), wartosci ICs cytotoksycznosci w stosunku do

linii A549 i MCF7 (kolor zielony).

Przyktadowo, modyfikacje w pozycji C-7 pierscienia B doprowadzily do powstania aktywnych
biologicznie aminowych analogéw kolchicyny, z ktérych zwigzek 28 wykazal wyzsza
toksyczno$¢ wobec linii komérkowej HT29 (rak jelita grubego) (ICso = 4,3 nM) i MDA-MB-
231 (rak piersi) (ICso= 16,0 nM) niz sama kolchicyna>® (Rysunek 8).
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26-29

1G5y (M)
Zwigzek 26 27 28 29
5 R=3'-F R=2’,3’-F, | R=3’,4-F, | R=3’,5-F,
HT29 69,25 63,4 7,43 43 52,0
MDA-MB-231 37,0 89,1 86,0 16,0 523,0

Rysunek 8. Struktura aminowych analogow kolchicyny 26-29

Niektére z pochodnych kolchicyny byly testowane klinicznie jako potencjalne leki
przeciwnowotworowe. Przyktadowo, ZD6126 30 byl badany jako $rodek zaburzajacy naczynia
krwionosne (VDA).Wykazano, ze 30 powoduje selektywne zniszczenie naczyn krwiono$nych
w guzie, co prowadzi do rozlegtej martwicy nowotworu, szczegdlnie w duzych guzach.®
Zwiazek 30 przeszedl badania kliniczne II fazy w leczeniu raka nerkowokomorkowego i jelita

grubego®! (Rysunek 9).

Rysunek 9. Struktura ZD6126 30

Pomimo, iz sama kolchicyna nie ma znaczenia w terapii przeciwnowotworowej,
zwigzki antymitotyczne wigzace si¢ z kolchicynowym miejscem wigzania w tubulinie sg
intensywnie badane jako potencjalne leki przeciwnowotworowe. Wynika to z faktu, ze dziataja
skutecznie juz przy niskich stezeniach. Zwiazki te thumig dynamike mikrotubul, nie zmieniajac
znaczaco ich masy polimerowej. Oznacza to, ze nie powoduja one ani catkowitej
depolimeryzacji, ani nadmiernej stabilizacji mikrotubul, lecz ograniczajg ich zdolno$¢ do
dynamicznych zmian dtugosci. To wystarcza, aby zaktoci¢ procesy mitotyczne i zatrzymac

komorki w fazie mitozy. Przykladem zwigzku antymitotycznego wigzacego do domeny
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kolchicynowej jest plinabulina (NPI-2358) 31, bedaca polsyntetycznym analogiem
fenylahistyny 32 (Rysunek 10). Wyniki I i II fazy badan klinicznych, wykazaty, ze zwigzek 31
zwigkszat przezycie, i chronit przed neutropenia wywolang przez docetaksel, pacjentow
z zaawansowanymi nowotworami, w tym z niedrobnokomorkowym rakiem ptuca (NSCLC).?!
Profil dzialan niepozadanych 31 rézni si¢ od innych zwigzkéw wigzacych si¢ z domenag
kolchicynowa zmniejszajac ryzyko kardiotoksycznosci. Obecnie plinabulina przechodzi

badania kliniczne fazy III w tagodzeniu neutropenii wywotanej chemioterapig (CIN).?!

0 0
WNH N=\ W NH N=\
AN A s M AN A s M
31 32

Rysunek 10. Struktury fenylohistyny 32 i plinabuliny 31

4.3 Metaloorganiczne zwiazki o wlasciwosciach przeciwnowotworowych ze

szczegolnym uwzglednieniem zwigzkoéw ferrocenylowych

Pierwszym zwigzkiem metaloorganicznym uzywanym w medycynie byt salwarsan 33
(Rysunek 11), ktory zostal wprowadzony do uzytku klinicznego w 1910 roku. Lek ten
przyczynit si¢ do przetomu w leczeniu kily, bedac jednym z pierwszych lekow, ktore pozwolity

na skuteczne kontrolowanie tej choroby.62:3

OH

OH

NH,
NH, H,N
HO As OH
As/ \As
As \ o/ NH,
/ \ As—As

HN As—As

HO OH

HO H,N OH
B

NH,

33

Rysunek 11. Struktura salwarsanu 33 jako mieszaniny trimeru A i pentameru B”

Przelomem w dziedzinie medycyny 1 chemii bylo odkrycie wlasciwosci
przeciwnowotworowych cisplatyny 34, nieorganicznego kompleksu platyny znanego od ponad
100 lat.** Badania przeprowadzone przez Rosenberga wykazaly, ze cisplatyna hamuje podziat

komorek Escherichia coli,®® a dalsze badania potwierdzity jej aktywno$¢ przeciwnowotworowg
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wobec wielu rodzajow nowotwordw, w tym jajnika, glowy oraz szyi.®® W 1978 roku cisplatyna
stata si¢ pierwszym lekiem zawierajacym metal ci¢zki, zatwierdzonym przez FDA do terapii
przeciwnowotworowej, i do dzi§ pozostaje jednym z najskuteczniejszych lekow stosowanych

w leczeniu raka pluc, jajnika oraz jader (Rysunek 12).%7

H;N, Rel
/’Pf‘
H,N \c1
34

Rysunek 12. Struktura cisplatyny 34

Odkrycie cisplatyny stworzylo nowe mozliwo$ci w leczeniu nowotwordw, dajac
poczatek chemii medycznej opartej na zwigzkach metali, co z kolei znaczaco zwigkszyto
zainteresowanie innymi metalami przejsSciowymi w medycynie. Szczego6lne znaczenie miato
odkrycie wlasciwosci przeciwnowotworowych pochodnych ferrocenu.®® ¢ Pierwsze
doniesienia o aktywnosci biologicznej zwigzkéw ferrocenylowych dotyczyly poliamin 35-37
(Rysunek 13), ktore wykazywaty aktywno$¢ przeciwnowotworowa w stosunku do komorek

biataczki limfocytowej P388.7°

Fe Fe
37

Fe

& &

35 36

Rysunek 13. Struktury ferrocenylowych poliamin 35-37

W podzniejszych latach dowiedziono, ze ferrocen 38 nie jest toksyczny, a wlasciwos$ci
antynowotworowe przypisano kationowi ferroceniowemu 39. Przyktadowo, proste sole
ferroceniowe takie jak pikrynian ferroceniowy 40 i trichlorooctan ferroceniowy 41 hamuja
wzrost nowotworow oskrzeli Ehlricha, czerniaka i raka okreznicy,”! z kolei
tetrachlorozelazian(IIl) ferroceniowy 42 jest cytotoksyczny w stosunku do linii komérkowych

nowotworu jajnika CHI (ICso= 10 uM).”?> (Rysunek 14).
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Rysunek 14. Struktury ferrocenu 38, kationu ferroceniowego 39, pikrynianu ferroceniowego

40, trichlorooctanu ferroceniowego 41 i tetrachlorozelazianu(Ill) ferroceniowego 42

W 1996 roku grupa prof. Gérarda Jaouena opisala wyniki badan nad hydroksylowa
pochodng aktywnego biologicznie chemioterapeutyku stosowanego w leczeniu nowotworow
piersi — hydroksytamoksyfenu 43, bedacego aktywnym metabolitem tamoksyfenu 44 (Rysunek
15). Tamoksyfen 44 jest selektywnym modulatorem receptora estrogenowego, stosowanym
w leczeniu hormonozaleznego raka sutka.”? Zamiana grupy fenylowej
w hydroksytamoksyfenie doprowadzita do zwiazku 45, wykazujacego wlasciwosci
antyproliferacyjne zarowno w stosunku do hormonozaleznej linii komoérek gruczolaka sutka

MCF7, jak i hormononiezaleznej MDA-MB-231.74

OH OH
XS, ) e
Fe
O(CH,);N(CH), O(CH,),N(CH3), UGN O(CH,);N(CH3),
44 43 45
MCF7 ICsy= 6,4 mM MCF7 ICsy=3,4 mM

MDA-MB-231 IC5,= 0,8 mM

Rysunek 15. Struktury tamoksyfenu 44, hydroksytamoksyfenu 43 i hydroksyferrocifenu 45

Wykazano, ze kluczowy mechanizm dziatania 45 opiera si¢ na reakcji redoks ferrocenu, ktora
zachodzi za posrednictwem uktadu m-elektronowego. Proces ten prowadzi do powstania
metylidenowego chinonu 49 (Schemat 1), bedacego reaktywnym elektrofilem, podatnym
na atak nukleofilowy przez biomolekuly, takie jak bialtka i DNA. Ponadto stwierdzono,
ze antyproliferacyjne wlasciwosci ferrocifenéw sg zwigzane z ich zdolno$cig do generowania
reaktywnych form tlenu (ang. reactive oxygen species, ROS) w reakcji Fentona, co prowadzi

do uszkodzen DNA, przyspieszenia starzenia komorek oraz indukcji apoptozy.’ 76
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Schemat 1. Mechanizm powstawania chinonu 49 z hydroksyferrocifenu 45

Badajac analogi tamoksyfenu, zsyntetyzowano nowe analogi ferrocifenu, zaréwno
sprzezone 50 i 5177 jak i niesprzezone 52-54,”% sposrod ktorych 50 wykazywal najwyzsza
efektywno$¢ w hamowaniu wzrostu komorek MCF7 1 MDA-MB-231. Badania SAR wykazaty,
ze umiejscowienie  grupy ferrocenylowej znaczaco wplywa na  aktywno$¢
przeciwnowotworowa, za$ usunig¢cie tancucha dimetyloaminoalkilowego nie wplywa na
cytotoksycznosé. Ponadto, stwierdzono, iz zwigzki 50 i 51 wykazuja wicksza efektywnos¢

w porownaniu do niesprzezonych analogow 52-547% (Rysunek 16).

OH OH OH
50 51 52 R = 0-OH
MCF7 IC5,= 0,7 uM MCF7 IC5= 6 uM MDA-MB-231 IC5)=2,5 uM
MDA-MB-231 IC5,= 0,44 uM MDA-MB-231 ICs5)= 6 uM 53 R = m-OH
MDA-MB-231 IC5,= 3,2 uM
54R =p-OH

MDA-MB-231 1Cs,= 3,1 uM

Rysunek 16. Struktury sprzezonych, 50-51, oraz niesprzezonych pochodnych ferrocifenu 52-54

Sposrdod szeregu modyfikacji ferrocifenow na szczego6lng uwage zastuguja pochodne
ansa-ferrocenu, 55 i 56. Modyfikacja ta polegata na zahamowaniu rotacji wokdt wigzania
podwdjnego poprzez utworzenie wigzania wegiel-wegiel pomigdzy atomem wegla grupy

etylowej ferrocifenu i atomem wegla podstawnika Cp’ ferrocifenu. Zwiazek 55 wykazywat
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szczegllnie wysoka aktywno$¢ w stosunku do linii komoérkowych nowotworu piersi MDA-
MB-2317 (Rysunek 17). Wysoka cytotoksyczno$¢ zwigzku 55 wynika z unikalnego
mechanizmu dziatania, odrézniajacego go od innych ferrocifenéw. W przeciwienstwie do
pozostatych pochodnych, transformacja zwiazku 55 in situ do metylidenowego chinonu (QM)
zachodzi poprzez klasyczny mechanizm n-delokalizacji, polegajacy na przemieszczaniu si¢
elektrondow w obrgbie uktadu m. Dla zwigzku 56 proces ten moze przebiega¢ poprzez

utworzenie posredniego rodnika R-metylenowego, co sugeruje obecno$¢ kwasnych protonow.”

Fe O
@ OH OH
50 55 56
MDA-MB-231 ICsy= 0,44 uM MDA-MB-231 IC5y = 0,09 uM MDA-MB-231 ICsy= 0,96 uM

Rysunek 17. Struktury ansa-ferrocifenow 55 i 56

Przylaczenie ferrocenu do znanych lekéw lub zastgpienie grupy fenylowej grupa
ferrocenylowa pozwolito na uzyskanie wielu nowych ferrocenylowych analogow zwigzkéw
biologicznie aktywnych. Dobrym przyktadem jest ferrochina (zwigzek 58), analog leku
przeciwmalarycznego chlorochiny (zwigzek 57), ktéra wykazuje skuteczno$é przeciwko
szczepom Plasmodium opornym na chloroching®® (Rysunek 18). Zaklada si¢, ze aktywno$¢
ferrochiny wynika z generowania rodnikow hydroksylowych ("OH) przez grupg¢ ferrocenows.
Ponadto, 58 wykazuje wyzsza lipofilowos$¢ niz 57, co ulatwia przenikanie przez lipofilowa
btong wakuoli, zwigkszajac jego skutecznos¢ w zwalczaniu infekcji. Obecnie 58 jest w I fazie

badan klinicznych w potgczeniu z lekiem przeciwpasozytniczym artefenomelem.®!

HNJ\/\/\N/ HN/5\N/

| X | A Fe
s =
Cl N Cl N :
57 58
IC5o= 130 nM IC5p=22nM

Rysunek 18. Struktura chlorochiny 57 i ferrochiny 58

Innym interesujagcym przykladem wptywu grupy ferrocenylowej na aktywno$é
przeciwnowotworowa jest modyfikacja kwasu suberanilohydroksamowego (SAHA) 5932, leku

zatwierdzonego przez FDA do leczenia chioniaka T-komorkowego skory (Rysunek 19).
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W wyniku wprowadzenia czasteczki ferrocenu do 59 otrzymano jego analog 60 (JAHA). Testy
in vitro potwierdzily, ze 60 zachowuje zdolno$¢ hamowania deacetylazy histonowej (HDAC)
na poziomie porownywalnym z SAHA, jednocze$nie wykazujac mniejszg skuteczno$¢ do
hamowania wzrostu komorek raka piersi, zar6wno MCF7 (ERo+), jak 1 wysoce ztosliwych,

potrdjnie negatywnych komorek MDA-MB231 (ERa—).%% 84

Q H
i N OH
e
o Fe (6]

~

59 60
MCF ICsy= 0,73 uM MCF ICs, = 2,44 uM
MDA-MB-231 IC5,= 0,4 uM MDA-MB-231 ICs, = 8,45 uM

Rysunek 19. Struktura SAHA 59 i JAHA 60

Wprowadzenie grupy ferrocenylowej do paklitakselu zwiekszyto cytotoksycznosé
wzgledem komorek raka okreznicy SW620: zwiazek 61 byt 2,8 razy, a zwigzek 62 15 razy
bardziej aktywny niz 2. Zwigzek 63 wykazat 13-krotnie wyzsza aktywno$¢ w stosunku do linii
komorkowej SW620D opornej na doksorubicyne i 2,1 razy wyzsza wobec docetakselu.
Ponadto, zwigzek 64 wykazywat aktywnos$¢ w stosunku do linii komoérek MDR, SW620E, przy
stezeniu 1,56 uM 8 (Rysunek 20).
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61 R = brak
SW620 IC5y=3,07uM  SW620E IC5,= 358 uM
62 R = (CH,)3
SW620 IC50= 0,381 pM  SW620E IC5, = nieaktywny

SW620 IC5 = 8,69 uM
SW620E IC5, =247 uM

63 R = brak
SW620 IC5,= 0,283 uM SW620 IC5,= 0,670 pM  SW620E IC5,= 47,7 uM
SW620E IC5,=21,3 uM 64 R = (CH,);

SW620 ICs5,= 0,388 uM SW620E IC5y= 1,56 uM

Rysunek 20. Struktury paklitakselu 2, docetakselu 7, ferrocenylowych pochodnych
paklitakselu 61 i 62 oraz docetakselu 63 i 64

Wykazano ponadto, iz zastgpienie grupy N-benzoilowej grupa N-ferrocenoilowa,
powoduje 10-krotny wzrost aktywnosci cytotoksycznej zwiazku 65 w stosunku do linii SW620

w poréwnaniu z paklitakselem. Wprowadzenie grupy ferrocenylowej w zwiazku 65 skutkowato

zwigkszeniem zdolno$ci do indukowania polimeryzacji tubuliny oraz wystgpieniem

dodatkowych oddzialywan hydrofobowych pomiedzy podstawnikiem ferrocenylowym,
a tubuling®® (Rysunek 21).
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2 65 R = brak
SW620 ICs50=1,11 uM SW620 IC5,=0,11 uM
66 R = (CH,);3
SW620 IC5,=5,18 uM

Rysunek 21. Struktury ferrocenylowych pochodnych paklitakselu 65 i 66

Zbadano rowniez wplyw wprowadzenia podstawnika ferrocenylowego do innych
zwigzkow antymitotycznych. Przykladowo, zsyntetyzowano i zbadano seri¢ koniugatow
ferrocenylowych i rutenocenylowych z kolchicyna, zawierajacych ugrupowanie 1H-1,2,3-
triazolowe.?” Stwierdzono, ze najbardziej aktywne byly pochodne rutenocenylowe 70 i 71,
wykazujace 67 razy wyzsza cytotoksyczno$¢ niz § w stosunku do komoérek HepG2, podczas
gdy pochodne ferrocenylowe 68 i 69 wykazywaty dwukrotnie wyzsza cytotoksycznos$¢ niz 5

w stosunku do linii komorkowych HCT116%8 (Rysunek 22).

67 M = Fe R = nic
HepG2 1Cy5,=0,023pM HCT 116 ICs= 0,14 uM
HCT 116 1C5y=0,016pM 68 M = Fe R = CH,CH,CH,CO
HCT 116 ICs,= 0,006 uM

69 M = Fe R = CH,CH,CH,CH,CO
HCT 116 ICs)= 0,009 uM

70 M = Ru R = CH,CH,CH,CO
HepG2 ICsy= 0,004 uM

71 M = Ru R = CH,CH,CH,CH,CO
HepG2 IC5,= 0,003 uM

Rysunek 22. Struktury 1H-1,2,3-triazolowych analogow kolchicyny 67-71

Interesujacym przyktadem wptywu wprowadzenia grupy ferrocenylowej do czasteczki
zwigzku biologicznie aktywnego, sa ferrocenylowe analogi plinabuliny 72-73. Zastgpienie
grupy fenylowej w czasteczce plinabuliny grupa ferrocenylowg nie zwigkszylo
cytotoksycznosci w stosunku do linii komoérkowych MCF7 (rak piersi), HepG2 (rak
watrobowokomorkowy) i SW620 (rak okreznicy). Wykazano jednak, Zze otrzymane zwigzki sg
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aktywne w stosunku do nowotworowych linii komérkowych MDR charakteryzujacych si¢
nadekspresja bialek ABCB1 i ABCG2. Ponadto, zwiazki te sg inhibitorami bialek ABCBI1
1 ABCG2 i podanie ich wraz z lekami przeciwnowotworowymi takimi jak doksorubicyna,
etopozyd, metotreksat, winkrystyna prowadzi do S$mierci komorek nowotworowych

wykazujgcych opornos¢ wielolekowa® (Rysunek 23).

o 0
X =
NH N=\ N NH NZ\
Fe HNM
0 D) I )
35 72-73
IG5y (uM)
Zwiazek
wigze SW620 | SW620C | SW620D | SW620E | SW620M | SW620V
35 0,034 34.11 >100 52,45 0,132 >100
7
_ 9,65 3142 2423 24,57 23,54 | 2795
R=1Pr
73
16,65 19,83 21,77 18,64 32,69 13,68
R=Bu

Rysunek 23. Struktury plinabuliny 35 oraz ferrocenylowych analogow plinabuliny 72 i 73

Ostatnio zsyntetyzowano i zbadano wiele réznorodnych ferrocenylowych analogéw
ipochodnych zwigzkow o interesujacych wlasciwosciach przeciwnowotworowych.
Przyktadowo, pochodne kurkuminy 74 byty badane pod katem aktywno$ci antyproliferacyjnej
in vitro w stosunku do linii komérkowych B16 (mysi czerniak) oraz NIH3T3 (normalne
komorki). Badania SAR wykazaty, ze wprowadzenie fragmentu zawierajacego ferrocen do
kurkuminy, prowadzi do zwigzkéw 75-77 o wyzszej aktywnos$ci antyproliferacyjnej
w porownaniu z kurkuming, przy czym, 77 wykazal szczegélnie wysoka aktywno$¢
przeciwnowotworowa w stosunku do linii komoérkowych B16 i NIH3T3, z warto$ciami ICso
wynoszacymi odpowiednio 2,2 i 6,2 uM. Przylaczanie ferrocenu do 74 zwigkszylo zarowno
aktywnos$¢, jak i selektywno$¢ czasteczek oraz doprowadzito do zwigkszonego hamowania

polimeryzacji tubuliny®® (Rysunek 24).
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B16 ICs5y=8,5 uM B16 IC5=4,2 uM
NTH3T3 ICsy = 12,3 uM NTH3T3 IC5y= 6,9 uM

76 77
B16 IC5,= 5,0 uM B16 1C5,=2,2 uM
NTH3T3 IC5, = 24,5 uM NTH3T3 ICsy= 6,2 uM

Rysunek 24. Struktury kurkuminy 74 i pochodnych kurkuminy 75-77

Kolejnym przyktadem sg ferrocenylowe pochodne iminocukréw 79a-c. Wykazano, ze
zastgpienie grupy fenylowej w 78 ferrocenem, prowadzi do zwigzkéw 79a-c¢ cechujacych sie
zwigkszong zdolnoscig do hamowania aktywnosci fukozydazy (enzymu odpowiedzialnego za
rozkladanie fukozy). Ponadto zwiazki te wykazywaty wyzszag aktywno$¢ antyproliferacyjng

w stosunku do komorek raka piersi MDA-MB-231°! niz 78 (Rysunek 25).

H H
i, N H 11, N H
A g R B n Fe
S HO OH

HO OH @
78 79a n=1
MDA-MB-231 IC5y= 4,5 uM MDA-MB-231 IC5,= 1,6 uM
79b n=2
MDA-MB-231 ICs5,= 1,2 uM
79¢n=3

MDA-MB-231 ICs5,= 1,2 yM
Rysunek 25. Struktury imonocukru 78 i jego ferrocenylowych analogow 79a-c
4.4 Biatka motoryczne

Leki dziatajace na mikrotubule odniosty sukces kliniczny, jednakze ich stosowanie
w chemioterapii wigze si¢ z powaznymi skutkami ubocznymi, co ogranicza ich kliniczng
przydatnos¢. Klasycznie stosowane $rodki antymitotyczne wplywaja zaréwno na podzial
komorek nowotworowych, jak i normalnych komorek, co prowadzi do mielosupres;ji.”?> Cho¢
mielosupresja jest odwracalna i mozliwa do kontrolowania, neuropatia obwodowa u pacjentow

leczonych taksanami jest powazniejszym problemem. Jest ona zwigzana z defektem
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neuronalnym spowodowanym zaburzeniem dynamiki mikrotubul w niedzielacych si¢
komorkach, takich jak neurony obwodowe, i moze prowadzi¢ do trwatego uszkodzenia
nerwow. W zwigzku z tym istnieje pilna potrzeba opracowania nowych lekow
przeciwnowotworowych, ktore zaklocaja mitoze bez wpltywu na dynamike mikrotubul

w niedzielacych si¢ komodrkach, co pozwolitoby unikna¢ neuropatii.

Jednym z celéw molekularnych, ktére moga spetnia¢ powyzsze zatozenia, sa kinezyny,
w szczegblnosci kinezyna-5. Kinezyny to biatka motoryczne zwigzane z mikrotubulami.
Odgrywaja one role w wielu procesach komorkowych, takich jak w transporcie
wewnatrzkomorkowym pecherzykow, organelli, chromosomoéw i kompleksow biatkowych,
a takze w podziale komdrkowym. Do tej pory zidentyfikowano 650 kinezyn, ktore sa obecne u
wszystkich organizmoéw eukariotycznych. Wsrdd nich okoto 45 kinezyn mysich i ludzkich
zostalo podzielone na 14 rodzin. Wszystkie kinezyny posiadaja domen¢ motoryczng
zbudowang z okoto 340 aminokwasow, ktora pozwala na przemieszczanie si¢ po mikrotubulach,
wykorzystujac energie z hydrolizy ATP.%3 Hydroliza ATP do ADP i fosforanu nieorganicznego
Pi dostarcza energii kinezynie, co przesuwa ja wzdluz mikrotubuli. Cykl ten umozliwia
kinezynie ,,kroczenie” po mikrotubulach i transport wewnatrzkomérkowy, zwykle w kierunku
plus (+) konca mikrotubuli®* (Schemat 2). Dzigki temu kinezyny mogg przenosi¢ tadunki na

znaczne odleglosci wewnatrz komoérki bez odtgczania si¢ od mikrotubuli.

KONIEC MINUS (-) KONIEC PLUS (+)

Schemat 2. Mechanizm dziatania kinezyn

W ostatnich latach jednym z celéw farmakologicznych w leczeniu nowotwordéw jest
kinezyna-5 (KSP, Eg5). Bialko to ma struktur¢ homotetrametryczng 1 posredniczy
w przesuwaniu filamentoéw mikrotubul. Kinezyna-5 odgrywa kluczowa rol¢ w tworzeniu
dwubiegunowego wrzeciona w dzielacych si¢ komorkach i jest praktycznie nieobecna
w komorkach niedzielgcych si¢. KSP jest potrzebna do przejscia z profazy do prometafazy, zas

zablokowanie jej funkcji prowadzi do zaburzenia mitozy i apoptozy komorki.?: %
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4.5 Inhibitory KSP

Odkrycie monastrolu 80, niskoczasteczkowego inhibitora kinezyny-5, zainicjowalo
poszukiwania innych zwigzkéw chemicznych wykazujacych zdolno§¢ do hamowania KSP.
Odkryto szereg strukturalnie roznorodnych inhibitorow kinezyny-5, z ktorych cze$¢ weszta do
badan klinicznych (Rysunek 26).°° Wsérod tych zwigzkéw mozna wyrdzni¢ pochodne
dihydropirymidyny, p-karboliny, karbazolu, benzoimidazolu, pirymidyny, chinazoliny,

chinolonu, tiadiazoliny, spiropiranu i azobenzenu.

OH ‘OH O
i I SanW,
T 200 S
S N s© N /[
81

(5)-80
Monastrol (S)-dimetyloenastron STLC

N._~_NH, Oy, No_~_NH, P &F
E ] E ] cl

83 84 85
Ispinesib SB-7439921 ARQ 621

\ N
O ST N
/

—N _
>:O \W—OH H,N N\ o

0 ¢ _\—\ N

L o0

86 87 88
ARRY-520 MK-0731 AZDA4877

89 90
LY2523355 HR22C16

Rysunek 26. Przyktadowe struktury zwigzkow hamujgcych KSP

Pierwszym odkrytym specyficznym inhibitorem KSP byt monastrol.’ (S)-Monastrol 80
jest 15-krotnie silniejszym inhibitorem KSP niz jego (R)-enancjomer. (S)-80 hamuje

stymulowang przez mikrotubule aktywno$§¢ ATPazy KSP (ICso = 30 uM) (Rysunek 27).
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Hamowanie aktywnos$ci ATPazy w domenie motorycznej KSP przez monastrol zakloca
zdolnos¢ tego biatka do utworzenia oraz utrzymania wrzeciona dwubiegunowego. Prowadzi to
do zatrzymania cyklu komorkowego i indukcji apoptozy.”” Pomimo, ze monastrol 80 wykazuje
potencjat w zatrzymywaniu podzialu komoérek rakowych, nie jest idealnym kandydatem na lek
ze wzgledu na swoja niska aktywno$¢ oraz brak typowych cech farmakologicznych

wymaganych od lekéw przeciwnowotworowych.

OH : _OH
O (0]

HN | o HN” | o
s)\N s)\N
H H
(5)-80 (R)-80

KSP ATPaza IC5,=30 uM  KSP ATPaza IC5,= 450 uM

Rysunek 27. Wzor strukturalny (S)-monastrolu 80 i (R)-monastrolu 80

Odkrycie monastrolu doprowadzitlo do opracowania jego pochodnych i analogéw
cechujacych sie wyzsza aktywnos$cig biologiczng oraz mniejszymi efektami ubocznymi.
Przyktadem takich zwigzkow sa enastron 91, dimetylenastron 81 i fluorastrol 92. Cyklizacja
taficucha bocznego estrowego i grupy metylowej w monastrolu do cyklicznego ketonu
w enastronie i dimetylenastronie prowadzi do usztywnienia konformacji, co skutkuje lepszym
dopasowaniem tych zwigzkow do miejsca wigzania z KSP. Zwiazki 91 i 81 wykazuja zdolnos¢
do hamowania aktywnosci ATPazy KSP, z warto$ciami ICso wynoszacymi odpowiednio 2 uM
1200 nM. Wprowadzenie dwoch grup metylowych w dimetylenastronie zwigkszyto zdolno$¢

do hamowania aktywnosci KSP 10-krotnie w stosunku do enastronu®® % (Rysunek 28).

~ R
HN |
s)\ N R
|
91 R = H (S)-enastron 92 R = F (R)-fluorastrol
KSP ATPaza IC5,=2 uM KSP komérkowe EC5, =330 nM
81 R = CHj; (S)- dimetylenastron 93 R = H (R)-Mon-97
KSP ATPaza IC5,= 200 nM KSP ATPaza ICso=2 uM

Rysunek 28. Wzory strukturalne (S)-enastronu 91, (S)-dimetyloenastronu 81,
(R)-fluorastrolu 92 i (R)-Mon-97 93
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Interesujagcym analogiem monastrolu i dimetylenastronu jest pochodna dihydropiranu
CPUYLO064 94, ktora jest silnym inhibitorem KSP (ATPaza KSP ICso= 100 nM). Zwiazek ten
wykazywat istotng aktywno$¢ przeciwnowotworowg wobec linii komérkowej HepG2 (rak
watrobowokomorkowy) ICso = 5 uM. Analiza cyklu komoérkowego wykazata, iz 94 powoduje
zatrzymanie cyklu komoérkowego w fazie G»/M, tak jak ma to miejsce w przypadku

monastrolu'® (Rysunek 29).

KSP ATPaza IC5,= 100 nM
HepG2 IC5y=5puM

Rysunek 29. Wzor strukturalny CPUYL064 94

Zwiazkiem dziatajacym podobnie do monastrolu jest S-trytylo-L-cysteina (STLC) 82,
ktéra hamuje aktywnos¢ ATPazy KSP (ICso = 1,0 uM), w poréwnaniu do monastrolu (ICso =
9,1 uM), co przeklada si¢ na znacznie wyzsza skuteczno$¢ przeciwnowotworowg wobec
komorek raka prostaty opornych na docetaksel.!°! Ograniczenia w stosowaniu 82 w terapii
przeciwnowotworowej wynikaja z jego nieodpowiednich wlasciwosci fizykochemicznych
1 niskiej przepuszczalnosci komérkowej. W odpowiedzi na te wyzwania, zsyntezowano szereg
pochodnych 82 poprzez wprowadzenie podstawnikow do pierScienia fenylowego grupy
trytylowej takich jak: grupy alkilowe, alkoksyle lub halogeny w pozycji para, co zwigksza
hamowanie aktywno$ci ATPazy KSP.!0% 103 Przyktadowo, S-(4-metoksytrytylo)-L-cysteina 95
wykazuje 7-krotny wzrost aktywnosci hamujacej ATPaz¢ KSP w poréwnaniu do STLC, a przy
tym charakteryzuje si¢ wysoka selektywnoscia wobec KSP oraz niska neurotoksycznoscia,
gdyz nie oddziatuje z tubuling.!®* Pochodna p-trifluorometylowa 96 wykazywata 5-krotny
wzrost hamowania aktywnos$ci ATPazy KSP w stosunku do STLC.!% Zastgpienie jednego
pierscienia fenylowego grupa benzylowa zwigkszylo aktywnos$¢ hamujaca ATPaze KSP 97,
a podstawienie jednego z pierscieni fenylowych w 97 chlorem lub grupa hydroksylowa
prowadzi do zwigzkow 98 i 99 o wyzszej zdolnosci do hamowania aktywno$ci KSP!%

(Rysunek 30).
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H;N COO" "H3N COO"
82 95 R = OCH 97R=H
KSP ATPaza ICsy= 1,0 uM KSP ATPaza IC5,=0,15 pM KSP ATPaza IC5,= 138 nM
96 R = CF, 98 R = 4-Cl
KSP ATPaza ICsy= 0,22 uM KSP ATPaza ICsy= 58 nM

99 R =3-OH
KSP ATPaza IC5,= 67 nM

Rysunek 30. Wzor strukturalne pochodnych S-trytylo- L-cysteiny 95-99

Silnym inhibitorem kinezyny-5 jest filanesib (ARRY-520) 86, charakteryzujacy si¢
wartoscig ICso na poziomie 6.0 nM (Rysunek 31).!97 Ciekawg cechg 86 jest jego skuteczno$é
w modelach nowotworéw opornych na taksany, co sugeruje, ze moze by¢ on uzyteczny
w leczeniu pacjentow z nowotworami opornymi na standardowe terapie.!® Ponadto,
w przeciwienstwie do innych terapii przeciwnowotworowych, 86 nie powoduje neuropatii
obwodowej, co czyni go obiecujaca opcja terapeutyczng z mniejsza toksycznoscia. Zwigzek ten
przeszedl badania kliniczne II fazy i wszystko wskazuje, ze wejdzie w faz¢ III przeciwko

szpiczakowi plazmocytowemu.!'?
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N-N

F | NH,
o

F

86 2
KSP ATPaza ICs,= 6,0 nM MCF7 EC5,= 1,7 nM
MCF7 ECs,= 0,6 nM MCF/ADR ECjs, = 565 nM

MCF/ADR ECs,= 14 nM

Rysunek 31. Wzor strukturalny filanesibu (ARRY-520) 86

Do innej waznej klasy inhibitorow KSP nalezy ispinesib 83.!!' Ispinesib zaburza
wigzanie KSP z mikrotubulami i hamuje jej ruch, co uniemozliwia uwalnianie ATP, ale nie

blokuje uwalniania kompleksu KSP-ADP.!!! Ispinesib byt pierwszym inhibitorem kinezyny-5,
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ktory przeszedt badania kliniczne, wykazujac ICso mniejsze niz 10 nM (KSP ATPaza)
i minimalne skutki uboczne. Trzynascie badan klinicznych dotyczacych monoterapii
ispinesibem w leczeniu guzoéw litych oraz nowotwordéw hematologicznych zostato
zakonczonych lub przerwanych.!!! Dodatkowo, zakonczono trzy badania kliniczne fazy I/11,
w ktorych stosowano terapi¢ ispinesibem skojarzona z docetakselem, kapecytabing oraz
karboplatyng w leczeniu guzow litych.!'? 113 We wszystkich badaniach, 83 byt dobrze
tolerowany przez pacjentow, ale nie zaobserwowano znaczacych pozytywnych wynikow
leczenia, a jedynie kilka przypadkow stabilizacji choroby.!!? Wynika z tego, ze 83 opozniat

postep choroby, jednak jego dziatanie nie byto na tyle silne, aby wywota¢ regresj¢ guza.

Optymalizacja struktury ispinesibu w 2006 roku doprowadzita do odkrycia zwigzku SB-
743921 84 poprzez izosteryczne zastgpienie pierScienia chinazolinowego pier§cieniem
chromen-4-onu.!''* Zwigzek 84 wykazywal ICso na poziomie 0,1 nM i wszedt do dwoch badan
klinicznych fazy I/II, ktore zostaly juz zakonczone.!'> Badania toksyczno$ci wykazaly
przewidywalne dziatania niepozadane, takie jak neutropenia i toksyczno$¢ zotadkowo-jelitowa,

bez oznak neurotoksycznosci.!!3

Kolejnym przykladem analogu ispinesibu jest ARQ621 85, ktory wykazuje aktywnosé
przeciwnowotworowa przeciwko szerokiemu spektrum linii komorkowych w badaniach in
vitro.'' W 2009 roku 85 wszed! do I fazy badan klinicznych u pacjentéw z guzami litymi jako
monoterapia, wykazujac dobra tolerancj¢ z najczestszymi dziataniami niepozadanymi
w postaci zmgczenia, nudnosci i niedokrwisto$ci. Jednak 85 nie wykazal zauwazalnych
efektow terapeutycznych ani postepu jako potencjalny lek przeciwnowotworowy!!” (Rysunek
32).

o @ NH,
N
Cl I\é/N 0
F
Z
cl
83 84 85
KSP ATP ICs5, < 10 nM KSP ATP IC5,= 0,1 nM

Rysunek 32. Wzor strukturalny ispinesibu 83 i jego analogi 84 i 85

W ostatnim czasie zsyntezowano pdtsandwiczowe kompleksy ispinesibu zawierajace
metale takie jak, ruten (Ru), osm (Os), rod (Rh) 1 iryd (Ir). Kompleksy z Ir i Rh (102a, 103a,
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102b, 103b) wykazaly wyzszg aktywno$¢ w hamowaniu KSP niz sam ispinesib.’> Zwiazki

z (R)-enancjomerycznym ligandem hamowaty aktywno$¢ ATPazy KSP od 75% (107a) do 90%

(108a) przy stezeniu 100 nM, jednak nie osiggnety skutecznosci ispinesibu, ktory wykazat 98%

inhibicje.’® Sugeruje to, ze kompleksy metaloorganiczne z inhibitorami KSP mogg zwigksza¢

skuteczno$¢ leczenia przeciwnowotworowego!!'® 112 (Rysunek 33).

Cl

Rysunek 33. Struktury potsandwiczowych kompleksow ispinesibu 100a-108b
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Hipoteza badawcza

Wprowadzenie podstawnika ferrocenylowego do struktury znanych inhibitorow
kinezyny-5 moze zwigkszy aktywnos¢ przeciwnowotworowq otrzymanych hybryd poprzez
polgczenie cytotoksycznych wiasciwosci grupy ferrocenylowej z selektywnym hamowaniem
aktywnosci KSP, co doprowadzi do skutecznego zatrzymania mitozy w komorkach

nowotworowych.

Obecnos$¢ ugrupowania ferrocenylowego moze przyczyni¢ si¢ do wzrostu
cytotoksycznosci otrzymanych koniugatow ze wzgledu na zdolno$¢ tych ugrupowan do
generowania reaktywnych form tlenu oraz wptywania na procesy komorkowe prowadzace do
apoptozy. Dodatkowo, fragmenty wigzace si¢ z KSP umozliwig selektywne hamowanie
aktywnosci tego biatka, ktore jest kluczowe dla prawidlowego przebiegu mitozy. Polaczenie
obu tych strategii w jednej czasteczce moze prowadzi¢ do synergistycznego efektu, zwiekszajac
skuteczno$¢ przeciwnowotworowa i minimalizujac skutki uboczne terapii. Takie koniugaty
moga wykazywaé wigksza selektywno$¢ wobec komoérek nowotworowych, co pozwoli na
ograniczenie wplywu na zdrowe komorki i zmniejszenie potencjalnej toksycznosci. Oczekuje
si¢, ze otrzymane zwigzki beda w stanie skuteczniej zatrzymywaé podziat komorek
nowotworowych poprzez hamowanie aktywnosci KSP, jednocze$nie wykorzystujac

cytotoksyczne wlasciwos$ci ugrupowan metaloorganicznych.
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5. Cel badan

Celem mojej pracy doktorskiej byta synteza nowych hybrydowych zwigzkéw
chemicznych, w ktorych struktury znanych inhibitoréw kinezyny-5 zostalty zmodyfikowane
poprzez wprowadzenie podstawnika ferrocenylowego. Zamierzatam zbada¢ wpltyw obecnosci
ugrupowania ferrocenylowego na aktywno$¢ przeciwnowotworowa tych zwigzkow, ze
szczegblnym uwzglednieniem ich zdolno$ci do selektywnego hamowania aktywnosci

kinezyny-5 oraz indukcji apoptozy w komoérkach nowotworowych.

Do swoich badan wybralam trzy znane inhibitory kinezyny-5 jako zwigzki: monastrol,
CPUYLO064 oraz ispinesib. Poprzez wprowadzenie grupy ferrocenylowej do ich struktur

dazylam do potaczenia cytotoksycznych wilasciwosci ugrupowania ferrocenylowego

o O,

N._~_NH,

z hamowaniem aktywnosci KSP.

OH

rac-80 94 83

Rysunek 34. Struktury monastrolu 80 CPUYL064 94 i ispinesibu 83
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6. Omowienie wynikéw badan

6.1 Ferrocenylowe analogi monastrolu

Badania wptywu wprowadzenia podstawnika ferrocenylowego do inhibitoréw KSP na
ich wlasciwosci biologiczne rozpoczgto od syntezy ferrocenylowych analogéw monastrolu.
Zaplanowano dwa glowne typy modyfikacji czasteczki monastrolu (Schemat 3). Modyfikacje
typu I polegaty na zastagpieniu grupy 3-hydroksyfenylowej podstawnikiem ferrocenylowym
oraz o-, m-, p-ferrocenylofenylowym. Modyfikacje typu II polegaty na zastapieniu grupy 4-
metylowej w monastrolu grupg ferrocenylowa lub o-, m-, p-ferrocenylofenylows.

Postanowiono takze zbada¢ wplyw zamiany atomu siarki na atom tlenu w tak otrzymanych

koniugatach.
) A
Fe OH
(SN
R 0 0
HN | 0" HN | 0
X)\ N X)\N R/©
H H Fe
TYP1 TYP II @

X =S1ubO; R =nic, 0-C¢gHy, m-CcHy, p-CcHy

Schemat 3. Planowane modyfikacje monastrolu

Ferrocenylowe analogi monastrolu typu I postanowiono zsyntezowa¢ w reakcji
Biginelliego!'?® pomigdzy ferrocenokarboaldehydem lub o-, m- i p-ferrocenylobenzaldehydem,
acetylooctanem etylu oraz tiomocznikiem lub mocznikiem. W pierwszym etapie badan
zoptymalizowano warunki reakcji  ferrocenylokarboaldehydu, acetylooctanu etylu
itiomocznika. W reakcji prowadzonej w obecnosci katalitycznej ilosci kwasu solnego
otrzymano zwigzek 111a z wydajnoscia 53%. Stwierdzono jednak, ze w tych warunkach
reakcji, w przypadku zastosowania o-, m-, p-ferrocenylobenzaldehyddéw, nie powstaja
oczekiwane produkty. Zaobserwowano, ze zastapienie kwasu solnego chlorkiem antymonu(III)
doprowadzito do powstania oczekiwanych produktow 111b-d z wydajnosciami 23-76%, za$
wydajnos¢ 111a byla nizsza niz przy uzyciu kwasu solnego i wynosita 49%. W przypadku
pochodnych mocznika otrzymano produkty 112a-d z wydajno$ciami w zakresie 72-80%

(Schemat 4).
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Schemat 4. Synteza ferrocenylowych pochodnych monastrolu typu 1

Ferrocenylowe analogi monastrolu typu Il zsyntezowano w reakcji ferrocenoilooctanu
etylu 113a lub o-, m- i p-ferrocenylobenzoilooctanu etylu 113b-d, 3-hydroksybenzaldehydu
oraz tiomocznika lub mocznika. Ferrocenoilooctan etylu 113a zsyntezowano w reakcji
Friedela-Craftsa ferrocenu z malonianem mono-etylu i bezwodnikiem trifluorooctowym
w obecno$ci  kwasu trifluorometanosulfonowego z praktycznie iloSciowa wydajnoscia
(Schemat 5).” 0-, m- oraz p-ferrocenylobenzoilooctany etylu 113b-d zsyntetyzowano w reakcji
odpowiednich aldehydéw 113b-d z diazooctanem etylu w obecnosci katalitycznej ilosci NbCls
z wydajno$cig 11-65% adaptujac znang procedure!?! (Schemat 6). Strukture produktow
potwierdzono metodami spektroskopii NMR. W widmach 'H NMR produktow 113a-d
obserwowano sygnaly przypisane dla protonéw OH enolu przy okoto 12,3-12,6 ppm, dla
zwigzkow 113b-d obserwowano dodatkowo sygnaty pochodzace od protonu CHar-enol przy ok

7,79-7,30 ppm.

(6] O
== P NN %OV
Fe Fe

(0] 0]
@ (CF;C0),0, CF5SO3H @

42 113a 99%
Schemat 5. Synteza ferrocenylowego p-ketoestru 113a

RCHO NN O R o._~
- z/\g ) \n/\[(
Fe NbCl5, DCM Fe 6 0

109b R = 0-C¢H, 113b R = 0-C¢H, 20%
109¢ R = m-C4H, 113¢ R = m-CgH, 63%
109d R = p-C¢H, 113d R = p-CgH, 74%

Schemat 6. Synteza ferrocenylowych f-ketoestrow 113b-d
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W kolejnym etapie otrzymane f-ketoestry 113a-d poddano reakcji Biginelliego.
Stwierdzono, ze reakcja 113a-d 2z 3-hydroksybenzaldehydem 1 tiomocznikiem
w zoptymalizowanych wczesniej warunkach (SbCls, 24h, temp. pokojowa) prowadzi do
mieszaniny zwigzkow, ktorych nie dato si¢ rozdzieli¢ zadng dostgpng metoda, a oczekiwane
produkty byly obecne jedynie w niewielkich ilo§ciach. W przypadku uzycia mocznika zamiast
tiomocznika w powyzszych warunkach, wyizolowano z wydajnoscig 10-34% jedynie zwigzki

117a-d, ktore wytracily si¢ z mieszaniny reakcyjnej (Schemat 7).

OH OH
X
A
©/RWO\/ [OX H,N" NH, 0] )XL 0
v 50 + Ej\ ~ HN | o™ * HNTN 0™
“C
- Py, D D
H Fe Fe
113a R = nic 114 1152 X=S41% 116a X =0 35% 117a X=010% 118a X=S
113b R = 0-CgHy 115b X=S-  116b X=0-— 117b X =032%
113¢ R = m-CgH, 115¢ X=S29% 116c X=06,2% 117¢ X =032%
113d R = p-C¢H, 115d X=539% 116d X =0 1.4% 117d X =034%

Schemat 7. Synteza ferrocenylowych pochodnych monastrolu typu 11

W celu optymalizacji powyzszej reakcji monitorowano jej postep za pomocg HPLC-
MS. Jako reakcje modelowg wybrano reakcje pomiedzy p-ferrocenoilooctanem etylu 113a, 3-
hydroksybenzaldehydem 114, tiomocznikiem i mocznikiem w obecnosci SbClz w temperaturze
pokojowej. W przypadku uzycia mocznika, analiza HPLC-MS surowej mieszaniny reakcyjne;j
potwierdzita, ze gtownym produktem jest 117a (43,8%), podczas gdy pozadany produkt 116a
powstat z wydajnoscig 9,4%. W surowej mieszaninie poreakcyjnej stwierdzono obecnos¢
niewielkiej ilo$¢ nieprzereagowanego substratu 113a (13,1%). W przypadku uzycia
tiomocznika stwierdzono takze obecnos$¢ produktu niecyklicznego 118a w ilosci 29,0%, oraz
5.5% oczekiwanego produkt 115a oraz substratu 113a w ilosci 34,9%. Podwyzszenie
temperatury reakcji do 40°C spowodowato zmniejszenie zawartosci zwiazkow niecyklicznych
117a 1 118a (odpowiednio do 34,2 i 25,5%) przy jednoczesnym zwickszeniu zawarto$ci
pozadanych produktow heterocyklicznych 116a i 117a (odpowiednio do 25,5 1 29,5%) (Tabela
2). Wydhuzenie czasu reakcji do 72h zwiekszylo wydajnos¢ oczekiwanych produktow do

odpowiednio 35 1 41%.
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115a 116a 117a 118a

Czas  Temperatura Katalizator Rozpuszezalnik
X=S) (X=0) (X=0) (X=S)

24h 21°C SbCl; CH;CH,OH 5,5% 9,4% 43,8% 29,0%
24h 40°C SbCl; CH;CH,OH 29,5% | 25,5% 34,2% 25,5%

Tabela 2. Wydajnosci produktow powstatych w temperaturze pokojowej (lub 40°C) w surowej

mieszaninie reakcyjnej, ktore zostaly okreslone za pomocq HPLC-MS

W zoptymalizowanych dla 113a warunkach przeprowadzono reakcje o-, m- i p-
ferrocenylobenzoilooctanow etylu 113b-d z 3-hydroksybenzaldehydem, tiomocznikiem lub
mocznikiem oraz SbCl; w temperaturze 40°C przez 72 godziny. W przypadku zastosowania
tiomocznika, otrzymano oczekiwane produkty 115¢, 115d z wydajnosciami 10-54%. Niestety,
wszelkie proby syntezy o-ferrocenylofenylowej pochodnej 115b zakonczyly si¢
niepowodzeniem. W przypadku uzycia mocznika jako substratu proby syntezy tlenowych
analogdw zawierajacych grupy o-, m- lub p-ferrocenylofenylowe 116b-d w powyzszych
warunkach takze zakonczyly si¢ niepowodzeniem. W zwigzku z tym, postanowiono
przeprowadzi¢ powyzsze reakcje w innych warunkach. Prowadzac reakcje w reaktorze
mikrofalowym w obecnosci 10 mol% trifluorometanosulfonianu iterbu (III) w 2,2,2-
trifluoroetanolu jako rozpuszczalniku w temperaturze 110°C przez 30 minut otrzymano zwigzki
116¢ i 116d z wydajnoscia odpowiednio 6,2% i 1,4%. Zaobserwowano takze powstawanie

sladowych ilosci zwiazkow 117¢ i 117d, natomiast pochodne 115b i 116b nie powstaly.

Struktura 1 czysto§¢ wszystkich zwigzkéw zostata potwierdzona za pomoca
spektroskopii NMR oraz HPLC-MS. W widmach 'H NMR zwigzkow 111a-d i 115¢-d
zaobserwowano dwa sygnaly przypisane dla protonéw H-1 i H-3 odpowiednio przy ok 10,5
19,7 ppm, podczas gdy w 112a-d protony te obserwowano przy ok 9,1 1 7,5 ppm. Natomiast
w przypadku 115a kolejnos$¢ pikow protonowych H-1 i H-3 byla odwrdcona, a odpowiednie
sygnaly wystepowaty przy ok 8,7 i 9,9 ppm. W widmach 'H NMR zwigzkoéw 117a-d sygnaty
grupy NHz wystepuja przy ok 5,6 ppm, a NH przy ok 6,6 ppm jako szerokie singlety lub dublety
(Rysunek 36).
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Rysunek 36. Widmo 'H NMR zwiqzku 117a

We wspotpracy z dr hab. prof. UW Anng Makal z Uniwersytetu Warszawskiego
zbadano struktury krystalograficzne 111a i 115a (Rysunek 37). Oba zwiazki krystalizuja
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w centrosymetrycznych grupach przestrzennych: C2/c dla 111a oraz P2:/c dla 115a, jako
mieszaniny racemiczne. W obu przypadkach w jednostce asymetrycznej znajduje si¢
pojedyncza czasteczka zwigzku. Zwigzek 115a wspotkrystalizowal z jedng czasteczka

dichlorometanu.

B)

Rysunek 37. Struktura rentgenograficzna 111a (4) i 115a (B)

Geometryczna struktura pierscieni heterocyklicznych w pochodnych monastrolu 111a
1 115a jest niemal identyczna jak w przypadku monastrolu, co wskazuje, Ze podstawienie grupy
ferrocenylowej w pozycji C2 lub C4 nie wplywa na geometri¢ farmakoforu. Pomimo
wprowadzenia podstawnika ferrocenylowego, wigzania wodorowe w strukturze molekularnej
111a sg zasadniczo takie same jak w monastrolu. Zarowno grupy N1-H, jak i N2-H dziataja
jako donory wigzan wodorowych, a czasteczki 111a tworza dimery potaczone parg wigzan N—
H---S. Z kolei zastgpienie grupy metylowej w monastrolu przez ferrocen w pozycji C4
w zwigzku 115a prowadzi do innego ukladu wigzan wodorowych. W tym przypadku N2-H
dziata jako donor wigzania wodorowego dla atomu O2, a nowy pier§cieniowy uktad wigzan N—
H---:O oraz O-H:--S tworzy si¢ z udzialem grupy hydroksylowej podstawnika m-
hydroksyfenylowego.

Aktywnos$¢ antyproliferacyjna zsyntetyzowanych zostata zbadana we wspolpracy z dr.
Btazejem Rychlikiem i dr. Andrzejem Btauzem (Katedra Biofizyki Molekularnej Uniwersytetu
Lodzkiego) wobec komoérek nowotworowych: AS549 (gruczolakorak komodrek nablonka
pecherzykow ptucnych), Colo 205 (gruczolakorak jelita grubego), HCT116 (rak jelita grubego),
HepG2 (rak watrobowokomoérkowy), MCF7 (gruczolakorak piersi) i SW620 (gruczolakorak
jelita grubego), a takze w panelu pieciu lekoopornych (MDR) linii komérkowych
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charakteryzujacych si¢ nadekspresja réznych biatek ABC: ABCG2 (SW620C),
ABCC1(SW620M i SW620E), ABCB1(SW620D, SW620E, SW620V).

Poczatkowo oceniono wptyw zsyntetyzowanych zwigzkow na przezywalnos¢ komorek
nowotworowych przy stezeniu odpowiadajacemu wartosci ICso monastrolu dla danej linii
komoérkowej. Na podstawie uzyskanych danych wybrano dziesi¢¢ najbardziej aktywnych

zwigzkow, dla ktérych okreslono wartosci ICso w badanych liniach komoérkowych.

Wprowadzenie grupy ferrocenylowej w miejsce grupy 3-hydroksyfenylowej
w monastrolu (zwigzek 111a) nieznacznie zwigkszylo aktywnos¢ przeciwnowotworowa wobec
linii komoérkowych Colo 205, HepG2 i SW620. Znaczne zwigkszenie aktywnosci
zaobserwowano w przypadku zastgpienia grupy 3-hydroksyfenylowej ugrupowaniem
ferrocenylowo-fenylowym. Najbardziej aktywnymi zwigzkami okazaly si¢ 111b i 111d,
zawierajace odpowiednio grupy o-ferrocenylofenylowa i p-ferrocenylofenylowa. Wymiana
atomu siarki na atom tlenu w pierScieniu heterocyklicznym prowadzita do zmniejszenia
aktywnosci antyproliferacyjnej dla zwiazkow typu I, z wyjatkiem zwiazku 112b, ktéry mimo
obecno$ci atomu tlenu wykazywat znaczaca aktywnos$¢, prawdopodobnie ze wzgledu na

obecnos$¢ grupy o-ferrocenylofenylowe;.

Zastgpienie grupy 6-metylowej w monastrolu podstawnikami ferrocenylowym lub
ferrocenylofenylowymi (zwigzki 112a,¢,d) znaczaco zwigkszylo aktywnos¢ antyproliferacyjng
zwigzkow typu II. Szczegbdlnie wyrdznial si¢ zwigzek 112¢, zawierajacy grupg m-
ferrocenylofenylowa, ktory wykazywat najwyzsza aktywno§¢ wsrdd wszystkich badanych
zwigzkow, z warto$ciami ICso w zakresie 1-5 uM dla wszystkich linii komérkowych. Badania
na liniach komoérek opornych (MDR) wykazaly, ze wigkszo$¢ zsyntetyzowanych zwigzkow
byla bardziej aktywna niz monastrol wobec komorek MDR, za§ najwyzsza cytotoksycznos¢
wykazywaty zwigzki 111b i 112d. Otrzymane wyniki pozwolity na wybranie trzech zwiagzki do
dalszych badan: ferrocenylowy analog monastrolu 111a oraz dwa analogi tlenowe 112b i 115¢

(Rysunek 38).
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rac-80 111a 115¢

Zwigzek 1C50(uM) Zwigzek 1C50(uM)
rac-80 51,0 [42,0-63,0] " rac-80 84,7 [64,4-120]
111a 75.8[44,1:218)2] “mmmmmmmmmmmes N 111a 50,6 [44.0-58.8]
112b 6,40 [5,15-7,98] ! 112b 8,97 [7,09-11,3]
115¢ 538 [2,91-4.40] 115¢ 7,19 [4,59-11,1]
Zwigzek 1C50(uM) -~ Zwigzek IC50(uM)
rac-80 >100 ' rac-80 85.8[79.9-134.1]
111a 75,8 [44,1-218,2) = 111a 37.2 [30.0-46,8]
112b 6,53 [5,29-8,05] ' 112b 10,09 [9,09-13,3]
115¢ 3,64 [2,88-4.59] m 115¢ 3,19 [2,31-4,26]
Zwigzek 1cs0umy L Zwigzek 1C50(uM)
rac-80 78,1 [52,8-182,3] rac-80 >100

111a 6,20 [3,94-9.88] I11a 20,9 [13,7-31.6]
112b 5,95 [4,75-7.47] 112b 13,0 [10,94-15.5]
115¢ 2,39(2.10-2.73] 115¢ 5.02[3,69-6,81]
Zwigzek 1C50(uM) ) Anlarek IC30(eM)
rac-80 41,9[33,7-53.6] N=Eerg S ';4;‘]'-80 ’8;): [f: ]2 ::‘;]
111a 80,8 [64,0-107.8] ~ “2; Tv.() {;751“1
112b 6.95[5,73-8.43] H it o [%- 8 -4”
115¢ 3,54[3,09-406]  pmmm====-- 4 H D 4 > AL
Fi 1 R ! Zwigzek 1C50(uM)

wigzek IC50(uM) H
rac-80 29,4[20,5-44.9] - rac:80 93,5,29,8:37,8)
1l1a 26,1 [21,8-31,0] Zwigzek 1C50(uM 1118 42,0136,6:36,01
3 . 112b 8.72[6,59-111,6]
112b 6.41 [5.16-7,96] rac-80 45,9 [34,9-62.9] fisx 9.42[7.59-117)
115¢ 4,02 [3,34-4,83] 11a 63,7[41,5-113] el
112b 17.4[15,0-20,3]
115¢ 4,99 [4,18-596)

Rysunek 38. Cytotoksycznosc ferrocenylowych analogow monastrolu (111a, 112b, 115¢) w liniach
komorkowych, 51,0 uM (A549), 112 uM (Colo 205), 41,9 uM (HCT 116), 78,1uM (HepG2), 29,4 uM
(MCF7), 84,7 uM (SW620) oraz liniach komorkowych raka MDR. Przedzialy ufnosci (95%)
przedstawiono w nawiasach kwadratowych. Zebrane wartosci sq Sredniq z trzech niezaleznych

eksperymentow

W kolejnym etapie, zbadano efektywnos¢ wybranych zwigzkéw w hamowaniu
aktywnosci kinezyny-5 w poréwnaniu z monastrolem. Aktywnos¢ kinezyny mierzono poprzez
oceng szybkosci hydrolizy ATP, korzystajac z zestawu Kinesin ATPase Endpoint Biochem Kit,
przy st¢zeniu wynoszacym 10 uM. Wykazano, ze resztkowa aktywnos¢ ATP-azy KSP byta
dwukrotnie nizsza w przypadku ferrocenylowych analogéw w poréwnaniu z monastrolem: dla
zwigzku 111a wynosita 7,2%, dla 112b — 8,8%, a dla 115¢ — 9,8%, podczas gdy dla monastrolu
byta to 18,7%. Stwierdzono takze, ze zaden z badanych zwigzkéw nie hamowatl aktywnosci
innych kinezyn takich jak: KIF4A, KIF23 oraz MCAK. Uzyskane wyniki sugeruja, ze
modyfikacje monastrolu poprzez wprowadzenie ugrupowan ferrocenylowych nie zmieniaja
specyficznosci dziatania jego analogéw. Zwigkszona efektywnos$¢ inhibicji KSP przez badane
zwigzki wskazuje, ze sa one skuteczniejszymi inhibitorami KSP niz monastrol, zachowujac

przy tym selektywnos¢ wobec tego biatka.
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W dalszej kolejnosci zbadano wplyw zwigzkow ferrocenowych 111a, 112b, 115¢, na
zdolno$¢ generowania ROS w komorkach nowotworowych. Stwierdzono, ze wprowadzenie
podstawnika ferrocenylowego do monastolu prowadzi do niewielkiego zwigkszenia zdolnosci

do generowania ROS w komorkach nowotworowych o ok 25% dla zwigzkéw 112b 1 115c¢.

112b

generowanie reaktywnych form tlenu ROS

Rysunek 39. Generowanie ROS w komorkach SW620 po 4h ekspozycji na zwigzki (1 uM)

Zbadano wplyw zwiazkow na cykl komoérkowy w komorkach SW620 oraz SW620V.
Stwierdzono, ze ferrocenylowy analog monastrolu 111a i monastrol wykazuja podobny wptyw
na cykl komorkowy. W poréwnaniu do monastrolu i 111a analogi 112b i 115¢ prowadzity do
zwigkszenia liczby komorek apoptycznych (frakcja sub-Gi) i zmniejszenia liczby komorek

w fazie Go/G1 szczegdlnie w komorkach SW620.

We wspotpracy z. prof. Christianem Hartingerem (School of Chemical Sciences, The
University of Auckland, New Zealand) przeprowadzono dokowanie molekularne
ferrocenylowych pochodnych monastrolu do kinezyny-5. Uzyskane wyniki potwierdzity, ze
potozenie podstawnikow ferrocenylowych w koniugatach silnie wptywa na ich powinowactwo
do kinezyny-5. Najskuteczniejsze wigzanie osiagni¢to, gdy grupy ferrocenylowe byty
rozmieszczone w sposob umozliwiajacy interakcje zwigzku z miejscami allosterycznymi
biatka. Analiza wynikow dokowania wykazala rowniez kluczowe wigzania wodorowe

1 hydrofobowe, odpowiadajace za stabilizacj¢ kompleksu ligand-biatko (Rysunek 40).

51



(A) (B)

Rysunek 40. Oddziatywania zwigzku 115¢ (A) i 111a (B) z kieszenig wigzacg KSP

Podsumowujac, wprowadzenie ugrupowania ferrocenylowego do monastrolu prowadzi
do zwiazkdéw wykazujacych wyzsza cytotoksycznos¢ zardowno w stosunku do nowotworowych
linii komodrkowych jak 1 linii wykazujacych opornos¢ wielolekowa. Wykazano, ze
wprowadzenie podstawnika ferrocenylowego zwigksza zdolno$¢ do hamowania aktywnosci
kinezyny-5 oraz zwigksza zdolno$¢ do generowania ROS. Uzyskane wyniki sugeruja, ze
cytotoksyczno$¢ tych zwiazkoéw jest zwigzana nie tylko z hamowaniem KSP, ale takze

z poziomem generowania ROS, co wskazuje na dodatkowy mechanizm dziatania.
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6.2 Ferrocenylowe analogi CPUYL064

Ze wzgledu na znaczacy wptyw grupy ferrocenylowej na wtasciwosci cytotoksyczne
monastrolu, postanowiono zbada¢ jej wplyw na aktywno$¢ przeciwnowotworowa innego
inhibitora kinezyny-5, CPUYL064.'22 Modyfikacja typu I polegala na zastgpieniu grupy
fenylowej  podstawnikiem  metalocenowym lub  podstawnikiem o-, m-, p-
ferrocenylofenylowym z jednoczesnym zachowaniem grup metylowych w pozycji C-7 lub
z ich modyfikacjg. Dla pordwnania zsyntetyzowano réwniez analogi estrowe. Modyfikacja
typu II polegala na zastgpieniu podstawnika 4-chlorofenylowego grupy amidowe;j,

podstawnikami o-, m-, p-ferrocenylofenylowymi.

H Typ 1

R!=R? = CHj; R= Fe, Re, 0-FcC¢Hy, m-FcCgH, p-FcCgH
N R'=H, R>= H, CH3, Ph; R*= Fe
o R'= H, R?>= F¢; R*= Ph
|l  R* NHC4H,CI, OEt

Fe Ru
S L2
Fc Re

Schemat 8. Planowane modyfikacje CPUYL064

Powyzsze zwiazki otrzymano z odpowiednich cykloheksano-1,3-dionéw A, aldehydow

aromatycznych B i odpowiednich f-ketoamidow lub S-ketoestrow C (Rysunek 41).

CHO N
1
o RB o R! (0)
(0] (0] R¢
.
2
- P N N — B
5 c R? N
R o H
A
J

Rysunek 41. Projekt syntezy ferrocenylowych analogow CPUYL064

Prace rozpocz¢to od zsyntetyzowania niezbgdnych substratow. W reakcji arylowania
ferrocenu §wiezo przygotowanymi chlorkami o-, m-, p-nitrobenzenodiazoniowymi otrzymano
odpowiednie o-, m-, p-ferrocenylonitrobenzeny 120a-c¢ z wydajnosciami w zakresie 30-94%.

Nastepnie, zwigzki te poddano redukcji grupy nitrowej do aminowej przy uzyciu mrowczanu
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amonu w obecnosci Pd/C (10%), uzyskujac o-, m-, p-ferrocenyloaniliny 121a-c z praktycznie
ilosciowa wydajnoscia (Schemat 9). Otrzymane o-, m-, p-ferrocenyloaniliny 121a-¢ poddano
reakcji z acetylooctanem etylu w obecno$ci katalitycznej iloSci fert-butanolanu potasu
w toluenie. Reakcje prowadzono w temperaturze 160°C przez 20-30 minut w reaktorze
mikrofalowym, otrzymujac odpowiednie f-ketoamidy 122a-c z wydajno$ciami w zakresie 19-

32% (Schemat 9).

0,  1NaNOJHCI NO, NH,

0-5°C HCOONH,, Pd/C(10%)
= = = —_— =
\ 2. FeH 1 | CH;CH,OH, MW, \ TiBwOK
\\ eter dietylowy, woda, RT (Q 120°C, 30 min . toluen, MW, 160°C
NH,
Fe }-'e

119a o- 120a o- 121a o- 122a 0- 19%
119b m- 120b m- 121b m- 122b m- 32%

119¢ p- 120c¢ p- 121c¢ p- 122¢ p- 30%
Schemat 9. Synteza acetoacetanilidow 122a-c

Zwigzek 125e zsyntetyzowano zgodnie ze Schematem 10. Stosujac krzyzowa
kondensacje aldolowa z ferrocenokarboksyaldehydu i acetonu w $rodowisku zasadowym,
otrzymano zwigzek 123.'2* Zwigzek ten poddano reakcji ze $wiezo przygotowang solg sodowsg
malonianu dietylu, otrzymujac odpowiedni S-ketoester 124.!2* Nastepnie przeprowadzono
hydrolize f-ketoestru za pomoca roztworu wodorotlenku sodu, uzyskujac f-ketokwas. Bez
wydzielania poddano go dekarboksylacji poprzez ogrzanie z nadmiarem kwasu solnego,

otrzymujac 5-ferrocenylocykloheksano-1,3-dion 125e z sumaryczng wydajnos$cia 29%.

(0] [0}
Na* o NaOH, H,O0, ogrzewanie
©\CHO W /\O 0/\ @é@ do wrzenia, 2 h o
4’ O >
NaOH, H,0, RT,5h Fe EtOH, RT—> ogrzewanie - 5M HCI, ogrzewanie  Fe
@ @ do wrzenia, 12 h © do wrzenia, 4 h @
109a 123 124 125e 29%

Schemat 10. Synteza 5-ferrocenylocykloheksano-1,3-dionu 125¢

Struktura 125e zostata potwierdzona za pomocg analizy NMR i spektrometrii mas (MS).
Zaobserwowano, ze w roztworze DMSO-ds zwiazek 125e istnieje wylacznie w formie
enolowej. W widmie 'H NMR widoczne sg dwa charakterystyczne sygnaty: jeden pochodzacy
od grupy OH przy 11,07 ppm oraz drugi pochodzacy od protonu winylowego H-2 przy 5,23
ppm (Rysunek 42). Widmo *C{'H} NMR wykazalo sygnaty wegla karbonylowego C-1 przy
197,1 ppm i wegla C-3 przy 176,9 ppm. Stwierdzono, ze w roztworze CDCl; zwigzek 125e
istnieje wylgcznie w formie diketonowej (Rysunek 43). W widmie BC{'H} NMR
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zarejestrowano sygnat grupy karbonylowej przy 203,9 ppm. Widma 'H NMR potwierdzity
obecno$¢ sygnatow pochodzacych od podstawnika ferrocenylowego oraz protonow
cykloheksanu, natomiast nie zaobserwowano sygnatéw enolu. Zmiany temperatury probki

mialy niewielki wptyw na widma NMR.
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Rysunek 43. Widmo 'H NMR zwigzku 125¢ w CD:Cl>
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Zwiazki typu 1 94, 129b-j i 130a-j zsyntetyzowano wykorzystujac reaktor mikrofalowy
w reakcji cykloheksano-1,3-dionéw 125a-e z odpowiednimi aldehydami 109a-¢, 126, 127 oraz
4'-chloroacetooacetanilidem 128a lub acetylooctanem etylu 128b w obecnosci octanu amonu
w 2,2,2-trifluoroetanolu w temperaturze 110°C w 10 minutowych cyklach, przy czym
catkowity czas reakcji roznit si¢ w zaleznos$ci od zwigzku (Schemat 11).

94  R'=Ph, R?=R3=Me 70%

o o0 129b R'=Fc, RZ=R*=Me 19%

M 129¢ R'=Re, R?=R*=Me 59%
HN 129d R'=0-FcCgH; R?=R3=Me 30%
129¢ R'=m-FcCgH; R%*=R3>=Me 55%
129f R'=p-FeCgH, R%=R3=Me 80%

cl
o R 0 /@/
129g R'=Fc, R?=H R’=Me 38%
€l 128a R2 N & , , °
| ] H 129h R'=Fc, R2=H R3=Ph 30%
R’ %1 129i R'=Ph, R?=H R’=Fc18%

9 129) R'=Fc, R2=R*=H 63%
CHO AcO'NH,*
2 R F,CH,OH 3
R CF;CH,0H, o o 130a R'=Ph, R*=R*=Me 47%
RS o 110°C, MW M I 1 203
] PN 6 RO 130b R'=Fc, R?=R*=Me 33%
125aR?>=R’*=Me 126 R1=Ph 128b 0 130c R'=Rc, R?=R>=Me 50%
125b R>=H R*=Me 1092 R‘ =Fc R? | ] 130d R'=0-FcCgH; R*=R3=Me 19%
125¢R?=HR*=Ph 127 R | =Rc R3 N 130e R'=m-FcCeH, R%=R3=Me 99%
125d R>=R’=H 109b R = 0-FcCgHy H 130f R'=p-FeCgH, R?=R3=Me 99%
125 R2= HR3*=Fc 109¢ R' = m-FcCH, 130g R'=Fc, R®=H R®=Me 19%
109d R' = p-FeCgH, 130h R'=Fc, R2=H R3=Ph26%

130i R'=Ph, R?=H R’=Fc 18%
130§ R'=Fc, RZ=R3=H 44%

Schemat 11. Synteza docelowych zwigzkow 94, 129b-j, 130a-j

Struktury zwiazkéw 129b-j 1 130a-j potwierdzono za pomocg analizy NMR.
W widmach 'H i ®C{'H} NMR amidu 129d obecno$¢ duzego podstawnika w pozycji C-4
spowodowata pojawienie si¢ dodatkowych sygnatow, ktore przypisano rotamerom (Rysunek
44). W przypadku analogu estrowego 130d obserwowano tylko jeden zestaw sygnalow

$wiadczacy o braku rotameréw (Rysunek 45).
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Rysunek 45. Widmo 'H NMR zwiqgzku 130d

W widmach 'H i BC{'H} NMR zwigzkow 129g-i i 130g-i zawierajacych po jednym
podstawniku w pozycji C-4 1 C-7 obserwowano sygnaly pochodzace od mieszaniny
diastereoizomeréw. Przyktadowo, dla gtéwnego diastereoizomeru zwiagzku 130g obserwowano
sygnat pochodzacy od protonu H-1 przy 9,10 ppm, natomiast dla drugiego diastereoizomeru
sygnat pochodzacy od protonu H-1 wystepuje przy 9,18 ppm. Obecnos¢ diastereoizomerow
potwierdzono dodatkowo za pomocg HPLC (Rysunek 47).
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Rysunek 47. Chromatogram HPLC zwigzku 130g

Stosujac te samg procedurg zsyntetyzowano zwiazki typu Il 131a-¢ z wydajnosciami
w zakresie 42-60% (Schemat 12) W przypadku tych zwigzkéw w widmach 'H i 3C{'H} NMR
nie zaobserwowano obecnos$ci sygnaldw pochodzacych od rotamerow lub diastereoizomerdw.
W widmach 'H NMR produktow obecne byly dodatkowe sygnaly w zakresie
charakterystycznym dla protondw aromatycznych oraz sygnaty pochodzace od podstawionego

i niepodstawionego liganda 7°-cyklopentadienylowego, co potwierdza strukture otrzymanych

zwigzkow.
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CHO

o Ac NH4
¥ © + CF,CH,OH,
o \@ 110°C, MW

125a 126 122a R = o- 131a R =0-C¢H; 48%
122b R = m- 131b R =m-C¢H, 60%
122¢ R = p- 131c R=p-C¢H, 42%

Schemat 12. Synteza docelowych zwigzkow 131a-c

Badania aktywnos$ci biologicznej zostaly wykonane we wspolpracy z dr. Blazejem
Rychlikiem i dr. Andrzejem Btauzem (Katedra Biofizyki Molekularnej Uniwersytetu
Lodzkiego). Rozpoczeto od badan przezywalnosci nowotworowych linii komoérkowych
w obecnos$ci zsyntezowanych zwigzkow przy stezeniu rownym warto$¢ ICso dla zwigzku
referencyjnego 94 (Rysunek 48). Badania te wykazaly, ze zastgpienie grupy 4-fenylowej
podstawnikiem ferrocenylowym prowadzi do zwiagzku 129b wykazujacego podobng aktywnos¢
jak 94. Wprowadzenie podstawnika rutenocenylowego zamiast ferrocenylowego prowadzi do
zwigzku nieaktywnego (przezywalno$¢ powyzej 91%). Stwierdzono jednak, iz wprowadzenie
podstawnika o-ferrocenylofenylowego zamiast grupy 4-fenylowej w 94 prowadzi do zwigzku
129f charakteryzujacego si¢ wyzszg cytotoksycznoscia niz zwigzek referencyjny. Stwierdzono,
ze modyfikacja zwigzku 129b w pozycji C-7 roéwniez prowadzi do zwigzkéw o wysokiej
aktywnos$ci. Ponadto, zastgpienie podstawnika amidowego grupa estrowa spowodowalo,
iz wigkszo$¢ z otrzymanych ferrocenylowych estrowych analogow CPUYL064 wykazywata
znaczng cytotoksycznos¢. Wprowadzenie grupy ferrocenylowej do podstawnika fenylowego
grupy amidowej nie prowadzito do zwigkszenia cytotoksycznosci. Uzyskane wyniki pozwolity
na wybranie czterech zwigzkow amidowych oraz szesciu zwigzkow estrowych do dalszych
badan. Dla wybranych zwiagzkéw wyznaczono wartosci ICso w stosunku do nowotworowych
linii komorkowych, co umozliwilo wybranie najaktywniejszych zwigzkow w tym jednego estru
130f oraz trzech amidow 129g,h,j wykazujacych najwyzszy wzrost aktywnosci (do 19 razy)
w porownaniu do 94. Badania aktywnosci zsyntezowanych zwigzkow w stosunku do komorek
nienowotworowych MRC-5 wykazaly, ze za wyjatkiem 129j wykazuja one wysoka

toksyczno$¢ w stosunku do linii nienowotworowych.

59



________

’
Zwigzek 1C50(uM) Zninzek 1C38(aM)
94 57,4 [43,6-754] — 94 1‘5.2 [12._7-18. 1 J
129¢ 4,49 [3.93-5.87) :igﬁ :2; [::ZZ;;]
129h 4,32[348-5,32) / A 2o p {;8 2‘-1 4 5}
. ~ 45.9 N ,03-1U,
129§ 3,87 [0.45-200] 130f 3,06 [2,40-3,95]
130f 5.73[3,72-9,31] 3,06 [2.40-3,
i ™
Zwigzek 1C50(uM) : Zwigzek IC50(uM)
94 26,8 [22,4-32,0] ! 94 39,7 [29.3-54,7)
129¢ 16,0 [11,3-22,5] 129g 11,7[9,26-15,0]
129h 19,8 [15,7-24,3] : % 129h 4,48 [3,30-6,08]
129§ 5,19 [2,57-12,0] 129§ 9,99 [4,59-23.4]
130f 1,57 [1,26-1,96] - 130f 2,13 [1,41-3,36]
_____________ Y N e i
Zwigzek 1C50(uM) Zwigzek 1C50(uM)
94 40,0[30.9-53.4] 94 33,9[28,6-41,4]
129¢ 7.63[4.49-13.4]  129¢ 7.80 [5,64-10,8]
129h 4,93 [3,40-7,12] 129h 4,74 [4,21-5,32]

129 246[0.67-12.6] 1295
130f 5,12[3,34-8,1] 130f

2.23[0.82-6.48]
1,78 [1,48-2,12]

Rysunek 48. Wartosci ICsg dla wybranych pochodnych 129g,h,j i 130f przedzialy ufnosci (95%)
przedstawiono w nawiasach kwadratowych, wspotczynniki opornosci podano stosunek wartosci ICsg

dla zwigzku dla linii opornej wzgledem wrazliwej. Zebrane wartosci sq sredniq z trzech niezaleznych

eksperymentow
IC,, (M)
Zwiazek
94 129g 129h 129j 130f
68,3 6,43 4,57 20,8 1,99
MRC-5
[43,4-166] | [5,52-7,46] | [3,76-5.100* | [18,2-23,6] | [1,66-2,40]

Tabela 3. Potencjat antyproliferacyjny wybranych pochodnych 1,4-dihydropirydyny w komorkach
MRC-5 (czas ekspozycji 72 h). Przedzialy ufnosci 95% (lub 90%, *) przedstawiono w nawiasach

kwadratowych. Zebrane wartosci sq sredniq z trzech niezaleznych eksperymentow

Stwierdzono, ze zwigzek 94 indukuje zalezng od st¢zenia i czasu blokade fazy Go/M
w komorkach HepG2, jednak w liniach komoérkowych A549 i SW620 obserwowano inne
efekty. W obu tych liniach proporcja komoérek w fazie G malata, a w fazie S wzrastata wraz
z czasem ekspozycji. Blokada w fazie G»/M byla stabo widoczna w komodrkach A549, ale
wyrazna w SW620. W przypadku innych zwigzkoéw roznice byty jeszcze bardziej zauwazalne.
W linii A549 odsetek komoérek w fazie Gi pozostawal wysoki (ponad 80%), a liczba komodrek
w fazach S 1 G/M malala, bez obserwacji blokady G2/M. Natomiast komorki SW620
reagowaly przewidywalnie: zwiazki 129g i1 129j indukowaty blokade G2/M zalezng od czasu,
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podczas gdy zwiazki 129h i 130f powodowaty wzrost liczby komoérek w fazie G i spadek
w fazie G2/M, co jest typowe dla zwiazkoéw blokujacych przejscie do fazy S. Uzyskane wyniki
sugeruja, ze badane zwiazki sg silnymi czynnikami antymitotycznymi, hamujacymi proliferacje
komorek przez zatrzymanie ich w réznych fazach cyklu komorkowego. W przeciwienstwie do
tradycyjnych $rodkdw przeciwmitotycznych, ktére blokuja komorki w fazie G2/M badane
zwigzki indukuja takze blokade Gi/S, wskazujac na odmienny mechanizm dziatania

w poréwnaniu do 94.

Zdolnos¢ do inhibicji aktywnosci KSP przez badane zwigzki oceniono za pomoca testu
hydrolizy adenozyno-5'-trifosforanu (ATP). Przy st¢zeniu 10 nM wszystkie badane zwiazki
byty w stanie zahamowac aktywnos$¢ KSP o okoto 45-55%. Przy st¢zeniu wynoszacym 100 nM
amid 129f oraz ester 130f wykazywaly podobng zdolno$¢ do hamowania aktywnosci KSP jak
94. Dalsze zwigkszanie stezenia zwigzkow do 1 uM doprowadzito do catkowitego

zahamowania aktywno$¢ KSP.

W dalszej kolejnosci przeprowadzono badania zdolnosci tych zwigzkéw do
generowania ROS przy stezeniach 1 pM 1 10 pM poprzez pomiar szybkosci utleniania

dihydrorodaminy 123 wewnatrz komoérek rakowych (Tabela 4).

Zwiazek ROS [% wartosci kontrolnej]
A549 SW620
1 uM 10 uM 1 uM 10 uM
94 89,6+2,6 101,4+3,9 138,9+4,8 169,7+5,8
129g 95,3£2,2 100,1+1,8 106,4+6,3 122,1£7,0
129h 96,6+0,6 106,743,1 137,3+0,6 161,1+6,4
129j 91,9+4,1 92,4+1,3 114,4+3,7 150,4£7,0
130f 91,1£1,4 106,3+1,3 116,6+4,6 176,5+9,4

Tabela 4. Generowanie reaktywnych form tlenu ROS w komorkach A549 i SW620 po 4h ekspozycji na
zwiqzki przy stezeniu 1 uM i 10 uM. Zebrane dane sq Sredniq z trzech niezaleznych eksperymentow

Badanie zdolnosci do generowania ROS przez badane zwigzki 129h, 129j i 130f przy 10 uM
wykazaly, ze zwigzki te indukowaty generowanie ROS w komoérkach SW620, podobnie jak
zwigzek 94. Zwiazek 129¢g byt mniej aktywny niz 94, ale nadal zwigkszat produkcje ROS
oponad 20% przy 10 uM. Zaden z badanych zwigzkéw nie zwiekszat produkcji ROS
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w komoérkach A549, co sugeruje specyficzng odpowiedz komoérkowa i moze wynikaé
z nadregulacji szlaku NRF-2 w tych komoérkach. Wyniki wskazuja, ze modyfikacje zwiazku 94

nie poprawity jego zdolnosci do generowania ROS w poréwnaniu do 94.

Podsumowujac, sposréd 22 zsyntezowanych zwigzkéw wstepnie wyselekcjonowano 10
o najwyzszej aktywnos$ci przeciwnowotworowej, z ktorych nastgpnie zidentyfikowano cztery
najbardziej aktywne. Stwierdzono, ze aktywno$¢ biologiczna silnie zalezy od struktury
chemicznej: estry wykazywaly wyzsza cytotoksyczno$¢ niz amidy. Amid 129j, bez
podstawnikéw w pozycji C-7, wykazal znaczaca aktywno$¢ jako inhibitor KSP jednakze nie
wyzsza niz zwigzek referencyjni 94. Inne cytotoksyczne amidy z grupami metylowymi lub
fenylowymi w pozycji C-7 wykazywaty mniejsza aktywno$¢ inhibitora KSP, ale zachowaty
wysoki potencjat antyproliferacyjny. Obecno$¢ podstawnikéw ferrocenylowych nie zwigkszyta
zdolnosci zwigzkéw do generowania reaktywnych form tlenu. Wszystkie zwigzki byty jednak
zdolne do indukowania blokady w fazie G1/S, co jest nietypowe dla tradycyjnych inhibitorow

KSP.
6.3 Ferrocenylowe analogi ispinesibu

W kolejnym etapie postanowiono zsyntezowa¢ metaloorganiczne analogi i koniugaty
ispinesibu, ktory przeszedl badania kliniczne fazy II jako silny inhibitor KSP. Zaplanowano

trzy typy modyfikacji ispinesibu i jego (S)-enancjomeru:

e Modyfikacja typu I polegata na usuni¢ciu grupy p-toluoilowej oraz 3-aminopropylowej
i zastgpieniu ich podstawnikami: benzylowym, o-, m- 1 p-ferrocenylobenzylowym,

ferrocenylometylowym oraz adamantylo-1-metylowym.

e Modyfikacja typu II polegata na zastgpieniu podstawnika 3-aminopropylowego tymi

samymi podstawnikami co w modyfikacji typu L.

e Modyfikacja typu III polegata na wprowadzeniu wymienionych podstawnikow do tancucha

3-aminopropylowego w ispinesibie.
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Schemat 13. Planowane modyfikacje ispinesibu

Prace rozpoczeto od zsyntetyzowania niezbednych substratéw. Enancjomerycznie
czysta aming (R)-139 i (5)-139 zsyntetyzowano wedtlug procedury opisanej w literaturze
(Schemat 14).!! Stwierdzono, ze synteza zwigzku 135 nie przebiegata catkowicie, w zwigzku
z czym zmodyfikowano procedure literaturowa. Wydluzenie czasu reakcji z 8 godzin do 17
godzin przy jednoczesnym podniesieniu temperatury ze 160°C do 190°C umozliwito
otrzymanie zwigzku 135 z wydajno$cia 85%. W dalszej kolejnosci zwigzek 135 przeksztatcono

w ispinesib (R)-83 i jego (S)-enancjomer (S)-83 zgodnie z procedury literaturowg.'!!

63



(‘) )(L)\ ‘O i i i
. |
OH Cl OH )kok 0
toluen 17h
cl NH, THF, 2h, temp. pok.  Cl NH 100°C, 5h al N/ glikol
etylenowy
O

132 133 134

NaOAc, BrZJ 45°C, 4h

O E
/©\)LN rozdziat chlralny Et()Ac/Me()H NaNj;, DMF
R.S)
cl N/)\/L NH4CI Zn “ascsh C, 5h
NH, 60°C,30 min. NZ /)\)\
(R)-139

(5)-139

BH(OAc);, DCE | N\ /[k Y
NaBH(OAc);, DC o~ E O/Bu

DCM, TFA, DCM
o) DIPEA /)%y\ / (R S)
je @
Aes) cl O
0
NH,

HN\/\/NT By
[¢]

(R)-140
(5)-140 (R)-141 (R)-83
(5)-141 (5)-83

Schemat 14. Synteza ispinesibu (R)-83 i jego enancjomeru (S)-83

Niezbedny 1-adamantanokarboksyaldehyd 143 zsyntetyzowano w reakcji utleniania 1-
adamantanometanolu 142 za pomoca chlorochromianu pirydyny (PCC) w dichlorometanie
z wydajnoscig 98% (Schemat 15). W widmie 'H NMR zwigzku 143 zaobserwowano singlet
pochodzacy od grupy formylowej przy & 9,29 ppm.

O
OH H
PCC
—_—
DCM
142 143 98%

Schemat 15. Synteza 1-adamantanokarboksyaldehydu 143
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0
o
Q ? 0 NaBH(OAc); 0 ? 2 ?
/@\):N@\ ) R/Z<H DCE, 120°C, 15 min/@\)LN DCM, DIPEA Q\)L /J\%Q/L
a N a N/)\g\ a N

NH, HN o Nw
TR R
(S5)-139 126 R = Ph R =Ph (5)-144a 51%, (R)-144a 59% R = Ph (S)-145a 20%, (R)-1452 27%
(R)-139 143 R =Ad R = Ad (5)-144b 72%, (R)-144b 75% R = Ad (8)-145b, (R)-145b- nie powstato
109a R = Fc R = Fc (5)-144c 82%, (R)-144c 88% R = Fc (5)-145¢ 47%, (R)-145¢ 53%
109b R = 0-FcCgHy R = 0-FcCgHy (S)-144d, 61%, (R)-144d 61% R = 0-FcC¢H, (S)-145d 65%, (R)-145d 61%
109¢ R = m-FcCgHy R = m-FcCgHy (S)-144e 61%, (R)-144e 55% R =m-FcCgH, (S)-145e 93%, (R)-145¢ 65%
109d R = p-FcCgH, R = p-FcCyH, (S)-144f 77%, (R)-144f 72% R = p-FcCeH, (S)-145F 65%, (R)-145f 74%

Schemat 16. Synteza ferrocenylowych analogow ispinesibu typu Ii Il

Zwiazki typu I otrzymano w reakcji aminowania redukcyjnego amin (R)-139 i (5)-139.
W pierwszym etapie przeprowadzono reakcje amin (S5)-139 i (R)-139 z odpowiednimi
aldehydami 72,73a-c, 92a, 108 w 1,2-dichloroetaniec w reaktorze mikrofalowym
w temperaturze 120°C przez 15 min w celu wygenerowania odpowiednich imin. Nast¢pnie
dodano triacetoksyborowodorek sodu i kontynuowano reakcje w reaktorze mikrofalowym
przez kolejne 15 min w temperaturze 120°C, otrzymujac analogi 142a-f z wydajnos$ciami
w zakresie 51-88%. Analiza HPLC z wykorzystaniem chiralnej kolumny analitycznej Lux
Cellulose-2 w uktadzie faz odwroconych wykazata, Ze otrzymano mieszaning enancjomeréw
142a-f. Swiadczy to o czesciowej racemizacji, ktéra mogta by¢ spowodowana tautomeria
iminowo-enaminowa. W zwiazku z powyzszym postanowiono przeprowadzi¢ reakcje
aminowania redukcyjnego amin (S5)-139 i (R)-139 w temperaturze pokojowej. Stwierdzono, ze
w tych warunkach reakcji, racemizacja zachodzi w niewielkim stopniu co potwierdzono analizg

HPLC z wykorzystaniem chiralnej kolumny analitycznej Lux Cellulose-2 (Rysunek 49).
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Rysunek 49. Analiza HPLC z wykorzystaniem chiralnej kolumny Lux Cellulose-2. Reakcja
prowadzona w warunkach MW, 120°C, 15 minut A (dla enancjomeru S) i B (dla enancjomeru
R); Reakcja prowadzona w temperaturze pokojowej przez 24h C (dla enancjomeru S) i D (dla

enancjomeru R)

W kolejnym etapie otrzymane (S)- i (R)-144a-f poddano reakcji N-acylowania
chlorkiem p-toluoilu w dichlorometanie w obecnosci DIPEA, uzyskujac analogi typu II (S)-
i (R)-145a-f z wydajnosciami w zakresie 20-99% (Schemat 16). W widmach '"H NMR (S)-
i (R)-145a-f obserwowano sygnaly w zakresie charakterystycznym dla protonow
aromatycznych przy 7,31-7,21 ppm pochodzacych od grupy p-toluoilowej, sygnat pochodzacy
od grupy metylowej grupy touloilowej przy 2,28 ppm oraz sygnaly pochodzace od
dodatkowych protondéw metylenowych H-4’ przy 4,74 ppm i 4,0 ppm, jednocze$nie nie
obserwowano singletu pochodzacego od NH (Rysunek 51). Dodatkowo w widmach 3C {'H}
NMR obserwowano dodatkowy sygnat pochodzacy od p-toluoilowego wegla karbonylowego.
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Rysunek 51. Widmo 'H NMR zwigzku (S)-145¢

Zwiazki typu Il zsyntetyzowano w dwodch etapach w reakcji aminowania redukcyjnego

enancjomerycznie czystego ispinesibu (R)-83 i jego (S)-enancjomeru (S5)-83. W pierwszym

etapie (R)-83 i (S)-83 ogrzewano z odpowiednimi aldehydami 126, 109a-d, 143 w 1,2-
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dichloroetanie w 120 °C przez 15 min w reaktorze mikrofalowym, a nastepnie po dodaniu
triacetoksyborowodorku sodu kontynuowano ogrzewanie przez kolejne 15 min, uzyskujac

zwigzki (S)- 1 (R)-146a-f z wydajnos$ciami w zakresie 23-74% (Schemat 17).

o} ; (0] %
(0]
N . )J\ NaBH(OAc); N
_J(R.S) 5 : NRS)
al N/S)\ R™ 'H DCE, MW, 120°C, 15 min al N ;
O N~ N R

0. N\/\/NH2

(5)-83 126 R =Ph R = Ph (5)-146a 59%, (R)-146a 59%

(R)-83 143R = Ad R = Ad (5)-146b 31%, (R)-146b 74%
109a R = Fo R = Fc (S)-146¢ 47%, (R)-146¢ 47%
109b R = 0-FcCyH, R = 0-FcCyH, (5)-146d 59%, (R)-146d 65%
109¢ R = m-FeCgH, R = m-FcCgH, (S)-146€ 52%, (R)-146e 59%
109d R = p-FeCgH, R = p-FeCyH, (5)-146f 23%, (R)-146f 33%

Schemat 17. Synteza ferrocenylowych analogow ispinesibu typu 111

W widmach 'H NMR zwigzkoéw (S)- i (R)-146a-f obecne byly sygnaly protondow
metylenéw pochodzace od dodatkowych grup typu benzylowego H-4’ przy 2,88-2,85 ppm.
Dodatkowo w widmach zwiazkéw ferrocenylowych obecne byly sygnaly pochodzace od
podstawionego i niepodstawionego liganda 7°-cyklopentadienylowego przy 4,02-3,88 ppm, co

potwierdzito powstanie oczekiwanych produktéow (Rysunek 52).

Cp’

Rysunek 52. Widmo 'H NMR zwigzku (S)-146¢
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Badania aktywnos$ci biologicznej zsyntezowanych zwigzkéw zostaty wykonane we
wspoOtpracy z dr. Btazejem Rychlikiem i dr. Andrzejem Blauzem (Katedra Biofizyki
Molekularnej  Uniwersytetu  Lodzkiego). Rozpoczeto od badan  przezywalnosci
nowotworowych linii komorkowych w obecno$ci zsyntezowanych zwigzkow przy stezeniu
réwnym warto$¢ ICso dla ispinesibu (R)-83 1 jego (S)-enancjomeru. Sposrod zwigzkéw typu |
jedynie zwiazek (R)-144e zawierajacy podstawnik m-ferrocenylobenzylowy wykazywat
znaczng aktywno$¢ w stosunku do linit HCT116, MCF7 1 SW620. Wprowadzenie podstawnika
p-toluilowego (zwiazki typu II) prowadzilo do zmniejszenia aktywnosci. W przypadku
zwigzkow typu Il przylaczenie podstawnikoéw do terminalnej grupy aminowej ispinesibu
prowadzilo do zwigkszenia cytotoksyczno$ci. Sposrdéd  (S)-enancjomerdw  wyzsza
cytotoksycznos$¢ niz zwiazku referencyjnego obserwowano jedynie w przypadku pochodnych

typu III zawierajacych grupg benzylowa, ferrocenylometylowa lub adamantylo-1-metylowa.

Na podstawie uzyskanych wynikéw wybrano 11 zwigzkow, dla ktorych wyznaczono
warto$ci ICso w stosunku do nowotworowych linii komérkowych Colo 205, HCT116, SW620
oraz linit MDR, SW620E wykazujacej nadekspresj¢ biatka ABCB1 (Rysunek 53). Wykazano,
ze wszystkie zwiazki (R)-146a-f wykazuja wyzsza cytotoksyczno$¢ niz ispinesib w stosunku
do linii wrazliwych, osiagajac wartosci ICso w zakresie 43-76 nM (Colo 205), 54-240 nM
(HCT116) 1 23-136 nM (SW620) w poréwnaniu do wartosci ICso wynoszacych odpowiednio
121, 848 1 185 nM dla ispinesibu.

=

A ————— ~, -

Zwigzek 1C50(nM) ‘: :' Zwigzek IC50(nM)
(R)-83 121 [106-137] ! ! (R)-83 185{146-235]
(R)-146a 47 [40-54] ' ' (Bl $LL[8R-139]
(R)-146b 76 [57-102) (R)-144b 136 [100-185]

, N N R)-144c 132 [109-159]
(R)-146¢ 43[37-51] ( >
(R)-146d 43 [38-48] ‘R)'IW 10375 :431
(R)-146e 84 [58-121] 5 ‘R)"‘f‘e j“[-’? ;4]
(R)-146f 49 [39-60] / \ (R)-144f 23[15-34]

! \
Zwigzek 1C50(nM) ' I Zwigzek 1C50(nM)
1 \ I !

(R)-83 848 [729-986) | \ ! | (R)-83 1,562 [1,412-1,728]
(R)-144a 135[116-157] ! \ / | (R)-144a  1597[1,273-2,007]
(R)-144b 240[163-356] | i (R)-144b 17,260 [15.080-19,860]
(R)-144c 73 [61-88)] ! | (R-l4de  1.472[1,260-1,720]
(R)-144d 54[39-75] ! . o | (R-144d  6.864[5,113-9,333]
(R)-144e 108 [77-156] 1 T ,:' (R)-144e 11200 [8,719-14,550]
(R)-144f 139 [86-234] R ! Nemmmmmme (R)-144f 2,170 [1,852-2,543]

Rysunek 53. Wartosci ICsg dla wybranych pochodnych (R)-144a-f, w liniach komorkowych ludzkiego
raka jelita grubego, przedzialy ufnosci (95%) przedstawiono w nawiasach kwadratowych. Zebrane

wartosci sq Sredniq z trzech niezaleznych eksperymentow

Badania wptywu zsyntezowanych zwigzkéw na cykl komorkowy w linii SW620, wykazaty, ze

pochodne ispinesibu typu III, prowadzity do znacznego zmniejszenia liczby komoérek w fazie
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Gi, przy jednoczesnym zwigkszeniu liczby komoérek w fazie G2/M w poréwnaniu do ispinesibu
(Tabela 5). Uzyskane wyniki koreluja z aktywno$cig cytotoksyczng, za$ najaktywniejsze

zwigzki indukowaty zatrzymanie cyklu w fazie Go/M.

Zwiazek SW620
G S G/M
1 2
Kontrola 24h 63,4+1,5 | 18,6£2,623 | 16,9+0.9
48h 61,2+0,8 18,1+1,4 18,2 +1,8
DMSO 24h 63,2+1,6 19,143,5 15,9 1,0
48h 63,3£1,2 17,242.,0 17,1£1,2
(R)-83 24h 43,642,5 19,840,5 34,1421
48h 27,842,0 32,8423 38,3+1,1
(R)-144a 24h 41,7+1,7 25,4+0,3 31,1£0,9
48h 32,542,7 28,3 +4,1 37,4+1,6
(R)-144b 24h 30,7+1,0 | 27,3+3,7 39,9+3,3
48h 16,7+1,4 258427 | 56,1+1,3
(R)-144c 24h 26,1 1,9 | 309+25 | 41,1+1,8
48h 16,7+1,8 | 252+32 | 556+24
(R)-144d 24h 425+22 | 269+3,7 | 29,5+1,0
48h 29,7¢1,7 | 312+18 | 38,6+1,7
(R)-144¢ 24h 33,1+0,9 | 24,0+1,8 | 412+16
48h 19,8 1,8 247+3,1 | 543+06
(R)-144f 24h 30,9+1,5 | 28,8+2,0 | 38,6+25
48h 19,342,8 26,2+3,1 | 52,9+20

Tabela 5. Rozklad cyklu komorkowego dla komorek SW620 w obecnosci zwigzkow typu Il przez 24h
i 48 h (enancjomery (R)- przy stezeniach rownych wartosciom ICys dla odpowiednich zwigzkow).

Zebrane wartosci sq sredniq z trzech niezaleznych eksperymentow

Wptyw badanych zwigzkow na zdolno$¢ do hamowania aktywnosci KSP zbadano przy stezeniu
zwigzkow 10 uM. Sposrod badanych zwiazkéw jedynie pochodne typu III wykazywaly
zdolnos¢ do hamowania aktywno$ci KSP, przy czym jedynie zwigzki zawierajace podstawnik
benzylowy, ferrocenylometylowy lub adamantylo-1-metylowy zachowywaty zdolno$¢ do
hamowania KSP podobnie jak ispinesib, podczas gdy zwigzki zawierajace podstawnik o-, m-

lub p-ferrocenylobenzylowy hamowatly aktywnos¢ KSP w niewielkim stopniu (zmniejszenie
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aktywno$ci do poziomu ok 80%). Dla najaktywniejszych inhibitorow KSP wyznaczono
wartosci ICso (Tabela 6). W poroéwnaniu do ispinesibu, otrzymane pochodne wykazywaty 2-4
krotnie mniejsza zdolno$¢ do hamowania aktywnoéci KSP. Zaden z badanych zwiazkéw nie

hamowat aktywnosci innych niz KSP biatek motorycznych w stezeniu 10 uM.

IC_ (uMD)
Zwiazek
(R)-83 (R)-144a (R)-144b (R)-144c¢
0,44 1,53 1,84 0,85
KSP
[0,33-0,60] [0,91-2,65] [1,22-2,95] [0,54-1,37]

Tabela 6. Wartosci ICsy dla najbardziej aktywnych inhibitorow KSP. Przedzialy ufnosci 95%
przedstawiono w nawiasach kwadratowych. Zebrane dane sq sredniq z trzech niezaleznych

eksperymentow

Nastepnie zbadano zdolno$ci do generowania ROS przez zsyntezowane zwiazki przy
stezeniu 1 puM. Wykazano, ze wprowadzenie podstawnika ferrocenylowego lub
adamantylowego, ale nie benzylowego, zwigksza zdolno$¢ do generowania ROS o 15-29%
w poréownaniu do ispinesibu. Uzyskane wyniki sugeruja, ze wprowadzenie podstawnika

ferrocenylowego moze indukowac stres oksydacyjny w komorce nowotworowe;.

We wspotpracy z. prof. Christianem Hartingerem (School of Chemical Sciences, The
University of Auckland, Nowa Zelandia) dokowanie molekularne zsyntezowanych zwigzkow
do kinezyny-5 wykazato ich wigzanie podobne do ispinesibu. Chociaz niektore zwigzki
osiggnety wysokie wyniki dokowania, ich zdolno$¢ do hamowania aktywno$ci KSP nie zawsze
korelowata z wynikami dokowania, co sugeruje wptyw innych mechanizméw, takich jak

indukcja stresu oksydacyjnego, na ich dzialanie przeciwnowotworowe.

Rysunek 54. Oddziatywania zwigzku (R)-146c¢ z kieszenig wigzqcqg KSP
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7. Podsumowanie

W ramach niniejszej pracy doktorskiej:

Ferrocenylowe analogi monastrolu: Zsyntezowano dwie serie zwigzkéw
ferrocenylowych bedacych analogéw monastrolu oraz jego tlenowego odpowiednika. Badania
aktywnosci biologicznej potwierdzily, Zze przeprowadzone modyfikacje chemiczne prowadza
do zwigzkdéw o zwigkszonej aktywno$ci przeciwnowotworowej. Analizowane zwigzki
zachowatly zdolno§¢ hamowania aktywno$ci KSP, przy czym najaktywniejsze z nich to
pochodne 111a, 112b i 115¢. Wykazano, ze ich zwigkszona cytotoksyczno$¢ moze wynikacd
z generowania reaktywnych form tlenu, co sugeruje potencjalny dodatkowy mechanizm

dziatania przeciwnowotworowego.

Ferrocenylowe analogi CPUYL064: Zsyntezowano dwie serie, amidowg oraz estrowa,
ferrocenylowych analogow CPUYL064. Wykazano, ze wprowadzenie podstawnika
ferrocenylowego zwigksza aktywnos$¢ przeciwnowotworowa w pordwnaniu do CPUYL064.
Pochodne estrowe wykazaly si¢ wyzsza cytotoksycznoscia niz odpowiednie amidy. Jeden
z analogow amidowych wykazywal wysoka aktywnos¢ jako inhibitor KSP, podczas gdy inne
cytotoksyczne amidy cechowaly si¢ mniejsza zdolno$¢ do hamowania tej aktywnosci.
Obecno$¢ podstawnikow ferrocenylowych nie zwiekszata zdolnosci zwiazkéw do generowania
ROS, jednakze badane zwiazki byly zdolne do indukowania blokady w fazie G1/S cyklu
komorkowego. Z wyjatkiem jednego zwigzku 129j, wprowadzone modyfikacje zwigkszaty

cytotoksycznos¢ koniugatoéw wzgledem nienowotworowych linii komérkowych MRC-5.

Ferrocenylowe analogi ispinesibu: Zsyntetyzowano seri¢ metaloorganicznych
(ferrocenylowych) i organicznych analogdéw oraz koniugatéw ispinesibu. Przeprowadzone
modyfikacje skutkuja zwigkszong cytotoksyczno$cia w pordéwnaniu do ispinesibu.
Wprowadzone modyfikacje zmniejszaty zdolno$¢ do hamowania aktywnosci kinazy KSP, ale
zwigkszaty zdolno$¢ do generowania ROS w komorkach, co sugeruje potencjalny dodatkowy

mechanizm dziatania przeciwnowotworowego.
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The incorporation of the ferrocenyl moiety into a bioactive molecule may significantly alter the activity of
the resulting conjugate. By applying this strategy, we designed ferrocenyl analogs of monastrol — the first
low molecular weight kinesin spindle protein (KSP) inhibitor. The obtained compounds showed low
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micromolar antiproliferative activity towards a panel of sensitive and ABC-overexpressing cancer cells.
Most cytotoxic compounds exhibited also higher KSP modulatory activity and ability for ROS generation
compared to monastrol. The increased bioactivity of the studied compounds can be attributed to the
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Introduction

Microtubule-targeting drugs, taxanes (e.g. paclitaxel, docetaxel,
cabazitaxel) and Vinca alkaloids (e.g. vincristine, vinblastine,
vinflunine, vindesine), are widely used in anticancer
therapy."”? As microtubules maintain the cell structure and
play a crucial role in numerous cellular processes such as cell
motility, intracellular transport and cell division®” in all
nucleated cells, the use of tubulin-binding drugs results in
high systemic toxicity and serious adverse effects.®® Thus, a
search for novel inhibitors that affect molecular targets
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presence of the ferrocenyl group.

involved in cell division and overexpressed in cancer cells is
still highly relevant.’

Kinesins, especially kinesin spindle protein (KSP; also
known as Eg5 or kinesin-5), are among the most promising
targets for novel anticancer agents. There are over 40 human
kinesins classified into 14 families, which are important for
cell division and intracellular transport.'® Although hundreds
of proteins are associated with mitotic spindle formation,"*
KSP plays an essential role in establishing the bipolar
spindle."* ™ Additionally, this protein is overexpressed only in
neoplastic cells, thus KSP inhibitors arrest only dividing cells*®
and are not expected to affect non-proliferating normal cells.
Furthermore, it has been reported that overexpression of KSP
is correlated with poor clinical outcome in several cancer
types.'”2° This makes KSP a good molecular target for anti-
cancer therapy.>'

The first low molecular weight KSP inhibitor, monastrol 1,
was discovered by Mayer et al. in 1999.%° Despite only moderate
anticancer activity of 1, considerable effort was taken to
modify its structure and to design monastrol-derived
lead structures as potent KSP inhibitors such as enastron,*® di-
methylenastron,®” fluorastrol,”® Mon-97,>° or CPUYL064.>°
In addition, other natural and synthetic KSP inhibitors
were discovered which are structurally different from
monastrol.>"*?

Widespread use of platinum-based anticancer drugs, e.g
cisplatin and its analogs,*? led to the growing interest for
other metal-based compounds as prospective antineoplastic
agents. The conjugation of a metal-containing structural

Dalton Trans., 2022, 51, 491-508 | 491
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motif, such as a ferrocene moiety, to bioactive molecules often
results in increased bioactivity or even altered mode of action
in comparison to the organic parent compound.® In the last
three decades, ferrocene derivatives®® were extensively investi-
gated as anticancer,’’”® antimicrobial,>***** antiparasitic,**
including antimalarial, drug candidates.”*™*® Interestingly,
organometallic derivatives of KSP inhibitors have only been
studied to a minor extent, while much research was focused
on half-sandwich complexes. For example, Al-Masoudi and co-
workers reported ruthenium complexes of the dihydropyrimi-
dine (DHP) monastrol, however, the obtained compounds pos-
sessed lower activity than monastrol.*”*® Recently, we reported
ruthenium, osmium, iridium and rhodium half-sandwich
complexes as KSP inhibitors bearing the 2-(1-aminoalkyl)qui-
nazolin-4(3H)-one moiety as a bidentate ligand.*® Although
simple ferrocenyl DHP derivatives have been synthesized,’*>*
the biological activity of such compounds has not been investi-
gated in detail, and the impact of the ferrocenyl moiety on KSP
activity is unknown.

Continuing our research in organometallic inhibitors of
mitosis,”* > we have prepared ferrocenyl derivatives of monas-
trol (X = S) and oxo-monastrol (X = O) (Fig. 1) and evaluated
the influence of the organometallic moiety on the bioactivity
of the ferrocenyl derivatives.

Results and discussion
Synthesis

The target compounds of type I and II were prepared in
Biginelli reactions. The reaction of ferrocenecarboxaldehyde 2a
with ethyl acetoacetate, thiourea and catalytical amounts of
HCI at reflux afforded 3a in 53% yield. Unfortunately, the
same procedure led to an inseparable mixture of several pro-
ducts when using aldehydes 2b-2d. However, we found that
the reaction of ferrocenecarboxaldehyde, o-, m-, or p-ferrocenyl-
benzaldehydes 2a-d with ethyl acetoacetate and thiourea or
urea at RT in anhydrous ethanol in the presence of SbCl;,***!
afforded the desired type I compounds 3b-d and 4a-d in
23-80% yield (Scheme 1).

To prepare compounds of type II, the corresponding
B-ketoesters 5a-d were required. The Friedel-Crafts acylation

Compounds type |

Monastrol 1
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&> Roro CH3COCH,COOEt R o
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Fe (NH,),CX ) HN OEt
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24 0r72h X H
2aR=none 3a(X=S)4a (X=0)
2b R = 0-CgH, 3b (X =S)4b (X=0)
2¢ R=m-CgHy 3¢ (X=S)4c (X=0)
2d R = p-CgH, 3d (X=S)4d (X=0)

Scheme 1 Synthesis of the type | ferrocenyl monastrol analogs 3a—4d.

of ferrocene with mono-ethyl malonate and trifluoroacetic
anhydride in the presence of trifluoromethanesulfonic acid
gave 5a in almost quantitative yield (Scheme 2).°> Compounds
5b-d were prepared in the reaction of 2b-d with ethyl diazoa-
cetate in the presence of catalytic amounts of NbCls in 11-65%
yield by adopting a reported procedure (Scheme 2).%?

The reaction of 5a-d with 3-hydroxybenzaldehyde and
thiourea or urea under optimized conditions (SbCl; catalyst,
24 h at RT) led to a mixture of undesired and various un-
identified products together with small amounts of desired
products. When urea was used instead of thiourea, we were
able to isolate undesired 2-acyl-3-ureidopropanoates 8a-d in
10-34% yields which precipitated from the reaction mixture
(Scheme 3, condition C). Therefore, to optimize the reaction
conditions, we monitored the progress of the reactions of 5a
with urea or thiourea and 3-hydroxybenzaldehyde in the pres-
ence of SbCl; by HPLC-MS. When urea was used, the HPLC-MS
analysis of the crude reaction mixture confirmed that 8a was
the major product (43.8%), while the desired 7a was only
formed in 9.4% yield. Besides, a small amount, 13.1%, of
unreacted 5a remained in the reaction mixture after 24 h. Use
of thiourea instead of urea resulted in the formation of the
ureido derivative 9a in 29.0%, while 6a was only formed at
5.5% yield with 34.9% of unreacted 5a remaining after 24 h at
RT. Performing the reaction at 40 °C led to the formation of 6a
or 7a in 29.5 and 25.5% yield, respectively, while the amounts
of ureido derivatives decreased to 25.2 and 34.2%, respectively.
Further extension of the reaction time up to 72 h increased the

Fe OH OH
2
R o o} o)
HNJ\/[N\OEt (— HN OFt sy HN OEt
| | |
A H S)\N CHa X)\N e
H H Fe

S

Compounds type Il

X =8 or O; R = none, 0-CgHy m-CgHy p-CgHy

Fig. 1 Structures of monastrol 1 and its ferrocenyl analogs type | and Il studied herein.
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Scheme 2 Synthesis of ethyl ferrocenoyl 5a and o-, m-, and p-ferrocenylbenzoylacetate 5b—d.
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5b R = 0-CgH, 6b (X=S) 7b (X =0)- not formed"B:C 8bBC (X = 0)
5¢ R=m-CgHy 6ch (X=85) 7¢B(X=0) 8¢BC (X = 0)
5d R = p-CgH, 6d* (X =8) 7d® (X =0) 8d2C (X = 0)

Scheme 3 Synthesis of the type Il ferrocenyl monastrol analogs. Conditions: (A) SbCls (1 eq.), 40 °C, 72 h; (B) CFsCH,OH, Yb(OTf)s (10% mol), MW,

110 °C, 30 min; (C) SbCls (1 eq.), RT, 72 h.

yield of the desired products. In comparison, a similar study
performed for the reaction of 2a with urea or thiourea and
ethyl acetoacetate confirmed that the desired products 4a and
3a were formed as the major products in yields of 73.8 and

57.7%, respectively within 24 h, together with ethyl
2-ferrocenylmethylideneacetoacetate 13 (12.3-17.3%) and trace
amounts of ureido derivatives 12a and 11a (1.7 and 2.4%)
(Scheme 4).

o 9
@MOE e NH,),CX )XJ\ [ °F
Fe t + \© i, HN OEt + HaN H OEt + HO.
) i EtOH, SbCls XN NS
Fe Fe
5a 6a (X = S)- 5.5% (29.5%)  9a (X = S) - 29% (25.2%) 10 - not detected
7a(X=0)-9.4% (255%)  8a(X=0)-43.8% (34.2%) 10 - not detected
< V=) o o
e
F
CHO > =
= g 9 (NHp),CX X 0
2)2
Fe + )J\/U\ ———— HN OEt + N +
OEt | HoN" N OEt Fe
EtOH, SbCls Py N
P . <
H
2a 3a(X=S)-57.7% 11a (X = S) - 2.4% 13-12.3%
4a (X = 0)- 73.8% 12a (X = 0)-1.7 % 13-17.3%

Scheme 4 Biginelli reactions of 5a with 3-hydroxybenzaldehyde and of 2a with ethyl acetoacetate, and urea or thiourea catalyzed by SbCls for
24 h. Yields of the products formed at RT (or 40 °C) in the crude reaction mixture were determined by HPLC-MS analysis.
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Based on the obtained results, we decided to perform the
reactions of 5a-d with 3-hydroxybenzaldehyde, thiourea or
urea and SbCl; at 40 °C for 72 h, which allowed the isolation
of 6a, 6¢, 6d and 7a in yields of 10-54% (Scheme 3, condition
A). Any further effort to prepare 6b or 7b-d under the same
conditions failed. Further studies revealed that 7c and 7d were
formed in 6.2 and 1.4% yield when the reactions were carried
out in a microwave reactor in the presence of 10 mol% of Yb
(OTf); in 2,2,2-trifluoroethanol at 110 °C for 30 min. We also
observed the formation of trace amounts of ureido derivatives
8c and 8d (1.4-2.5%). Interestingly, under microwave con-
dition, 6a was formed in only 1.6% yield, while ortho-substi-
tuted 6b or 7b were not found (Scheme 3, condition B).

The structures and purities of all compounds were con-
firmed by the NMR spectroscopy and HPLC-ESI-MS analysis
(EST{). In the "H NMR spectra in DMSO-d, of 3a-d and 6b-d,
we observed two signals assigned to the NH-1 and NH-3
protons at ca. 10.5 and 9.7 ppm, respectively, while in the oxo-
analogs 4a-d these protons were observed at ca. 9.1 and
7.5 ppm. However, in the case of 6a, the order of the NH-1 and
NH-3 proton peaks was inversed, and the corresponding
signals were present at ca. 8.7 and 9.9 ppm. In comparison to
monastrol derivatives, the 2-acyl-3-(ureido)propanoates 8a-d
presented much more complicated spectra as they can exist in
both keto and enol forms, as confirmed by NMR spectroscopy.
In the "H NMR spectra of 8a-d in DMSO-d,, the signals of the
NH, group were observed at ca. 5.6 ppm while the NH protons
resonated at ca. 6.6 ppm as broad singlets or doublets. In the
BC{'H} NMR spectra of 8a-d, a set of three carbonyl atom
signals was present at ca. 195, 168 and 158 ppm, which were
assigned to keto CO, ester and 158 ppm urea moieties, corre-
spondingly. The HPLC-ESI-MS analysis of the monastrol
derivatives shown the major peaks (with area in a range of
84.1-95.8%) preceded by minor peaks (with area in a range of

View Article Online
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3.1-10%) both assigned to cation [M]" formed by oxidation of
studied compound, and only in a case of 6a we observed mole-
cular ion assigned to [M + H]" (ESI Fig. S39-S567). The pres-
ence of the major peak together with trace amounts of minor
peak observed in the HPLC-ESI-MS spectra of studied com-
pounds can be assigned to the keto-enol forms.

Single crystal X-ray diffraction analysis

The molecular structures of the organometallic analogs of
monastrol, ie., 3a and 6a, were determined by single-crystal
X-ray diffraction analysis (Fig. 2, 3 and ESI Fig. S1,T Tables 1, 2
and 7). Similarly, to 1, both 3a and 6a crystallized in the
centrosymmetric space groups C2/c (3a) and P21/c (6a) as
racemic mixtures. In both instances, a single molecule of the
compound was found in the asymmetric unit. Compound 6a
co-crystallized with one molecule of CH,Cl, which was found
to be severely disordered.

The molecular geometry of the heterocyclic rings in the
monastrol derivatives 3a and 6a is almost identical to that of 1
(Table 7), demonstrating that ferrocene substitution at either
C2 or C4 does not alter the geometry of the pharmacophore.®*
The planar fragments of the aromatic substituents at C2 are
oriented perpendicularly to the average plane formed from C1,
N1, C3, C4 and N2 in the case of both the m-hydroxyphenyl
(3a) and ferrocenyl (6a) substituents. The -C(O)O- fragment
does not deviate from planarity with the central ring by more
than +30°, which is again very similar to the case of 1. The
ferrocene moieties in both 3a and 6a adopt the common
eclipsed conformation (Table 1).

Despite the introduction of the ferrocenyl substituent, the
H-bonds formed in the molecular structure of 3a are essen-
tially the same as the ones observed for 1 (Table 2), with both
N1-H and N2-H acting as H-bond donors and molecules of 3a
forming dimers connected by a pair of N-H---S bonds. On the

Fig. 2 ORTEP representations of (A) 3a and (B) 6a. Labels of H atoms not involved in H-bonding were omitted for clarity. Atomic displacement para-

meters are presented at 50% probability level.
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Fig. 3 H-Bond motifs in the structures of 3a (left) and 6a (right) highlighted in orange. The ferrocene moieties are represented as light-grey sticks

for clarity.

Table 1 Selected geometrical parameters for the molecular structures of 3a and 6a compared with the analogous parameters of 1 in A and °. The
original crystal structure data of monastrol 1 can be obtained from the CCDC database (CCDC code QICTIF)

3a 1" (QICTIF) 6a
Bond lengths/A
C1=S1 1.687(2) 1.694(2) 1.689(3)
C1-N1 1.330(2) 1.325(3) 1.327(4)
C1-N2 1.367(2) 1.359(3) 1.370(4)
C2-N1 1.480(2) 1.473(3) 1.465(4)
C2-C3 1.515(2) 1.518(4) 1.523(5)
C2-Cupstituent@ca 1.513(2) 1.514(4) 1.535(6)
C4-C3 1.353(2) 1.349(3) 1.354(4)
C4-N2 1.396(2) 1.400(3) 1.402(4)
C4~Caubstituent@ca 1.497(2) 1.493(4) 1.470(5)
Bond angles/°
Heterocyclic average plane vs. phenyl plane @ C2 81.9(9) 85.4(5) 89.4(6)
C4-C3-C15-01 —-29.7(2) ~10.9(4) —149.3(6)
Heterocyclic average plane vs. Fc plane n/a n/a 28.6(6)
Cpl-Fe-Cp2 177(2) n/a 178.7(9)
Deviation from eclipsed 1.0(9) n/a —4.2(6)

Table 2 Geometry of intermolecular H-bonds present in the molecular structures of 3a and 6a compared with analogous parameters of monastrol

1%*inAor°

D---A D-H H--A <DHA Symmetry code for the A atom
1
N1-H1---S1 3.354(3) 0.86 2.521 163.5 -x,3-y,1-z
N2-H2---02 2.971(3) 0.86 2.13 165.7 1+x,2
3a
N1-H1---S1 3.297(1) 0.87(2) 2.44(2) 170(2) —x,1-y, -z
N2-H2.--02 2.992(2) 0.84(2) 2.16(2) 173(2) x,-1+y,2
6a
N1-H1.--02 2.789(3) 0.87(3) 1.95(3) 161(4) 1-x,1/2+y,1/2 -z
N2-H2.--03 3.329(4) 0.87(3) 2.56(3) 147(3) X 1.5 -y, -1/2+z
03-H3---51 3.204(3) 0.81(3) 2.42(3) 165(4) X 1.5-y,1/2+z

This journal is © The Royal Society of Chemistry 2022
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other hand, substitution of the methyl group with ferrocene at
C4 in 6a resulted in a different pattern of H-bonds, where N2-
H acted as an H-bond donor for 02, and a new ring pattern of
N-H:--O and O-H:--S H-bonds formed involving the hydroxyl
group of the m-hydroxy-phenyl moiety (Fig. 3 and Table 2).

The difference in the H-bond networks are further reflected
in the crystal packing. In the case of 3a, the H-bonds N-H---S
build chains of molecules stretching in [010] direction and
layers of ferrocene moieties bound by numerous C-H---n inter-
actions. In 6a, the H-bonding network is multidirectional, and
ferrocene moieties are oriented almost parallel along [010] and
contribute to the formation of well-separated double layers of
6a molecules in the [100] plane (ESI Fig. S17).

Antiproliferative activity

The antiproliferative activity of the synthesized compounds
was studied in a set of human cancer cell lines, namely A549
(alveolar basal epithelial cell adenocarcinoma), Colo 205 (col-
orectal adenocarcinoma), HCT 116 (colorectal carcinoma), Hep
G2 (hepatocellular carcinoma), MCF7 (breast adeno-
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carcinoma), and SW620 (colorectal adenocarcinoma), as well
as in a panel of five multidrugresistant (MDR) cell lines
derived from SW620 and characterized by overexpression of
various ABC proteins, namely ABCG2 (SW620C), ABCC1
(SW620M and SW620E) and ABCB1 (SW620D, SW620E, and
SW620V).% As the potential target of our compounds is crucial
for cell division, dividing cells would be affected by these anti-
cancer agents and therefore we did not investigate the cyto-
toxicity of the compounds towards non-cancerous cell lines.
Initially, we evaluated the impact of 3a-4d, 6a, 6c, 6d, 7a, 7c,
7d and 8a-d on the cell viability at the IC5, of 1 of the respect-
ive cell line (Fig. 4).

Such screening allowed us to choose 10 of the most active
compounds and study them further in a more detailed way. In
the next step, we determined the ICs, values for selected com-
pounds in the same set of cancer cell lines (Table 3). Analysis
of the antiproliferative potential of the synthesized compounds
in the A549, Colo 205, Hep G2, HCT 116, SW620 and MCF7
cell lines revealed that ferrocenyl analogs of monastrol 3 and 6
and of its oxo-analogs 4 and 7 were more active than 1.

% of activity relative to 1
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Fig. 4 Antiproliferative activity of the synthesized compounds in comparison to 1. All compounds were administered at concentrations equal to the
ICs0 values of 1 in the respective cell lines (51.0 pM (A549), 112 uM (Colo 205), 78.1 uM (Hep G2), 41.9 pM (HCT 116), 29.4 pM (MCF7), and 84.7 pM
(SW620)). The results are presented as relative viability compared to non-treated controls (mean value + SD from three independent experiments).
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Table 3 Cytotoxicity of the ferrocenyl analogs of monastrol (3a—d, 6a, 6¢c and 6d) and of oxo-monastrol (4b, 4d and 7a) in cancer cell lines. ICsq
values are presented with the respective 95% confidence intervals given in brackets. Data presented are derived from three independent

experiments

Compound A549 Colo 205 Hep G2 HCT 116 MCF7 SW620

1 51.0 [42.0-63.4] >100 78.1[52.8-182.3] 41.9 [33.7-53.6] 29.4 [20.5-44.9 84.7 [64.4-120]
3a 75.8 [44.1-218.2] 37.3[28.9-47.4 6.20 [3.94-9.88] 80.8 [64.0-107.8] 26.1[21.8-31.0 50.6 {44.0-58.8
3b 11.4 [8.16-16.0] 24.9 [17.5-37.2 5.38 [4.22-6.84] 17.7 [15.1-20.9] 5.38 [4.35-6.61 21.3 [16.2-28.7
3c 16.5[12.1-23.1] 34.5[26.3-46.9 31.5[24.6-41.8] 32.5[24.7-44.0] 6.57 [5.62-7.72 41.536.5-47.4
3d 6.71 [5.45-8.29] 14.6 [11.5-19.0 10.2 [9.14-11.5] 23.3 [17.2-32.8] 1.13 [0.81-1.57 65.150.4-87.2
4b 6.40 [5.15-7.94] 6.53 [5.29-8.05 5.95[4.73-7.47] 6.95 [5.73-8.43] 6.41 [5.16-7.96 8.97 [7.09-11.3
ad >100 72.3 [52.6-187] 52.9 [42.9-67.2] 50.5 [39.2-67.7] 14.8 [11.1-20.0 54.1 [45.1-66.1
6a 37.1[25.9-56.7] 34.6[20.3-39.9 12.8[9.23-17.6] 51.6 [46.1-57.9] 11.2[9.04-13.9 38.7 [31.1-18.9
6c 3.58 [2.91-4.40] 3.64 [2.88-4.59 2.39 [2.10-2.73] 3.54 [3.09-4.06] 4.02[3.34-4.83 7.19 [4.59-11.1
6d 14.5[13.2-15.9] 14.9[11.0-18.8 11.5[8.23-15.10] 6.68 [5.69-7.84] NA 14.2 |12.1-16.6
7a 24.8 21.9 21.3 23.3 21.7 [18.7-25.5] 25.9 (20.4-34.3

“The 95% confidence intervals were too wide to be precisely calculated by the software.

Notably, their activity strongly depended on the ferrocenyl sub-
stituents and the type of heteroatom at C-2. For example, a
simple replacement of the 3-hydroxyphenyl moiety in 1 with a
ferrocenyl group (3a) resulted only in slightly increased anti-
proliferative potency towards Colo 205, HepG2 and SW620
cells. The biological activity of type I analogs could be further
increased by substituting the 3-hydroxyphenyl group in 1 with
a ferrocenylphenyl moiety, with the most active representative
being the ferrocenylphenyl compounds 3b and 3d. Exchanging
the sulfur atom for oxygen usually diminished the biological
potency of the type I compounds (3a-d vs. 4a-d; Fig. 4 and
Table 3) with one significant exception being 4b bearing a
2-ferrocenylphenyl moiety instead of the 3-hydroxyphenyl
group. Also, replacing the 6-methyl group in 1 with ferrocenyl
or ferrocenylphenyl moieties in compounds 6a, 6c¢, 6d and 7a
(Table 3) significantly affected the biological activity of type II
compounds. The thiones exhibited substantially higher activity
than 1, while only one oxo-analog 7a exerted moderate activity.
It should be noted that the 6¢, bearing a 3-ferrocenylphenyl
moiety instead of the 6-methyl group, exhibited the highest
antiproliferative potency towards all studied cell lines with
ICs, values in the low micromolar range. Overall, MCF7 and
Hep G2 cells were more sensitive to the investigated com-

pounds while the colorectal and lung cancer cell lines were
usually slightly more resistant.

Activity of the multidrug resistance pumps can be an
obstacle in delivering a drug into the target cell. Therefore, we
studied the biological potency of the compounds in cells over-
expressing various ABC transporters responsible for MDR. The
synthesized compounds were more active than 1 with the
exception of 3a and 4d in SW620M and SW620V cells
(Table 4). However, no clear effect of MDR pump over-
expression on cell sensitivity was observed, neither in case of 1
nor its analogs. The overall pattern of activity in MDR cells was
identical to that observed in non-MDR cell lines. Based on
these results, we have selected compounds 3a, 4b and 6c¢ for
more detailed studies on their biological activity.

KSP inhibition

Kinesins utilize ATP to slide along microtubules and therefore
their activity can be assessed by measuring the ATP hydrolysis
rate. Since 1 is known to be a specific inhibitor of KSP activity,
we tested compounds 3a, 4b and 6¢ in comparison to 1 for their
inhibitory activity on KSP at a concentration of 10 pM. Kinesin
inhibition was determined with the Kinesin ATPase Endpoint
Biochem kit. The residual KSP ATPase activity was two times

Table 4 Cytotoxicity of the ferrocenyl analogs of monastrol (3a—d, 6a, 6¢c and 6d) and of oxo-monastrol (4b, 4d and 7a) in MDR cancer cell lines.
ICso values are presented with the respective 95% confidence intervals given in brackets. Data presented are derived from three independent

experiments

Compound SW620 SW620C SW620D SW620E SW620M SW620V

1 84.7 [64.4-120] 85.8 [79.9-134.1] >100 86.8 [61.2-139] 33.5[29.8-37.8 45.9 [34.9-62.9]
3a 50.6 [44.0-58.8 37.2[30.0-46.8 20.9 [13.7-31.6] 28.0 [23.1-33.7 45.0 [36.6-56.0 63.7 [41.5-113]
3b 21.3[16.2-28.7 24.0 [18.2-32.7] 11.1 [8.53-14.42] 17.1 [11.4-26.1 19.1 [13.6-27.7 38.9[22.8-81.0
3¢ 41.5 [36.5-47.4 68.3 [55.5-87.0] 35.3[30.3-41.7] 26.5 [22.2-32.0 32.4[26.1-40.9 21.1[17.3-26.1
3d 65.1[50.4-87.2 34.1[25.7-46.8] 17.8 [15.1-21.0] 20.4 [15.6-27.3 12.4[10.4-14.9 10.2 [8.28-12.7
b 8.97 [7.09-11.3 10.9 [9.07-13.3 13.0 [10.94-15.5] 12.0 [9.75-14.8 8.72[6.59-11.6 17.4[15.0-20.3
ad 54.1[45.1-66.1 46.9 [34.3-68.0] 56.2 [39.3-86.6] 52.9 [41.0-71.0 48.4 [40.0-59.8 65.2 [50.2-88.9
6a 38.7[31.1-18.9 29.3 [23.2-36.6] 22.9[17.7-29.2] 19.3 [14.4-25.4 18.9[11.7-31.3 12.7 [9.95-16.1
6¢ 7.19 [4.59-11.1 3.19[2.37-4.26 5.02 [3.69-6.81] 4.68[3.41-6.41 9.42 [7.59-11.7 4.99 [4.18-5.96
6d 14.2 [12.1-16.6 8.40 [7.01-10.1] 16.6 [12.2-22.5] 23.0 [18.6-27.9 14.3[10.2-19.9 15.5[1.98-19.9
7a 25.9 [20.4-34.3 19.7 [16.9-23.0] 32.2 [26.5-39.6] 25.4° 25.5[21.1-31.4 27.3 [23.7-32.0

“The 95% confidence intervals were too wide to be precisely calculated by the software.
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Fig. 5 Relative ATPase activity in presence of 10 uM of 1, 3a, 4b and 6c. Solvent control activity was referred to as 100%. Data are presented as
mean + SEM, n = 3 or 4 (in case of KSP). Data analyzed by one-way ANOVA and post hoc Tukey's test. *** P < 0.001, **** P < 0.0001.

lower in case of ferrocenyl analogs (3a — 7.2%, 4b - 8.8% and 6¢
- 9.8%) than in case of 1 (18.7%) (Fig. 5). To assess whether
such effects were selective towards KSP, we used also other
motor proteins, kinesin 4 family motor (KIF4A), kinesin-like
protein KIF23 and mitotic centromere-associated kinesin
(MCAK) but none of the compounds inhibited these proteins. It
must be stressed here that the nucleotide binding sequence of
all four proteins is highly conserved as revealed by the UniProt
alignment tool. It is therefore unlikely that the compounds
interact with the ATP-binding domain of KSP in which case they
would inhibit all the other proteins too. Thus, it must be
implied that the investigated modifications of the core structure
do not alter the specificity of the monastrol analogs.

ROS generation

The antiproliferative activity of ferrocenyl compounds is
believed to be associated with their increased ability to gene-
rate reactive oxygen species (ROS) in target cells.>® To verify the
hypothesis that introducing a ferrocenyl moiety to 1 impacts
the mechanism of action, we investigated the ability of 3a, 4b
and 6c¢ to induce intracellular ROS formation (Fig. 6). The rate
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Fig. 6 ROS induction by 3a, 4b and 6c in SW620 cells as compared to
verapamil, an ABCBL1 inhibitor used to increase rhodamine 123 retention
in vulnerable cells, and 1. Data presented as means + SEM, n = 3. Data
analysed by one-way ANOVA and post hoc Tukey's test. * P < 0.05, *** p
< 0.001.
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of dihydrorhodamine 123 oxidation was considered the indi-
cator for ROS production in SW620 cells. Compounds 4b and
6¢ were approximately 25% more active in terms of ROS gene-
ration than 1, which supports the hypothesis of ROS involve-
ment in the anticancer activity of such ferrocenyl compounds.

Effect on the cell cycle distribution

As a KSP inhibitor, 1 leads to the formation of monopolar
mitotic spindles and chromosome segregation blockade in
cancer cells. Flow cytometry was used to assess the cell cycle
distribution and in particular to monitor an increase in G,/M
phase cells (Table 5). SW620 and SW620V cells, the latter
being twice as sensitive to 1 than the parental SW620 cells
were exposed to 4b and 6c for 24 h to detect the potential detri-
mental effects of ROS formation. We did not observe any signs
of mitotic arrest in the cells exposed either to 1 or its ferroce-
nyl analogs. This is not really surprising considering the
typical length of human cancer cell cycle ranging between 20
and 24 hours, and the incubation period being relatively short.
Indeed, pronounced effects of monastrol are observed after
48-hour exposure - twice the length of the cell cycle duration.®®
However, an increased number of apoptotic cells (sub-G; frac-
tion) and a reduced percentage of cells in the G¢/G; phase
could be clearly seen, especially in SW620 cells exposed to 4b

Table 5 Cell cycle distribution in SW620 and SW620V cells after treat-
ment with monastrol 1 and its ferrocenyl derivatives 3a, 4b and 6c at a
concentration equal to the ICgyq value of 1 for SW620. Compounds were
used at concentrations equal to the respective 1Cqo values. Data pre-
sented as means + SEM,n =3

Cell line Sub-G, Go/Gq S G,/M

SW620 ctrl 0.9+£0.2 73.7 £4.0 13.9+ 2.6 12.1+£1.5
1 12.4+4.1 63.4+3.4 10.9 + 3.2 11.1+1.7
3a 15.7 £ 4.6 65.2 + 5.7 10.0+ 3.4 9.8 +2.5
4b 28.2 +2.6 50.6 + 2.8 13.2+4.4 8.0+2.3
6¢ 32.1+3.8 45.4 + 6.7 13.5+1.8 9.3+2.3

SW620V ctrl 1.1+0.2 75.2 +5.0 13.8+2.8 9.0 +£3.0
1 5.5+2.2 69.7+7.9 12.3 £4,5 10.0 £ 2.1
3a 6.6 +£ 3.2 68.0 + 6.0 10.9+5.4 11.4+2.8
4b 11.7+£1.9 61.0 £ 5.7 10.4 + 4.0 11.2 £2.3
6¢ 12.6 £ 2.2 62.8 + 8.9 10.3 +2.2 13.9+2.6

This journal is © The Royal Society of Chemistry 2022
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and 6¢c. Such short-term effects support the potential role of
ROS formation in the biological activity of the compounds
studied.

Docking studies

Molecular modeling was used to investigate the possible binding
mode for the ferrocenyl monastrol and oxo-monastrol deriva-
tives. Docking of the (R)- and (S)-enantiomers of the ferrocenyl
derivatives 3a-7d revealed that the docking is largely indepen-
dent whether the compound derived of dihydropyrimidin-2(1H)-
one or a dihydropyrimidin-2(1H)-thione (ESIt) and similar pre-
dicted binding modes and intermolecular interactions were
found.®” In general, the (S)-enantiomers showed higher pre-
dicted binding affinities than the (R)-isomers (Table 6). The
latter have relatively weak pose prediction consistencies between
docking runs, ie., the algorithm predicts many different poses.
Several of these configurations were regarded to be implausible,
e.g., the 3-hydroxyphenyl ring being predicted to be in the
aqueous phase. These results are suggestive of weak binding
affinities and biological effects for the (R)-isomers. Evidence of
this is apparent as Maliga et al.®® demonstrated (S)-1 has ~15
times greater potency than its enantiomeric counterpart, (R)-1.
Molecular docking revealed that most of the (S)-isomers with
6-(ferrocenylphenyl) substituents (6¢, 6d and 7d) retained
similar binding poses and intermolecular interactions compar-
able to (S)-monastrol, e.g., the docked configuration of (S)-6¢
(Fig. 7A); the 3-hydroxyphenyl moiety remained in the hydro-
phobic cavity, the thione facing Ile136, and most of the main
hydrogen bonding interactions were retained, i.e., the 3-NH tetra-
hydropyrimidine formed a hydrogen bond with Glu116 and the
phenol with Glu118. The introduced 6-(ferrocenylphenyl) moiety
is predicted to be outside of the allosteric pocket but is situated

Table 6 Docking scores (GS) of ferrocenyl monastrol derivatives

GS
Compounds (S)-Isomer (R)-Isomer
Monastrol 60.0 49.9
oxo-monastrol 61.4 55.8
3a 45.2 49.2
3b 59.9 57.2
3c 63.0 57.6
3d 58.5 52.6
4a 45.3 49.5
4b 55.7 52.3
4c 56.0 51.9
ad 53.7 47.3
6a 56.5 52.2
6b 53.3 54.7
6¢ 56.7 62.2
6d 64.5 32.6
7a 52.0 45.9
7b 58.3 53.6
7c 53.9 59.7
7d 59.5 61.3

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Docked configurations of (S)-6c (A) and (S)-3a (B). The predicted
hydrogen bonds are depicted as green dotted lines between the deriva-
tive and the residues Glull6 (blue) and Glull8 (red). The protein surface
is rendered. Red, blue and grey regions represents partially negative,
positive and hydrophobic regions. Hydrogen atoms are hidden for
clarity.

close to the hydrophobic regions partly formed by Ala218 and
the alkyl side chain of Arg221 where they are expected to form
favorable hydrophobic contacts. In contrast to the 4-ferrocenyl or
4-(ferrocenylphenyl) derivatives (3a-4d), there is a lack of key pre-
dicted hydrogen bonding patterns resulting from the occupation
of the ferrocenyl moiety of the hydrophobic cavity and the result-
ing change in the tetrahydropyrimidine ring orientation, indeed
it is pointing out of the binding pocket (Fig. 7B). Additionally,
the thione functional group faces away from Ile136 and the
ethanoate is directed towards the allosteric cavity. These poses
have reversed the position of the ligands as compared to (S)-1,
depriving them of good binding within the allosteric pocket.
They lack a favorable mix of hydrogen bonding for specificity
and lipophilic contacts for affinity.*’

The 6-(ferrocenylphenyl) substituted compounds 6¢ and 6d
were the most cytotoxic derivatives (Table 3). The molecular
modeling results indicate that the substitution of the 3-hydroxy-
phenyl group with the 4-(ferrocenylphenyl) moiety leads to
different orientations of the derivatives thus impairing hydro-
gen bonding networks within the allosteric cavity. Derivative 4b
contradicts this interpretation as it has good cytotoxic potency
(Table 3); it can be speculated that 4b does not occupy the allo-
steric pocket but exerts its biological effect by other means.

Conclusion

In conclusion, we report a series of systematically-modified fer-
rocenyl derivatives of monastrol and oxo-monastrol which
were evaluated for their antiproliferative activity and we aimed
to rationalize the results by a series of complementary biologi-
cal studies inspired the biological activity of monastrol. We
found that introducing a ferrocenyl moiety leads to a broad
spectrum of activity towards all the investigated cells including
the MDR panel cell lines. The derivatives 3a, 4b and 6c inhib-
ited KSP with the highest potency. The higher cytotoxic activity
of 4b and 6c¢ is in agreement with their ability to induce ROS
generation, and their pro-apoptotic effects. These data suggest
that the cytotoxic potency of the compounds is related also to

Dalton Trans., 2022, 51, 491-508 | 499


https://doi.org/10.1039/d1dt03553c

Published on 12 November 2021. Downloaded by Biblioteka Uniwersytetu 6dzkiego on 9/23/2024 12:49:44 AM.

Paper

the level of ROS generation, not only to KSP inhibition, which
suggests an additional mechanism of action. Based on
docking studies, we cannot explain the higher activity of oxo-
monastrol 4b in relation to monastrol 3b. Interestingly, we
found that the replacement of the 3-hydroxyphenyl group by a
4-ferrocenylphenyl group induces the high antiproliferative
activity towards the MCF7 breast cancer cell line, which is cur-
rently being further investigated.

Experimental
Synthesis

General information. All reactions were carried out under
argon atmosphere using Schlenk line. Compounds 2b-d *® and
5a % were prepared as described previously. 'H, "*C{'H} and
2D NMR spectra were recorded on a Bruker ARX 600 MHz
NMR spectrometer. Chemical shifts for the 'H NMR spectra
are referenced relative to residual protons in the deuterated
solvent (CDCl; & = 7.27 ppm for "H and & = 77.0 ppm for *C;
DMSO-ds 6 = 2.50 ppm for 'H and § = 39.5 ppm for '*C).
Spectra were recorded at 294 K, chemical shifts are in ppm
and coupling constants in Hz. Thin-layer chromatography
(TLC) was performed on aluminum sheets pre-coated with
Merck 5735 Kieselgel 60 F254. Column chromatography was
carried out with SilicaFlash® P60 for flash chromatography
(0.040-0.063 mm, 230-400 mesh). The purity of the com-
pounds was confirmed by elemental analysis and HPLC-MS
analysis, and it was higher than 95%. HPLC-MS analysis was
performed on a Shimadzu UHPLC Nexera XR system equipped
with Shimadzu PDA (SPD-M40) and LCMS-2020 detectors on a
Phenomenex Kinetex 1.7 pm XB-C18 100 A column (50 X
2.1 mm) with water containing 0.01% of formic acid (eluent A)
and methanol with 0.01% of formic acid (eluent B) as the
mobile phase with a gradient of B starting at 10% which
increased to 60% of B within 10 min, reached 10% at 11 min
and was followed by a hold time at 10% B until 17 min, at a
flow rate of 0.4 mL min~". UV-VIS spectra were recorded in the
range of 220-700 nm, and MS data were recorded in ESI+
mode from m/z 100 to 1000 at a scan speed of 15000 u s~ ' and
with an event time of 0.07 s.

General procedure A - synthesis of ferrocenyl f-ketoesters
5b-d. An aldehyde (1 eq.) and 5% mol of NbCl; were dissolved
in anhydrous dichloromethane (10 mL per 1 mmol of alde-
hyde) and 1.2 eq. of ethyl diazoacetate was added to the result-
ing solution. After stirring at RT for 48 h, the reaction was
quenched by addition of water, and the product was extracted
with dichloromethane. The organic phase was dried over
sodium sulfate, evaporated to dryness and the product was iso-
lated by column chromatography on silica using a gradient of
ethyl acetate in hexane as the eluent.

General procedure B - synthesis of compounds 3a-d and
4a-d and 8a-d. Aldehydes 2a-d (2.0 mmol), ethyl acetoacetate
(2.2 mmol, 286 mg, 280 ul) and thiourea (3.0 mmol, 228 mg)
or urea (3.0 mmol, 180 mg) were placed in a flask containing
10 mL of anhydrous ethanol. After 3 min of stirring, powdered
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SbCl; (2.0 mmol, 456 mg) was added and the resulting solu-
tion was stirred at RT for 3 days. The volatiles were evaporated
and 3a-d or 8a-d were isolated by column chromatography on
silica gel using a gradient of methanol in dichloromethane
starting from 0 to 1% of methanol. Compounds 4a-d were
obtained by dissolving the residue, which was obtained after
evaporation of ethanol, in 20 mL of dichloromethane. The
organic phase was washed twice with equal amounts of 5%
hydrochloric acid, dried over sodium sulfate, and evaporated
to dryness. The crude product was purified by column chrom-
atography on silica gel using a gradient of methanol in di-
chloromethane starting from 0 to 1% of methanol.

General procedure C - synthesis of compounds 6a, 6¢, 6d
and 7a. Compounds 6a, 6¢, 6d and 7a were synthesized accord-
ing to a modified version of general procedure B. The reaction
mixture was stirred at 40 °C and the products were isolated by
column chromatography on silica gel using a gradient of metha-
nol in dichloromethane starting from 0 to 1% of methanol.

General procedure D - synthesis of compounds 7c¢ and 7d.
Compound 5¢ or 5d (1.33 mmol, 700 mg), urea (1.33 mmol,
80 mg), 3-hydroxybenzaldehyde (1.33 mmol, 160 mg) and Yb
(OTf); (80 mg) were placed in a 10 mL reaction vial with a mag-
netic stir bar. After addition of 2,2,2-trifluoroethanol (3 mL),
the reaction vial was closed with a cap and placed in the micro-
wave reactor. The reaction mixture was stirred at 100 °C (temp-
erature control, heating ASAP). After 30 min, the reaction
mixture was cooled to 50 °C and the solvent was evaporated to
dryness. The residue was dissolved in 25 mL of chloroform,
the organic solution was washed with 5% HCI, dried over
sodium sulfate and evaporated to dryness. The product was
isolated by column chromatography on silica gel using chloro-
form-methanol. The fractions containing the products were
purified on silica gel using 1% methanol in chloroform.

3a. This compound was synthesized in 49% yield (380 mg)
starting from 428 mg (2.0 mmol) of 2a and thiourea according
to general procedure B. Elemental analysis (%) calculated for
C15H,0FeN,0,S C 56.26, H 5.25, N 7.29, S 8.34% found C
56.26, H 5.33, N 7.35, S 8.24; '"H NMR (DMSO-d,, 600.3 MHz) §
=10.35 (s, 1H, H-1), 9.39 (d, J = 4.2 Hz, 1H, H-3), 4.92 (d, ] =
4.4 Hz, 1H, H-4), 4.24 (s, 5H, Cp), 4.15-4.07 (m, 5H,
COCH,CHj3; and Cp), 3.92 (br s, 1H, Cp), 2.20 (s, 3H, CH3), 1.22
(t, J = 7.1 Hz, 3H, COCH,CH;), “C{'H} NMR (DMSO-dg,
150.1 MHz) § = 174.8 (C-2), 165.3 (COCH,CHj3), 144.3 (C-6),
102.2 (C-5), 92.5 (Cpipso), 68.6 (Cp'), 67.3 (2%, Cp), 66.2 (Cp),
65.1 (Cp), 59.7 (COCH,CHj;), 49.0 (C-4), 17.0 (CHj3), 14.2
(COCH,CH3); HPLC-MS 7; = 10.8 min m/z calculated for
Cy5H,0FeN,0,S 384.1 [M]" found 384.1 [M]', 7, = 11.1 min m/z
calculated for C;5H,,FeN,0,S 384.1 [M]" found 384.1 [M]".

3b. This compound was synthesized in 53% yield (488 mg)
starting from 580 mg (2.0 mmol) of 2b and thiourea according
to general procedure B. Elemental analysis calculated (%) for
C,4H,,FeN,O,S C 62.62, H 5.25, N 6.09, S 6.96 found C 62.71,
H 5.31, N 6.30, S 6.84; 'H NMR (DMSO-dg, 600.3 MHz) & =
10.25 (s, 1H, H-1), 9.61 (br s, 1H, H-3), 7.86 (dd, J = 7.7, 1.2 Hz,
1H, CH,,), 7.30-7.27 (m, 1H, CHy,,), 7.26-7.23 (m, 1H, CHy,),
7.22-7.20 (m, 1H, CH,,), 5.56 (d, J = 2.7 Hz, 1H, H-4), 5.04-5.03
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(m, 1H, Cp), 4.47-4.45 (m, 1H, Cp), 4.35-4.34 (m, 1H, Cp),
4.32-4.31 (m, 1H, Cp), 4.16 (s, 5H, Cp'), 3.75-3.69 (m, 1H,
COCH,CH3;), 3.63-3.58 (m, 1H, COCH,CHj3), 2.23 (s, 3H, CH3),
0.75 (t, J = 7.1 Hz, 3H, COCH,CH,); “C{'H} NMR (DMSO-ds,
150.1 MHz) § = 173.8 (C-2), 164.7 (COCH,CHj3), 144.0 (C-6),
142.3 (Cay), 136.4 (Cpy), 131.5 (CHar), 127.4 (CHyy), 127.2
(CHay), 127.1 (CHy,), 102.0 (C-5), 87.2 (Cpjpso), 71.7 (Cp), 69.4
(cp"), 69.9 (Cp), 67.8 (Cp), 67.7 (Cp), 58.8 (COCH,CHj3), 50.6
(C-4), 16.9 (CH3), 14.0 (COCH,CH3); HPLC-MS, 7; = 12.6 min,
mjz calculated for C,,H,,FeN,0,S 460.1 [M]" found 460.2 [M]",
7, = 13.4 min, m/z found 460.1 [M]" (calculated for
C15Hy0FeN,0,S 460.1 [M]").

3c. This compound was synthesized in 76% yield (699 mg)
starting from 580 mg (2.0 mmol) of 2¢ and thiourea according
to general procedure B. Elemental analysis calculated (%) for
C,4H,,FeN,O0,S C 62.62, H 5.25, N 6.09, S 6.96 found C 62.73,
H 5.38, N 6.16, S 6.71; '"H NMR (DMSO-de, 600.3 MHz) § =
10.40 (s, 1H, H-1), 9.71 (d, J = 3.0 Hz, 1H, H-3), 7.41 (br s, 1H,
CHy,), 7.39 (d, J = 7.7 Hz, 1H, CH,,), 7.25 (t, J = 7.6 Hz, 1H,
CH,,), 7.04 (d, J = 7.7 Hz, 1H, CH,,), 5.20 (d, J = 3.6 Hz, 1H,
H-4), 4.66-4.65 (m, 2H, Cp), 4.34 (br s, 2H, Cp), 4.08-4.03 (m,
2H, COCH,CH3), 4.02 (s, 5H, Cp'), 2.31 (s, 3H, CH3), 1.14 (t, ] =
7.1 Hz, 3H, COCH,CHj,); *C{'H} NMR (DMSO-d,, 150.1 MHz)
8 = 174.5 (C-2), 165.2 (COCH,CHj3), 145.0 (C-6), 143.6 (Cay),
139.2 (Car), 128.6 (CHy,), 125.2 (CHa), 124.4 (CHy,), 123.8
(CHy,y), 101.0 (C-5), 84.9 (Cpipso)s 69.5 (Cp’), 68.9 (2%, Cp), 66.5
(Cp), 66.4 (Cp), 59.6 (COCH,CHj3;), 53.9 (C-4), 17.2 (CH3), 14.1
(COCH,CH,;); HPLC-MS, 7, = 12.4 min, m/z found 460.1 [M]',
7, = 12.8 min, m/z found 460.0 [M]" (calculated for
C,4H,,FeN,0,S 460.1 [M]").

3d. This compound was synthesized in 23% (212 mg) yield
starting from 580 mg (2.0 mmol) of 2d and thiourea according
to general procedure B. Elemental analysis calculated (%) for
C,,H,,FeN,0,S C 62.62, H 5.25, N 6.09, S 6.96 found C 63.93,
H 5.74, N 6.16, S 6.16; '"H NMR (DMSO-de, 600.3 MHz) § =
10.34 (s, 1H, H-1), 9.66 (d, J = 2.9 Hz, 1H, H-3), 7.51 (d, J = 8.3
Hz, 2H, CH,,), 7.13 (d, J = 8.3 Hz, 2H, CHy,), 5.14 (d, J = 3.6
Hz, 1H, H-4), 4.75 (t, ] = 1.8 Hz, 2H, Cp), 4.33 (t,J = 1.8 Hz, 2H,
Cp), 4.07-3.97 (m, 2H, COCH,CH3;) overlapped with 4.00 (s,
5H, Cp’), 2.30 (s, 3H, CH3), 1.10 (t, J = 7.1 Hz, 3H, COCH,CHS);
BC{'H} NMR (DMSO-dq, 150.1 MHz) § = 174.1 (C-2), 165.2
(COCH,CH3), 144.9 (C-6), 141.1 (Cyy), 138.5 (Car), 126.5 (CHy,),
126.1 (CHyy), 100.7 (C-5), 84.5 (CpPyso)y 69.3 (Cp'), 68.9 (Cp),
66.4 (Cp), 66.3 (Cp), 59.6 (COCH,CH3), 53.9 (C-4), 17.2 (CH3),
14.1 (COCH,CHj3); HPLC-MS, 7; = 12.4 min, m/z found 460.1
M]', 7, = 12.8 min, m/z found 460.2 [M]" (m/z calculated for
C,4H,,FeN,0,S 460.1 [M]").

4a. This compound was synthesized in 72% yield (320 mg)
starting from 428 mg (2.0 mmol) of 2a and urea according to
general procedure B. The product was isolated as a yellow
powder by column chromatography on silica with dichloro-
methane/methanol 99/1 as the eluent. Elemental analysis cal-
culated (%) for C;gH,,FeN,0; C 58.72, H 5.48, N 7.61 found C
58.43, H 5.55, N 7.61; 'H NMR (DMSO-dg, 600.3 MHz) 6 = 9.13
(br s, 1H, H-1), 7.50 (br s, 1H, NH, H-3), 4.95 (br s, 1H, H-4),
4.19 (s, 5H, Cp’), 4.09 (br s, 2H, COCH,CHj), 4.08 (br s, 3H,

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

Cp), 3.94 (s, 1H, Cp), 2.15 (s, 3H, CH;), 1.23 (br s, 3H,
COCH,CH,;); *C{"H} NMR (DMSO-d,, 150.1 MHz) § = 165.6
(COCH,CH3), 153.1 (C-2), 147.5 (C-6), 100.8 (C-5), 93.8 (CPispo),
68.5 (Cp'), 67.2 (Cp), 67.0 (Cp), 65.9 (Cp), 65.1 (Cp), 59.4
(COCH,CH;), 48.7 (C-4), 17.7 (CH;), 14.3 (COCH,CH,);
HPLC-MS, 7, = 9.2 min, m/z found 367.9 [M]', 7, = 9.5 min, m/z
found 367.9 [M]" (m/z calculated for C;gH,oFeN,O 368.1 [M]").

4b. This compound was synthesized in 79% yield (710 mg)
starting from 580 mg (2.0 mmol) of 2b and urea according to
general procedure B. The product was isolated as a yellow
powder by column chromatography on silica with dichloro-
methane/methanol 99/1 as the eluent. Elemental analysis cal-
culated (%) for C,,H,,FeN,0O; C 64.88, H 5.44, N 6.31 found C
64.97, H 5.61, N 6.41; 'H NMR (DMSO-d, 600.3 MHz) 6 = 9.14
(s, 1H, H-1), 7.84 (d, J = 7.5 Hz, 1H, CHy,,), 7.55 (br s, 1H, H-3),
7.27-7.21 (m, 3H, CHy,), 5.49 (d, J = 2.1 Hz, 1H, H-4), 4.85 (br
s. 1H, Cp), 4.45-4.44 (m, 1H, Cp), 4.34-4.33 (m, 1H, Cp),
4.31-4.30 (m, 1H, Cp), 4.17 (s, 5H, Cp), 3.73-3.68 (m, 1H,
COCH,CHj), 3.66-3.60 (m, 1H, COCH,CHj), 2.22 (s, 3H), 0.75
(t, J = 7.1 Hz, 3H, COCH,CH;); “*C{'"H} NMR (DMSO-d,,
150.1 MHz) § = 164.9 (COCH,CHj3), 151.6 (C-2), 147.8 (C-6),
143.4 (Car), 136.1 (Cap), 131.4 (CHay), 127.0 (CHa,), 126.8
(CH,,), 126.7 (CHay), 100.1 (C-5), 87.4 (Cpipso)y 71.5 (Cp), 69.4
(Cp'), 68.9 (Cp), 67.7 (Cp), 67.5 (Cp), 58.5 (COCH,CHj3), 50.4
(C-4), 17.6 (CH3), 14.0 (COCH,CH3); HPLC-MS, 7; = 11.2 min,
mfz found 444.1 [M]', 7, = 11.5 min, m/z found 444.1 [M]" (m/z
calculated for C,,H,,FeN,O; 444.1 [M]").

4c. This compound was synthesized in 78% yield (700 mg)
starting from 580 mg (2.0 mmol) of 2¢ and urea according to
general procedure B. The product was isolated as a yellow
powder by column chromatography on silica with dichloro-
methane/methanol 99/1 as the eluent. Elemental analysis cal-
culated (%) for C,4H,,FeN,0O; C 64.88, H 5.44, N 6.31 found C
64.73, H 5.50, N 6.50; "H NMR (DMSO-dg, 600.3 MHz) § = 9.24
(d, J = 1.2 Hz, 1H, H-1), 7.80 (br s. 1H, H-3), 7.42 (br s, 1H,
Car), 7.37 (d, J = 7.7 Hz, 1H, CHy,,), 7.23 (t, J = 7.6 Hz, 1H,
CH,,), 7.07 (d, J = 7.7 Hz, 1H, CH,,), 5.17 (d, J = 3.3 Hz, 1H,
H-4), 4.65 (t, J = 1.8 Hz, 2H, Cp), 4.34 (t, J = 1.8 Hz, 2H, Cp),
4.03-4.00 (m, 2H, COCH,CH3;) overlapped with 4.01 (s, 5H,
Cp'), 2.28 (s, 3H, CH3), 1.13 (t,J = 7.1 Hz, 3H, COCH,CH,;); **C
{'H} NMR (DMSO-dg, 150.1 MHz) 6 = 165.4 (COCH,CHj), 152.3
(C-2), 148.4 (C-6), 144.9 (Cay), 138.9 (Cay), 128.4 (CHy,), 124.9
(CHay), 124.4 (CHy,), 123.7 (CHyy), 99.4 (C-5), 85.1 (CPjpso), 69.4
(Cp'), 68.8 (2%, Cp), 66.5 (Cp), 66.4 (Cp), 59.2 (COCH,CH3),
53.9 (C-4), 17.8 (CHj), 14.1 (COCH,CH,); HPLC-MS, 7, =
11.1 min, m/z found 444.1 [M]", 7, = 11.4 min, m/z found 444.1
[M]" (m/z calculated for C,,H,,FeN,0; 444.1 [M]").

4d. This compound was synthesized in 80% yield (718 mg)
starting from 580 mg (2.0 mmol) of 2d and urea according to
general procedure B. The product was isolated as a dark yellow
powder by column chromatography on silica with dichloro-
methane/methanol 99/1 as the eluent. Elemental analysis cal-
culated (%) for C,,H,,FeN,0; C 64.88, H 5.44, N 6.31 found C
64.81, H 5.63, N 6.60; "H NMR (DMSO-dg, 600.3 MHz) & = 9.20
(d, J = 1.3 Hz, 1H, H-1), 7.74 (s, 1H, H-3), 7.48 (d, J = 8.2 Hz,
2H, CHy,), 7.16 (d, J = 8.2 Hz, 2H, CHy,,), 5.12 (d, J = 3.2 Hz,
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1H, H-4), 4.73 (t, J = 1.8 Hz, 2H, Cp), 4.32 (t, J = 1.7 Hz, 2H,
Cp), 4.03-3.96 (m, 2H, COCH,CH3;) overlapped with 4.00 (s,
5H, Cp’), 2.26 (s, 3H, CH3), 1.09 (t, J = 7.1 Hz, 3H, COCH,CHS);
Bc{'H} NMR (DMSO-dg, 150.1 MHz) § = 165.4 (COCH,CH3),
152.2 (C-2), 148.3 (C-6), 142.4 (Cy,), 138.0 (Car), 126.3 (CHyy),
125.9 (CHy,), 99.2 (C-5), 84.7 (Cpipso)s 693 (Cp'), 68.8 (2%, Cp),
66.3 (Cp), 66.2 (Cp), 59.2 (COCH,CHj3), 53.8 (C-4), 17.9 (CH3),
14.1 (COCH,CHj3); HPLC-MS, 7; = 11.1 min, m/z found 444.0
M]', 7, = 11.4 min m/z, found 444.1 [M]" (m/z calculated for
C,4Hy 4 FeN,0; 444.1 [M]").

5b. This compound was synthesized in 20% yield (150 mg)
starting from 580 mg (2.0 mmol) of 2b according to general
procedure A. The obtained product was immediately used in
the next step. 'H NMR (DMSO-ds, 600.3 MHz) § = 12.3 (s,
OHenol), 7-80 (d, J = 7.6 Hz, 1H, CHy,), 7.45 (t, ] = 6.9 Hz, 1H,
CHy,), 7.33-7.31 (m, 1H, CHy,), 7.29-7.27 (m, 1H, CH,,), 4.48
(br s, 2H, Cp), 4.36 (br s, 2H, Cp), 4.12 (br s, 5H, Cp’), 4.07 (q, ]
=7.1 Hz, 2H, COCH,CHj3), 1.28 (t, ] = 7.1 Hz, 3H, COCH,CH,).

5¢. This compound was synthesized in 63% yield (664 mg)
starting from 812 mg (2.8 mmol) of 2¢ according to general
procedure A. The obtained product was immediately used in
the next step. "H NMR (DMSO-ds, 600.3 MHz) § = 12.60 (s, 0.2
H, OH, enol), 8.00 (br s, 1H, CHy,), 7.77 (br s, 0.2 H, CHar.enol),
7.72 (d, J = 7.4 Hz, 1H, CH,,), 7.65 (d, J = 6.6 Hz, 1H, CH,,),
7.54 (d, J= 7.4 H, 0.2 H, CHpr-enol), 7.46 (br's, 0.2 H, CHar-enol ),
7.38 (t,J = 7.0 Hz, 1H, CH,,), 7.30 (br s, 0.2 H, CHar.cnol), 5.67
(s, 0.2 H, CHepoy), 4.85 (br s, 0.5 H, Cpeno), 4.77 (br s, 2H, Cp),
4.50 (br s, 0.5 H, Cpenol), 4.44 (br s, 2H, Cp), 4.29 (q,J = 7.2 Hz,
0.7 H, COCH,CHj.cn01), 4.24 (q, J = 7.0 Hz, 2H, CH,CH3), 4.19
(br s, 1H, Cp'enol), 4.11 (br s., 5H, Cp’), 4.00 (s, 2H, COCH,CO),
1.35 (t, / = 7.1 Hz, 0.6 H, COCH;CH3.¢no1), 1.28 (t, J = 7.1 Hz,
3H, COCH,CHS).

5d. This compound was synthesized in 74% yield (664 mg)
starting from 709 mg (2.4 mmol) of 2d according to general
procedure A. The obtained product was immediately used in
the next step. "H NMR (DMSO-d,, 600.3 MHz) § = 12.69 (s, 0.1
H, OH, enol), 7.87 (d, ] = 8.5 Hz, 2 H, CHy,), 7.79 (d, ] = 8.5 Hz,
0.4 H, CHpr-cnol), 7-68 (d, J = 8.4 Hz, 2 H, CHy,), 7.63 (d,J = 8.5
Hz, 0.4 H, CHar-cnol), 5.97 (S, 0.2 H, =CH-¢p01), 4.94 (t, J = 1.8
Hz, 2 H, Cp), 4.89 (t, J = 1.8 Hz, 0.4 H, Cpenol), 4.46 (t, J = 1.8
Hz, 2 H, Cp), 4.43 (t, J = 1.8 Hz, 0.4 H, CPeno1), 4.24 (q,J = 7.1
Hz, 0.4 H, CH,CH3 cno1), 4.16 (s, 2 H, COCH,COO), 4.12 (q, ] =
7.1 Hz, 2 H, COCH,CH3;), 4.03 (s, 5H, Cp’) 1.28 (t, J = 7.1 Hz,
0.6 H, COCH,CHj.eno1), 1.18 (t, ] = 7.1 Hz, 3 H, COCH,CH,).

6a. This compound was synthesized in 41% yield (380 mg)
starting from 423 mg (2.0 mmol) of 2a and thiourea according
to general procedure C. Elemental analysis calculated (%) for
C,3H,,FeN,05S C 59.75, H 4.80, N 6.06, S 6.93 found C 59.80,
H 5.04, N 6.15, S 6.87; "H NMR (DMSO-dg, 600.3 MHz) § = 9.88
(d, J = 2.3 Hz, 1H, H-3), 9.50 (s, 1H, OH), 8.74 (br s, H-1), 7.16
(t,J = 7.8 Hz, 1H, CH,,), 6.74-6.73 (m, 2H, CH,,), 6.69 (dd, J =
8.0, 1.4 Hz, 1H, CHy,,), 5.12 (d, J = 4.0 Hz, 1H, H-4), 4.80 (br s,
1H, Cp), 4.67 (br s, 1H, Cp), 4.44-4.43 (m, 2H, Cp), 4.26 (s, 5H,
Cp"), 3.95 (q, J = 7.1 Hz, 2H, COCH,CHj;), 1.01 (t, J = 7.1 Hz,
3H, COCH,CH3); “C{'"H} NMR (DMSO-ds, 150.1 MHz) § =
173.9 (C-2), 165.7 (COCH,CHj3), 157.6 (Cay), 143.5 (Ca,), 142.7
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(C-6), 129.6 (CHy,), 116.9 (CHy,), 114.8 (CHy,), 113.3 (CHy,),
102.2 (C-5), 77.4 (Cpipso); 69.9 (Cp), 69.6 (Cp’), 69.5 (Cp), 69.4
(Cp), 69.3 (Cp), 59.9 (COCH,CH;), 54.7 (C-4), 13.8
(COCH,CH3); HPLC-MS, 7; = 10.7 min, m/z found 462.3 [M]’,
7, = 10.9 min m/z found 463.0 [M + H]' (m/z calculated for
Ca3H,,FeN, 058 462.1 [M]', Co3H,,FeN,03 + H' 463.1 [M + H]').

6c. This compound was synthesized in 29% yield (233 mg)
starting from 664 mg (1.76 mmol) of 5¢ and thiourea accord-
ing to general procedure C. Elemental analysis calculated (%)
for C,9H,cFeN,03S C 64.69, H 4.87, N 5.20, S 5.95 found C
65.41, H 5.44, N 5.18, S 5.60; "H NMR (DMSO-dg, 600.3 MHz) &
=10.50 (br s, 1H, H-1), 9.72 (br s, 1H, H-3), 9.56 (br s, 1H, OH),
7.61 (d, J = 7.7 Hz, 1H, CHy,), 7.39 (br s, 1H, CHy,), 7.33 (t,J =
7.6 Hz, 1H, CH,,), 7.20 (t,J = 7.9 Hz, 1H, CHy,), 7.11 (d,J = 7.5
Hz, 1H, CHy,), 6.83-6.82 (m, 2H, CH,,), 6.71 (d, J = 7.9 Hz, 1H,
CHy,), 5.21 (d, J = 3.5 Hz, 1H, H-4), 4.81 (br s, 1H, Cp), 4.80 (br
s, 1H, Cp), 4.36 (s, 2H, Cp), 4.07 (s, 5H, Cp’), 3.79-3.75 (m, 2H,
COCH,CH3), 0.78 (t, J = 7.0 Hz, 3H, COCH,CH,); "*C{'"H} NMR
(DMSO-ds, 150.1 MHz) § = 174.3 (C-2), 164.9 (COCH,CHj3),
157.6 (Car), 145.7 (C-6), 144.4 (Cap), 138.7 (Ca,), 134.3 (Cur),
129.7 (CHg,), 127.8 (CHyy), 126.6 (CHy), 126.2 (CHy,), 125.6
(CHap), 117.2 (CHy,), 114.8 (CHy,), 113.3 (CHy,), 101.9 (C-5),
84.4 (Cpipso)y 69.5 (Cp’), 69.0 (Cp), 66.4 (2%, Cp), 59.5
(COCH,CH3;), 54.1 (C-4), 13.5 (COCH,CH3); HPLC-MS, 7, =
12.4 min, m/z found 538.1 [M]', 7, = 12.6 min, m/z found 538.0
[M]" (m/z calculated for C,oH,6FeN,05S 538.1 [M]").

6d. This compound was synthesized in 39% yield (240 mg)
starting from 526 mg (1.4 mmol) of 5d and thiourea according
to general procedure C. Elemental analysis calculated (%) for
C,oH,cFeN,0,S C 64.69, H 4.87, N 5.20, S 5.95 found C 64.59,
H 4.90, N 5.14, S 5.89; '"H NMR (DMSO-dg, 600.3 MHz) § =
10.44 (s, 1H, H-1), 9.73 (d, J = 3.9 Hz, 1H, H-3), 9.54 (s, 1H,
OH), 7.56 (d, J = 8.3 Hz, 2H, CH,,), 7.22 (d, J = 8.3 Hz, 2H,
CHy,), 7.18 (t, J = 8.0 Hz, 1H, CHy,), 6.81-6.80 (m, 2H, CH,,),
6.69 (ddd, J = 8.1, 2.2, 1.0 Hz, 1H, CH,,), 5.18 (d, J = 4.0 Hz,
1H, H-4), 4.86-4.85 (m, 2H, Cp), 3.39 (t, J = 1.8 Hz, 2H, Cp),
4.03 (s, 5H, Cp'), 3.82-3.78 (m, 2H, COCH,CHj), 0.81 (t, ] = 7.1
Hz, 3H, COCH,CH,); *C{"H} NMR (DMSO-d,, 150.1 MHz) § =
174.5 (C-2), 165.2 (COCH,CH3), 157.6 (Ca,), 145.8 (C-6), 144.4
(Car), 140.4 (Cay), 131.2 (Cpy), 129.7 (CHy,), 128.9 (CHy,), 124.9
(CHap), 117.1 (CHy,), 114.7 (CHy,), 113.3 (CH,,), 101.3 (C-5),
83.8 (CPipso)y 69.5 (Cp'), 69.3 (Cp), 66.5 (Cp), 66.4 (Cp), 59.6
(COCH,CH3), 54.0 (C-4), 13.5 (COCH,CH;); HPLC-MS, 7; =
12.4 min, m/z found 538.3 [M]', 7, = 12.7 min, m/z found 538.1
[M]" (m/z calculated for CpoH,cFeN,05S 538.1 [M]').

7a. This compound was prepared in 35% yield (194 mg)
starting from 360 mg (1.2 mmol) of 5a and 60 mg (1 mmol) of
urea according to general procedure C. Elemental analysis cal-
culated (%) for C,3H,,FeN,0,4 C 61.90, H 4.97, N 6.28 found C
61.88, H 5.06, N 6.34; '"H NMR (DMSO-dg) & = 9.40 (s, 1H, OH),
8.20 (br s, 1H, H-1), 7.88 (br s, 1H, H-3), 7.15 (t, J = 8.0 Hz, 1H,
CHy,), 6.82-6.81 (m, 2H, CHy,), 6.67-6.66 (m, 1H, CH,,), 5.00
(d, J = 3.8 Hz, 1H, H-4), 4.74 (br s, 1H, Cp), 4.64 (br s, 1H, Cp),
4.43 (br s, 1H, Cp), 4.39 (br s, 1H, Cp), 4.92 (s, 5H, Cp’),
3.98-3.91 (m, 2H, COCH,CH;), 1.02 (t, J = 7.1 Hz, 3H,
COCH,CH,;); *C{"H} (DMSO0-d,) § = 166.4 (COCH,CH3;), 157.4
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(C-2), 152.4 (C-6), 146.6 (Car), 145.2 (Car), 129.2 (CHy,), 116.9
(CH,y), 114.2 (CHy,), 113.3 (CHay), 99.9 (C-5), 76.8 (CPipso), 69.9
(Cp), 69.7 (Cp), 69.5 (Cp), 69.3 (Cp), 69.1 (Cp), 59.4
(COCH,CH3), 54.0 (C-4), 13.8 (COCH,CH,); HPLC-MS, 7; =
9.2 min, m/z found 446.1 [M]', 7, = 9.4 min, m/z found 446.1
[M]" (m/z calculated for C,3H,,FeN,0, 446.1 [M]").

7c. This compound was prepared in 6.2% yield (60 mg)
together with 2.5% yield (25 mg) of 8c starting from 5c¢ accord-
ing to general procedure D. 7c: Elemental analysis calculated
(%) for C,oH,sFeN,0, C 66.68, H 5.02, N 5.18 found C 66.69, H
5.14, N 5.28; "H NMR (DMSO-dg) 6 = 9.47 (s, 1H, OH), 9.32 (d, J
=1.7 Hz, 1H, H-1), 7.81 (dd, J = 2.0, 3.2 Hz, 1H, H-3), 7.59 (d, J
= 7.8 Hz, 1H, CH,,), 7.40 (br s. 1H, CH,,), 7.32 (t, ] = 7.7 Hz,
1H, CHy,), 7.17 (t,J = 7.8 Hz, 1H, CHy,), 7.11 (d, J = 7.7 Hz, 1H,
CHy,), 6.85-6.83 (m, 2H, CHy,), 6.68-6.66 (m, 1H, CH,,), 5.17
(d, J = 3.5 Hz, 1H, H-4), 4.81 (s, 1H, Cp), 4.80 (s, 1H, Cp), 4.36
(br s, 2H, Cp), 4.06 (s, 5H, Cp’), 3.74 (q, J = 7.0 Hz, 2H,
COCH,CH3), 0.77 (t, J = 7.1 Hz, 3H, COCH,CHj3); “*C{'H}
(DMSO-dg) 6 = 165.1 (COCH,CHj,), 157.5 (C-2), 152.2 (C-6),
148.9 (Cyy), 145.8 (Ca), 138.6 (Car), 135.3 (Cyy), 129.5 (CHyy),
127.8 (CHyy), 126.4 (CHy,), 125.9 (CHa,), 125.3 (CHa,), 117.0
(CHar), 114.3 (CH,,), 113.2 (CHy,), 100.5 (C-5), 84.5 (CPjpso),
69.4 (Cp'), 69.0 (Cp), 66.4 (Cp), 59.1 (COCH,CHj,), 54.1 (C-4),
13.5 (COCH,CHj3); HPLC-MS, 7; = 11.2 min, m/z found 522.2
M], 7, = 11.5 min, m/z found 522.2 [M]" (m/z calculated for
CoHycFeN,0, 522.1 [M]"). 8c: Elemental analysis calculated
(%) for C,eH,sFeN,O5 C 64.46, H 5.22, N 5.18 found C 64.82, H
5.68, N 4.96; "H NMR (DMSO-ds, 600.3 MHz) of a mixture of
diastereoisomers § = 9.35 (s, 1H, OH), 8.05 (s, 1H, CH,,),
7.81-7.76 (m, 1.5 H, CHy,,), 7.71 (d, J = 7.8 Hz, 0.5 H, CH,,),
7.45 (t, J = 7.8 HZ, 0.5 H, CHy,), 7.43 (t, J = 7.7 Hz, 0.5 H,
CH,,), 7.08-7.04 (m, 1H, CH,,), 6.86-6.83 (m, 1H, CH,,),
6.81-6.79 (m, 1H, CH,,), 6.67 (d, J = 9.2 Hz, 0.5 H, H-4),
6.59-6.53 (m, 1.5 H, CH,, and H-4), 5.65 (br s, 2H, H-6),
5.49-5.45 (m, 1H, H-3), 5.35 (d, J = 6.5 Hz, 0.5 H, H-2), 5.32 (d,
J = 8.1 Hz, 0.5 H, H-2), 4.91 (br s, 1H, Cp), 4.89 (m, 1H, Cp),
4.41-4.39 (m, 2H, Cp), 4.11-4.07 (m, 0.5 H, COCH,CHj3),
4.06-4.01 (m, 0.5 H, COCH,CH3;), 4.03 and 4.02 (s, 5H, Cp’),
3.96-3.93 (m, 1H, COCH,CH;), 1.10 (t, / = 7.1 H, 1.5 H,
COCH,CH,), 0.94 (t, J = 7.0 Hz, 1.5 H, COCH,CH3); “*C{'H}
NMR (DMSO-dg, 150.1 MHz) & = 193.0 (CO), 168.0 and 167.6
(CO), 157.8 and 157.6 (CO), 157.1, 143.2, 140.1 (2x), 136.7 and
135.8 (Car), 131.0 and 130.9 (CH,,), 129.2 and 129.0 (CHy,),
125.7 and 125.6 (CHy,), 117.3 (CHy,), 114.2 and 114.1 (CHy,),
113.8 (CHy,), 83.6 and 83.5 (Cpipso), 69.5 (Cp), 69.4 (Cp'), 66.8
and 66.6 (Cp’), 66.5 (2 x Cp’), 61.0 and 60.9 (COCH,CHj3), 59.1
(C-2), 52.6 (C-3, based on 'H-"*C HSQC), 13.9 and 13.7
(COCH,CH3;); HPLC-MS, 7, = 10.9 min, m/z found 540.2 [M]',
7, = 11.0 min, m/z found 540.2 [M]" (m/z calculated for
C,oH,gFeN,05 540.1 [M]").

7d. This compound was prepared in 1.4% yield (10 mg)
starting from 5d according to general procedure D. Elemental
analysis calculated (%) for C,oH,FeN,0, C 66.68, H 5.02, N
5.36 found C 66.81, H 5.14, N 5.32; 'H NMR (DMSO-d¢) 6 =
9.47 (s, 1H, OH), 9.26 (d, J = 1.7 Hz, 1H, H-1), 7.82 (d, J = 3.3,
2.0 Hz, 1H, H-3), 7.57 (d, J = 8.4 Hz, 2H, CHy,,), 7.24 (d, J = 8.3,
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2H, CHy,), 7.17 (t, J = 7.8 Hz, 1H, CH,,), 6.82-6.83 (m, 2H,
CH,,), 6.69-6.67 (m, 1H, CH,,), 5.15 (d, J = 3.5 Hz, 1H, H-4),
4.85 (t, J = 1.9 Hz, 2H, Cp), 4.40 (t, J = 1.8 Hz, 2H, Cp), 4.04 (s,
5H, Cp'), 3.79 (q,J = 6.9 Hz, 2H, COCH,CHj3;) 0.82 (t, J = 7.1 Hz,
3H, COCH,CHj); “C{'H} NMR (DMSO-ds) & = 165.4
(COCH,CH3;), 157.7 (C-2), 152.3 (Ca,), 148.8 (Ca,), 145.7 (C-6),
140.0 (Ca,), 132.3 (Car), 129.4 (CHy,), 128.6 (CHa,), 125.0
(CHa), 116.7 (CHa,), 114.4 (CH,,), 113.2 (CH,,), 100.1 (C-5),
84.0 (Cpypso)y 69.4 (Cp’), 69.2 (Cp), 66.4 (2%, Cp) 59.1
(COCH,CH3), 54.0 (C-4), 13.6 (COCH,CH;); HPLC-MS, 7; =
11.2 min, m/z found 522.2 [M]', 7, = 11.5 min, m/z found 522.2
[M]" (m/z calculated for CpoH,cFeN,0, 522.1 [M]").

8a. This compound was isolated in 10% yield (90 mg) start-
ing from 660 mg (2.2 mmol) of 5a according to general pro-
cedure B. Elemental analysis calculated (%) for C,3H,,FeN,O5
C 59.50, H 5.21, N 6.03 found C 60.92, H 5.80, N 6.07; "H NMR
(DMSO-dg, 600.3 MHz) & = 9.36 (br s, 0.4 H, OH, minor), 9.35
(br s, 0.6 H, OH, major), 7.10-7.06 (m, 1H, CHy,), 6.86-6.80
(m, 2H, CHAr], 6.65 (br s, 0.5 H, H-4), 6.60-6.58 (m, 1.5 H,
CH,, and H-4), 5.67 (br s, 1H, H-6), 5.57 (br s, 1H, H-6), 5.36
(br s, 1H, H-3), 4.77-4.72 (m, 2H, Cp), 4.61-4.60 (m, 2H, Cp),
4.53 (d, J = 6.5 Hz, 0.5 H, H-2), 4.43 (d, J = 9.1 Hz, 0.5 H, H-2),
4.15-4.12 (m, 0.5 H, COCH,CHj;), 4.05-3.97 (m, 1.5 H,
COCH,CHj;) overlapped with 4.01 (s, 5H, Cp’), 1.16 (t, J = 7.0
Hz, 1.8 H, COCH,CHj3), 1.02 (t, ] = 6.5 Hz, 2H, COCH,CH3); **C
{'"H} NMR (DMSO-d, 150.1 MHz) 6 = 197.0 and 195.0 (CO),
167.5 (CO), 157.7 and 157.5 (CO), 157.1 (Ca,), 143.5 and 143.1
(Car), 129.1 and 128.9 (CHy,), 117.8 (2 x CH,,), 114.6 and 114.3
(CHap), 114.1 and 113.9 (CH,,), 79.4 and 78.1 (Cpipso)y 72.9
(2x), 72.7 (Cp), 72.6 (Cp), 69.7 (2%, Cp'), 69.4 (Cp), 69.3 (Cp),
69.2 (Cp), 61.4 (Cp), 60.9 (Cp), 60.8 (COCH,CH3), 59.2 (C-2
based on 'H-"*C HSQC), 52.6 (C-3 based on 'H-'*C HSQC),
14.0 and 13.8 (COCH,CH3;); HPLC-MS, 7 = 8.0 min, m/z found
465.1 [M + H]', 487.1 [M + Na]', 7, = 8.2 min, m/z found 464.3
[M]', 487.1 [M + Na]" (m/z calculated for C,3H,,FeN,O; 464.1
[M]', C3H,4FeN,O5 + H 465.1 [M + H]', C3H,,FeN,O;5 + Na
487.1 [M + NaJ").

8b. This compound was isolated in 32% yield (70 mg) start-
ing from 150 mg (0.40 mmol) of 5b according to general pro-
cedure B. Elemental analysis calculated (%) for C,oH,gFeN,O5
C 64.46, H 5.22, N 5.18 found C 64.94, H 5.52, N 5.36; "H NMR
(DMSO-ds, 600.3 MHz) of a mixture of diastereoisomers § =
9.33 (s, 1H, OH), 7.91 (d, J = 7.8 Hz, 0.7 H, CHy,), 7.89 (d, J =
7.7 Hz, 0.3 H, CH,,), 7.52-7.48 (m, 1H, CH,,), 7.39 (br s, 0.3 H,
CHy,), 7.30-7.26 (m, 1H, CH,,), 7.16 (d, J = 7.0 Hz, 0.7 H,
CHy,), 7.04 (t, ] = 7.8 Hz, 0.3 H, CHy,), 7.00 (t, ] = 7.8 Hz, 0.7 H,
CH,,), 6.67-6.65 (m, 0.6 H, CHy,), 6.59-6.43 (m, 3.5 H, CHy,,
and H-4), 5.74 (br s, 1.5 H, H-6), 5.61 (br s, 0.5 H, H-6), 5.25 (br
s, 0.2 H, H-3), 4.93 (dd, J = 9.8, 6.4 Hz, 0.7 H, H-3), 4.49 (d, ] =
8.1 Hz, 0.3 H, H-2), 4.44 (br s, 0.7 H, Cp), 4.36 (br s, 0.7 H, Cp),
4.33 (br's, 0.8 H, Cp), 4.30 (br s, 1.3 H, Cp), 4.28-4.27 (m, 0.3
H, Cp), 4.27-4.26 (m, 0.3 H, Cp), 4.16 (d, J = 6.3 Hz, 0.7 H,
H-2), 4.10 (s, 3.5 H, Cp’), 4.05 (s, 1.5 H, Cp'), 3.97-3.93 (m, 0.8
H, COCHZCHs], 3.90-3.85 (m, 0.7 H, COCH,CH3), 3.82-3.78
(m, 0.5 H, COCH,CHj3), 1.00 (t, J = 7.1 H, 2 H, COCH,CH3),
0.89 (t, J = 7.1 H, 1H, COCH,CH3); “C{'H} NMR (DMSO-d,
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150.1 MHz) § = 199.7 (CO), 167.8 (CO), 157.6 and 157.5 (CO),
157.0 (Ca,), 142.8 and 142.6 (C,,), 138.6 and 137.6 (Cy,), 137.7,
136.8 (Car), 132.1 and 131.6 (CH,,), 130.7 and 130.6 (CH,,),
129.0 (CHy,), 128.0 and 127.7 (CHy,), 126.2 and 125.9 (CHy,),
117.6 and 117.0 (CH,,), 114.3 and 113.9 (CH,,), 113.7 (CHa,),
85.4 and 85.3 (Cp;ps0), 70.0 and 69.9 (Cp’), 69.8 and 69.7 (Cp),
69.4 (Cp), 69.2 (Cp), 68.9 (Cp), 68.7 (Cp), 68.4 (Cp), 62.8 (C-2),
60.7 and 60.6 (COCH,CH;), 51.7 (C-3), 13.8 and
13.6 (COCH,CHj3); HPLC-MS, 7; = 10.4 min, m/z found 540.3
M]", 7, = 10.6 min, m/z found 540.2 [M]", 73 = 11.2 min,
m/z found 540.2 [M]" (m/z calculated for C,oH,5FeN,O5 540.1
).

8c. This compound was synthesized in 32% yield (140 mg)
starting from 300 mg (0.80 mmol) of 2¢ according to general
procedure B.

8d. This compound was isolated in 34% yield (100 mg)
starting from 210 mg (0.558 mmol) of 5d according to general
procedure B. Elemental analysis calculated (%) for
C,oH,3FeN,O5 C 64.46, H 5.22, N 5.18 found C 64.93, H 5.80, N
5.18; "H NMR (DMSO-d,, 600.3 MHz) 6 = 9.32 (s, 1H, OH), 7.89
(d,J = 8.4 Hz, 1H, CHy,,), 7.85 (d, J = 8.3 Hz, 1H, CHy,), 7.66 (t,
J=7.6 Hz, 1H, CH,,), CHy,, 7.07-7.02 (m, 1H, CH,,), 6.82-6.77
(m, 2H, CHy,,), 6.63 (d,J = 9.2 Hz, 0.5 H, H-4), 6.59-6.53 (m, 1.5
H, H-4 and CH,,), 5.64 (br s, 1H, H-6), 5.62 (br s, 1H, H-6),
5.47-5.44 (m, 1H, H-3), 5.23 (d, J = 7.4 Hz, 0.5H, H-2), 5.16 (d, J
= 8.5 Hz, 0.5 H, H-2), 4.92 (t, ] = 1.7 Hz, 2H, Cp), 4.46-4.45 (m,
2H, Cp), 4.12-4.07 (m, 0.5, COCH,CHj3), 4.05-4.00 (m, 0.5 H,
COCH,CH3;) overlapped with 4.03-4.02 (m, 5H, Cp’), 3.95-3.88
(m, 1H, COCH,CH3;), 1.09 (t, J = 7.1 Hz, 1.8 H, COCH,CHj,),
0.97 (t,J = 6.9 Hz, 1.2 H, COCH,CHj3); C{"H} NMR (DMSO-ds,
150.1 MHz) § = 192.4 (CO), 167.9 (CO), 157.8 and 157.6 (C),
157.1 (C), 146.1 (Cyy), 143.3 (Cay), 133.7 (Cay), 132.7 (Cay), 129.0
and 128.9 (CH,,), 128.7 (CHa,), 125.8 (CHy,), 117.4 (CHa,),
114.3 and 114.1 (CHy,), 113.8 (CHy,,), 82.4 (Cpjpso), 70.1 (Cp),
69.7 (Cp'), 67.1 and 67.0 (Cp), 67.0 (Cp), 60.9 (COCH,CHj3),
58.7 and 57.9 (C-2), 52.8 (C-3, based on "H-"*C HSQC), 13.9
and 13.7 (COCH,CHj;); HPLC-MS, 7; = 10.6 min, m/z found
540.2 [M]', 7, = 10.7 min, m/z found 540.2 [M]" (m/z calculated
for CpoH,gFeN,05 540.1 [M]").

Cell lines

The A549 (alveolar basal epithelial cell adenocarcinoma), Colo
205 (colorectal adenocarcinoma), HCT 116 (colorectal carci-
noma), Hep G2 (hepatocellular carcinoma), MCF7 (breast
adenocarcinoma), and SW620 (colorectal adenocarcinoma) cell
lines were purchased from American Type Culture Collection
(USA) via LGC Standards. Multidrug resistant SW620 variants
were derived and characterized as described previously.®® All
cell lines were cultured in standard conditions (37 °C, 5% CO,,
100% relative humidity) in high-glucose Dulbecco’s modified
Eagle medium supplemented with GlutaMAX™, HEPES
(ThermoFisher Scientific, USA) and 10% fetal bovine serum
(EURx, Poland). Care was taken not to cross-contaminate the
cultures and all cell lines were processed separately using filter
pipette tips. The cultures were routinely monitored every
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3 months for signs of Mycoplasma infection using MycoProbe
Myoplasma Detection kit (R&D Systems, USA).

Antiproliferative/cytotoxic activity assay

The drug sensitivity was determined using the neutral red
uptake assay.”® Cells were seeded in 96-well plates at a density
of 1 x 10* cells per well. Following an overnight incubation to
allow the cells to attach to the surface, they were treated with
desired concentrations of the test compounds. Stock solutions
of the investigated compounds were freshly prepared in DMSO
and used within a maximum of 4 hours since dissolution. The
final DMSO concentration in all samples was constant and
equal to 0.1% (v/v) as such solvent level was proven to be vir-
tually non-toxic to the cells as determined in pilot experi-
ments. Cells treated with DMSO only were considered fully
viable controls. Following 70 h-exposure, neutral red was
added to all wells to the final concentration of 1 mM. After
further 2 h, the medium was carefully aspirated and wells were
washed with phosphate-buffered saline (PBS). Finally, the cells
were dissolved in 200 pL of solubilizer (1% HOAc (v/v) in 50%
EtOH (v/v)) and shaken on an orbital shaker for 10 min to
allow for neutral red extraction. The sample absorbance at
540 nm was measured using an EnVision Multilabel
Plate Reader (Perkin Elmer, USA). The results were calculated
as a percentage of control and presented either as such or the
IC5, values were determined by GraphPad Prism 7.03 software
(GraphPad Prism Inc.) using a four-parameter non-linear logis-
tic regression model.

Cell cycle analysis

SW620 and its multidrug-resistant variant SW620V (selected by
increasing concentration of vincristine, overexpressing ABCB1)
were selected for cell cycle analysis. 1 x 10° cells were seeded
in a 6-well plate and left to attach for 24 h. Then the cells were
treated with the investigated compounds at a concentration
corresponding to the ICq, of 1 for SW620 (1.5 pM). After
further 24-hour incubation, the medium was collected, cells
were trypsinized and resuspended in autologous medium,
washed twice with ice-cold PBS, and fixed with ice-cold
ethanol (70% v/v). After overnight incubation at 4 °C, they were
stained with propidium iodide staining solution (75 uM propi-
dium iodide and 50 Kunitz units per mL RNAse A in PBS) for
30 minutes at 37 °C. The samples were analyzed using an
LSRII flow cytometer (Becton Dickinson, USA; excitation
488 nm, emission 575/26 nm, PE channel) and cell cycle phase
distribution was determined with FlowJo 7.6.1 software
(FlowJo, USA) using a built-in cell cycle analysis module
(Watson pragmatic algorithm).

Reactive oxygen species formation

The oxidation rate of dihydrorhodamine 123 (DHR123) was
considered as the marker of intracellular reactive oxygen
species production. Exponentially growing SW620 cells
(100000 cells per well seeded in 6-well plates for 20-24 h
before time 0) were exposed to 1 uM of the test compound for
4 h in the presence of 1 uM DHR123. Since this assay is sus-
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pected to be influenced by ABCB1 activity,”> 10 pM verapamil
was added as an inhibitor of ABCB1. Cells were then harvested
by trypsinization and suspended in a complete growth
medium. The samples were then analysed with an LSRII
(Becton Dickinson, USA) instrument and median fluorescence
(excitation 488 nm, emission 530/30 nm, FITC channel) was
analysed. Median fluorescence of cells incubated with DHR123
and DMSO alone was considered 100% in a given experiment.
Statistical significance of the differences was assessed by one-
way ANOVA and Tukey’s post hoc test, assuming 0.05 as the sig-
nificance level.

Kinesin ATPase inhibition assay

Kinesin modulatory activity of the investigated compounds
was assayed with the Kinesin ATPase Endpoint Biochem Kit
(Cytoskeleton, Inc.). Compounds were dissolved in DMSO
(final concentration 0.1%), and then diluted in 100 mM PIPES
buffer pH 7.0 to obtain final concentrations of 10, 100 and
1000 nM. The experiment was performed according to the
manufacturer’s instructions and phosphate
measured as the absorbance at 650 nm using EnVision
Multilabel Plate Reader (Perkin Elmer, USA).

release was

Molecular structure determination

Single crystals of 3a and 6a were obtained by solvent evapor-
ation from CH,Cl,/n-hexane solution. Suitable single crystals
were placed on an Agilent Supernova 4 circle diffractometer
system equipped with a copper (CuKa) microsource and mol-
ybdenum (MoKa) microsource and Atlas CCD detector. The
data were collected and integrated with CrysAlis171 7" software
and corrected for absorption effects using the multi-scan
method (SCALE3 ABSPACK''). The sample was cooled by
keeping it in a cold nitrogen stream, using Oxford Cryosystems
cooling device. The copper source was selected for 3a as the
crystals of both compounds were very thin plates, expected to
yield a relatively weak X-ray diffraction signal.

Both structures were solved using Olex2’? with the olex2.
solve”® structure solution program using Charge Flipping. The
structures were subsequently refined with the SHELXL”™
refinement package using Least Squares minimization. In
both instances, the hydrogen atoms were visible in the residual
density map but were added geometrically and refined mostly
in riding approximation. H atoms involved in H-bonds were
refined with only donor-H distance restraint, and isotropic
ADP-s derived from the ADP-s of the appropriate donor atom.
In the case of 6a, solvent molecules incorporated in the crystal
structure were refined as disordered over two alternative posi-
tions. The figures were prepared using Mercury 4.3.”> Detailed
information about the data processing, structure solution and
refinement is presented in Table 7.

Docking studies

The derivatives were docked to the crystal structure of tubulin
PDB ID 1QOB with a resolution of 1.9 A.”® Scigress v2.6 7 was
used to prepare the crystal structure for docking, i.e. the hydro-
gen atoms were added, and the co-crystallized ligands as well
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Table 7 Crystal data and refinement parameters for 3a and 6a
Compound 3a 6a
CCDC 2010958 2010957
Empirical CygH,oFeN,O,S C,3H,,FeN,05S-0.5
formula CH,Cl,
Formula weight/g ~ 384.27 504.80
mol™
Temperature/K 100.00(10) 100.00(10)
Crystal system Monoclinic Monoclinic
Space group C2/c P2/c
alA 18.7579(2) 13.9949(10)
b/A 7.28947(8) 11.5388(5)
c/A 24.6904(3) 15.5543(8)
al® 90 90
B° 97.4762(11) 106.060(7)
y/° 90 90
Volume/A3 3347.36(7) 2413.7(3)
VA 8 4
Peatelg cm ™ 1.525 1.389
u/mm™* 8.498 0.849
F(000) 1600.0 1044.0
Crystal size/mm? 0.1389 x 0.08 x 0.0356  0.5468 x 0.1944 % 0.0275
Radiation/A CuKa (4 = 1.54184) MoK (4 = 0.71073)
20 range for data  7.222 to 142.708 4.460 to 54.206
collection/®

Index ranges

—22<h<22,-8<k

<8,-30<1<30

—17<h<17,-14<k<
14,-19 <1< 19

Reflections 16123 40306

collected

Independent 3233 [Rine = 0.0303, 5320 [Rine = 0.0987, Rigma
reflections Rgigma = 0.0208] =0.0569]

Data/restraints/ 3233/5/262 5320/44/329

parameters

Goodness-of-fit 1.040 1.082

on F*
Final R indexes [I

Ry = 0.0261, WR, =

Ry = 0.0639, WR, = 0.1478

> 26(1)] 0.0608

Final R indexes R, =0.0286, WR, = R; =0.0843, WR, = 0.1584
[all data] 0.0623

Largest diff. peak/ 0.30/—0.31 1.41/-0.49

hole/e A3

as crystallographic water molecules were removed. The
Scigress software suite was also used to build the chemical
structures which were optimized using the MM2 force field”®
and the PM6 semi-empirical method.”” The center of the
binding was defined in the protein crystal structure as C5 of
the co-crystallized monastrol molecule (x = 41.347, y = 15.526,
z = 49.897) with a 10 A radius. Fifty docking runs were allowed
for each ligand with default search efficiency (100%). The
basic amino acids lysine and arginine were defined as proto-
nated. Furthermore, aspartic and glutamic acid residues were
assumed to be deprotonated. The GoldScore (GS)* scoring
function was implemented to validate the predicted binding
modes and relative energies of the ligands using the GOLD
v5.4.0 software suite.
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Supporting Figure S1. Selected views of the crystal packing of 4a (left) and 6a (right).
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Docking studies

The KSP crystal structure derived from Homo sapiens was obtained from the Protein Data Bank
(PDB ID: 1Q0B)." The co-crystallized ligand (S)-1 was removed and re-docked to the allosteric
site with excellent docking overlay (RMSD = 0.532 A). The co-crystallized ligand, and its re-
docked configuration, showed the phenol group deeply buried in the hydrophobic cavity
(Supporting Figure S2). The cavity is populated with hydrophobic amino acids Trp127, Ala133,
lle136, Pro137, Tyr211 and Leu214, which form favorable hydrophobic contacts with aromatic
phenol and the tetrahydropyrimidine core. Hydrogen bonding were predicted between the
phenol and the Arg119 side chain and Glu118 carbonyl backbone. Additionally, the 3-NH forms
a hydrogen bond with the Glu116 carbonyl backbone. The thione moiety is oriented towards
lle136 deep within the binding pocket with the ethanoate group facing the water phase. The
spatial orientation and intermolecular interactions are in agreement with X-ray crystallographic
data reported by Garcia-Saez et al.? and molecular modelling studies on monastrol mimics by
Soumyanarayanan et al.3 The similarities in the docked configurations to the one described in
the literature and a low RMSD value suggest the reliability and reproducibility of the docking

protocol.

(B) Leu214

Tyr211
Trp127

- Arg119
lle136 E g
» / S
Mﬂrms? 2
a

f 133“

Glu116

Glu118

Supporting Figure S2. Docked configuration of (S)-monastrol. Hydrogen atoms have been
omitted for clarity. H-bonds are depicted as green dotted lines. (A) Overlays between co-
crystallized (S)-monastrol (green) and re-docked (S)-monastrol. Residues involved in hydrogen
bonding; Glu116 (blue), Glu118 (red) and Arg119 (yellow) are shown. The surface of the
allosteric site is rendered, hydrophobic, partial negative and postive regions are coloured grey,
red and blue, respectively. (B) Docked configuration of (S)-monastrol surrounded by

hydrophobic and hydrogen bonding amino acid residues.
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Supporting Figure S12. 13C{1H} NMR spectra of 4a in DMSO-ds.
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Supporting Figure S13. 1H NMR spectra of 4b in DMSO-ds.
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Supporting Figure S14. 13C{1H} NMR spectra of 4b in DMSO-ds.
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Supporting Figure S16. 13C{1H} NMR spectra of 4c in DMSO-de.
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Supporting Figure S18. 13C{1H} NMR spectra of 4d in DMSO-ds.
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Supporting Figure S24. 13C{1H} NMR spectra of 6d in DMSO-ds.
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Supporting Figure S26. 13C{1H} NMR spectra of 7a in DMSO-ds.
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Supporting Figure S28. 13C{1H} NMR spectra of 7c in DMSO-de.
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Supporting Figure S32. 13C{1H} NMR spectra of 8a in DMSO-ds.
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Supporting Figure S36. 13C{1H} NMR spectra of 8c in DMSO-de.
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Supporting Figure S37. 1H NMR spectra of 8d in DMSO-ds.
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Supporting Figure $39. LC-MS analysis of 3a.
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Supporting Figure S40. LC-MS analysis of 3b.
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Supporting Figure S41. LC-MS analysis of 3c.
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Supporting Figure S42. LC-MS analysis of 3d.
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Supporting Figure S43. LC-MS analysis of 4a.
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Supporting Figure S44. LC-MS analysis of 4b.
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Supporting Figure S45. LC-MS analysis of 4c.
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Supporting Figure S46. LC-MS analysis of 4d.
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Supporting Figure S47. LC-MS analysis of 6a.
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Supporting Figure S48. LC-MS analysis of 6c.
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Supporting Figure $49. LC-MS analysis of 6d.
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Supporting Figure S50. LC-MS analysis of 7a.
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Supporting Figure S51. LC-MS analysis of 7c.
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Introduction

Conventional antimitotic agents, such as taxanes and Vinca
alkaloids, disturb microtubule dynamics, eventually leading to
cell death.’” However, these drugs are associated with severe
side effects resulting from their effects on non-malignant cells.
Additionally, the use of antimitotic agents may be inefficient
due to the development of multidrug resistance (MDR),
leading to cancer relapse and therapy failure.* To improve the
efficiency of antimitotic agents and alleviate side effects of the
therapy, there is a need for targeted treatment that can dis-
criminate between cancerous and normal cells, minimizing
systemic toxicity while enhancing antitumor efficacy. Among
the targets for such therapies, the kinesin-5 protein (KSP, also
known as Eg5) is particularly interesting.””® Kinesin-5, a tetra-
meric plus-end-directed motor protein is essential for spindle
bipolarity and thus effective mitosis.”'° Inhibition of Eg5
results in the formation of monopolar spindles, an aberrant
mitotic arrest, and subsequent cell death of dividing cells. The
specificity of Eg5 to mitotic processes provides a therapeutic
advantage by primarily affecting proliferating cancer cells
rather than non-dividing normal cells. Since the first low-mole-
cular-weight kinesin-5 inhibitor, monastrol'* 1, was discovered
through screening the library of 16 320 organic molecules, sig-

“Laboratory of Molecular Spectroscopy, Department of Organic Chemistry, Faculty of
Chemistry, University of Lodz, ul. Tamka 12, 91-403 £6dZ, Poland.

E-mail: damian.plazuk@chemia.uni.lodz.pl

bCytometry Lab, Department of Oncobiology and Epigenetics, Faculty of Biology and
Environmental Protection, University of Lodz, ul. Pomorska 141/143, 90-236 L6dZ,
Poland

TElectronic supplementary information (ESI) available: Additional figures,
copies of 'H and **C{'"H} NMR spectra and the HPLC-MS analysis of final pro-
ducts. See DOI: https://doi.org/10.1039/d4dt01853b

This journal is © The Royal Society of Chemistry 2024

pared to other antimitotic agents. By modifying the 1,4-dihydropyridine-based kinesin-5 inhibitor
CPUYLO064 with a ferrocenyl moiety (Fc), we designed and prepared a series of organometallic hybrids
that show high antiproliferative activity, with the best compounds exhibiting up to 19-fold increased
activity. This enhanced activity can be attributed to the presence of the ferrocenyl moiety.

nificant efforts have been made to develop more efficient and
relatively non-toxic inhibitors.>®'* The discovery of monastrol
led to the development of structurally diverse Eg5 inhibitors,
such as dimethylenastrone®® 2, Mon-97 3, fluorastrol'* 4, and
CPUYLO064 5.7 Many other structurally different kinesin-5
inhibitors, including organic and organometallic compounds,
i.e. 6, have been discovered, with some entering clinical
trials. >8>

Over the past decades, significant efforts have been put
to design and evaluate the biological properties of organo-
metallic conjugates and analogs of biologically active
compounds. There has been particular interest in sandwich
complexes, mainly involving ferrocene,>>>' as well as half-
sandwich complexes,>* for their potential as anticancer,
antibacterial,” antifungal,®®**° antiparasitic,’ and other
therapeutic agents*' with some of them evaluated under
clinical trials.*>”*> While organometallic hybrids with natural
antimitotic agents that target microtubules—such as
taxanes,** *® podophyllotoxin,***° colchicine,*** and plinabu-
lin>*—have been studied, organometallic hybrids showing KSP
inhibitory activity have received comparatively less attention.
Recently, we and others have reported sandwich and half-sand-
wich complexes and analogs of monastrol®™’ and
ispinesib.’®®° Although some of the synthesized hybrids have
demonstrated promising anticancer activity compared to
purely organic Eg5 inhibitors, the impact of the organo-
metallic moiety on the biological properties of such hybrids is
unclear.

Continuing our research on organometallic antimitotic
kinesin-5 inhibitors, we have prepared a series of ferrocenyl
analogs and hybrids of the 1,4-dihydropyridine KSP inhibitor
CPUYL064°"%* and evaluated the impact of the organometallic
moiety on their biological properties (Fig. 1).
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R=H Mon-97
4
R=F Fluorastrol

Monastrol ~ Dimethylenastron

CPUYL064 Ferrocene-monastrol analogue

Fig. 1 Structure of monastrol 1, and an example of organic 2—-5 and ferrocenyl analogue 6.

Results and discussion
Synthesis

All the final 1,4-dihydropyridine derivatives were synthesized in
a multicomponent reaction. The required ruthenocenecarboxal-
dehyde® 11c and o-, m-, and p-ferrocenylbenzaldehydes*® 11d-
f were prepared from corresponding metallocenes in a few
steps following reported procedures. The ferrocene-substituted
acetoacetanilides 10a-c were synthesized from o-, m- and
p-nitroanilines as outlined in Scheme 1. First, ferrocene reacted
with freshly prepared o-, m-, and p-nitrobenzenediazonium
chlorides to yield the corresponding o-, m-, and p-ferrocenylni-
trobenzenes 8a-c, which were isolated in 30-94% yields. Next,
the nitroarenes 8a-c¢ were reduced to anilines 9a-c using
ammonium formate with 10% palladium on carbon in ethanol
at 120 °C under microwave conditions, achieving quantitative
yields. Subsequently, the resulting anilines 9a-c reacted with
ethyl acetoacetate in the presence of a catalytic amount of pot-
assium tert-butoxide in toluene at 160 °C for 20-30 minutes
under microwave conditions, producing the desired ferrocene-
substituted acetoacetanilides 10a—c in yields ranging from 19%
to 32%. The 5-ferrocenylcyclohexane-1,3-dione 13e was syn-
thesized as outlined in Scheme 2 by adapting reported pro-
cedure.®* The reaction of ferrocenecarboxaldehyde 11b with
acetone in the presence of sodium hydroxide solution afforded
4-ferrocenylbut-3-en-2-one 12,°> which further reacted with the
freshly prepared sodium salt of diethyl malonate to yield the
corresponding p-ketoester. This p-ketoester was hydrolyzed
using a sodium hydroxide to produce the fp-ketoacid, which
underwent decarboxylation upon refluxing in hydrochloric acid
solution to yield 13e with an overall yield of 29%. The structure

1. NaNO,, HCI HCOO'NH,*
NH 2, A
2 0-5°C 10% Pd/C
N _2 FcH, EtO,RT _ _EtOH, MW
|\ 120°C, 30 min
NO, @
7a (o) 8a (o)
m(m) 8b (m-)
7c (p-) _ 8c (p-)
Fe =FcH

S

Scheme 1 Synthesis of ferrocenyl acetoacetanilides 10a—c.
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of 13e was confirmed by the NMR analysis and MS spec-
troscopy. In the DMSO-d¢ solution 13e exists solely in enol
form which was confirmed by the NMR spectroscopy. In the "H
NMR spectrum of 13e in DMSO-ds, the singlet at 11.07 ppm
assigned to the OH enol group, and singlet of vinyl enol proton
CH=C(OH) (H-2) at 5.23 ppm confirmed the formation of enol
(Fig. S141). However, while the metallocene protons were
present in the spectrum, the signals of aliphatic cyclohexane
ring were only poorly visible. In the **C{"H} NMR spectrum of
13e in DMSO-de, signals of both the carbonyl carbon at
197.1 ppm (C-1) and the enol carbon atom =C(OH)- (C-3) at
176.9 ppm were observed which confirmed the enol form
(Fig. S157). Signals assigned to the vinyl enol carbon atom (C-2)
at 103.5 ppm and the Cp originated signals and C-5 atom of
cyclohexane ring were observed with typical intensity. In com-
parison, signals of both methylene groups of cyclohexane ring
were observed as low-intense singlets at 43.5 and 35.8 ppm. To
confirm the structure of 13e, we performed an additional NMR
analysis. In the "H NMR spectrum of 13e in CD,Cl, allowed to
register the NMR spectrum of 13e existing as diketone
(Fig. S161). In the "H NMR spectrum, signals assigned to the
ferrocenyl moiety and all the cyclohexane protons including
three CH, groups and one CH group were present, while no
enol signals were detected. In the *C{'H} NMR spectrum of
13e in CD,Cl,, one signal at 203.9 ppm assigned to the carbo-
nyl groups and signals assigned to the ferrocenyl, three methyl-
ene and one CH carbon atoms originating from the cyclo-
hexane ring were present (Fig. S17 and 187). Both increasing
(up to 343 K for DMSO-d¢ solution) and decreasing (down to
243 K for CD,Cl, solution) sample temperatures only slightly
affected the NMR spectra. The HPLC-MS analysis of 13e

MJ@@W

'BUOK, 4, toluene @

: \C\NHZ

MW, 160°C
9a (0-) 10a (0-)
9b (m-) 10b (m-)
9c (p-) 10¢c (p-)

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthesis of 5-ferrocenylcyclohexane-1,3-dione 13e.

showed singly charged peak at 8.77 min with m/z of 295.9
attributed to [M]" (positive mode) and m/z of 294.8 attributed
to [M — H']™ (negative mode).

All the targeted 1,4-dihydropyridine derivatives were syn-
thesized by a multicomponent reaction involving p-ketoamides
10a-d or f-ketoester 10e, aromatic aldehydes 11a-f, cyclo-
hexane-1,3-diones 13a-e and ammonium acetate in 2,2,2-tri-
fluoroethanol at 110 °C under conditions
(Scheme 3). Using other alcohols, such as ethanol or methanol,
resulted in lower yields of the products (the reaction yields
were tested for the synthesis of 14b). According to the opti-
mized conditions, amides 5,14b-j were synthesized in 17-80%
yield, esters 16a-j were isolated in 18-99% yield, while amides
16a-c were obtained in 42-60% yield. The structures of the
obtained products were confirmed by 1D and 2D NMR spectra.
The presence of two substituents at C-4 and C-7 resulted in the
formation of diastereoisomer mixtures. The 'H and *C NMR
spectra of C-7 monosubstituted amides 14g-i and esters 15g-i
confirmed the presence of additional signals, indicating the
formation of diastereoisomers (e.g., Fig. S34t). The HPLC-MS
analysis also confirmed the presence of diastereoisomers in
14g-i and 15g-h. For example, the HPLC-MS analysis of amide
14h and ester 15h showed two peaks at 7.61 min and 7.71 min
with m/z of 576.2 attributed to [M]" of amide (Fig. S391) and

microwave

View Article Online
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1. (EtOOC),CH Na*
EtOH, RT—> reflux, 12h o
2. NaOH, water, reflux, 2h Fe
3. 5M HCI, reflux, 4h @
13e

two peaks at 6.79 min and 6.94 min with m/z of 495.4 assigned
to [M]" of the ester (Fig. S697). The presence of a bulky substitu-
ent, i.e., 2-ferrocenylphenyl at C-4 in amide 14d, resulted in the
appearance of additional signals in "H and '*C NMR spectra,
which were assigned to rotamers (Fig. S25 and 267). Replacing
the amide moiety by the ester group, as in 15d, results in one
set of signals in the 'H and "*C NMR spectra with no signals
from rotamers (Fig. S551). The purity of the synthesized com-
pounds was confirmed by elemental analysis and HPLC-MS
analysis. In the MS spectra of most of the ferrocenyl 1,4-dihy-
dropyridine derivatives, only the singly charged ions attributed
to [M]" were observed, with the exception of ester 15i and the
ferrocenyl-substituted amides 16a-c where singly charged ions
attributed to the protonated form [M + H]" were present. All the
ruthenocenyl derivatives also gave singly charged ions assigned
to the protonated form [M + HJ'.

Structure-activity relationship

In the first step, we screened the synthesized compounds for
their antiproliferative activity evaluating survival of 6 cancer
cell lines of different tissue origin exposed to a single concen-
tration of a given compound equal to ICs, value for reference 5
(Fig. 2). Replacing the 4-phenyl moiety in 5 by a ferrocenyl sub-

o o R' O
O O AcONH,* R4
R? e f6) ) R'-CHO + /u\)J\R4 CF3CH,OH R? | N |
i 110 °C, MW R® H
13aR?=R%= Me 11aR'=Ph Toah= pREEHEe R*=p-NHCeH,Cl  R*=OEt
2.4 R3= 11b R = Fc 6 4 R'=Ph, R?=R%= Me 5 15a
13bR"=H,R =Me 10b R* = m-NHCgH,Fc
2_H R3= MecR'=R o R'=Fc, R2=R3=Me 14b 15b
13¢R"=H, R"=Ph & e 10¢ R* = p-NHCgH,Fc
2_R3= 11d R' = 0-FcCoH o R'=Rc, R?=R%=Me 14c 15¢
b s vl 0"CCeMs  10d R* = p-NHCGH,CI 1 i
13¢eR?=H,R=Fc  MeR'=m-FcCeHs 49q %= OFt R'=0-FcCeHy, R°=R°=Me 14d 15d
1f R'= p-FcCgH, R'=m-FcCgHy, R2=R3=Me 14e 15e
R'=p-FcCgHy, R?=R3=Me  14f 15f
R'=Fc, R2=H, R®= Me 14g 15g
S 4 R'=Fc, R?= H, R®= Ph 14h 15h
Fe Ru R'=Ph,R?=H, R®=Fc 14i 15i
(N (N R'=Fc, R2=R3=H 14 15j

R'=Ph, R?= R%= Me, R* =0-NHCzH,Fc 16a
R'=Ph, R?=R®%= Me, R*=m-NHCgH,Fc 16b
R'=Ph, R?=R%= Me, R* = p-NHCgH,Fc 16c

Scheme 3 Synthesis of the targeted 1,4-dihydropyridine amides 5,14b—j, 16a—c and esters 15a—j.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Antiproliferative activity of the synthesized compounds in com-
parison to 5 at concentrations equal to ICsq values of 5 in the respective
cancer cell lines A549 (ICsq = 57.4 pM), Colo 205 (IC59 = 33.9 pM),
HCT116 (IC50 = 26.8 pM), MCF7 (ICso = 40.0 pM), SW620 (IC5o =
15.2 uM), HepG2 (ICso = 39.7 pM). The results are presented as relative
viability compared to non-treated controls (mean values, n = 3).

stituent led to compound 14b, which possessed similar activity
to 5. Further replacing the ferrocenyl group in 14b by a ruthe-
nocenyl moiety led to compound 14¢, which exhibited practi-
cally no activity (survival rates higher than 91% at the studied
concentration). On the other hand, o-substituted ferrocenyl
decorated 14d demonstrated significantly higher activity than
the parent molecule, with survival rates varying from 7-34%
for Colo 205, HCT116, MCF7, SW620 and HepG2 lines. This
effect was abolished in m- and p-ferrocenyl derivatives, 14e and
14f, respectively, which demonstrated antiproliferative activity
only toward HCT116 and MCF-7 cells. The activity of the ferro-
cenyl analogue 14b could be improved by modifying the sub-
stituents at C-7. Compounds bearing one methyl substituent
(14g) or one phenyl moiety (14h), or having no substituents
(14j) at C-7 showed increased antiproliferative activity com-
pared to the dimethyl derivative 14a (e.g. cancer cell viability
dropped down to 1-4% for 14h in A549, HCT116, MCF7,
SW620 and HepG2 lines). However, when the ferrocenyl
moiety was attached at C-7, i.e. 14i, the biological activity was
almost eliminated. Replacing the 4-chloroanilide group in 5
with an ethyl ester moiety, i.e. 15a, led to almost inactive com-
pound. Nonetheless, the ferrocene-substituted esters showed
higher activity than the parent compound 5 or its ester ana-
logue 15a. On the contrary, modifying the 4-chloroanilide
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moiety by conjugation with the ferrocene substituent led to
moderately active compound 16a. Based on the obtained
results, we have selected four the most active amides 14d,g,h,j
and six esters 15d-i for further studies.

Determination of ICs, values (Table 1) confirmed that the
selected compounds possess significantly higher activity than
the parent molecule 5. Activity Quotients (AQ) demonstrated
the positive impact of the ferrocenyl moiety on antiproliferative
activity (Fig. S1Bf), although effects of different compounds
differed among cell lines. The overall cell susceptibility to the
investigated compounds was as follows: HepG2 (most vulner-
able) > Colo 205 = SW620 > A549 > MCF7 > HCT116 (least vul-
nerable) as revealed by rank analysis. Of the compounds, ester
15f and amides 14h, 14j and 14g were the most active, reach-
ing even 19.0-fold, 13-fold, 16-fold and 12-fold greater antipro-
liferative potential than reference 5, respectively. Therefore,
these compounds were selected for further studies.

Next, we evaluated the antiproliferative potential of the most
active compounds toward the human fetal lung fibroblast line
MRC-5 (Table 2). Similarly to cancer cells, normal fibroblasts
were more susceptible to ferrocene-substituted compounds
than to 5. Surprisingly, the results observed for 14g, 14h, and
15f were comparable to the ones observed for malignant cells.
14j was an exclusive exception being 2- to 9-fold less active in
MRC-5 cells. These results suggest that the ferrocenyl deriva-
tives of 5 exhibit a distinct mode of action that may involve not
only KSP inhibition but also some other biological effects.

Impact on the cell cycle

Analyzing the impact of the investigated compounds on the
cell cycle can be a rough measure of their mode of action as
kinesin-5 activity is crucial for mitotic spindle formation and
cell division. To elucidate the kinetics of cell cycle modulation
and the potential mechanistic implications of ferrocenyl sub-
stitution of 5, we utilized flow cytometry to analyze cell cycle
distribution at 24, 48, and 72 hours in A549 and SW620 cell
lines at concentrations equivalent to the IC,5 values for 5
(Table 3 and Fig. S2t). 5 was demonstrated to induce concen-
tration- and time-dependent G,/M block in HepG2 cells,®*
however its effects on A549 and SW620 cells were different. In
both cases, the proportion of G; cells was decreasing and the
proportion of S cells was increasing with exposure time while
G,/M block was faintly visible in A549 and quite evident in
SW620 cells. The differences between these two cell lines were
even more profound in case of other compounds. In A549 line,
the proportion of G; cells was consistently high over entire
exposure time to ferrocenyl derivatives of 5 reaching over 80%
which was further accompanied by time-dependent reduction
of S and G,/M cell counts. In neither case G,/M block was
observed. On the other hand, SW620 cells tended to respond
in a more predictable way, with 14g and 14j inducing G,/M
block in a time-dependent manner. 14h and 15f however,
exerted effects similar to those observed in A549 cells (ie.
increased number of G; cells and reduced number of G,/M
cells) - a behavior expected for agents blocking S phase entry
checkpoint. These results suggest the potential of the investi-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Antiproliferative activity of studied 1,4-dihydropyridine derivatives in human cancer cell lines (exposure time 72 h). ICso values are pre-
sented along with the corresponding 95% confidence intervals (in parentheses), n = 3. The Activity Quotients (AQ) of studied compounds in com-
parison to cytotoxic activity of 5 were calculated as AQ = IC50(5)/ICs0(compouna) (in italics)

MCF7

SW620

HepG2

26.8 (22.4-32.0)
24.2 (15.6-39.7)

16.0 (11.3-22.5)
19.8 (15.7-24.3)
5.19 (2.57-12.0)
91.2 (70.5-139)
21.9 (16.8-29.1)
14.3 (9.30-23.3)
1.57 (1.26-1.96)
17.6 (14.0-22.2)

18.1 (12.2-28.1)

IG5 (M)
Compound A549 Colo 205 HCT116
5 57.4 (43.6-75.4) 33.9 (28.6-41.4)
14d 27.5 (22.4-34.1) 5.82 (4.64-7.26)

2.1 5.8 1.1
14g 4.49 (3.93-5.87) 7.80 (5.64-10.8)

12.8 4.3 1.7
14h 4.32(3.48-5.32) 4.74 (4.21-5.32)

13.3 7.2 1.4
14j 3.87 (0.45-200) 2.23 (0.829-6.48)

14.8 15.2 5.2
15a >100 50.9 (41.0-63.0)

0.7 0.3

15d 8.57 (6.70-11.0) 8.14 (7.07-9.32)

6.7 4.2 1.2
15e 35.5 (16.5-105) 6.06 (4.94-7.42)

1.6 5.6 1.9
15f 5.73 (3.72-9.31) 1.78 (1.48-2.12)

10.0 19.0 17.1
15g 6.81 (5.67-8.12) 22.5 (14.9-34.6)

8.4 1.5 1.5
15h 37.0 (24.0-63.2) 6.66 (5.48-8.15)

1.6 5.1 1.5
15i 24.5 (15.9-40.9) 4.61 (3.11-6.81)

2.3

7.4

14.4 (9.09-23.9)
1.9

40.0 (30.9-53.4)
14.5 (11.8-17.9)
2.8

7.63 (4.49-13.4)
5.2

4.93 (3.40-7.12)
8.1

2.46 (0.670-12.6)
16.3

>100

10.1 (7.47-13.8)
4.0
25.0 (15.0-45.5)
1.6
5.12 (3.34-8.14)
7.8
19.0 (13.9-26.3)
2.1
7.16 (4.73-11.1)
5.6
6.01 (4.20-8.71)
6.7

15.2 (12.7-18.1)
15.6 (11.4-21.4)
1.0
5.07 (3.57-7.12)
3.0
2.99 (2.37-3.77)
5.1
7.14 (4.83-10.5)
2.1
89.7 (70.0-151)
0.2
7.54 (5.94-9.74)
2.0
12.7 (8.91-18.7)
1.2
3.06 (2.40-3.95)
5.0
10.7 (8.05-14.3)
1.4
34.4 (24.1-52.5)
0.4
20.2 (14.0-30.1)
0.8

39.7 (29.3-54.7)
7.51 (5.75-9.78)
5.3

11.7 (9.26-15.0)
3.4

4.48 (3.30-6.08)
8.9

9.99 (4.59-23.4)
4.0

63.4 (38.9-120)
0.6

6.96 (5.03-9.56)
5.7

5.39 (3.92-7.44)
7.4

2.13 (1.41-3.36)
18.6

11.7 (7.07-20.3)
3.4

13.8 (9.58-20.4)
2.9

12.1 (7.68-19.9)
3.3

Table 2 Antiproliferative potential of selected 1,4-dihydropyridine derivatives in MRC-5 cells (exposure time 72 h). ICsq values are presented along

with the corresponding 95% (or 90%, *) confidence intervals (in parentheses), n = 3

ICso (M)

Compound 5 14g

14h 14 15f

MRC-5 68.3 (43.4-166) 6.43 (5.52-7.46)

gated compounds as powerful antimitotic agents, inhibiting
cell proliferation by preventing cells from advancing through
the cell cycle. Traditional antimitotic agents, including micro-
tubule targeting drugs such as taxanes, Vinca alkaloids, and
kinesin-5 inhibitors, e.g., ispinesib, lead to an accumulation of
cells in the G,/M phase by blocking mitosis.®® ®® The observed
G4/S arrest induced by studied compounds implies a mecha-
nism of action different from the mechanism of action of the
parent molecule, potentially involving interactions with cell
cycle regulators like cyclins, cyclin-dependent kinases (CDKs),
checkpoint proteins, DNA repair proteins or other signaling
pathways that control the G, to S phase transition.®® Further
studies are necessary to pinpoint the exact pathways and mole-
cular targets involved, which could reveal novel therapeutic
approaches distinct from traditional antimitotic strategies.

Kinesin inhibition

The impact of modifying the kinesin-5 inhibitor CPUYL064
with a ferrocenyl moiety on its ability to inhibit KSP activity was
evaluated using the adenosine 5-triphosphate (ATP) hydrolysis
assay (Fig. 3). At 10 nM all investigated compounds were able

This journal is © The Royal Society of Chemistry 2024

4.57 (3.76-5.10)* 20.8 (18.2-23.6) 1.99 (1.66-2.40)

to reduce the kinesin-5 activity by approximately 45-55%.
However, further inhibition at 100 nM was observed only in
case of the reference compound 5, amide 14j and ester 15f. At
1 uM, all compounds were able to completely abolish enzyme
activity. The KSP inhibitory activity of the ferrocenyl amides
seems to depend on the substituents at the C-7 position as only
non-substituted 14j exerted significantly enhanced activity at
100 nM contrary to both C-7 monosubstituted derivatives 14g-
h. These results suggest participation of an additional mecha-
nism other than KSP inhibition responsible for the antiproli-
ferative activity of the studied ferrocenyl compounds.

ROS generation

The antiproliferative activity of ferrocenyl compounds is often
linked to their capability to enhance the production of reactive
oxygen species (ROS) in cells.””””® We could expect that intro-
ducing the ferrocenyl moiety to 5 would impact its oxido-
reductive activity. Therefore, we evaluated the ROS-inducing
potential of these compounds at 1 and 10 pM by measuring
the rate of intracellular dihydrorhodamine 123 oxidation
(Fig. 4). 10 uM 14h, 14j and 15f significantly increased ROS

Dalton Trans.


https://doi.org/10.1039/d4dt01853b

Published on 12 September 2024. Downloaded by Biblioteka Uniwersytetu 6dzkiego on 9/23/2024 11:40:27 AM.

Paper

View Article Online

Dalton Transactions

Table 3 Cell cycle phase distribution in A549 and SW620 cells exposed for 24, 48 and 72 h to 5 and its ferrocenyl analogues at concentrations

equal to the IC,5 values for 5. Data are presented as mean + SD,n =3

A549 SW620
Compound G, S G,/M G, S G,/M
Ctrl 24 h 55.8+1.4 20.4+0.8 20.9+1.3 57.3+1.8 20.4+£0.3 21.0+1.3
48 h 54.4 +3.5 25.1+3.5 21.8+0.3 54.3 +2.8 23.3+09 20.3+0.0
72 h 54.8 £ 0.6 24.5+1.0 20.1+£0.5 53.2+3.0 24.6 £2.2 21.1+2.1
5 24 h 59.2+09 20.6 = 0.5 19.2 £ 0.5 54.5+2.4 19.2 + 0.8 23.9+09
48 h 42.6 £2.0 47.1£3.6 9.7 £2.2 28.7 £2.0 44.7 £ 1.4 25.9+2.9
72h 10.2 £ 0.1 62.4 + 0.8 26.2 + 0.5 23.5+3.0 43.0£1.7 32.5+2.4
14g 24 h 71.6 £1.0 21.2+0.8 6.0 £ 0.8 61.7 £1.0 21.0+1.3 15.7 £ 2.2
48 h 72.9+3.1 17.2+1.0 8.8+1.7 28.4+1.1 27.8+2.2 43.3+2.6
72 h 80.3 £ 3.0 20.7 £ 0.4 2.6 £0.3 23.4+2.8 32.2+2.6 44.2 £ 1.8
14h 24h 704 +£1.2 19.5+04 9.6 +1.2 69.3+1.4 20.5+0.7 8.0+£0.4
48 h 66.7 + 3.8 24.4+1.0 8.3 +4.3 64.2 £ 2.2 25.9+1.7 9.8+1.6
72h 62.3 £2.7 22.2+1.8 14.8 £ 4.0 58.1+1.0 31.3+2.1 10.2 £ 2.0
14j 24 h 70.8 £1.0 20.7 £ 0.4 7.8+0.5 58.1+1.2 23.3+£0.3 16.2 +1.2
48 h 71.8+1.4 15.6 +1.5 12.3 + 2.8 33.1+1.7 30.4 +4.3 34.6 +1.8
72 h 80.3 £ 3.0 16.9 £ 2.9 2.6 £0.3 31.7+£2.0 43.3+1.3 22.8+2.4
15f 24 h 70.5+0.3 20.9+0.6 7.6 +0.3 68.9+1.9 17.4 + 0.3 11.8+2.0
48 h 81.9 +2.0 143+ 2.1 3.4+1.9 68.9 £ 1.0 16.3 £2.7 13.7 +2.7
72h 82.9+1.1 129+ 2.3 3.6+2.6 79.0 £ 0.7 16.0 +1.6 4.7 £1.0
] —— generation in SW620 cells with the similar efficiency compared
100-] s to 5. The effects observed at 1 uM concentrations of the afore-
] : :ﬁ mentioned compounds were much less pronounced but still
] -y higher than in control cells. 14g was significantly less active
_ ] . 15t than 5, but still able to increase ROS generation by over 20%
g A . .
I compared to control at 10 pM. Interestingly, none of the inves-
. tigated compounds could elevate ROS production in A549
] cells, indicating a cell type-specific response to ferrocenyl com-
] pounds. It should be noted here that metabolic and oxidative
] stress response mechanisms in A549 cells are elevated due to
0 upregulation of NRF-2 signaling pathway, which may mitigate
e — the ROS-inducing effects.”" The results suggest that replacing
ST SIS SES SIS S the phenyl group in 5 with a ferrocenyl substituent and modi-

Fig. 3 Impact of the compounds on the KSP activity after treatment at
10 nM, 100 nM and 1 pM. Data are presented as mean + SD, n = 3. Ctrl
denotes KSP activity in absence of any inhibitors.

fying the C-7 position has did not enhance the ability of inves-
tigated compounds to generate ROS in susceptible cells com-
pared to their purely organic counterpart. This effect empha-
sizes the need for further investigation into the structural

A) B) | E (o)
Hokk
FkRk
150 200 i ROS [% of control]
Cmpd.
A549 SW620
i 5 150 1 uM 10 uM 1 uM 10 uM
2 100 S
€ € 5 89.6+2.6 | 101.423.9 | 138.9+4.8 | 169.7+5.8
8 8 100
o o 14g | 95322 100.1x1.8 [ 106.4+6.3 | 122.127.0
k] k]
N 50 2 14h | 92.6+0.6 | 106.7+3.1 | 137.320.6 | 161.0+6.4
50
14f | 91.9+4.1| 924213 | 114.423.7 | 150.47.0
r 0 15 | 91.1x1.4| 1063213 | 116.624.6 | 176.5£9.4
Q N %Y N
¢t A SEERAEC A R

Fig. 4 ROS generation in A549 (A) and SW620 (B) cells after 4-hour exposure to 1 (blue) or 10 pM (red) of the investigated compounds. Ctrl denotes
cells in a complete DMEM culture medium with 0.1% DMSO. Results are expressed as mean + SEM, n = 3. Asterisks denoted statistical significance
against the reference compound 5 (P < 0.0001 (****), 0.001 (***), 0.01 (**), two-way ANOVA followed by post-hoc Tukey test).
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factors and cellular contexts that influence the ROS-generating
potential and anticancer activity of ferrocenyl compounds.

Conclusions

In conclusion, we have successfully synthesized a series of 22
compounds by microwave-assisted methodology and initially
evaluated their antiproliferative potential in a preliminary
screening. Then 10 compounds were selected for a detailed
antiproliferative activity screening, ultimately identifying the
four most active compounds for further studies. The biological
activity strongly depends on the chemical structure of the com-
pounds. Notably, esters exhibited higher cytotoxicity compared
to amides. Amide 14j lacking substituents at the C-7 position,
demonstrated significant KSP inhibitory activity. In contrast,
other highly cytotoxic amides bearing methyl or phenyl groups
at C-7 showed lower KSP inhibitory activity but maintained
high antiproliferative potential. Furthermore, the presence of
ferrocenyl substituent did not increase their ability to generate
intracellular reactive oxygen species. Interestingly, all com-
pounds are able to induce G,/S checkpoint arrest in appropri-
ate conditions, which is unexpected taking into account the
mode of action of traditional KSP inhibitors. These results
underscore the crucial role of ferrocenyl moiety and structural
variations in modulating the biological activities of the studied
kinesin-5 inhibitors.

Experimental
General

Except for the reactions performed under microwave con-
ditions, all other reactions were conducted under an argon
atmosphere using the Schlenk line. The reactions performed
under microwave conditions were carried out using an Anthon
Paar Monowave 400 microwave reactor using closed reaction
vessels with temperature control. 1D and 2D NMR spectra were
recorded on a Bruker Neo 600 MHz spectrometer equipped
with Prodigy CryoProbe. Chemical shifts are referenced rela-
tively to residual signals in deuterated solvent (DMSO-dg 6 =
2.50 ppm for 'H and 39.51 ppm for *C, CD,Cl, § = 5.32 ppm
for "H and 53.5 ppm for ">C). Spectra were recorded at 300 K
unless otherwise specified; chemical shifts are in ppm and
coupling constants in Hz. Compounds were purified on silica
gel using column chromatography (SiliaFlash® P60
230-400 mesh). The purity of the compounds was confirmed
by HPLC-MS analysis and elemental analysis, which was
higher than 95%. HPLC-MS analysis was performed on a
Shimadzu UHPLC Nexera XR system equipped with Shimadzu
PDA (SPD-M40) and LCMS-2020 detectors on a Phenomenex
Kinetex 1.7 pm XB-C18 100 A column (50 x 2.1 mm).

Synthesis

2-Ferrocenylnitrobenzene 8a. This compound was syn-
thesized according to modified procedure.”” A solution of 3.0 g

This journal is © The Royal Society of Chemistry 2024
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(43 mmol) of sodium nitrite in 5 ml of water was added drop-
wise to a slurry of 6.0 g (43 mmol) of 2-nitroaniline 7a in a
mixture of 15 ml of water and 15 ml of conc. hydrochloric acid
at 0-3 °C (temperature was keep below 5 °C). The cold solution
(cooled to 0-5 °C by adding an ice) of the obtained diazonium
salt was added dropwise to a vigorous stirred solution of 10 g
(50 mmol) of ferrocene in 150 ml of diethyl ether contained
1 g of trimethylhexadecylammonium chloride maintaining the
temperature below 5 °C. Then colling bath was removed and
the resulting mixture was vigorously stirred for an additional
2 h before a slight excess of titanium(m) chloride in hydro-
chloric acid was added (to reduce ferrocenium cation). The
products were extracted with dichloromethane, organic solu-
tion was dried, evaporated and purified by chromatography of
silica using dichloromethane - cyclohexane (3-2) as eluent.
The first fraction contained unreacted ferrocene while the
second fraction contained product. The second fraction was
evaporated to dryness, the product was gently mixed with
n-pentane, and the solution was discarded while the solid
product was dried under vacuum. The pure product (4.0 g) was
obtained in 30% yield. The NMR spectra were identical with
the reported spectra.””

3-Ferrocenylnitrobenzene 8b. This compound was syn-
thesized in 35% yield (4.7 g of red crystals) according to 8a
starting from 6.0 g (43 mmol) of 3-nitroaniline 7b. The NMR
spectra were identical with the reported spectra.””

4-Ferrocenylnitrobenzne 8c. This compound was synthesized
in 42% yield (13 g of red crystals) according to 8a starting from
14 g of 4-nitroaniline 7c. The NMR spectra were identical with
the reported spectra.””

2-Ferrocenylaniline 9a. 1.0 g (3.26 mmol) of 8a was placed in
the reaction tube and dissolved in 6.0 ml of ethanol. Next
800 mg (10.4 mmol) of ammonium formate and 17 mg of 10%
Pd on carbon were added to the reaction tube the resulted
mixture was heated at 120 °C for 30 min under MW. After
cooling to RT, the reaction mixture was filtered through the
Cellite® pad and evaporated to dryness which afford 900 mg
(99% yield) of product which was used in the next step without
purification. Elemental analysis (%) calculated for C;¢H;5FeN
C - 69.34, H - 5.46, N - 5.05 found C - 69.51, H - 5.45, N -
4.88. 'H NMR (DMSO-d,): 6 7.22 (dd, J = 7.6, 1.5 Hz, 1H), 6.97
(dt, J = 8.3, 1.6 Hz, 1H), 6.96 (d, J = 1.5 Hz, 1H), 6.71 (dd, J =
8.0, 1.1 Hz, 1H), 6.54 (ddd, J = 7.4, 7.4, 1.1 Hz, 1H), 5.13 (s,
2H), 4.57 (t, J = 1.8 Hz, 2H), 4.35 (t, J = 1.8 Hz, 2H), 4.17 (s,
5H). "*C{"H} NMR (DMSO-de): 6 145.3 (C), 129.6 (CH,yy), 127.0
(CHay), 120.6 (C), 116.5 (CHay), 115.2 (CHap), 85.3 (CPipso),
68.8 (Cp"), 68.1 (Cp), 67.1 (Cp). MS calculated for C;cH;sFeN
miz =277.1 [M]" found m/z = 278.0 [M + H]", 277.0 [M]".

3-Ferrocenylaniline 9b. This compound was synthesized in
quantitative yield according to 9a starting from 1.0 g of 8b.
The NMR spectra were identical with the reported spectra.””

4-Ferrocenylaniline 9c. This compound was synthesized in
quantitative yield according to 9a starting from 1.0 g of 8c. The
NMR spectra were identical with the reported spectra.”

N-(2-Ferrocenylphenyl)-3-oxobutanamide 10a. 900 mg
(3.25 mmol) of 9a and 0.40 ml (3.25 mmol) of ethyl acetoace-
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tate were dissolved in 6.0 ml of toluene. To the resulted solu-
tion 10 mg of potassium t-butoxide was added and the
obtained solution was stirred at 160 °C for total 25 min
(15 min + 10 min - the progress of the reaction was monitored
by TLC with dichloromethane - ethyl acetate 9-1 as eluent).
After the reaction was completed, the volatiles were evaporated
and product was isolated by chromatography on silica gel
using gradient of methanol in DCM staring from 0 to 1% of
methanol. The product was purified again by chromatography
on silica using dichloromethane - ethyl acetate (9-1) as eluent
which led to obtain pure 10a isolated in 19% (220 mg) as an
orange powder. Elemental analysis (%) calculated for
C,oH1oFeNO, C - 66.50, H - 5.30, N - 3.88 found C - 55.53, H -
5.14, N - 3.84. 'H NMR (DMSO-dy) § 9.34 (s, 1H, CONH),
7.75-7.74 (m, 1H, CgH,Fc), 7.43-7.41 (m, 1H, CgH,Fc),
7.21-7.19 (m, 2H, C¢H,4Fc), 4.67 (t, J = 1.7 Hz, 2H, Cp), 4.35 (s,
2H, Cp), 4.10 (s, 5H, Cp'), 3.56 (s, 2H, CH,), 2.19 (s, 3H, CH;).
BC{'H} NMR (DMSO-dg) § 203.1 (C-3), 165.2 (CONH), 134.2
(Car)y 132.6 (Car), 130.5 (CHgrre)y 126.3 (CHe,rc), 126.1
(CHm,rc), 125.4 (CH i rc), 83.3 (CPipso), 68.4 (CP'), 69.0 (Cp),
68.4 (Cp), 51.7 (CH,), 30.3 (CHjz). MS calculated for
C,oH1oFeNO, m/z = 361.1 [M]" found m/z = 361.1 [M]".
N-(3-Ferrocenylphenyl)-3-oxobutanamide 10b. This com-
pound was synthesized in 32% yield (380 mg of orange
powder) according to 10a starting from 900 mg (3.25 mmol) of
9b with total reaction time 30 min (2 x 15 min). The product
was purified by chromatography on silica using dichloro-
methane as eluent. Elemental analysis (%) calculated for
C,oH;oFeNO, C - 66.50, H - 5.30, N - 3.88 found C - 66.57, H -
5.48, N - 3.87. '"H NMR (DMSO-d¢) 6 10.1 (CONH), 7.70 (br s,
1H, CeH,Fc), 7.46-7.44 (m, 1H, C¢HjFc), 7.24-7.23 (m, 2H,
Ce¢H,Fc), 4.68 (t, ] = 1.8 Hz, 2H, Cp), 4.34 (t, ] = 1.8 Hz, 2H, Cp),
4.03 (s, 5H, Cp'), 3.57 (s, 2H, CH,), 2.23 (s, 3H, CHy); *C{'H}
NMR (DMSO-dg) & 202.9 (C-3), 165.1 (CONH), 139.5 (Ca,), 138.9
(Car), 128.7 (CHg ), 121.3 (CHe i, ve)s 116.8 (CHg 1, vc)s 116.6
(CHg,m1,rc), 84.8 (Cpypso), 69.4 (Cp), 68.9 (Cp), 66.3 (Cp), 52.4
(CH,), 30.3 (CH3). MS calculated for C,H;9FeNO, m/z = 361.1
M]" found m/z = 361.1 [M]".
N-(4-Ferrocenylphenyl)-3-oxobutanamide 10c. This com-
pound was synthesized in 30% yield (350 mg of orange
powder) according to 10a starting from 900 mg (3.25 mmol) of
9c¢ with total reaction time 20 min (1 x 20 min). The product
was purified by chromatography on silica using dichloro-
methane as eluent. Elemental analysis (%) calculated for
C,oH;9FeNO, C - 66.50, H - 5.30, N - 3.88 found C - 66.43, H -
5.33, N - 3.93. '"H NMR (DMSO-d¢) § 10.07 (s, 1H, CONH),
7.51-7.47 (m, 4H, C¢H,Fc), 4.73 (s, 2H, Cp), 4.31 (s, 2H, Cp),
4.01 (s, 5H, Cp'), 3.54 (s, 2H, CH,), 2.22 (s, 3H, CHj). *C{'H}
NMR (DMSO-dg) & 202.8 (C-3), 164.8 (CONH), 136.8 (Cay), 133.9
(Car)y, 126.1 (CHg,re)y 119.1 (CHe,re)y 84.7 (CPipso), 69.3
(Cp"), 68.6 (Cp), 65.9 (Cp), 52.3 (CH,), 30.2 (CH3). MS calcu-
lated for CyoH;oFeNO, m/z = 361.1 [M]" found m/z = 361.1 [M]".
5-Ferrocenylcyclohexane-1,3-dione 13e. A solution of 160 mg
of sodium hydroxide in 2 ml of water was added to a stirred
solution of 4.28 g (20 mmol) of aldehyde 11b in 100 ml of
acetone and the obtained mixture was stirred at RT for 5 h.
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Next the volatiles were evaporated to dryness, the product was
extracted with chloroform, dried and evaporated. The obtained
crude 12, 5 g of dark red solid, was used in the next step
without further purification. In a separate flask 600 mg of
sodium (26 mmol) was dissolved in 30 ml of ethanol with
heating. The obtained solution of sodium ethoxide was cooled
to RT and 4.0 g of diethyl malonate (26 mmol) was added in
one portion and the obtained solution was stirred at RT for
20 min. Next, a solution of 5.0 g of crude 12 in 10 ml of anhy-
drous ethanol was added and the obtained solution was
refluxed for 16 h. The obtained mixture contained orange solid
was cooled to RT and a solution of 2.0 g of sodium hydroxide
in 10 ml of water was added and refluxed for 2 h and evapor-
ated to dryness. Then 20 ml of ethanol followed by 60 ml of
18% of hydrochloric acid were added and the resulted mixture
was refluxed for 4 h, cooled to RT and the product was
extracted with n-butyl acetate. The organic solution was dried
with sodium sulphate, filtered and evaporated. The crude
product was dissolved in a mixture of 100 ml of chloroform
and 50 ml of methanol, mixed with 100 g silica gel and evapor-
ated. The product was then eluted from the obtained solid
with chloroform - ethyl acetate 2-1 mixture. The obtained
product was purified again by chromatography on silica gel
using chloroform followed by chloroform - n-butyl acetate
(1-2) as eluent. The fractions contained product were collected
and evaporated. The obtained solid was recrystallized from
n-butyl acetate by dissolving in boiling n-butyl acetate follow-
ing by cooling to RT and keeping the obtained mixture at
—28 °C for 24 h. The product was filtered off and dried under
vacuum affording 1.7 g (29% overall yield) of an orange solid.
Elemental analysis (%) calculated for C;¢H;cFeO, C - 64.89, H
- 5.45 found C - 64.91, H - 5.61. "H NMR (CD,Cl,) & 4.164 (s,
5H, Cp,), 4.157 (t, J = 1.8 Hz, 2H, Cp), 4.08 (t, J = 1.8 Hz, 2H,
Cp), 3.41 (d, J = 17.5 Hz, 1H, H-2), 3.38 (d, J = 17.6 Hz, 1H,
H-2), 3.15-3.10 (m, 1H, H-5), 2.96-2.92 (m, 2H, H-4 and H-6),
2.70-2.66 (m, 2H, H-4 and H-6); ">C{"H} NMR (CD,Cl,) § 203.7
(C-1 and C-3), 90.9 (Cpjps0), 69.0 (Cp'), 68.3 (Cp), 66.6 (Cp), 58.2
(C-2), 47.9 (C-4 and C-6), 31.1 (C-5). MS calculated for
C,6H16Fe0, m/z = 296.0 [M]" found m/z = 295.9 [M]".
N-(4-Chlorophenyl)-2,7,7-trimethyl-5-oxo-4-phenyl-

1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 5. A mixture of
212 mg (204 pl, 2.0 mmol) of aldehyde 11a, 280 mg (2.0 mmol)
of 1,3-diketone 13a, 155 mg (2.0 mmol) of ammonium acetate,
422 mg (2.0 mmol) of 4'-chloroacetoacetanilide 10d in 3.0 ml
of 2,2,2-trifluoroethanol was placed in MW reaction tube and
was heated at 110 °C for total 10 min. After cooling to RT vola-
tiles were evaporated and 50 ml of ethyl acetate was added to
the residue and sonicated for 2 min. The product was filtered
off and purified by chromatography on silica gel using gradi-
ent from 0 to 30% of ethyl acetate in chloroform. The product
was isolated in 70% yield (590 mg) as white powder. Elemental
analysis (%) calculated for C,5H,5CIN,0O, C - 71.33, H - 5.99, N
- 6.66 found C - 71.25, H - 5.76, N - 6.72. "H NMR (DMSO-d,)
5 9.69 (s, 1H, NHCO), 8.73 (s, 1H, NH), 7.59 (d, J = 8.9 Hz, 2H,
CeH,Cl), 7.29 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.29-7.28 (m, 4H,
CHpy), 7.07-7.04 (m, 1H, CHpy,), 4.97 (s, 1H, H-4), 2.40 (d, J =

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01853b

Published on 12 September 2024. Downloaded by Biblioteka Uniwersytetu 6dzkiego on 9/23/2024 11:40:27 AM.

Dalton Transactions

16.9 Hz, 1H, H-8), 2.32 (d, J = 16.6 Hz, 1H, H-8), 2.15 (d, J =
16.0 Hz, 1H, H-6), 2.04 (s, 3H, 2-CH;), 1.99 (d, J = 15.9 Hz, 1H,
H-6), 1.03 (s, 3H, 7-CH;), 0.91 (s, 3H, 7-CH3). "*C{'H} (DMSO-
de) 6 196.7 (C-5), 167.4 (CONH), 150.4 (C), 147.1 (C), 138.4 (C),
138.4 (C), 135.5 (C), 128.3 (CHgu,c1), 127.9 (CHpyp), 127.4
(CHpp), 126.4 (C), 125.7 (CHpp), 121.1 (CHcyu,ar), 110.6 (C),
108.0 (C), 50.4 (C-8), 39.5 (C-5 overlapped with DMSO), 38.0
(C-4), 32.1 (C), 28.0 (7-CH3), 26.8 (7-CH3), 17.1 (2-CH3). MS cal-
culated for C,sH,cCIN,0, m/z = 421.2 [M + H]" found m/z =
421.2 [M + H], 443.2 [M + Na]".
N-(4-Chlorophenyl)-4-ferrocenyl-2,7,7-trimethyl-5-oxo-
1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14b. This com-
pound was synthesized in 19% yield (1.0 g of orange solid)
according to 5, starting from 1.40 g (10 mmol) 13a, 2.14 g
(10 mmol) of 11b, 2.11 g (10 mmol) of 11d, 799 mg (10 mmol)
of ammonium acetate and 8.0 ml of 2,2,2-trifluoroethanol.
Total reaction time 10 min. After evaporation of the volatiles
the residue was gently mixed with 50 ml of ethyl acetate (with
sonification in ultrasonic bath) and the precipitated product
was filtered off, washed with ethyl acetate and diethyl ether
and dried. Elemental analysis (%) calculated for
C,oH,oClFeN,0, C - 65.86, H - 5.53, N - 5.30 found C - 65.65,
H - 5.26, N - 5.13. '"H NMR (DMSO-d,) & 9.86 (s, 1H, H-1), 8.67
(s, 1H, CONH), 7.83 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.36 (d, ] = 8.9
Hz, 2H, C¢H,Cl), 4.82 (s, 1H, H-4), 3.98-3.92 (m, 9H, Cp' and
Cp), 2.33 (d,J = 17.0 Hz, H, H-8), 2.16 (d, J = 15.9 Hz, H-6), 2.14
(d, J = 16.9 Hz, 1H, H-8), 2.11 (s, 3H, 2-CH3), 2.04 (d, J = 15.9
Hz, 1H, H-6), 1.00 (s, 3H, 7-CH3), 0.81 (s, 3H, 7-CHj). *C{'H}
(DMSO-dg) 6 193.9 (C-5), 168.7 (CONH), 150.1 (C), 138.7 (C),
136.2 (C), 128.4 (CHg 1), 126.3 (C), 121.0 (CHg 1), 109.1
(C), 109.0 (C), 95.1 (Cpipso), 68.3 (CP), 67.0 (Cp), 66.0 (Cp), 65.7
(Cp), 65.6 (Cp), 50.4 (C-6), 40.0 (C-8), 31.9 (C-4), 30.4 (7-CH3),
29.4 (C), 25.9 (7-CH;), 17.0 (2-CHj). MS calculated for
C,oH,oClFeN,0, m/z = 528.1 [M]" found m/z = 528.1 [M]".
N-(4-Chlorophenyl)-2,7,7-trimethyl-5-oxo-4-ruthenocenyl-

1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14c. This com-
pound was synthesized in 59% yield (341 mg) as pale yellow
solid according to 5, starting from 140 mg (1.0 mmol) of 13a,
259 mg (1.0 mmol) of 11¢, 211 mg (1.0 mmol) of 10d, 77 mg
(1.0 mmol) of ammonium acetate and 2.5 ml of 2,2,2-trifluor-
oethanol. Total reaction time 30 min (1 x 30 min). After evap-
oration of the volatiles the residue was gently mixed with
50 ml of ethyl acetate (with sonification in ultrasonic bath)
and the precipitated product was filtered off, washed with
ethyl acetate and diethyl ether and dried. Elemental analysis
(%) calculated for C,oH,oCIN,O,Ru C - 60.67, H - 5.09, N -
4.88 found C - 60.79, H - 6.02, N - 4.93. 'H NMR (DMSO-d,) &
9.68 (s, 1H, H-1), 8.72 (s, 1H, CONH), 7.81 (d, J = 9.0 Hz, 2H,
CeH,Cl), 7.35 (d, J = 9.0 Hz, 2H, C¢H,Cl), 4.61 (s, 1H, H-4),
4.41-4.40 (m, 1H, Cp), 4.36-4.35 (m, 1H, Cp), 4.33 (s, 5H, Cp),
4.31-4.30 (m, 1H, Cp), 4.28-4.27 (m, 1H, Cp), 2.35 (d, J = 17.0
Hz, 1H, H-8), 2.18 (d, J = 16.7 Hz, 1H, H-8), 2.17 (d, ] = 16.0 Hz,
1H, H-6), 2.09 (s, 3H, 2-CH,), 2.04 (d, J = 16.2 Hz, 1H, H-6),
1.01 (s, 3H, 7-CHj), 0.86 (s, 3H, 7-CHj;). *C{*"H} NMR (DMSO-
de) 6 193.9 (C-5), 163.3 (CONH), 150.2 (C), 138.8 (C), 136.4 (C),
128.4 (CHg,u,a1), 126.2 (C), 120.8 (CHgu,c1), 109.0 (C), 108.9
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(C), 97.4 (CPipso), 70.6 (CP'), 69.3 (Cp), 69.1 (Cp), 68.7 (Cp), 68.3
(Cp), 50.6 (C-6), 39.7 (C-8 overlapped with DMSO residual),
32.0 (C), 30.3 (C-4), 29.5 (7-CH3), 25.9 (7-CH,), 17.1 (2-CH;). MS
calculated for C,oH30CIN,0,Ru m/z = 575.1 [M + H]" found m/z
=575.1[M+H]".
N-(4-Chlorophenyl)-4-(2-ferrocenylphenyl)-2,7,7-trimethyl-5-
oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14d. This
compound was synthesized in 30% yield (180 mg) as orange
solid according to 5, starting from 140 mg (1.0 mmol) of 13a,
290 mg (1.0 mmol) of 11d, 211 mg (1.0 mmol) of 10d, 77 mg
(1.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). After evap-
oration of the volatiles the product was isolated by chromato-
graphy on silica gen using dichloromethane - ethyl acetate
(4-1) as eluent. The obtained product was purified again by
chromatography on silica gel using dichloromethane - ethyl
acetate (9-1). Elemental analysis (%) calculated for
C35H,;ClIFeN,0, C - 69.49, H - 5.50, N - 4.63 found C - 69.21,
H - 5.34, N - 4.38. '"H NMR (DMSO-de) & 10.22 (s, 0.2 H, H-1,
minor rotamer), 9.24 (s, 1H, H-1), 8.56 (s, 1H, CONH), 7.67 (d,
J = 7.6 Hz, 1H, CH,yy), 7.60 (d, J = 8.9 Hz, 0.5H, CH,,y, minor
rotamer), 7.36 (d, J = 8.8 Hz, 0.5H, CHa,y, minor rotamer), 7.36
(d, J = 8.8 Hz, 2H, CHy,y), 7.21 (d, J = 8.9 Hz, 2H, CH,y), 7.13
(br s, 1H, CHyy), 7.12 (br s, 1H, CH,,), 7.08-7.06 (m, 1H,
CHapyy), 5.35 (s, 1H, Cp), 5.26 (s, 1H, H-4), 4.08-4.07 (m, 1H,
Cp), 4.02 (s, 5H, Cp’), 3.97 (br s, 1H, Cp), 3.63 (br s, 1H, Cp),
2.41 (d, J = 16.9 Hz, 1H, H-8), 2.34 (d, J = 16.8 Hz, 1H, H-8),
2.15 (d, J = 15.9 Hz, 1H, H-6), 2.00 (d, J = 15.8 Hz, 1H, H-6),
1.77 (s, 3H, 2-CHj,), 1.06 (s, 3H, 7-CHj;), 1.00 (s, 3H, 7-CH3). *C
{"H} NMR (DMSO0-d;) § 202.7 (C-5, minor rotamer), 193.8 (C-5),
167.0 (CONH), 165.2 (CONH, minor rotamer), 151.3 (C), 146.4
(C), 148.5 (C), 137.8 (C, minor rotamer), 135.2 (C), 131.2
(CHay, minor rotamer), 130.9 (C), 128.7 (CHa,y), 128.3 (CHayy,
minor rotamer), 127.4 (CHayy), 126.9 (C, minor rotamer), 126.5
(CHary), 125.8 (C), 125.0 (CHay), 120.9 (CHayy), 120.6 (CHay),
113.6 (C), 108.6 (C), 88.6 (CPipso), 77-2 (Cp), 69.7 (Cp), 68.9
(Cp", 66.9 (Cp), 66.8 (Cp), 50.6 (C-6), 40.0 (C-8 overlapped with
DMSO residual signal), 34.4 (C-4), 32.1 (C), 29.3 (7-CH3), 26.8
(7-CH3), 16.2 (2-CH3). MS calculated for C35H33CIFeN,O, m/z =
604.2 [M]" found m/z = 604.5 [M]".
N-(4-Chlorophenyl)-4-(3-ferrocenylphenyl)-2,7,7-trimethyl-5-

oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14e. This
compound was synthesized in 55% yield (330 mg) as orange
solid according to 5, starting from 140 mg (1.0 mmol) of 13a,
290 mg (1.0 mmol) of 11e, 211 mg (1.0 mmol) of 10d, 77 mg
(1.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 15 min (10 + 5 min). After evap-
oration of the volatiles the product was isolated by chromato-
graphy on silica gen using dichloromethane - ethyl acetate
(4-1) as eluent. The obtained product was purified again by
chromatography on silica gel using dichloromethane - ethyl
acetate (9-1). Elemental analysis (%) calculated for
C;5H;5CIFeN,0, C - 69.49, H - 5.50, N - 4.63 found C - 69.54,
H - 5.49, N - 4.44. "H NMR (DMSO-dg) 6 9.76 (s, 1H, H-1), 8.79
(s, 1H, CONH), 7.65 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.36 (br s, 1H,
C¢H,Fc), 7.29 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.17 (d, J = 7.7 Hz,
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1H, C¢H4Fc), 7.08 (t, J = 7.6 Hz, 1H, CgH,Fc), 6.96 (d, J = 7.7
Hz, 1H, C¢H,Fc), 5.01 (s, 1H, H-4), 4.55-4.54 (m, 1H, Cp),
4.51-4.50 (m, 1H, Cp), 4.28-4.27 (m, 2H, Cp), 3.92 (s, 5H, Cp’),
2.45 (d, J = 17.0 Hz, 1H, H-8), 2.35 (d, J = 16.5 Hz, 1H, H-8),
2.20 (d, J = 16.0 Hz, 1H, H-6), 2.07 (s, 3H, 2-CH,), 2.02 (d, J =
15.9 Hz, 1H, H-6), 1.06 (s, 3H, 7-CH;), 0.98 (s, 3H, 7-CH;). *C
{'H} NMR (DMSO-de) § 193.7 (C-5), 167.4 (CONH), 150.5 (C),
147.0 (C), 138.5 (C), 138.2 (C), 135.8 (C), 128.3 (CHg 1),
127.9 (CHc ,rc), 126.4 (C), 125.6 (CHc p,rc), 124.8 (CHc,m,rc)s
123.4 (CHci,rc); 121.1 (CHcg,c1), 110.6 (C), 110.1 (C), 85.4
(Cpipso), 69.3 (Cp’), 68.6 (Cp), 68.5 (Cp), 66.7 (Cp), 65.8 (Cp),
50.4 (C-6), 39.6 (C-8 overlapped with DMSO residual signals)
37.9 (C-4), 32.1 (C), 29.2 (7-CH3), 26.6 (7-CH3), 17.2 (2-CH;). MS
calculated for C35H;;CIFeN,O, m/z = 604.2 [M]', found m/z =
604.3 [M]".
N-(4-Chlorophenyl)-4-(4-ferrocenylphenyl)-2,7,7-trimethyl-5-
oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14f. This
compound was synthesized in 80% yield (483 mg) as orange
solid according to 5, starting from 140 mg (1.0 mmol) of 13a,
290 mg (1.0 mmol) of 11f, 211 mg (1.0 mmol) of 10d, 77 mg
(1.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). After evap-
oration of the volatiles the product was isolated by chromato-
graphy on silica gen using dichloromethane - ethyl acetate
(4-1) as eluent. The obtained product was purified again by
chromatography on silica gel using dichloromethane - ethyl
acetate (9-1). Elemental analysis (%) calculated for
C35H;;3ClIFeN,0, C - 69.49, H - 5.50, N - 4.63 found C - 69.54,
H - 5.37, N - 4.34. '"H NMR (DMSO-d) 6 9.70 (s, 1H, H-1), 8.74
(s, 1H, CONH), 7.60 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.34 (d, J = 8.2
Hz, 2H, C¢H,Fc), 7.28 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.08 (d, J =
8.2 Hz, 2H, C4H,Fc), 4.95 (s, 1H, H-4), 4.65 (t, J = 1.8 Hz, 2H,
Cp), 4.27 (t, J = 1.7 Hz, 2H, Cp), 3.96 (s, 5H, Cp’), 2.41 (d, J =
16.9 Hz, 1H, H-8), 2.32 (d, J = 16.8 Hz, 1H, H-8), 2.17 (d, J =
16.0 Hz, 1H, H-6), 2.06 (s, 3H, 2-CH;), 2.02 (d, J = 15.9 Hz, 1H,
H-6), 1.03 (s, 3H, 7-CH3), 0.92 (s, 3H, 7-CH;). “C{'H} NMR
(DMSO-dg) 6 193.7 (C-5), 167.5 (CONH), 150.4 (C), 144.7 (C),
138.4 (C), 136.1 (C), 1354 (C), 1283 (CHgua), 127.3
(CHg,m,rc), 126.4 (C), 125.6 (CHg g rc), 121.1 (CHg 1), 110.5
(C), 108.0 (C), 85.3 (Cpipso), 69-2 (CP'), 65.5 (Cp), 65.5 Cp (Cp),
66.2 (Cp), 66.1 (Cp), 50.4 (C-6), 39.4 (C-8 overlapped with
DMSO residual signals), 37.6 (C-4), 32.1 (C), 29.1 (7-CH3), 26.7
(7-CH3), 17.1 (2-CH3). MS calculated for C35H;3CIFeN,0, m/z =
604.2 [M]", found m/z = 604.2 [M]".
N-(4-Chlorophenyl)-4-ferrocenyl-2,7-dimethyl-5-oxo-

1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14g. This com-
pound was synthesized in 38% yield (393 mg) as orange solid
according to 5, starting from 252 mg (2.0 mmol) of 13b,
428 mg (2.0 mmol) of 11b, 422 mg (2.0 mmol) of 10d, 154 mg
(2.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). After evap-
oration of the volatiles the residue was gently mixed with
50 ml of ethyl acetate and 50 ml of cyclohexane was added, the
precipitated product was filtered off, washed with 100 ml of
ethyl acetate - cyclohexane (2-3) and dried. Elemental analysis
(%) calculated for C,gH,,ClFeN,0, C - 65.32, H - 5.29, N -
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5.44 found C - 65.18, H - 5.55, N - 5.26. "H NMR (DMSO-d,) &
9.87 (s, 1H, H-1), 8.77 (s, 0.3H, CONH minor isomer), 8.68 (s,
0.7H, CONH), 7.83 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.36 (d, J = 8.9
Hz, 2H, C¢H,Cl), 4.83 (s, 0.3H, H-4, minor isomer), 4.81 (s,
0.7H, H-4). 4.03 (br s, 0.3H, Cp, minor isomer), 4.00 (br s, 1H,
Cp), 3.99 (br s, 0.8H, Cp), 3.97 (s, 5H, Cp’), 3.94 (br s, 1H, Cp),
3.91 (br s, 1H, Cp), 2.40 (d, J = 16.2 Hz, 0.5H, H-8), 2.39 (d, ] =
16.2 Hz, 0.5H, H-8), 2.30 (d, J = 16.1, 0.5H, H-6), 2.29 (d, J =
16.0 Hz, 0.5, H-6), 2.25 (d, J = 16.1 Hz, 0.4H, H-8), 2.23 (d, J =
16.2, 0.4H, H-8), 2.16 (d, J = 17.1 Hz, 0.2H, H-8), 2.14 (d, J =
17.3, 0.2H, H-8), 2.11-2.07 (m, 3.6H, 2-CH; and H-6), 1.99 (d, J
= 16.0 Hz, 0.2H, H-6), 1.96 (d, J = 16.0, 0.2H, H-6), 1.59-1.47
(m, 1H, H-7), 0.84 (d, J = 6.7 Hz, 3H, 7-CH;). “C{"H} NMR
(DMSO-dg) 6 194.4 (minor), 194.2 (C-5), 168.7 (CONH), 151.7
(Cminor), 151.6, 138.7, 136.2, 135.9 (minor), 128.5 (CHg,u,a1),
126.4 (minor), 126.3 (C), 120.9 (CHc,c1), 110.2 (C), 110.0
(Cminor)’ 109.4 (Cminor)v 108.8 (C), 95.6 (Cpipso-minor)i 95.4
(CPipso)s 68.3 (Cp'), 67.0 (Cp), 66.3 (Cp), 66.2 (CPminor)y 65.9
(Cp), 65.7 (CPminor)y 65.6 (Cp), 41.1 (C-6), 40.4 (C-8), 31.2
(C-7minor)s 30.9 (C-7), 30.6 (C-7minor)s 30.1 (C-8minor), 29.9 (C-8),
19.7 (7-CHj), 19.6 (7-CHjzminor), 194 (7-CHjminor)y 17.0 (2-
CH;). MS calculated for C,gH,,ClFeN,0, m/z = 514.1 [M]"
found m/z = 514.3 [M]".
N-(4-Chlorophenyl)-4-ferrocenyl-2-methyl-5-oxo-7-phenyl-

1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14h - mixture
of diastereomers. This compound was synthesized in 30%
yield (350 mg) as yellow solid according to 5, starting from
376 mg (2.0 mmol) of 13c, 428 mg (2.0 mmol) of 11b, 422 mg
(2.0 mmol) of 10d, 154 mg (2.0 mmol) of ammonium acetate
and 6.0 ml of 2,2,2-trifluoroethanol. Total reaction time 20 min
(1 x 20 min). After cooling to RT the precipitated product was
filtered off, washed with ethyl acetate (50 ml) followed by 20 ml
of methanol - ethyl acetate (1-1). Elemental analysis (%) calcu-
lated for C;3H,4ClFeN,O, C - 68.71, H - 5.07, N — 4.86 found C
- 68.53, H - 5.08, N - 4.72. 'H NMR (DMSO-d,) 6 10.2 (s, 0.12H,
H-1 minor), 9.91 (s, 0.88H, H-1), 8.81 (s, 0.42H, CONH), 8.72 (s,
0.44H, CONH), 8.68 (s, 0.07H, CONHiinor), 8.60 (s, 0.06H,
CONHninor), 7.86-7.84 (m, 2H, CH,,), 7.41-7.30 (m, 4H, CH,,),
7.26-7.16 (m, 3H, CHy,), 4.91 (s, 0.07H, H-4yninor), 4.91 (s, 0.4H,
H-4), 4.89 (s, 0.07H, H-41inor), 4.88 (s, 0.4H, H-4), 4.40-4.39 (m,
0.26 H, CPminor), 4.33 (br s, 0.25H, Cpminor), 4.13-3.92 (m, 9H,
Cp and Cp’), 3.38-3.34 (m, 0.6H, H-7), 3.32-3.06 (m, 0.4H, H-7),
2.96-2.84 (m, 0.2 H, H-6), 2.69-2.60 (m, 1.7H, H-6 or H-8),
2.57-2.52 (m, 1.8H, H-6 or H-8), 2.41 (br s, 0.25H, H-6 or H-8),
3.38 (br s, 0.25H, H-6 or H-8), 2.31 (s, 1.8H, 2-CHj), 2.12 (s,
1.8H, 2-CHj); “*C{'H} NMR (DMSO-d¢) § 193.5 (C-5), 193.1
(C-5), 168.7 (CONH), 151.2 (C), 150.7 (C), 143.8 (C), 143.6 (C),
138.7 (2 x C), 136.0 (C), 135.7 (C), 128.5 (2 x CH,,), 128.3
(CHay), 127.0 (2 X CHpy), 126.6 (CHar-minor) 126.4 (CHar-minor)s
120.9 (2 x CHy,), 110.4 (C), 110.0 (C), 109.6 (C), 109.0 (C), 95.5
(Cpipso)’ 94.8 [Cpipso); 69.2 (Cp)7 68.5 (Cp'minor% 68.4 (Cp’)7 68.3
(Cp), 67.1 (2 x Cp), 66.3 (2 x Cp), 66.1 (Cp), 66.0 (Cp), 65.7 (Cp),
65.6 (Cp), 44.1 (C-6), 43.5 (C-6), 38.9 (C-7), 38.4 (C-7), 33.9 (C-8),
33.4 (C-8), 30.7 (C-4), 30.6 (C-4), 17.1 (2-CH,), 17.0 (2-CH;). MS
calculated for Cs3H,oCIFeN,0, m/z = 576.1 [M]" found m/z =
576.2 [M]".
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N-(4-Chlorophenyl)-7-ferrocenyl-2-methyl-5-o0xo-4-phenyl-
1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 14i - mixture of
diastereomers. This compound was synthesized in 18% yield
(105 mg) as orange solid according to 5, starting from 296 mg
(1.0 mmol) of 13e, 106 mg (102 pl, 1.0 mmol) of 11a, 211 mg
of 10d, 77 mg (1.0 mmol) of ammonium acetate and 6.0 ml of
2,2,2-trifluoroethanol. Total reaction time 20 min (2 x 10 min).
Elemental analysis (%) calculated for Cj;;H,oClFeN,0, C -
68.71, H - 5.07, N - 4.86 found C - 68.87, H — 4.93, N - 4.57.
"H NMR (DMSO-dg) 6 10.21 (s, 0.6Hpminor), 9-70 (s, 1H, H-1),
8.80 (s, 1H, CONH), 7.60-7.59 (m, 3H, CHyy), 7.36 (d, J = 8.9
Hz, 1.5H, CHary-minor)s 7-29 (d, J = 8.9 Hz, 2H, CHpy), 7.15-7.09
(m 4H, CHay), 7.05-7.03 (m, 1H, CHyy), 4.98 (s, 1H, H-4),
4.16-4.14 (m, 1H, Cp), 4.15 (s, 5H, Cp’), 4.07-4.06 (m, 1H, Cp),
4.03-4.02 (m, 1H, Cp), 3.98-3.97 (m, 1H, Cp), 3.14-3.10 (m,
1H, H-7), 2.85 (d, J = 16.5 Hz, 0.5H, H-8), 2.84 (d, J = 16.5 Hz,
0.5H, H-8), 2.68 (d, J = 16.5 Hz, 0.5H, H-8), 2.66 (d, J = 16.4 Hz,
0.5H, H-8), 2.30 (d, J = 16.2 Hz, 0.5H, H-6), 2.28 (d, J = 16.2 Hz,
0.5H, H-6), 2.05 (s, 3H, 2-CH3). “C{'H} NMR (DMSO-d¢) &
202.7 (C-5minor)y 193.1 (C-5), 167.4 (CONH), 165.2 (CONHminor),
151.4 (C), 146.6 (C), 138.4 (C), 137.8 (Cminor), 135.2 (C), 128.7
(CHan), 128.3 (CHan), 127.8 (CHay), 127.5 (CHan), 126.9
(Cuminor), 126.4 (Cminor)s 125.6 (CHary-minor)s 121.1 (CHyyy), 120.6
(CHagy), 110.6 (C), 108.7 (C), 91.8 (CPjpso), 68-3 (CP’), 67.0 (Cp),
66.9 (Cp), 66.8 (Cp), 66.2 (Cp), 44.4 (C-6), 38.1 (C-4), 33.5 (C-8),
332 (C-7), 30.2 (C), 17.1 (2-CH3). MS calculated for
C33H,0ClFeN,0, m/z = 576.1 [M]" found m/z = 576.0 [M]".

N-(4-Chlorophenyl)-4-ferrocenyl-2-methyl-5-oxo-1,4,5,6,7,8-
hexahydroquinoline-3-carboxamide 14j. This compound was
synthesized in 64% yield (635 mg) as pale yellow solid accord-
ing to 5, starting from 224 mg (2.0 mmol) of 13d, 428 mg
(2.0 mmol) of 11b, 422 mg (2.0 mmol) of 10d, 154 mg
(2.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (1 x 20 min). After evap-
oration of the volatiles the residue was gently mixed with
50 ml of ethyl acetate and 50 ml of cyclohexane (with sonifi-
cation in ultrasonic bath) and the precipitated product was fil-
tered off, washed with 100 ml of ethyl acetate — cyclohexane
(2-3) and dried. Elemental analysis (%) calculated for
C,,;H,5ClIFeN,O, C - 64.76, H - 5.03, N - 5.59 found C - 64.67,
H - 5.15, N - 5.48. '"H NMR (DMSO-d,) § 9.86 (s, 1H, H-1), 8.75
(s, 1H, CONH), 7.82 (d, J = 8.9 Hz, 2H, C¢H,Cl), 7.36 (d, ] = 8.9
Hz, 2H, C¢H,Cl), 4.83 (s, 1H, H-4), 4.03 (br s, 1H, Cp), 4.00 (br
s, 1H, Cp), 3.97 (s, 5H, Cp’), 3.95-3.94 (m, 1H, Cp), 3.92 (br s,
1H, Cp), 2.39-2.37 (m, 2H, H-8), 2.28-2.17 (m, 2H, H-6), 2.10
(s, 3H, 2-CH3), 1.89-1.85 (m, 1H, H-7), 1.71-1.67 (m, 1H, H-7).
BC{'H} NMR (DMSO-d¢) 6 194.3 (C-5), 168.7 (CONH), 151.9
(C), 138.7 (C), 135.8 (C), 128.5 (CHc,u,c1), 126.4 (CHo,m,01),
120.9 (C), 110.3 (C), 109.3 (C), 95.7 (CPipso)s 68-3 (CpP'), 67.0
(Cp), 66.3 (Cp), 65.9 (Cp), 65.7 (Cp), 37.0 (C-7), 30.5 (C), 26.4
(C-8), 20.8 (C6), 17.0 (2-CH3). MS calculated for
C,,H,5CIFeN,0, m/z = 500.1 [M]" found m/z = 500.4 [M]".

Ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydro-
quinoline-3-carboxylate 15a. This compound was synthesized
in 47% yield (160 mg of white powder) as orange solid accord-
ing to 5, starting from 140 mg (1.0 mmol) of 13a, 106 mg
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(102 pl, 1.0 mmol) of 11a, 130 mg (1.0 mmol, 126 ul) of 10e,
77 mg (1.0 mmol) of ammonium acetate and 2.5 ml of 2,2,2-
trifluoroethanol. Total reaction time 10 min (1 x 10 min). After
evaporation of the volatiles the residue was gently mixed with
50 ml of ethyl acetate (with sonification in ultrasonic bath)
and the precipitated product was filtered off, washed with
ethyl acetate and diethyl ether and dried. Elemental analysis
(%) calculated for C,;H,5NO; C - 74.31, H - 7.42, N - 4.13
found C - 74.11, H - 7.26, N - 3.86. "H NMR (DMSO-d) & 9.06
(s, 1H, NH), 7.19-7.14 (m, 4H, CHpy,), 7.07-7.05 (m, 1H, CHpy),
4.85 (s, 1H, H-4), 3.97 (q,J = 7.0 Hz, 2H, COOCH,CHj,), 2.41 (d,
J=17.0 Hz, 1H, H-8), 2.29 (d, J = 15.9 Hz, 1H, H-8), 2.28 (s, 3H,
2-CHj), 2.16 (d, J = 16.1 Hz, 1H, H-6), 1.97 (d, J = 16.3 Hz, 1H,
H-6), 1.12 (t, ] = 7.1 Hz, 3H, COOCH,CH,), 1.00 (s, 3H, 7-CH,),
0.84 (s, 3H, 7-CHj); “C{'H} NMR (DMSO-d,) & 194.2 (C-5),
166.8 (COOCH,CH3), 149.5 (C), 147.6 (C), 145.0 (C), 127.7
(CHpy,), 127.4 (CHpy), 125.7 (CHpy), 109.9 (C), 103.6 (C), 59.0
(COOCH,CH3;), 50.2 (C-6), 39.4 (C-8 overlapped with DMSO
residual signals), 35.8 (C-4), 32.1 (C), 29.1 (7-CH3), 26.4 (7-
CH;3), 18.3 (2-CH3), 14.1 (COOCH,CHj3). MS calculated for
C,1H6NO; m/z = 340.2 [M + H]' found m/z = 340.2 [M + H]'.

Ethyl 4-ferrocenyl-2,7,7-trimethyl-5-oxo0-1,4,5,6,7,8-hexahy-
droquinoline-3-carboxylate 15b. This compound was syn-
thesized in 36% yield (1.6 g) as orange solid according to 5,
starting from 1.4 g (10 mmol) of 13a, 2.14 g (10 mmol) of 11b,
1.30 g (10 mmol, 1.26 ml) of 10e, 799 mg (10 mmol) of
ammonium acetate and 8.0 ml of 2,2,2-trifluoroethanol. Total
reaction time 20 min (2 x 10 min). After evaporation of the
volatiles the residue was gently mixed with 50 ml of ethyl
acetate (with sonification in ultrasonic bath) and the precipi-
tated product was filtered off, washed with ethyl acetate and
diethyl ether and dried. Elemental analysis (%) calculated for
C,5H,0FeNO; C - 67.12, H - 6.53, N - 3.13 found C - 67.30, H -
6.23, N - 2.90. 'H NMR (DMSO-dg) & 9.11 (s, 1H, H-1), 4.68 (s,
1H, H-4), 4.16 (q, J = 7.0 Hz, 2H, COOCH,CHj), 4.02 (s, 5H,
Cp’), 3.96 (br s, 2H, Cp), 3.76 (s, 1H, Cp), 3.72 (s, 1H, Cp), 2.40
(d, ] = 17.2 Hz, 1H, H-8), 2.30 (d, J = 17.2 Hz, 1H, H-8), 2.26 (s,
3H, 2-CH;), 2.20 (d, J = 16.1 Hz, 1H, H-6), 2.13 (d, = 16.0 Hz,
1H, H-6), 1.26 (t, J = 7.1 Hz, 3H, COOCH,CH3), 1.03 (s, 3H,
7-CH3), 1.02 (s, 3H, 7-CH;). C{"H} NMR (DMSO0) § 194.5 (C-5),
167.5 (COOCH,CHj), 150.2 (C), 144.6 (C), 109.2 (C), 103.5 (C),
95.9 (Cpipso), 68.3 (Cp'), 66.4 (Cp), 66.2 (Cp), 65.7 (Cp), 65.6
(Cp), 59.2 (COOCH,CH3;), 50.5 (C-6), 39.6 (C-8, overlapped with
DMSO residual signal), 31.9 (C), 29.4 (7-CHj), 27.9 (C-4), 26.4
(7-CH3), 18.2 (2-CH3), 14.4 (COOCH,CHj;). MS calculated for
C,5H,0FeNO; m/z = 447.1 [M]' found m/z = 447.4 [M]".

Ethyl 2,7,7-trimethyl-5-0x0-4-ruthenocenyl-1,4,5,6,7,8-hexa-
hydroquinoline-3-carboxylate 15c. This compound was syn-
thesized in 50% yield (247 mg) as white solid according to 5,
starting from 140 mg (1.0 mmol) of 13a, 259 mg (1.0 mmol) of
11c, 130 mg (126 pl, 1.0 mmol) of 10e, 77 mg (1.0 mmol) of
ammonium acetate and 2.5 ml of 2,2,2-trifluoroethanol. Total
reaction time 30 min (3 x 10 min). After evaporation of the
volatiles the residue was gently mixed with 10 ml of ethyl
acetate (with sonification in ultrasonic bath) and the precipi-
tated product was filtered off, washed with ethyl acetate and

Dalton Trans.


https://doi.org/10.1039/d4dt01853b

Published on 12 September 2024. Downloaded by Biblioteka Uniwersytetu 6dzkiego on 9/23/2024 11:40:27 AM.

Paper

diethyl ether and dried. Elemental analysis (%) calculated for
C,5H,oNO;Ru C - 60.96, H - 5.93, N - 2.84 found C - 60.78, H
- 5.69, N - 2.55. "H NMR (DMSO-de) 6 9.11 (s, 1H, H-1), 4.56 (s,
1H, H-4), 4.38 (s, 5H, Cp’), 4.31-4.29 (m, 2H, Cp), 4.17-4.11
(m, 4H, Cp and COOCH,CHj,), 2.40 (d, J = 17.3 Hz, 1H, H-8),
2.28 (d, J = 17.0 Hz, 1H, H-8), 2.25 (s, 3H, 2-CH3), 2.18 (d, J =
16.1 Hz, 1H, H-6), 2.10 (d, J = 16.2 Hz, 1H, H-6), 1.24 (t, /= 7.1
Hz, 3H, COOCH,CHS), 1.03 (s, 3H, 7-CH,), 1.02 (s, 3H, 7-CH,).
BC{'H} NMR (DMSO-d¢) § 194.4 (C-5), 167.4 (COOCH,CHj),
150.0 (C), 144.7 (C), 109.1 (C), 103.4 (C), 99.2 (Cpipso), 70.6
(Cp), 69.1 (Cp), 68.8 (Cp), 68.7 (Cp), 68.5 (Cp), 59.1
(COOCH,CH3;), 50.4 (C-6), 39.5 (C-8 overlapped with DMSO
residual signal), 31.9 (C), 29.6 (7-CHj3), 27.8 (C-4), 26.3 (7-CH3),
18.2 (2-CH;), 14.4 (COOCH,CHj3). MS calculated for
C,5H30NO3Ru m/z = 494.1 [M + H]' found m/z = 494.3 [M + H]'.

Ethyl 4-(2-ferrocenylphenyl)-2,7,7-trimethyl-5-ox0-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate 15d. This compound was
synthesized in 19% yield (100 mg) as orange solid according to
5, starting from 140 mg (1.0 mmol) of 13a, 286 mg (1.0 mmol)
of 11d (1.0 mmol), 130 mg (126 pl, 1.0 mmol) of 10e, 77 mg
(1.0 mmol) of ammonium acetate and 8.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane - ethyl acetate (9-1) as eluent. Elemental ana-
lysis (%) calculated for C;;H33FeNO; C - 71.13, H - 6.35, N -
2.68 found C - 71.06, H - 6.21, N - 2.44. '"H NMR (DMSO-d,) 6
8.93 (s, 1H, H-1), 7.76-7.75 (m, 1H, C¢H,Fc), 7.11-7.10 (m, 1H,
CeH,Fc), 7.07-7.06 (m, 2H, C¢H,Fc), 5.84 (s, 1H), 5.27 (s, 1H,
Cp), 4.44-4.33 (m, 1H, Cp), 4.29-4.28 (m, 1H, Cp), 4.27-4.26
(m, 1H, Cp), 4.09 (s, 5H, Cp’), 3.79 (ddd, J = 14.0, 10.6, 7.0 Hz,
1H, COOCH,CHj;), 3.33 (ddd, j = 14.1, 10.6, 7.0 Hz, 1H,
COOCH,CH3;, overlapped with HOD residual signal), 2.45 (d, J
=16.9 Hz, 1H, H-8), 2.34 (d, J = 16.2 Hz, 1H, H-8), 2.19 (d, J =
16.0 Hz, 1H, H-6), 2.08 (s, 3H, 2-CHj), 2.06 (d, J = 16.0 Hz, 1H,
H-6), 1.04 (s, 3H, 7-CH,), 0.96 (s, 3H, 7-CH,), 0.81 (t, J = 7.0 Hz,
COOCH,CH3). “C{'H} NMR (DMSO-d¢) § 194.7 (C-5), 167.0
(COOCH,CHj), 150.5 (C), 146.7 (C), 141.9 (C), 135.6 (C), 131.2
(CHg, 1 rc), 128.5 (CHe, 11 rc), 126.2 (CHg 1, re)s 125.2 (CHg o),
110.7 (C), 106.4 (C), 89.0 (Cpipso), 71.7 (Cp), 69.6 (Cp), 69.2
(Cp"), 67.1 (Cp), 67.0 (Cp), 58.4 (COOCH,CH3;), 50.6 (C-6), 39.9
(C-8 overlapped with DMSO residual signal), 32.3 (C), 32.1
(C-4), 29.1 (7-CH;), 26.8 (7-CH3), 17.9 (2-CHj), 14.2
(COOCH,CH3;). MS calculated for Cz Hz3FeNO; m/z = 523.2
M]" found m/z = 523.5 [M]".

Ethyl 4-(3-ferrocenylphenyl)-2,7,7-trimethyl-5-ox0-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate 15e. This compound was
synthesized in 99% yield (930 mg) as orange solid according to
5, starting from 251 mg (1.79 mmol) of 13a, 520 mg
(1.79 mmol) of 11e, 233 mg (226 pl, 179 mmol) of 10e, 138 mg
(1.79 mmol) of ammonium acetate and 4.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). After evap-
oration of the volatiles the residue was gently mixed with
50 ml of ethyl acetate (with sonification in ultrasonic bath)
and the precipitated product was filtered off, washed with
ethyl acetate and diethyl ether and dried. Elemental analysis
(%) calculated for C3;H33FeNO; C - 71.16, H - 6.35, N - 2.68
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found C - 71.20, H - 6.12, N - 2.44. "H NMR (DMSO-d) 6 9.13
(s, 1H, H-1), 7.36 (s, 1H, C¢H,Fc), 7.18 (d, J = 7.6 Hz, 1H,
CeH,Fc), 7.09 (t, J = 7.6 Hz, 1H, C¢H,4Fc), 6.98 (d, J = 7.7 Hz,
1H, C¢H,Fc), 4.88 (s, 1H, H-4), 4.58 (br s, 1H, Cp), 4.57 (br s,
1H, Cp), 4.31 (br s, 1H, Cp), 4.30 (br s, 1H, Cp), 4.01 (q, J = 6.9
Hz, 2H, COOCH,CH;), 3.98 (s, 5H, Cp'), 2.46 (d, J = 17.0 Hz,
1H, H-8), 2.34-2.31 (m, 4H, 2-CH; and H-8), 2.21 (d, J = 16.1
Hz, 1H, H-6), 2.00 (d, J = 16.0 Hz, 1H, H-6), 1.17 (t, = 7.1 Hz,
3H, COOCH,CHj), 1.03 (s, 3H, 7-CHj), 0.90 (s, 3H, 7-CH;). **C
{'H} NMR (DMSO-dg) & 194.3 (C-5), 166.9 (COOCH,CHj), 149.6
(C), 147.5 (C), 145.0 (C), 138.1 (C), 127.7 (CHg ko), 125.7
(CHc ,pc); 125.1 (CHcp,rc), 123.5 (CHc p,rc), 110.0 (C), 103.7
(C), 85.6 (CPipso)y 69.3 (Cp'), 68.7 (Cp), 68.6 (Cp), 66.7 (CP), 65.9
(Cp), 59.1 (COOCH,CH3), 50.3 (C-6), 39.5 (C-8 overlapped with
DMSO residual signal), 35.7 (C-4), 32.2 (C), 29.2 (7-CH3), 26.3
(7-CH3), 18.3 (2-CHj3), 14.2 (COOCH,CHj;). MS calculated for
C31H33FeNO; m/z = 523.2 [M]" found m/z = 523.6 [M]".

Ethyl 4-(4-ferrocenylphenyl)-2,7,7-trimethyl-5-ox0-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate 15f. This compound was
synthesized in 82% yield (430 mg) as orange solid according to
5, starting from 140 mg (1.0 mmol) of 13a, 290 mg (1.0 mmol)
of 11f, 130 mg (126 pl, 1.0 mmol) of 10e, 77 mg (1.0 mmol) of
ammonium acetate and 2.0 ml of 2,2,2-trifluoroethanol. Total
reaction time 20 min (2 x 10 min). After evaporation of the
volatiles the residue was gently mixed with 50 ml of ethyl
acetate (with sonification in ultrasonic bath) and the precipi-
tated product was filtered off, washed with ethyl acetate and
diethyl ether and dried. Elemental analysis (%) calculated for
C3,H;3FeNO; C - 71.13, H - 6.35, N - 2.68 found C - 71.02, H -
6.60, N - 2.44. "H NMR (DMSO-dg) 6 9.07 (s, 1H, H-1), 7.34 (d, J
= 8.3 Hz, 2H, C¢H,Fc), 7.07 (d, J = 8.2 Hz, 2H, C¢H,Fc), 4.84 (s,
1H, H-4), 4.67-4.66 (m, 2H, Cp), 4.29-4.27 (m, 2H, Cp),
4.04-3.96 (m, 7H, Cp' and COCH,CH3;), 2.42 (d, J = 17.1 Hz,
1H, H-8), 2.30 (s, 3H, 2-CH3), 2.29 (d, J = 16.9 Hz, 1H, H-8),
2.17 (d, J = 16.1 Hz, 1H, H-6), 1.99 (d, J = 16.2 Hz, 1H, H-6),
1.13 (t,J = 7.1 Hz, 3H, COCH,CHj5), 1.01 (s, 3H, 7-CHj), 0.84 (s,
3H, 7-CH;). “C{'H} NMR (DMSO-d¢) 6 194.3 (C-5), 166.9
(COOCH,CH3), 149.4 (C), 145.3 (C), 145.0 (C), 136.1 (C), 127.3
(CHg,m,re), 125.5 (CHg u,rc), 109.9 (C), 103.4 (C), 85.3 (CPipso),
69.2 (Cp), 68.5 (2 x Cp), 66.2 (Cp), 66.0 (Cp), 59.0
(COOCH,CHj3;), 50.3 (C-6), 39.4 (C-8 overlapped with DMSO
residual signal), 35.4 (C-4), 32.1 (C), 29.2 (7-CH3), 26.3 (7-CH3),
18.3 (2-CH;). 14.2 (COOCH,CH;). MS calculated for
C31H33FeNO; m/z = 523.2 [M]" found m/z = 523.2 [M]".

Ethyl 4-ferrocenyl-2,7-dimethyl-5-oxo-1,4,5,6,7,8-hexahydro-
quinoline-3-carboxylate 15g - mixture of diastereoisomers.
This compound was synthesized in 20% yield (170 mg) as
orange solid according to 5, starting from 252 mg (2.0 mmol)
of 13b, 428 mg (2.0 mmol) of 11b, 260 mg (252 pl, 2.0 mmol)
of 10e, 155 mg (2.0 mmol) of ammonium acetate and 6.0 ml of
2,2,2-trifluoroethanol. Total reaction time 20 min (2 x 10 min).
Pure product was isolated by chromatography on silica gel
using dichloromethane - ethyl acetate (9-1) as eluent.
Elemental analysis (%) calculated for C,,H,,FeNO; C - 66.52,
H - 6.28, N - 3.23 found C - 66.50, H - 6.24, N - 2.84. "H NMR
(DMSO-dg) 6 9.18 (s, 0.4 H, H-1, minor isomer), 9.10 (s, 1H,
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H-1), 4.68 (s, 0.4 H, H-41inor), 4.68 (s, 1H, H-4), 4.17-4.12 (m,
3H, COOCH,CHj3;), 4.01 (s, 5H, Cp’) and 4.01 (s, 2H, CpP’minor)s
3.95-3.94 (m, 2H, Cp), 3.93-3.92 (m, 0.5H, CPminor), 3.82-3.81
(m, 0.4H, CPminor), 3.76-3.75 (m, 1H, Cp), 7.74-3.73 (m, 1H,
Cp), 3.71-3.70 (m, 0.4 H, Cpminor), 2.56-2.52 (m, 1.4H, H-8),
2.38-2.35 (m, 1.4H, H-6), 2.32-2.28 (m, 1.2H, H-8), 2.26 (s,
3.5H, 2-CH; and H-7), 2.23 (s, 1.6H, 2-CH3minor), 2.16-2.12 (m,
1.6H, H-6 and H-7), 1.26 (t, J = 7.1 Hz, 3H, COOCH,CHj), 1.25
(t, J = 7.1 Hz, 1.4H, COOCH,CHjpinor), 1.05 (d, J = 6.3 Hz, 1.3
Hz, 7-CHjminor), 1.03 (d, J = 6.6 Hz, 3H, 7-CH;). ">C{"H} NMR
(DMSO-dg) 6 194.8 (C-5, minor isomer), 194.4 (C-5), 167.5
(COOCH,CH3), 167.4 (COOCH,CHjpminor), 151.5 (Cminor), 150.5
(C), 144.5 (C), 144.4 (Cminor); 110.0 (C), 109.8 (Cminor), 104.1
(Cminor)y 103.4 (C), 96.3 (CPipsominor)y 96.1 (CpPipso), 68.3
(Cp'minor)i 68.3 (Cp'), 66.4 (Cp)’ 66.3 (Cpminor)’ 66.3 (Cpminor]1
66.2 (Cp), 66.0 (CPminor), 65.8 (Cp), 65.7 (Cp), 65.5 (CPminor)s
59.1 (COOCH,CHj,), 45.2 (C-6minor), 44.5 (C-6), 34.3 (C-8minor),
33.5 (C-8), 28.3 (C-7), 28.2 (C-7minor); 27.9 (C-4), 27.8 (C-4minor)s
20.6  (7-CHzminor), 20.2 (7-CH3), 18.1 (2-CH3), 144
(COOCH,CH3). MS calculated for C,,H,,FeNO; m/z = 433.1
M]" found m/z = 433.1 [M]".

Ethyl 4-ferrocenyl-2-methyl-7-phenyl-5-oxo-1,4,5,6,7,8-hexa-
hydroquinoline-3-carboxylate 15h. This compound was syn-
thesized in 30% yield (150 mg) as orange solid according to 5,
starting from 188 mg (1.0 mmol) of 13c, 214 mg (1.0 mmol) of
11b, 130 mg (126 pl, 1.0 mmol) of 10e, 77 mg (1.0 mmol) of
ammonium acetate and 2.5 ml of 2,2,2-trifluoroethanol. Total
reaction time 20 min (2 x 10 min). Pure product was isolated
by chromatography on silica gel using dichloromethane - ethyl
acetate (9-1) as eluent. Elemental analysis (%) calculated for
C,oH,oFeNO; C - 70.31, H - 5.90, N - 2.83 found C - 70.12, H -
5.92, N - 2.54. "H NMR (DMSO-d) § 9.23 (s, 0.6H, H-1j00),
9.13 (s, 0.4H, H-1minor), 7.22-7.18 (m, 2H, CHpy,), 7.15-7.05 (m,
3H, CHpn), 4.93 (s, 0.6H, H-41,j0r), 4.87 (s, 0.4H, H-4pinor),
4.18-4.10 (m, 7.5H, Cp’ and Cp), 4.02-3.96 (m, 3.5H,
COOCH,CHj; and Cp), 3.14-3.11 (m, 0.4H, H-7pinor), 2.85-2.81
(m, 1.6H, H-7 and H-8gjor), 2.64 (d, / = 16.6 Hz, 0.2H,
H-8ninor), 2.63 (d, J = 16.6 Hz, 0.2 Hz, H-8,in0r), 2-59 (d, J =
18.0 Hz, 0.3H, H-8major), 2.57 (d, J = 18.0 Hz, 0.3H, H-8major),
2.53-2.50 (m, 0.5H, overlapped with DMSO residual signal,
H-6), 2.44-2.41 (m, 0.6H, H-6), 2.33-2.25 (m, 4.2H, 2-CH; and
H-6), 1.13 (t, J = 7.1 Hz, 3H, COOCH,CH3). ">C{"H} (DMSO-d,)
8 194.0 (C-5), 193.6 (C-5minor), 166.9 (COOCH,CHj3), 150.9 (C),
150.3 (Cminor), 147.7 (C), 147.2 (Cminor), 144.9 (C), 127.9 (CHpp,),
127.6 (CHpp), 127.5 (CHpp), 125.7 (CHphminor)y 125.6
(CHph-minor), 110.8 (C), 110.7 (Cminor), 103.7 (C), 103.5 (Cpminor)s
91.8 (CPipso)y 917 (CPipso-minor)s 68-3 (CP'minor)s 68.2 (Cp'), 67.1
(Cp), 67.0 (Cp), 66.9 (Cp), 66.8 (Cp), 66.2 (Cp), 65.8 (CPminor)s
59.1 (COOCH,CHj3), 59.0 (COOCH,CH; minor), 44.5 (C-6), 44.2
(C-6minor); 359 (C-4minor)s 35.7 (C-4), 33.5 (C-8), 33.2 (C-8), 33.1
(C-7minor), 32.4 (C-7), 18.3 (2-CH3), 14.1 (COOCH,CHj3). MS cal-
culated for CyoH,oFeNO; m/z = 495.1 [M]" found m/z = 495.4
M]"

Ethyl 7-ferrocenyl-2-methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexa-
hydroquinoline-3-carboxylate 15i. This compound was syn-
thesized in 18% yield (90 mg) as orange solid according to 5,
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starting from 296 mg (1.0 mmol) of 13e, 106 mg (102 pl,
1.0 mmol) of 11a, 130 mg (126 ul, 1.0 mmol) of 10e, 77 mg
(1.0 mmol) of ammonium acetate and 3.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 20 min (2 x 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane - ethyl acetate (9-1) as eluent. Elemental ana-
lysis (%) calculated for C,oH,9FeNO; C - 70.31, H - 5.90, N -
2.83 found C - 70.13, H - 5.94, N - 2.54. 'H NMR (DMSO-d,) 6
9.12 (s, 1H, H-1), 7.15-7.10 (m, 4H, CHpy), 7.06-7.03 (m, 1H,
CHpy,), 4.87 (s, 1H, H-4), 4.14 (s, 5H, Cp'), 4.10 (br s, Cp),
4.03-4.02 (m, 1H, Cp), 4.10-3.96 (m, 3H, COOCH,CH, and
Cp), 3.92 (br s, 1H, Cp), 3.15-3.10 (m, 1H, H-7), 2.84 (d, J =
16.6, 0.4H, H-8), 2.83 (d, J = 16.6 Hz, 0.6H, H-8), 2.64 (d, J =
16.6, 0.6H, H-8), 2.63 (d, J = 16.6 Hz, 0.4H, H-8), 2.53-2.49 (m,
1H, H-6, overlapped with DMSO residual signal), 2.30 (s, 3H,
2-CHj), 2.28 (d, J = 16.5 Hz, 0.6H, H-6), 2.26 (d, J = 16.3 Hz,
0.4H, H-6), 1.12 (t, J = 7.1 Hz, 3H, COOCH,CHj,). ">C{"H} NMR
(DMSO-dg) 6 193.6 (C-5), 166.9 (COOCH,CH3), 150.3 (C), 147.2
(C), 144.9 (C), 127.6 (CHpp), 125.6 (CHpy), 110.7 (C), 103.5 (C),
91.7 (Cpipso)s 68.3 (Cp'), 66.9 (2 x Cp), 66.8 (Cp), 66.2 (Cp), 59.0
(COOCH,CHj), 44.2 (C-6), 35.9 (C-4), 33.2 (C-8), 33.1 (C-7), 18.3
(2-CH3;), 14.1 (COOCH,CH3). MS calculated for CyoH3oFeNOj;
m/z = 496.2 [M + H]' found m/z = 496.1 [M + H]".

Ethyl 4-ferrocenyl-2-methyl-5-oxo0-1,4,5,6,7,8-hexahydroqui-
noline-3-carboxylate 15j. This compound was synthesized in
44% yield (1.83 g) as orange solid according to 5, starting from
1.12 g (10 mmol) of 13d, 2.14 g (10 mmol) of 11b, 1.30 g
(1.26 ml, 10 mmol) of 10e, 799 mg (10 mmol) of ammonium
acetate and 8.0 ml of 2,2,2-trifluoroethanol. Total reaction
time 20 min (2 x 10 min). Pure product was isolated by chrom-
atography on silica gel using gradient of ethyl acetate in
chloroform starting from 0 to 25% of ethyl acetate as eluent.
Elemental analysis (%) calculated for C,3H,5FeNO; C - 65.88,
H - 6.01, N - 3.34 found C - 65.67, H - 5.94, N - 3.05. '"H NMR
(DMSO-dg) 6 9.18 (s, 1H, H-1), 4.70 (s, 1H, H-7), 4.17-4.11 (m,
2H, COOCH,CH3;), 4.01 (s, 5H, Cp'), 3.95-3.94 (m, 1H, Cp),
3.94-3.93 (m, 1H, Cp), 3.82-3.81 (m, 1H, Cp), 3.73-3.72 (m,
1H, Cp), 2.54-2.43 (m, 2H, H-8 overlapped with DMSO
residual), 2.37-2.32 (m, 1H, H-6), 2.26-2.21 (m, 4H, 2-CH; and
H-6), 1.98-1.94 (m, 1H, H-7), 1.90-1.83 (m, 1H, H-7), 1.25 (t,] =
7.1 Hz, 3H, COOCH,CH;). *C{'"H} NMR (DMSO-d¢) & 194.8
(C-5), 167.4 (COOCH,CH3), 151.8 (C), 144.3 (C), 110.2 (C),
104.0 (C), 96.3 (CPjpso)s 68-3 (CP'), 66.3 (2 x Cp), 66.0 (Cp), 65.5
(Cp), 59.1 (COOCH,CHj), 36.9 (C-6), 27.7 (C-4), 26.3 (C-8), 20.9
(C-7), 18.1 (2-CHj3), 14.4 (COOCH,CHj;). MS calculated for
C,3H,5FeNO; m/z = 419.1 [M]' found m/z = 419.2 [M]".

N-(2-Ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-4-phenyl-
1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 16a. This com-
pound was synthesized in 53% yield (150 mg) as orange solid
according to 5, starting from 77 (0.5 mmol) mg of 13a, 60 mg
(51 pl, 0.5 mmol), 181 mg (0.5 mmol) of 10b, 39 mg
(0.5 mmol) of ammonium acetate and 3.0 ml of 2,2,2-trifluor-
oethanol. Total reaction time 10 min (1 x 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane - ethyl acetate (4-1) as eluent. An orange solid.
Elemental analysis (%) calculated for C35sHz4FeN,O, C - 73.69,
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H - 6.01, N - 4.91 found C - 73.59, H - 6.27, N — 4.65. '"H NMR
(DMSO-dg) 6 8.75 (s, 1H, H-1), 8.41 (s, 1H, CONH), 7.52-7.50
(m, 2H, CHay), 7.26 (t, J = 7.6 Hz, 2H, CHyyy), 7.20-7.16 (m,
4H, CH,y), 7.08-7.07 (m, 1H, CH,y), 7.91 (s, 1H, H-4),
4.31-4.30 (m, 1H, Cp), 4.28-4.27 (m, 1H, Cp), 4.17-4.16 (m,
1H, Cp), 4.07 (s, 5H, Cp’), 4.84-4.83 (m, 1H, Cp), 2.42 (d, J =
16.9 Hz, 1H, H-8), 2.31 (d, J = 16.2 Hz, 1H, H-8), 2.16 (d, J =
16.1 Hz, 1H, H-6), 2.06 (s, 3H, 2-CH;), 1.98 (d, J = 16.0 Hz, 1H,
H-6), 1.02 (s, 3H, 7-CH3), 0.89 (s, 3H, 7-CH;). “C{'H} MNR
(DMSO-dg) 6 193.6 (C-5), 167.4 (CONH), 150.4 (C), 147.0 (C),
134.8 (C), 134.6 (C), 130.2 (C), 130.1 (CH,y), 128.2 (CHay),
127.5 (CHpy), 125.3 (CHay), 126.1 (CHay), 124.4 (CHay), 111.0
(C), 108.0 (C), 83.1 (Cpipso), 691 (Cp'), 69.0 (Cp), 68.7 (Cp), 68.5
(Cp), 67.9 (Cp), 50.3 (C-6), 39.7 (C-8 overlapped with DMSO
residual signal), 39.1 (C-4), 29.1 (7-CH3), 26.6 (7-CHj), 17.0 (2-
CH;). MS calculated for C35H3,FeN,0, m/z = 570.2 [M]" found
mlz =570.3 [M]".
N-(3-Ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-4-phenyl-
1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 16b. This com-
pound was synthesized in 60% yield (340 mg) as orange solid
according to 5, starting from 140 mg (1.0 mmol) of 13a,
106 mg (102 pl, 1.0 mmol) of 11a, 361 mg (1.0 mmol) of 10c,
77 mg (1.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-
trifluoroethanol. Total reaction time 20 min (2 x 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane - ethyl acetate (4-1) as eluent. Elemental ana-
lysis (%) calculated for C3sH3,FeN,O, C - 73.69, H - 6.01, N -
4.91 found C - 73.58, H - 5.78, N - 4.63. '"H NMR (DMSO-dg) &
9.51 (s, 1H, H-1), 8.72 (s, 1H, CONH), 7.67 (br s, 1H, CHyy),
7.44-7.43 (m, 1H, CHpy), 7.21-7.14 (m, 6H, CHyyy), 7.08-7.05
(m, 1H, CHayy), 5.00 (s, 1H, H-4). 4.63-5.62 (m, 2H, Cp), 4.32 (t,
J = 1.7 Hz, 2H, Cp), 4.03 (s, 5H, Cp'), 2.41 (d, J = 16.9 Hz, 1H,
H-8), 2.33 (d, J = 16.9 Hz, 1H, H-8), 2.16 (d, J = 16.0 Hz, 1H,
H-6), 2.08 (s, 3H, 2-CH;), 1.04 (s, 3H, 7-CHj), 0.91 (s, 3H,
7-CH;). *C{'"H} NMR (DMSO-d¢) & 193.6 (C-5), 167.3 (CONH),
150.5 (C), 147.2 (C), 193.4 (C), 193.1 (C), 135.1 (C), 128.4
(CHar), 127.9 (CHay), 127.4 (CHay), 125.7 (CHay), 120.9
(CHar), 117.4 (2 X CHyy), 110.9 (C), 108.2 (C), 85.2 (CPjpso),
69.4 (Cp’), 68.8 (Cp), 68.7 (Cp), 66.4 (Cp), 66.3 (Cp), 50.4 (C-6),
38.1 (C-8), 32.1 (C-4), 29.1 (7-CH3), 26.8 (7-CH3), 17.2 (2-CH3).
MS calculated for C35H3,FeN,0, m/z = 570.2 [M]" found m/z =
570.3 [M]".
N-(4-Ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-4-phenyl-

1,4,5,6,7,8-hexahydroquinoline-3-carboxamide 16c. This com-
pound was synthesized in 42% yield (240 mg) as orange solid
according to 5, starting from 140 mg (1.0 mmol) of 13a,
106 mg (102 pl, 1.0 mmol) of 11a, 361 mg (1.0 mmol) of 10d,
77 mg (1.0 mmol) of ammonium acetate and 6.0 ml of 2,2,2-
trifluoroethanol. Total reaction time 10 min (1 x 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane - methanol (99-1) as eluent. Elemental ana-
lysis (%) calculated for C3;5H;z4FeN,O, C - 73.69, H - 6.01, N -
4.91 found C - 73.46, H - 5.74, N - 4.66. 'H NMR (DMSO-d,) &
9.53 (s, 1H, H-1), 8.70 (s, 1H, CONH), 7.49 (d, J = 8.7 Hz, 2H,
CeHFc), 7.41 (d, J = 8.7 Hz, 2H, CgH,Fc), 7.19 (s, 2H, CHpy),
7.18 (s, 2H, CHpy), 7.08-7.05 (m, 1H, CHpy), 4.98 (s, 1H, H-4),
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4.70 (t, J = 1.8 Hz, 2H, Cp), 4.29 (t, J = 1.8 Hz, 2H, Cp), 4.00 (s,
5H, Cp'), 2.40 (d, J = 16.9 Hz, 1H, H-8), 2.32 (d, J = 16.6 Hz, 1H,
H-8), 2.15 (d, J = 16.0 Hz, 1H, H-6), 2.07 (s, 3H, 2-CH3), 2.00 (d,
J = 16.3 Hz, 1H, H-6), 1.03 (s, 3H, 7-CHs), 0.91 (s, 3H, 7-CH3).
BC{'H} NMR (DMSO-d¢) 6 193.6 (C-5), 167.1 (CONH), 150.5
(C), 147.1 (C), 137.4 (C), 134.9 (C), 133.3 (C), 127.9 (CHpy),
127.4 (CHpy), 125.8 (CHc,m,rc), 125.7 (CHpp), 119.6 (CHc 11,7c)s
111.0 (C), 108.0 (C), 85.0 (Cpjpso), 69.2 (Cp’), 68.5 (Cp), 65.9
(Cp), 50.4 (C-6), 39.8 (C-8), 38.1 (C-4), 32.1 (C-7), 29.1 (7-CH3),
26.8 (7-CH3), 17.1 (2-CH3). MS calculated for C35H3,FeN,O, m/z
=570.2 [M]" found m/z = 570.3 [M]".

Cell lines

All cell lines were purchased in American Type Culture
Collection (ATCC) via LGC Standards sp. z 0.0. The cells were
cultured in standard conditions (5% CO,, 100% relative
humidity, 37 °C) in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% v/v fetal bovine albumin
(FBS). Aseptic technique was strictly employed during cell pas-
sages to avoid antibiotic use and special care was taken not to
cross-contaminate the cultures. All cell lines were routinely
monitored for potential Mycoplasma infection.

Proliferation assay

The antiproliferative potential of the investigated compounds
was determined using the neutral red uptake assay.”* Cells
were seeded on 96-well plates at a predetermined number
(HepG2: 4 x 10 per well, A549: 5 x 10° per well, other cell
lines: 10* per well) in final volume of 100 pL in a complete
medium and allowed to attach for 24 h. The stock solutions of
investigated compounds freshly prepared in dimethyl sulfoxide
(DMSO) were appropriately diluted in a complete medium to a
desired concentration. 100 pL of such solutions were added to
the respective wells of the 96-well plate. The final DMSO con-
centration was equal in all samples, including controls, did
not exceed 1% v/v and was determined to be non-toxic to the
cells. After 70 h of incubation, neutral red was added to the
medium to a final concentration of 1 mM. After another 2 h of
incubation, the cells were washed twice with phosphate
buffered saline (PBS), de-stained in 200 pL extraction solution
(1% acetic acid (v/v) in 50% ethanol (v/v)) and placed on a
rotary shaker for 15 min in dark, until the dye was released
from the cells. The absorbance was measured at 540 nm with
an EnVision Multilabel Plate Reader (PerkinElmer, Waltham,
Massachusetts, USA). The results were calculated as the per-
centage of the controls and the ICs, values for each cell line
and substance were calculated with GraphPad Prism 10.2.1
software (GraphPad Software, LLC, San Diego, California, USA)
using a four-parameter non-linear logistic regression.

Cell cycle

10° of SW620 or A549 cells were seeded per well of 6-well plates,
and left for 24 h to attach to the substrate. The tested com-
pounds were added at the IC,s concentration of 5 calculated
from viability curves for the SW620/A549 cells, respectively. After
24, 48 and 72 h, the cells were trypsinized, washed once with ice
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cold PBS and fixed using 70% cold ethanol. The cells were then
rehydrated with PBS and stained with 75 pM propidium iodide
and 50 Kunitz units per mL of RNAse A in PBS for 30 minutes at
37 °C. The samples were analyzed on an Symphony A1 (Becton
Dickinson) instrument (excitation 488 nm, emission 575/26 nm)
and the cell cycle phase distribution was determined with
FlowJo 7.6.1 software (FlowJo, LLC) using a built-in cell cycle
analysis module (Watson pragmatic algorithm).

ROS detection

10° of A549 or SW620 cells were seeded per well of 6-well
plates for 24 h. The cells were treated with the test compounds
(1 and 10 pM), dihydrorhodamine 123 (1 pM) and verapamil
(10 uM) for 4 h. The cells were then harvested and suspended
in a complete medium. The samples were then collected on an
Symphony A1 (Becton Dickinson) instrument and median fluo-
rescence (excitation 488 nm, emission 530/30 nm) was ana-
lyzed. Results were calculated as a percentage of control.

Kinesin ATPase inhibition assay

The kinesin modulatory activity was determined using Kinesin
ATPase Endpoint Biochem Kit (Cytoskeleton Inc.) according to
the manufacturer’s protocol. Phosphate release was measured
at 650 nm (EnVision Plate Reader - PerkinElmer, USA). The
DMSO concentration in the samples was 0.1%.
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Figure S1. Antiproliferative activity A) Cytotoxic activity (ICso values), B) The Activity
Quotients (AQ) of studied compounds in comparison to cytotoxic activity of 5 were calculated

as AQ = ICSO(S)/ ICSO(compound)
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Figure S2. Cell cycle phase distribution for A549 (A) and SW620 (B) cells exposed for 24,
48 and 72h to 5 and its ferrocenyl analogues at concentration equal to the IC7s values for 5.

Data are presented as mean + SD, n =3
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Figure S3. '"H NMR spectrum of 5 in DMSO-ds
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Sample Information

Chromatogram

Sample Type - Unknown KGK-90012
Sample Name : KGK-90012 uAU
Sample ID : KGK-90012
Vial# 084
Injection Volume 01 1000000 = 1 PDA Multi 1 254nm,4nm
~
Method 500000
<<LC Time Program>> — <
Time Module Command Valu ~ —t
4.00 Pumps B.Conc 90 ~ 0
7.00 Pumps B.Conc 90 0 N N
7.00 Pumps B.Conc 50
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5 10.0 12‘5'
Mobile Phase A : water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> Peak no =2
LC Stop Time +13.00 min Retention time = 7.51 min
<<Pr >>
Tol:ll“l-‘plow :0.3000 mL/min [M+H]*
v
10000000 b:\‘\
Peak Table
PDA Ei}#ll 254nm
Peal Ret. Time Area%
i 7.20 0.925 N [M+Na]*
2 7.51 98.160 > o
3 8.13 0.915 v X
Total 100.000
250 300 350 400 450 500 550 600 650
m/z
Chemical Formula: CpsH25CIN2O,
Exact Mass: 420,2
5
Figure S5. HPLC-MS analysis of 5
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Figure S6. "H NMR spectrum of 9a in DMSO-ds
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Figure S7. *C{"H} NMR spectrum of 9a in DMSO-ds

Figure S8. '"H NMR spectrum of 10a in DMSO-ds
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Figure S11. *C{"H} NMR spectrum of 10b in DMSO-ds
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Figure S14. "H NMR spectrum of 13e in DMSO-ds
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Figure S16. '"H NMR spectrum of 13e in DMSO-ds
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Figure S17. *C{"H} NMR spectrum of 13e in DMSO-ds
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Sample Information

Chromatogram

Sample Type nknown DPX-90010
Sample Name : DPX-90010 uAU
Sample ID DPX 90010
Injection Vols 03 i
njection Volume 5000000 - 1 PDA Multi 1 254nm,4nm
=
Method ®©
<<LC Time Program>>
Time Module Command Valu a g
4.00 Pumps B.Conc 90 R
7.00 Pumps B.Conc 90 0 Skl
7.05 Pumps B.Conc 50
13.00 Controller Stop
<<Column Infomation>> 0.0 25 50 75 10.0 125
Column Name : XB-C18 min
Col Length 150
In‘:l:rml;’iamg(ger lr;mm MS Spectrum
Peak no =1
<<Mobile Phase Name>> Retention time = 8.77 min
Mobile Phase A : water+0.01%HCOOH )
Mobile Phase B : Methanol+0.01%HCOOH
o 30000000 .
<<Data Acquisition>> [M]
LC Stop Time :13.00 min S
<<Pump>> 20000000 ,9"3'
Total Flow :0.3000 mL/min
Peak Table 10000000
PDA Chl 254nm
Peak# | Ret. Time Area%
1 8.774 | 98.505
2l 9294 0903 150 200 250 300 350 400 450 .
3 9.716 0.592
Total 100.000 Peskno=1 MS Spectrum
Retention time = 8.77 min
o ) MF
)
@@ 5000000 o
o
Fe
Chemical Formula: C4gH4FeO,
Exact Mass: 296,0
@ ass 150 200 250 300 350 400 450
13e miz
Figure $19. HPLC-MS analysis of 13e
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Figure S20. *C{"H} NMR spectrum of 14b in DMSO-ds



Sample Information Chromatogram
: Unknown

Sample Type KGK-00530b
Sample Name : KGK-00530b uAU
Sample ID : KGK-00530b
Vial# 142
Injection Volume 103 250000 1 PDA Multi 1 254nm,4nm
o~
)
Method © X9
<<LC Time Program>> o5 o0
Time Module Command Valu
4.00 Pumps B.Conc 90 2
7.00 Pumps B.Conc 90 -
7.05 Pumps B.Conc 50 =
13.00 Controller Stop 0
<<Column Infomation>> 0.0 25 50 75 100 125
Column Name :XB-C18 min
Column Length :50 mm
Inner Diameter :2.1 mm MS Spectrum
] Peakno=1
<<Mobile Phase Name>> . - .
Mobile Phase A : water+0.01%HCOOH Retention time = 6.72 min .
Mobile Phase B  Methanol+0.01%HCOOH 20000000 M]
<<Data Acquisition>> ;
LC Stop Time :13.00 min y]
<<Pump>> 10000000
Total Flow :0.3000 mL/min
Peak Table
PDA Chl 254nm
Peak: Ret. Time | Area% 150 200 250 300 350 400 450 500 550 600 650 700 750
i 6.975 97.965 mz
2 7.827 0.755
3 8.178 0.931
4 8.321 0.349
Total 100.000

Chemical Formula: CygH,9CIFeN,0,
Exact Mass: 528,1

14b
Figure S21. *C{'"H} NMR spectrum of 14b in DMSO-ds
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Figure S22. '3C{'"H} NMR spectrum of 14c in DMSO-ds
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Figure S23. *C{"H} NMR spectrum of 14c in DMSO-ds
Sample Information Chromatogram
Sample Type : Unknown DPX-90033
Sample Name : DPX-90033 uAU
Sample ID : DPX-90033
Vial# 140
Injection Volume 103 1 PDA Multi 1 254nm,4nm
250000 I
<
Method A
<<LC Time Program>>
ime Module Command Valu o
4.00 Pumps B.Conc 90 N
7.00 Pumps B.Conc 90 e
7.05 Pumps B.Conc 50 0 -
13.00 Controller Stop
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 ]2'5_
Column Name :XB-C18 min
Column Length :50 mm
Inner Diameter 12,1 mm MS Spectrum
<<Mobile Phase Name>> Peak no =2
obile Phase Name: jon time = i
Mobile Phase A - water+0.01%HCOOH Retention time =7.02 min
Mobile Phase B : Methanol+0.01%HCOOH N
<<Data Acquisition>> el +
LC Stop Time £13.00 min 500000 ~ bP%"B [M+H\]
<<Pump>> L;\L" N
Total Flow £0.3000 mL/min &
Peak Table
PDA Chl 254nm 350 400 450 500 550 600 650 700 750
Peak# Ret. Time |  Area% m/z
1 6.215 3.913
2 7.016| 96.087
100.000

Chemical Formula: CpgH29CIN,0,Ru
Exact Mass: 574,1

14c
Figure S24. *C{"H} NMR spectrum of 14c in DMSO-ds
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Figure S25. *C{'"H} NMR spectrum of 14d in DMSO-ds
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Sample Information Chromatogram

Sample Type : Unknown kgk-00526
Sample Name : kgk-00526 uAU
Sample ID : kgk -00526
Vial#
Iniection Volume 0 3 250000 1 PDA gulti 1 254nm,4nm
S
—
Method
<<LC Time Program>> S|
Time Module Command Valu N
4.00 Pumps B.Conc 90 S
7.00 Pumps B.Conc 90 -
7.05 Pumps B.Conc 50 0
13.00 Controller Stop
<<Column Infomation>> 0.0 25 5.0 75 10.0 12'5.
Column Name : XB-C18 min
Column Length : 50 mm
Inner Diameter :2.1 mm Peak no = 1 MS Spectrum
<<Mobile Phase Name>> Retention time = 10.21 min
Mobile Phase A : water+0.01%HCOOH 300000
Mobile Phase B : Methanol+0.01%HCOOH [M]*
<<Data Acquisition>> 200000 °
LC Stop Time :13.00 min @V'
<<Pump>> 100000
Total Flow :0.3000 mL/min
Peak Table 100 200 300 400 500 600 700 800 900
PDA Chl 254nm m/z
Peak# | Ret. Time Area% MS Specf
10.206 11.888 Peak no =2 pectrum
Tot J 10442‘ 133(1)(% Retention time = 10.44 min
otal A
30000000
M
20000000 o
&
10000000

100 200 300 400 500 600 700 800 900

m/z
Chemical Formula: C35H33CIFeN,0,
Exact Mass: 604,2
14d
H 1301 H
Figure S27. *C{'H} NMR spectrum of 14d in DMSO-ds
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Figure S28. '3C{'"H} NMR spectrum of 14e in DMSO-ds
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Figure $29. C{'H} NMR spectrum of 14e in DMSO-ds
Sample Information Chromatogram
: Unknownz KGK-00525
: KGK-00525
{KGK-00525 uAU
Injection Volume 210 1 PDA Multi 1 254nm,4nm
N3
Method 2500000 :
<<LC Time Program>>
ime Module Command Valu
4.00 Pumps B.Conc 90 (u\l\
7.00 Pumps B.Conc 90 o
7.00 Pumps B.Conc 50
13.00 Controller Stop 0
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5 10.0 12.5
Mobile Phase A - water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> Peak no = 1
LC Stop Time :13.00 min Retention time = 8.52 min [M]*
<<Pump>> 5000000
Total Flow :0.3000 mL/min
4000000 >
S
Peak Table 3000000
PDA Chl 254nm
Peak# Ret. Time | Area% 2000000
1 8.524 8.786 1000000
2 8.658 91.214
Total 100.000
100 200 300 400 500 600 700 800 900
m/z
Peak no =2
Retention time = 8.66 min
20000000
M
>
&
10000000
Chemical Formula: C35H33CIFeN,0,
Exact Mass: 604,2 100 200 300 400 500 600 700 800 900
14e me

Figure S30. *C{"H} NMR spectrum of 14e in DMSO-ds
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Figure S31. *C{"H} NMR spectrum of 14f in DMSO-ds
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Figure S32. *C{"H} NMR spectrum of 14f in DMSO-ds

210 200 190 180 170 160 150 140 130 120 110 100 90

17



Sample Information

Chromatogram

Sample Type : Unknown KGK-00524
Sample Name : KGK-00524 uAU
Sz_imple ID : KGK-00524
Injection Volume 103 1 PDA Multi 1 254nm 4
250000 - ulti nm,4nm
N
Method =
<<LC Time Program>> ©
Time Module Command Valu ~
4.00 Pumps B.Conc 90 ~
7.00 Pumps B.Conc 90 0 —
7.05 Pumps B.Conc 50
13.00 Controller Stop
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 12.5‘
Column Name :XB-C18 min
Column Length £ 50 mm
Inner Diameter 12,1 mm MS Spectrum
Peak no =1
<<Mobile Phase Name>> Retention time = 7.26 min +
Mobile Phase A  water+0.01%HCOOH M]
Mobile Phase B : Methanol+0.01%HCOOH 500000
<<Data Acquisition>> 400000 b«’)
LC Stop Time +13.00 min N
300000 Q
<<Pump>> 3
Total Flow :0.3000 mL/min 200000 o >
100000 A
Peak Table . o i )
PDA Chl 254nm
Peak# Ret. Time Area% 250 300 350 400 450 500 550 600 650 700 750 800 850
1 7.265 | 7.816| Peak no =2
[ 2 7.483 | 92.184 Py :
l Total I 100.000| Retention time = 7.38 min M
< K
10000000 S
100 200 300 400 500 600 700 800 900
m/z
m/z
Chemical Formula: C35H33CIFeN,0,
Exact Mass: 604,2
14f
H 13 1 H
Figure S33. *C{'H} NMR spectrum of 14f in DMSO-ds
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Figure S34. 3C{'"H} NMR spectrum of 14g in DMSO-ds
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Figure S35. *C{'"H} NMR spectrum of 14g in DMSO-ds

Sample Information Chromatogram
Sample Type : Unknown dpx-90021
Sample Name :dpx-90021 wAU
Sample ID + dpx-90021
Vial# :8
Injection Volume 103 1 gDAM“M 1 254nm,4nm
=
250000 PRE-N
Method g
<<LC Time Program>> vy
ime Module Command Valu (=2
4.00 Pumps B.Conc 90 0
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50
13.00 Controller Stop 0.0 25 5.0 75 10.0 12.5
min
<<Column Infomation>>
Column Name : XB-C18 MS Spectrum
Column Length :50 mm eakno=1
Inner Diameter :2.1 mm etention time = 9.54 min
<<Mobile Phase Name>> 2
Mobile Phase A : water+0.01%HCOOH
Mobile Phase B : Methanol+0.01%HCOOH 3
<<Data Acquisition>>
LC Stop Time :13.00 min Q
s
e
<<Pump>> )
Total Flow :0.3000 mL/min 1 o7
Peak Table L |
PDA Chl 254nm o e L O IS we e e e o e e
Peak# | Ret. Time Area% 150 200 250 300 350 400 450 500 550 600 650
1] .537 9.433 m'z
2| 9.703 36.188
3] 9.767 54.379 MS Spectrum
Total 100.000 Peak no =2

[Retention time = 9.70 min

MI*

cl T T T T T T T T T T
/@/ 100 200 300 400 500 600 700 800 900
m'z

MS Spectrum

[Peak no =3
[Retention time = 9.77 min

Chemical Formula: CpgH7CIFeN,0,
Exact Mass: 514,1

M]*
14g :

T T T
100 200 300 400

Figure S36. *C{'H} NMR spectrum of 14g in DMSO-ds
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Figure S37. *C{"H} NMR spectrum of 14h in DMSO-ds
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Figure S38. *C{"H} NMR spectrum of 14h in DMSO-ds
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Sample Information

Sample Type
Sample Name
Sample ID

Vial#

Injection Volume

<<LC Time Program>>

<<Column Infomation>>
Column Name
Column Length
Inner Diameter

<<Mobile Phase Name>>
Mobile Phase A
Mobile Phase B

<<Data Acquisition>>

: Unknown
: DPX-90024pwt
DPX -90024pwt
90

05
Method

Module Command
Pumps B.Conc
Pumps B.Conc
Pumps B.Conc
Controller Stop

:XB-C18

150 mm

:2.1 mm

: water+0.01%HCOOH
: Methanol+0.01%HCOOH

LC Stop Time :13.00 min
<<Pump>>
Total Flow :0.3000 mL/min
Peak Table
PDA Chl 254nm
Peak# Ret. Time Area%
1 7.477 7.797
2 7.614 40.424
| 3] 7.713 51.779
[ Total 100.000

=

Chemical Formula: C33H29CIFeN,0,
Exact Mass: 576,1

14h

Chromatogram
DPX-90024pwt

Figure S39. *C{'H} NMR spectrum of 14h in DMSO-ds

10.21

uAU
250000 ‘5 §
o T
N
~
Valu 0
90
90 0.0 2.5 5.0 7.5
50
MS Spectrum
Peak no = 1 .
Retention time = 7.45 min ™M
N N
500000 N o v Ao
> N
= > 8 s
350 400 450 500 550 600
MS Spectrum
Peak no =2
Retention time = 6.98 min M
20000000
oY
10000000 N
350 400 450 500 550 600
Peak no=3
Retention time = 7.71 min
20000000 M]*
o7
QN
10000000
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Figure S40.

3C{'H} NMR spectrum of 14i in DMSO-ds
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Figure S41. *C{"H} NMR spectrum of 14i in DMSO-d,
Sample Information Chromatogram
Sample Type : Unknown kgk-90026_MeOH_5-9-5
Sample Name : kgk-90026_MeOH_5-9-5 uAU - -
Sample ID k-90026_MeOH_5-9-5
Vial#
Injection Volume — 1 PDA Multi 1 254nm,4nm
[}
50000 ~
Method
<<LC Time Program>>
Time Module Command Valu
4.00 Pumps B.Conc 90
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50 0
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5 10.0 12.§
Mobile Phase A : water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> . Peak no = 1
LC Stop Time +13.00 min Retention time = 7.91 min
<<Pump>> 2000000
Total Flow :0.3000 mL/min
M
Peak Table ,\@
PDA Chl 254nm Y
Peak# Ret. Time Area% 1000000
1 7911 100.000
Total 100.000
300 400 500 600 700 800 900
m/z

Chemical Formula: C33H,9CIFeN,0,
Exact Mass: 576,1

14i

Figure S42. *C{"H} NMR spectrum of 14i in DMSO-ds
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Figure S43. *C{"H} NMR spectrum of 14j in DMSO-ds
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Figure S44. *C{"H} NMR spectrum of 14j in DMSO-ds
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Sample Information Chromatogram
Sample Type : Unknown dhp-90025_pwtdp
Sample Name : dhp-90025_pwtdp uAU
Sample ID : dhp-90025_pwtdp
Vial# 015
Injection Volume 103 1 PDA Multi 1 254nm,4nm
1000000
3
Method :
<<LC Time Program>> } =
ime Module Command \
4.00 Pumps B.Conc 9 [sa) D
7.00 Pumps B.Conc 9 S ]
7.05 Pumps B.Conc 5 © e
13.00 Controller Stop 0
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 12<5'
Column Name : XB-C18 min
Column Length :50 mm
Inner Diameter :2.1 mm MS Spectrum
Peak no =2
<<Mobile Phase Name>> Retention time = 7.19 min +
Mobile Phase A : water+0.01%HCOOH M]
Mobile Phase B : Methanol+0.01%HCOOH 30000000
™
Data A \s
e as'fochq-‘:xan"m"» :13.00 min N
20000000
<<Pump>>
Total Flow :0.3000 mL/min
10000000
Peak Table
PDA Chl 254nm
Peak# | Ret.Time | Area%
1 5.034 2.217
2 7.189 } 95.164 250 300 350 400 450 500 550 600 650 700 750
3 8.389 | 2.619 m/z
100.000
oy
Chemical Formula: Cy7H25CIFeN,0,
Exact Mass: 500,1
14j
Figure S45. 3C{'"H} NMR spectrum of 14j in DMSO-ds
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Figure S46. '3C{'"H} NMR spectrum of 15a in DMSO-ds
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Figure S47. *C{"H} NMR spectrum of 15a in DMSO-ds

Samplc Information

Sample Type : Unknown

Sample Name : KGK-90001

Sample ID : KGK-90001 uAU

Vial# 185

Injection Volume 01 500000

Method

<<LC Time Program>> 250000

Time Module Command Valu

4.00 Pumps B.Conc 90

7.00 Pumps B.Conc 90

7.00 Pumps B.Conc 50 0

13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5

Mobile Phase A : water+0.01%HCOOH

Mobile Phase B : Methanol+0.01%HCOOH
<<Data Acquisition>> Peak no =1

LC Stop Time :13.00 min Retention time = 6.76 min
<<Pump>> 20000000

Total Flow :0.3000 mL/min

[M+H]*
Peak Table N
PDA Chl 254nm 10000000 )
Peak# Ret. Time Area%
1 6.761 100.000
Total 100.000
250 300 350
o™

Chemical Formula: C»4H,5NO4
Exact Mass: 339,2

15a

Figure S48. *C{"H} NMR spectrum of 15a in DMSO-ds
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Figure S49. *C{"H} NMR spectrum of 15b in DMSO-ds
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Figure S50. *C{"H} NMR spectrum of 15b in DMSO-ds
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Sample Type
Sample Name
Sample ID

Vial#

Injection Volume

Method

Module
Pumps
Pumps
Pumps
Controller

<<Column Infomation>>

Column Name
Column Length
Inner Diameter

: XB-C18
:50 mm
:2.1mm

<<Mobile Phase Name>>

Mobile Phase A
Mobile Phase B

<<Data Acquisition>>
LC Stop Time

<<Pump>>
Total Flow

PDA Chl 254nm

Command
B.Conc
B.Conc
B.Conc
Stop

- water+0.01%HCOOH
: Methanol+0.01%HCOOH

:13.00 min

:0.3000 mL/min

Peak Table

Peak# Ret. Time Area%
1 6.412 100.000
Total 100.000

Chemical Formula: C5HgFeNO3
Exact Mass: 447,1

15b
Figure S51. *C{'"H} NMR spectrum of 15b in DMSO-ds

9.11

g
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4.30
4.30
4.30
4.29
4.29
4.17
4.17
4.15
4.14
4.13
4.11
—3.33
2.51
2.50
2.50
2.50
2.49
241
2.38
2.29
2.27

§

1

Chromatogram

kek-00529
uAU
<
500000 o
Valu
90
90
50 0
0.0 25 5.0 7.5
MS Spectrum
Peak no =1
Retention time = 6.41 min
50000000
[M]*
40000000 N
30000000 =
20000000
10000000

250 300 350 400 450 500 550 600

1 PDA Multi 1 254nm,4nm

min

650 700 750
m/z

VoA — 00 < A
d===oaaa
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11
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E
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Figure S52. 3C{'"H} NMR spectrum of 15¢ in DMSO-ds
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Figure S53. *C{'"H} NMR spectrum of 15¢ in DMSO-ds
Sample Information Chromatogram
Sample Type : Unknown DPX-90032
Sample Name : DPX-90032 uAU
Sample ID : DPX-90032
Vial# 139
Injection Volume 103 200000 © 1 PDA Multi 1 254nm,4nm
@
Nl
Method 100000
<<LC Time Program>> —
Time Module Command Valu N
4.00 Pumps B.Conc 90 el
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50 0
13.00 Controller Stop
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 12-5_
Column Name :XB-CI8 min
Column Length 150 mm
Inner Diameter 12,1 mm MS Spectrum
<<Mobile Phase Name>> Peak no = 1
obile Phase Name ion time = i
Mobile Phase A - water+0.01%HCOOH Retention time = 6.21 min
Mobile Phase B : Methanol+0.01%HCOOH
<<Data Acquisition>>
LC Stop Time : 13.00 min 500000 Qb"\
<<Pump>> g o
Total Flow :0.3000 mL/min D
o)
Peak Table
PDA Ch1 254nm 350 400 450 500 550 600 650 700 750
Peak# Ret. Time Area% Peak no =2
1 6.211 9.644 Retention time = 6.36 min .
2 6.356 90.356 2000000 [M+H]
Total 100.000 - o
S
»
1000000 N
e
350 400 450 500 550 600 650 700 750
m/z

MS Spectrum
Chemical Formula: Cp5H2gNO3;Ru
Exact Mass: 493,1

15¢
Figure S54. *C{"H} NMR spectrum of 15¢ in DMSO-ds
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Figure S55. *C{"H} NMR spectrum of 15d in DMSO-ds
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Figure S56. *C{"H} NMR spectrum of 15d in DMSO-ds
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Sample Information Chromatogram

Sample Type : Unknown KGK-00528
Sample Name : KGK-00528 uAU
Sample ID : 3K()GK-OOSZS
Vial# :
Injection Volume 103 300000 1 PDA Multi 1 254nm,4nm
&
Method :
<<LC Time Program>> e 250000 ~
Time Module Command Valu
4.00 Pumps B.Conc 90 S
7.00 Pumps B.Conc 90 ~
7.05 Pumps B.Conc 50 0 _ AN
13.00 Controller Stop
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 12.5_
golumn Nameh : X(}B-CIS min
"ol Lengt S
Inz:rng]iane\glger : 2,l“r:|mm MS Spectrum
Peak no = 1
<<Mobile Phase Name>> Retention time = 7.07 min
Mobile Phase A : water+0.01%HCOOH
Mobile Phase B : Methanol+0.01%HCOOH 5000000
<<Data Acquisition>> 4000000 ,\;} M]*
LC Stop Time :13.00 min &
3000000
<<Pump>>
Total Flow :0.3000 mL/min 2000000
1000000
Peak Table
PDA Chl 254nm
Peak# Ret. Time Area% 350 400 450 500 550 600 650 700 750
1 7.072 11.794 m/z
2 7.340 88.206 Peak no = 2
Total 100.000 Retention time = 7.34 min
40000000
P
30000000 R
20000000
10000000

350 400 450 500 550 600 650 700 750

/
Chemical Formula: C31H33FeNO3 mz
Exact Mass: 523,2 MS Spectrum
15d
Figure S57. *C{'"H} NMR spectrum of 15d in DMSO-ds
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Figure S58. *C{'H} NMR spectrum of 15e in DMSO-ds
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Figure $59. "*C{'H} NMR spectrum of 15e in DMSO-ds
Sample Information Chromatogram
Sample Type : Unknown DPX-90007
Sample Name : DPX-90007 uAU
Sample ID H DPX 90007
Vial# 04
Injection Volume 0 3 ~ 1 PDA Multi 1 254nm,4nm
1000000 ~
=~
Method
<<LC Time Program>>
Time Module Command Valu ~
4.00 Pumps B.Conc 90 N
7.00 Pumps B.Conc 90 NS
7.05 Pumps B.Conc 50
13.00 Controller Stop 0 — —
<<Column Infomation>> 0.0 2.5 5.0 7.5 10.0 12.5
Eo:umn Nameh : X(;Z-CIS min
X Lengtl 05
Inner Diameter 21'mm MS Spectrum
Peak no =1
<<Mobile Phase Name>> Retention time = 6.97 mim
Mobile Phase A : water+0.01%HCOOH
Mobile Phase B - Methanol+0.01%HCOOH 20000000
+
<<Data Acquisition>> [M]
LC Stop Time :13.00 min a
o)
<<Pump>> 10000000 5
Total Flow :0.3000 mL/min o
N
e
Peak Table
PDA Chl 254nm __
Peakt . Rel. T A 350 400 450 500 550 600 650 700 750
2 7219 86.164 me
Total | 100.000 Peak no =2
Retention time = 7.22 min M
©
5
350 400 450 500 550 600 650 700 750
m/z

Chemical Formula: C3;H3;FeNO;
Exact Mass: 523,2

15e
Figure S60. *C{"H} NMR spectrum of 15e in DMSO-ds
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Figure S61. *C{"H} NMR spectrum of 15f in DMSO-ds
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Sample Information

Sample Type : Unknown
Sample Name : kgk-00527_MeOH_5-9-5 uAU
Sample ID : kgk-00527_MeOH_5-9-5
Vial# 197
Injection Volume 105
100000
Method
<<LC Time Program>>
ime Module Command Valu
4.00 Pumps B.Conc 90
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50 0
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5
Mobile Phase A : water+0.01%HCOOH
Mobile Phase B : Methanol+0.01%HCOOH
<<Data Acquisition>> . Peak no =2
LC Stop Time +13.00 min Retention time = 8.20 min
<<Pump>> 10000000
Total Flow :0.3000 mL/min
Peak Table
PDA Chl 254nm 5000000
Peak# Ret. Time Area%
1 .002 4.595
2 .205 95.405
Totall 100.000
@ 100 200 300
Chemical Formula: C31H33FeNO;
Exact Mass: 523,2
15f
i 13 1
Figure S63. *C{'H} NMR spectrum of 15f in DMSO-d
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Figure S64. *C{"H} NMR spectrum of 15g in DMSO-ds
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Figure S65. *C{"H} NMR spectrum of 15g in DMSO-ds

Sample Information
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T
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Sample Type Unknown
ple Name : KGK-90018
Sample ID “KGK-90018 uAU
Vial# 143
Injection Volume 103
100000
Method
<<LC Time Program>>
Time Module Command Valu
4.00 Pumps B.Conc 90
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50
13.00 Controller Stop 0
<<Column Infomation>> 0.0 2.5
Column Name : XB-C18
Column Length :50 mm
Inner Diameter :2.1 mm
Peak no =1
<<Mobile Phase Name>> Retention time = 5.85 min
Mobile Phase A : water+0.01%HCOOH 3000000
Mobile Phase B : Methanol+0.01%HCOOH
<<Data Acquisition>>
LC Stop Time :13.00 min 2000000
<<Pump>> N
Total Flow :0.3000 mL/min 5
1000000 v
Peak Table
PDA Chl 254nm
Peak# | Ret. Time Area%
r T 25 301 35
i 5.846] 8.843 0 0 0
2 6.097 | 91.157
Total 100.000 Peak no = 2 )
Retention time = 6.10 min
30000000
20000000
10000000 N
S
A
Chemical Formula: Cp4H,7FeNO3 250 300 350

Exact Mass: 433,1

15g
Figure S66. *C{"H} NMR spectrum of 15g in DMSO-ds
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Sample Information Chromatogram
Sample Type : Unknown
Samglg N)aene : KGK-90013 KGK-90013
Sample ID $KGK-90013 uAU
Vial 138
Injection Volume 103 1 PDA Multi 1 254nm,4nm
23
Method 250000 O ©
<<LC Time Program>>
Time Module Command Valu
4.00 Pumps B.Conc 90 v
7.00 Pumps B.Conc 90 &
7.05 Pumps B.Conc 50 Ll
13.00 Controller Stop 0 ) -
<<Column Infomation>> 0.0 2.5 5.0 75 10.0 12.5
Column Name :XB-CI8 min
Column Length £ 50 mm
Inner Diameter :2.1 mm MS Spectrum
) Peak no =2
<<Mobile Phase Name>> R . " = 6.79 mi
Mobile Phase A  water+0.01%HCOOH etention time = 6.79 min ™I
Mobile Phase B : Methanol+0.01%HCOOH
™
<<Data Acquisition>> 30000000 q‘l'
LC Stop Time :13.00 min 20000000 X
<<Pump>> . 10000000
Total Flow :0.3000 mL/min
Peak Table 350 400 450 500 550 600 650 700 750
PDA Chl 254nm m/z
Peak# | Ret. Time Area% Peak no =3
1 5.752 1.483 Retention time = 6.94 min
2 6.786 49.413 M]*
3 6.942 49.104 N
Total 100.000 20000000 b\o,'v'
10000000
350 400 450 500 550 600 650 700 750
o™ m/z
Chemical Formula: CygHpgFeNO3
Exact Mass: 495,1
15h
13 1
Figure S69. *C{'H} NMR spectrum of 15h in DMSO-ds
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Sample Information Chromatogram
Sample Type - Unknown kgk-00545 MeOH 5-9-5
Sample Name : kgk-00545_MeOH_5-9-5 uAU - -
Sample ID : kgk-00545_MeOH_5-9-5
Vial# <101
Injection Volume 105
~
25000 ~
~
Method |
<<LC Time Program>>
Time Module Command Valu
4.00 Pumps B.Conc 90
7.00 Pumps B.Conc 90
7.05 Pumps B.Conc 50 0 - o
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5
Mobile Phase A - water+0.01%HCOOH
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> Peak no =1
LC Stop Time : 13.00 min Retention time = 7.77 min .
<<Pump>> 2000000 [M+H]
Total Flow :0.3000 mL/min
o
'Y
Peak Table [M+NaJ*
PDA Chl 254nm 1000000 o
Peak# | Ret. Time Area% N
1] 7.770 100.000 ’
Total 100.000

250 300 350 400 450 500

Chemical Formula: CxgHzgFeNO3
Exact Mass: 495,1

15i

Figure S72. *C{"H} NMR spectrum of 15i in DMSO-ds
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Figure S73. *C{"H} NMR spectrum of 15i in DMSO-ds
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Sample Information

Sample Type : Unknown
Sample Name : KGK-90005 uAU
Sample ID : KGK-90005
Vial# 271
Injection Volume 12
100000
Method
<<LC Time Program>>
Time Module Command Valu
4.00 Pumps B.Conc 90
7.00 Pumps B.Conc 90
7.00 Pumps B.Conc 50 0
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5
Mobile Phase A : water+0.01%HCOOH
Mobile Phase B : Methanol+0.01%HCOOH
<<Data Acquisition>> Peak no = l )
LC Stop Time : 13.00 min Retention time = 7.04 min
<<Pump>> 100000
Total Flow :0.3000 mL/min
9
o
v
Peak Table 50000
PDA Chl 254nm
Peak# Ret. Time Area%
1 7.032 11.735
2 7.369 88.265 250 300 350
Total 100.000
Peak no =2
Retention time = 7.37 min
10000000
o 5000000 N
>
Chemical Formula: Cp3H,5FeNO3 250 300 350

Exact Mass: 419,1

15j

il iy
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Figure S77. *C{"H} NMR spectrum of 16a in DMSO-ds
Sample Information Chromatogram
Sample Type : Unknown KGK-00544
Sample Name : KGK-00544 uAU
Sample ID : KGK-00544
Vial/ 297
Injection Volume 2 1 PDA Multi 1 254nm,4nm
1000000
(o)
“@
Method o
<<LC Time Program>>
ime Module Command Valu
4.00 Pumps B.Conc 90 g
7.00 Pumps B.Conc 90 y
7.00 Pumps B.Conc 50 %)
13.00 Controller Stop 0
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5 10.0 12.5
Mobile Phase A - water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> . Peak No = 1
LC Stop Time +13.00 min Retention time = 8.23 min
<<Pump>>
Total Flow :0.3000 mL/min [M+H]+
O
Peak Table QN
PDA Chl 254nm o
Peak# | Ret. Time Area% D
1 8.232 9.896
2 8.390 90.104
Total 100:000 250 300 350 400 450 500 550 600 650 700 750
m/z
Peak no =2
Retention time = 8.39 min
M]*
20000000
)
4>
10000000
) 250 300 350 400 450 500 550 600 650 700
Chemical Formula: C3sHzsFeN,0,
Exact Mass: 570,2 m/z

16a

Figure S78. *C{"H} NMR spectrum of 16a in DMSO-ds
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Figure S79. *C{"H} NMR spectrum of 16b in DMSO-ds
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Sample Information

Chromatogram

Sample Type : Unknown KGK-00540
Sample Name : KGK-00540 uAU
Sample ID : KGK-00540
Viali# 196
Injection Volume 2 1 PDA Multi 1 254nm,4nm
500000 o0
<
Method *
<<LC Time Program>>
ime Module Command Valu I
4.00 Pumps B.Conc 90 [ag}
7.00 Pumps B.Conc 90 =)
7.00 Pumps B.Conc 50 0
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5 5.0 7.5 10.0 12.5A
Mobile Phase A : water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> . Peanno = 1
LC Stop Time + 13.00 min Retention time = 8.32 min
<<Pump>> 2000000
Total Flow :0.3000 mL/min [M+H]*
A
Peak Table +
PDA Chl 254nm 1000000 (M+Na]
Peak# Ret. Time Area% ReS
1 8.319 0.734 )
2 8.481 9.266
Total 100.000 250 300 350 400 450 500 550 600 650
m/z
Peak no =2 .
Retention time = 8.48 min M
E N
10000000 s
Chemical Formula: CasHasFeN,0, i )
Exact Mass: 570,2 T T T T T T r T T
250 300 350 400 450 500 550 600 650
m/z
16b
m/z
Figure S81. *C{'"H} NMR spectrum of 16b in DMSO-ds
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Sample Information Chromatogram
Sample Type : Unknown KGK-00535
Sample Name : KGK-00535 uAU
Sample ID : KGK-00535
Vial# 195
Injection Volume 1 PDA Multi 1 254nm,4nm
I
250000 5
Method ®
<<LC Time Program>>
Time Module Command Valu o~ vy
4.00 Pumps B.Conc 90 o N
7.00 Pumps B.Conc 90 O )
7.00 Pumps B.Conc 50 0 -
13.00 Controller Stop
<<Mobile Phase Name>> 0.0 2.5 5.0 715 10.0 12.5
Mobile Phase A - water+0.01%HCOOH min
Mobile Phase B : Methanol+0.01%HCOOH
MS Spectrum
<<Data Acquisition>> . Peak no =2
LC Stop Time +13.00 min Retention time = 8.35 min .
<<Pump>> 1000000 (M+H]
Total Flow :0.3000 mL/min ~
A
e}
Peak Table 500000
PDA Chl 254nm
Peak# Ret. Time Area%
1 6.666 1.223
2] 8.353 11.769
3 8.510 87.008 250 300 350 400 450 500 550 600 650
Total 100.000 m/z
@ MS Spectrum
Fe Peak no =3
Retention time = 8.51 min
M
«
10000000 48
Chemical Formula: C35H34,FeN,0, )
Exact Mass: 570,2 100 200 300 400 500 600 700 800 900
m/z

16¢c

Figure S84. *C{"H} NMR spectrum of 16c in DMSO-ds
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Design, Synthesis, and Evaluation of Biological Activity of
Ferrocene-Ispinesib Hybrids: Impact of a Ferrocenyl Group
on the Antiproliferative and Kinesin Spindle Protein

Inhibitory Activity

Karolina Kowalczyk,™ Andrzej Btauz,™ Daniel Moscoh Ayine-Tora,' Christian G. Hartinger,"

Btazej Rychlik,” and Damian Plazuk*®

With the aim to combine more than one biologically-active
component in a single molecule, derivatives of ispinesib and its
(S) analogue were prepared that featured ferrocenyl moieties or
bulky organic substituents. Inspired by the strong kinesin
spindle protein (KSP) inhibitory activity of ispinesib, the
compounds were investigated for their antiproliferative activity.
Among these compounds, several derivatives demonstrated
significantly higher antiproliferative activity than ispinesib with
nanomolar 1C;, values against cell lines. Further evaluation
indicated that the antiproliferative activity is not directly

Introduction

Antimitotic agents are widely used for cancer chemotherapy."
The most important of them are taxanes and Vinca alkaloids,
disrupting the normal dynamics of microtubules - structures
playing a crucial role in mitosis — and consequently leading to
cell death.”? Due to the critical role of microtubules in many
processes, also in non-dividing cells, the treatment with micro-
tubule poisons is associated with many undesirable side effects.
Therefore, compounds capable of affecting cancer cell division
that will specifically inhibit the activity of other key players in
mitosis are highly sought after.’’ Among various mitotic
proteins, the motor proteins - kinesins — have attracted
particular interest, with kinesine spindle protein (KSP, also
known as Eg5 and KIF11) being a particularly promising target."”
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correlated with their KSP inhibitory activity while docking
suggested that several of the derivatives may bind in a manner
similar to ispinesib. In order to investigate the mode of action
further, cell cycle analysis and reactive oxygen species forma-
tion were investigated. The improved antiproliferative activity
of the most active compounds may be assigned to synergic
effects of various factors such as KSP inhibitory activity due to
the ispinesib core and ability to generate ROS and induce
mitotic arrest.

KSP plays a crucial role in forming the bipolar spindle in
dividing cells and is virtually absent in non-dividing cells. KSP is
required for transition from prophase to prometaphase and,
therefore, its inhibition disrupts mitosis leading to mitotic arrest
and apoptosis.”? The discovery of the first low-molecular-
weight KSP inhibitors, such as S-trityl-L-cysteine®™ and
monastrol,® initiated an extensive search for other Eg5
inhibitors.”” KSP modulators with a variety of structures, for
example, ispinesib, SB-743921,® MK-0731, ARY-520,"% K858™"
and others, have been reported."” Ispinesib is a small-molecule
inhibitor of KSP ATPase activity, exhibiting high selectivity for
KSP over other kinesins." Ispinesib has been extensively
studied in 16 phase I/Il clinical trials, both as monotherapy and
in combination therapies.* Although none of the kinesin
inhibitors has been approved for clinical use yet, searching for
new, selective and effective antimitotic compounds is an
important area of research.

One method of developing new drug candidates involves
the structural modification of known active compounds which
can improve or alter their biological activities. The incorporation
of an organometallic scaffold to tune the bioactivity of known
drugs is often more beneficial than use of purely organic
substituents." The introduction of an organometallic motif into
an organic molecule allows, for example, to utilize unusual
geometries and/or reactivity of the metal center. An example of
this approach involves coupling a biologically active molecule
to an organometallic group, particularly a sandwich*“"'* or a
half-sandwich complex." ¢ previous studies have shown that
introducing a ferrocenyl substituent into an antimitotic mole-
cule increases the antitumor activity of the obtained
conjugates."**'” Moreover, in the case of ferrocenyl analogues
of paclitaxel, a significantly increased ability to induce tubulin

© 2023 Wiley-VCH GmbH
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polymerization was observed compared to the parent
compound.™ The presence of an organometallic group in
podophyllotoxin aminoconjugates was responsible for revealing
dual inhibitory properties affecting both tubulin polymerization
and topoisomerase |l activity."” Furthermore, replacing a phenyl
group in cytotoxic plinabulin with a ferrocenyl moiety led to
compounds capable of circumventing multidrug resistance
caused by overexpression of ABCB1 and ABCG2 proteins.”” We
have shown that conjugating a ferrocenyl substituent to
monastrol resulted in higher antiproliferative and KSP inhibitory
activity.?" We also found that half-sandwich complexes of Ru,
Rh, Ir and Os featuring a 2-(1-amino-2-methylpropyl)-3-benzyl-
7-chloroquinazolin-4(3H)-one ligand showed high cytotoxicity
and the ability to inhibit KSP activity.”?

These results encouraged us to investigate the effect of a
ferrocenyl organometallic group on the antiproliferative activity
of ispinesib and its (S)-enantiomer in comparison to related
organic derivatives (Figure 1). We report structure-activity
relationship (SAR) studies based on antiproliferative activity,
impact on cell cycle, induction of reactive-oxygen species
formation, molecular docking and KSP inhibitory activity.

Results and Discussion

Three types of ispinesib analogues, i.e., (S)- and (R)-2a-f, 3a-e
and 4 a-f (Figure 1) were synthesized starting from enantiomeri-
cally pure (5)- and (R)-5 or (5)- and (R)-1.%* The precursors o-,
m- and p-ferrocenylbenzaldehyde (6b-d) were obtained by
oxidation of the readily available benzyl alcohols with MnO,,"®
while the 1-adamantanecarboxaldehyde 6f was prepared by
oxidation of 1-adamantylmethanol with pyridine
chlorochromate.”” The type | compounds (S)- and (R)-2 a—f were
synthesized in a reaction of amines (S)- or (R)-5 with the
corresponding aldehydes 6a—f and sodium triacetoxyborohy-
dride in 1,2-dichloroethane. We found that the reductive
amination conducted at room temperature for 24 h (Procedure
A) or under microwave conditions with two cycles at 120°C for
15 min (Procedure B) led to the desired products with
comparable yields (Table S1). Unfortunately, partial racemiza-
tion occurred (see Figure ST for an example of chiral HPLC
analysis) when conducting the reaction in the microwave.
Therefore, all compounds of type | were synthesized according
to procedure A, which prevented racemization (Figure S1).

Compounds 2a-f were N-acylated in a reaction with p-toluoyl
chloride in dichloromethane and DIPEA and afforded the
compounds of type Il, i.e., (S)- and (R)-3a—e in 20-99% yield
(Scheme 1). However, the adamantyl analogues (S)- and (R)-3f
were not formed, presumably due to the bulkiness of the
adamantyl moiety.

The type Ill compounds (S)- and (R)-4a-f were prepared in
two steps from enantiomerically pure ispinesib (R)-1 and its (S)-
enantiomer (S)-1%¥ by reductive amination with aldehydes 6 a—f
in 1,2-dichloroethane (Condition B) at 120°C in the microwave
for 15 min. This reaction was followed by treatment with
sodium triacetoxyborohydride at 120°C for another 15 min in
the microwave (Scheme 2). The obtained products were fully
characterized by 1D and 2D NMR, MS and elemental and HPLC-
MS analysis and no racemization was observed.

Type | compounds
[e] Ph

(S)- and (R)-2a-f b)

Type Il compounds

(S)- and (R)-3a-e — O 3'

(S and (R-1 Type lll compounds @
O Ph
e)
N) -
/&k Fe
Cl N O
H
O N~ N R
f)

(S)- and (R)-4a-f

Scheme 1. Synthesis of ispinesisb analogues type | (2a-f) and type Il (3a-e).
Reagents and conditions: (i) 1.12 equiv RCHO (6 a-f), 1.44 equiv NaBH(OACc),,
1,2-dichloroethane, RT, 24 h; (ii) 1.40 equiv p-toluoyl chloride, 1.2 equiv
DIPEA, DCM, RT, 24 h.

O Ph O Ph
N’ /
0) N
o P o j’h on’h cl N')\)\ — N’)\/L H
J@ﬁLNJ 0 d& (i qﬁ:&\ O N~ _NH, O N_~_N_R
cl N’)\/k c N o o N
NH, 3 R
R
(S)-or (R)-5 R= R= (S)-or (R-1 R=

a) Ph, (S)- and (R)-2a
b) 0-FcCqHg, (S)- and (R)-2b

a) Ph, (S)- and (R)-3a
b) 0-FcCeHg, (S)- and (R)-3b

a) Ph, (S)- and (R)-4a
b) 0-FcCgHa, (S)- and (R)-4b

c) m-FcCgHy, (S)- and (R)-2¢c
d) p-FcCgHy, (S)- and (R)-2d
e) Fc, (S)- and (R)-2e

f) 1-Ad, (S)- and (R)-2f

c) m-FcCgHy, (S)- and (R)-3¢

d) p-FcCeHa, (S)- and (R)-3d

e) Fc, (S)- and (R)-3e

) 1-Ad, (S)- and (R)-3f - not formed

Figure 1. Three types of ispinesib analogues (2a-f, 3a-e and 4a-f) were
designed to investigate the impact of different substituents and chirality on
the biological activity.

Chem. Eur. J. 2023, 29, €202300813 (2 of 10)

c) m-FcCgHy, (S)- and (R)-4c
d) p-FcCgHa, (S)- and (R)-4d
e) Fc, (S)- and (R)-4e

f) 1-Ad, (S)- and (R)-4f

Scheme 2. Synthesis of ispinesib analogues type IIl (4a-f). Reagents and
conditions: (i) 1.12 equiv RCHO (6 a-f), 1.44 equiv NaBH(OACc);, 1,2-dichloro-
ethane, MW, 120°C, 15 min;
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Cytotoxic activity

Using a two-step approach described previously,"? we eval-
uated the antiproliferative activity of both the (R)- and (S)-
enantiomers at a fixed concentration, i.e., equal to the ICs,
value for ispinesib (R)-1 and (S)-1 for the respective cell lines
(Figure 2).

To focus on a general pattern of activity for the investigated
compounds and to avoid bias resulting from using a single cell
line of specific background and often unusual biology, we
decided to employ a panel of cell lines originating from
different human tumors: lung carcinoma - A549, hepatocellular
carcinoma — Hep G2, breast carcinoma — MCF7, and colorectal
carcinoma cell lines of different staging: HCT116 (Dukes’ A),
SW620 (Dukes’ C) and Colo 205 (Dukes’ D).

Of the (R)-enantiomers of the type | compounds, only (R)-2¢
containing a m-ferrocenylbenzyl group demonstrated in the
case of A549 and Colo 205 cells the same survival rate, a higher
survival rate of about 44% in case of Hep G2cells, or a
significantly higher survival rate in the range of 18-30% for
HCT116, MCF7 and SW620 cell lines compared to ispinesib.
Further N-acylation of type | compounds (R)-2a-e led to the
formation of type Il molecules (R)-3a-e and they either showed
reduced or slightly increased activity. Notably, only (R)-3a
exhibited a significantly higher cytotoxicity compared to the
analogous amine (R)-2a, whereas the transformation in the case
of (R)-3c practically abolished its antiproliferative activity. It
should be noted that all type Il compounds bearing o-, m- or p-
ferrocenylbenzyl substituents only exhibited activity compara-
ble to that of ispinesib with survival rates in the range of 48.2-
49.7 % against SW620 cells. Further modification of the terminal
amino group of ispinesib (R)-1 (Type Il compounds (R)-4a-f)
resulted in substantially increased cytotoxicity in all cases, with
kill rates exceeding 99 %.

A549 Colo205 HCT116 HepG2 MCF7 SW620

45.1 339 36.8 46.9
95.6 95.0 99.0 94.3
99.0 94.8 96.6 98.6

31.0 434 23.7

B)

The (S)-enantiomers were significantly less bioactive than
their (R) counterparts, with a few exceptions such as (5)-3b and
(S)-4e in some cell lines (Figure 2). Some of the type Il (S)-
enantiomers demonstrated significantly higher activity than (S)-
1, with (5)-4a, (S)-4 e, and (5)-4f being the most active.

Based on the screening phase data, we selected the most
active compounds, i.e., (R)-2¢, (R)-3¢, (R)-4a-4f, (S)-4a, (S)-4e,
and (S)-4f for more detailed studies in which we determined
their IC;, values towards a set of colon cancer cell lines, i.e.,
Colo 205, HCT116 and SW620, extended with a multidrug
resistant (MDR), ABCB1-overexpressing variant of the latter —
SW620E™! (Table 1). The overall resistance of the cell lines
towards the investigated ispinesib analogues followed the
pattern Colo 205 < SW620 <HCT116 <SW620E. Except for (R)-
3¢, all compounds exhibited higher antiproliferative activity
than the corresponding ispinesib enantiomer toward non-MDR
cancer cell lines. The response of the cells to the modifications
of the parent compound was diverse. For example, the replace-
ment of the 3-aminopropyl and p-tolyl substituents in ispinesib
(R)-1 with a m-ferrocenylbenzyl moiety in (R)-2c resulted in a
44-fold increased cytotoxicity (ICs,=177 nM) towards
HCT116 cells compared to (R)-1 (IC;,=848 nM) while the
modification did not affect its activity in the other cell lines.
However, N-acylation of (R)-2¢, which led to (R)-3¢, resulted in
loss of activity towards Colo 205 and HCT116 cells while the
compound remained cytotoxic towards SW620 cells (IC5,=
162 nM). All type Il compounds derived from (R)-1 were more
active than the parent compound with the p-ferrocenylbenzyl
analogue (R)-4d being the most potent derivative followed by
m-ferrocenylbenzyl analogue (R)-4c. The antiproliferative po-
tency of the o-ferrocenylbenzyl ((R)-4b), ferrocenyl ((R)-4e) and
benzyl ((R)-4a) derivatives was similar. The introduction of an
adamantylmethyl moiety as a bulky organic group in (R)-4f
increased the cytotoxic activity compared to ispinesib, however,
the effect was less pronounced than for the ferrocenyl

A549 Colo205 HCT116 HepG2 MCF7 SW620

0

Figure 2. Averaged viability of cancer cells treated with the investigated compounds at concentrations equal to the ICg, values for (R)-1 or (S)-1, respectively
(0.20/0.76 uM for A549, 0.12/0.30 for Colo 205, 0.85/0.77 for HCT116, 0.17/0.25 for Hep G2, 0.21/0.42 for MCF7 and 0.18/0.36 for SW620), n= 3. Dispersion
measures were omitted for the clarity of presentation. A) Data for (R)-isomers and B) for (S)-isomers.
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Table 1. Activity (nM) of (R)- and (S)-1 and their organic and organometallic analogues in human colorectal cancer cell lines (Exposure time 72 h; IC5, values

and corresponding 95 % confidence intervals in parentheses).

Compound Colo 205 HCT116 SW620 SW620E
® 121 848 185 1,562
-1

(106-137) (729-986) (146-235) (1,412-1,728)
122 177 189 1,254

(R)-2¢
(102-148) (154-202) (149-242) (1,090-1,445)
14,380 75,710 163 12,930

(R)-3c¢
(11,940-17,460) (67,560-84,460) (121-219) (9,371-18,910)
47 135 11 1,597

(R)-4a
(40-54) (116-157) (88-139) (1,273-2,007)
43 54 103 6,864

(R)-4b
(38-48) (39-75) (75-145) (5,113-9,333)
84 108 44 11,200

(R)-4c
(58-121) (77-156) (37-54) (8,719-14,550)
49 139 23 2,170

(R)-4d
(39-60) (86-234) (15-34) (1,852-2,543)
43 73 132 1,472

(R)-4e
(37-51) (61-88) (109-159) (1,260-1,720)
76 240 136 17,260

(R)-4f
(57-102) (163-356) (100-185) (15,080-19,860)

©) 305 774 355 2,734

-1

(251-370) (637-943) (317-397) (2,269-3,311)
200 691 292 918

(S)-4a
(164-246) (630-759) (260-328) (779-1,085)
122 671 127 2,084

(S)-4e
(103-144) (529-857) (108-148) (1,806-2,406)
164 704 662 7,495

(S)-4f
(128-212) (564-882) (450-985) (6,442-8,738)

analogues. The positive effect of N-benzylation of ispinesib was
also observed in the series of the (S)-enantiomers, however the
impact of introducing phenyl, ferrocenyl or adamantyl substitu-
ents was lower than observed for their (R)-counterparts.

Unfortunately, none of the novel compounds was able to
overcome the multidrug resistance of SWG620E cells. The
resistance index (RI, ratio of 1Cs, for SW620E to ICs, for SW620
for a selected compound) was usually higher for the inves-
tigated compounds than for ispinesib and its (S)-enantiomer (RI
for (R)-1 was 845 while it was 7.70 for (5)-1). A notable
exception was the type Ill benzyl analogue (S)-4a, which
exhibited marked activity towards the MDR cancer cell line
(IC5o=918 nM for (S)-4a compared to 2,734 nM for (S)-1, Rl of
3.15).

Impact on the cell cycle
We investigated the compounds for their effects on the cell
cycle as a coarse measure of their mechanisms of action

(Figures 3 and S2 and Table 2). It was reported that ispinesib
induces G,/M arrest in cancer cells.*® All investigated (S)-

Chem. Eur. J. 2023, 29, €202300813 (4 of 10)

enantiomers exhibited a similar pattern in cell cycle distribution
as (5)-1 and ispinesib (R)-1. However, for the (R)-series of
compounds, i.e. (R)-3c,4c-f, we observed a significantly higher
reduction of the G; (up to 40%) and increased G,/M (up to
46%) fractions of SW620 cells compared to ispinesib (R)-1.
These results can be correlated with the elevated antiprolifer-
ative potential of the studied compounds toward SW620 cells,
for example, the most antiproliferative active (R)-4c-e also
induced G,/M arrest. As expected, this effect was not observed
in etoposide-resistance SW620E cells, which are significantly
less sensitive toward the studied compounds, all of which
caused a similar pattern of cell cycle phase distribution in
SW620E cancer cells.

KSP inhibitory activity

The primary mechanism of biological activity of ispinesib is
associated with its ability to inhibit KSP. Therefore, we evaluated
the ability of the synthesized compounds to inhibit the KSP
activity at 10 uM (Figure 4). Neither (5)-1 nor its analogues
demonstrated inhibitory activity at that concentration, while

© 2023 Wiley-VCH GmbH
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Figure 3. Cell cycle phase distribution in SW620 cells (A and B) and SW620E (C and D) exposed to (S)-1 or ispinesib (R)-1 and their analogues at concentrations
equal to the IC;5 values for 24 h (A and C) and 48 h (B and D). Data are presented as mean +SEM, n=3.

Table 2. Cell cycle phase distribution in SW620 cells exposed to (5)-1 or ispinesib (R)-1 and their analogues at concentrations equal to the IC;; values for
24 h and 48 h. Data are presented as mean+SEM, n=3.
Compound 24 h 48 h

G, S G,/M G1 S G,/M
Ctrl 634+£15 186£26 16.9+0.9 61.2+£0.8 18114 182+£1.8
DMSO 63.2+16 19.1£35 159+1.0 633+1.2 17.2+2.0 171+£1.2
(5)-1 440+3.2 21.6+54 324+09 31.5+1.2 29.2+24 38.5+2.0
(5)-4a 414+£1.2 24.7+0.7 323£09 322+25 295+20 363+1.2
(5)-4e 43.6+£20 26.7+3.2 284+13 31.8+3.7 30.9+4.5 36.1+0.9
(5)-4f 426+23 25.0+3.0 30.6+0.9 31.7+£21 299+1.7 36.6+2.6
(R)-1 43.6+£25 19.8+£0.5 34.1+£2.1 27.8+20 328+23 383+1.1
(R)-2¢ 441+1.2 213£13 334£07 27.6+£22 32.1£28 385+1.5
(R)-3c 324+1.2 269+15 39.5+1.0 173+23 28.1+2.0 53.1+£0.7
(R)-4a 417117 254+0.3 31.1+£09 325+27 28.3+4.1 374+1.6
(R)-4b 425+22 269+3.7 295+1.0 29.7+£1.7 31.2+1.8 38.6+1.7
(R)-4c 33.1+0.9 240+1.8 412416 19.8+1.8 247 £3.1 543+0.6
(R)-4d 309+15 28.8+2.0 38.6+25 19.3+28 26.2+3.1 52.9+2.0
(R)-4e 26119 309+25 41.1£1.8 16.7£1.8 252+3.2 55.6+24
(R)-4f 30.7+1.0 273+3.7 399+33 16.7+1.4 258+27 56.1+1.3

(R)-1 exhibited high inhibitory potency. Interestingly, among
the (R)-enantiomers, (R)-2¢, (R)-3a and (R)-3 ¢ did not affect KSP

The benzyl ((R)-4a), ferrocenylmethyl ((R)-4e), and 1-
adamantymethyl ((R)-4f) ispinesib derivatives retained the

activity, while (R)-4b, (R)-4c and (R)-4d demonstrated some
minor effects. They reduced the KSP activity to 75-84 % which
was surprising in view of their high antiproliferative potential.

Chem. Eur. J. 2023, 29, €202300813 (5 of 10)

ability to inhibit KSP significantly, while o-, m- or p-ferrocenyl-
benzyl ((R)-4b-d) were significantly less potent KSP inhibitors
than ispinesib.

© 2023 Wiley-VCH GmbH
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Figure 4. KSP inhibitory activity of (S)- and (R)-1 and their analogues (10 puM).
Data are presented as mean +SEM, n=3.

To further analyze the effects of the (R)-enantiomers of the
type Il compounds on kinesin activity, we examined their
specificity towards a set of kinesins and kinesin-like proteins
(Figure 5). Similarly to the parent compound, (R)-4a, (R)-4e and

(R)-4f were highly specific for KSP while none of the inves-
tigated compounds affected the ATPase activity of other motor
proteins.

For the most active compounds from the screening at
10 uM, we determined the KSP inhibitory activity expressed as
the IC;, values, i.e., the concentration required to inhibit the
KSP activity by 50% (Table 3). Compared to (R)-1, the inves-
tigated conjugates were 2-4 times less potent as KSP inhibitors,
with the organometallic hybrid (R)-4e bearing the
ferrocenylmethyl moiety exhibiting the highest KSP inhibitory
activity.

All three compounds were among the most active in terms
of antiproliferative potential, therefore one can infer that KSP
inhibition is their dominant mode of action. However, other
mechanisms are also of importance for the biological activity of
these ispinesib analogues, as some poor KSP inhibitors were
also highly cytotoxic.

Molecular docking

Molecules that showed promising biological activity were
docked into the ispinesib binding site of KSP and compared to
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Figure 5. Inhibitory activity of (S)- and (R)-1 and (R)-4a-f (10 uM) of kinesins and kinesin-like proteins. Data are presented as mean +SEM, n=3

Table 3. IC;, values for the most active KSP inhibitors (R)-1, (R)-4a, (R)-4e
and (R)-4f. Data presented as mean and 95% confidence interval.

Compound (R)-1 (R)-4a (R)-4e (R)-4f
ICso [UM] 0.44 153 0.85 1.84
(0.33-0.60) (0.91-2.65) (0.54-1.37) (1.22-2.95)

Chem. Eur. J. 2023, 29, €202300813 (6 of 10)

the results for ispinesib (R)-1 and its (S)-enantiomer (S)-1. The
docking was validated by comparing the configurations of
ispinesib with the co-crystallized molecule in the crystal
structures using GoldScore (GS),”” ChemScore (CS),*®
ChemPLP,”” and Astex statistical potential (ASP)*® scoring

© 2023 Wiley-VCH GmbH

85UB01 T SUOWIWIOD BA 81D 3|qeot dde aup Ag peusencb a1e sejole YO ‘SN Jo sejnl Joj AkeidiTauljuO A1 UO (SUONIPUOD-PUR-SLLIBY WD A8 | Ale.q Ul [Uo//Sdny) SuonipuoD pue swis | 8u1 89S *[120z/60/2z] Uo AkeidiTauliuo A[IM ‘ZpoT jo AsBAIUN/HOd A £T800£20Z WeYd/Z00T OT/I0p/wW0d A8 | Ale.q1puljuoado.ne-Alis iweyoy/sdny Wwolj papeojumod ‘6t ‘€40z ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300813

functions (Table S2). The modelling showed that the molecules
can bind in a variety of manners into the pocket depending on
the chirality of the ispinesib backbone and the substituents
introduced synthetically. For the (R)-enantiomers derived from
(R)-1 and in consequence of (R)-4a, configurations were among
the highest-scoring poses that showed overlaps with the
ispinesib core structure in an inner hydrophobic region in the
binding pocket whilst the various substituents occupied a
peripheral, more hydrophilic region. In general, the highest
scores for all the docking functions were found for molecules
derived from (R)-4a (Table S3). For example, the binding mode
of (R)-4e is shown in Figure 5 and features hydrogen bonds of
the carbonyl group of the benzamide moiety with the side
chain amine moiety of Arg119 and the hydroxyl group of
Tyr211. The benzyl group of the organometallic moiety also
formed m-stacking interactions with the side chain indene of
Trp127 and the phenolic group of Tyr211 (Figure 6). Compared
to ispinesib, its (S)-enantiomer (S)-1 gave lower values for 3 of
the 4 scoring functions, and only GoldScore (GS) resulted in a
higher result than ispinesib. However, GS scored ispinesib
among the lowest structures upon docking and with all the
other methods, the (S)-enantiomers gave lower scores than the
equivalent (R)-enantiomers. These results reflect to some extent
the studies on the KSP inhibitory activity of the compounds and
the cytotoxicity of the compounds. It appears as the inhibition
of KSP may not be the only mode of action relevant to the
biological activity of the compounds.

Figure 6. The highest scoring configuration of (R)-4e docked into the
ispinesib binding site of KSP as predicted by ChemScore. (A) The molecule
occupies the same binding pocket as ispinesib with the backbone largely
overlapping with that of co-crystallized ispinesib. The protein surface is
rendered where blue depicts a hydrophilic region on the surface, brown a
hydrophobic region and grey shows neutral areas. (B) Hydrogen bonds are
shown as green dotted lines between (R)-4e and the amino acids Tyr211
and Arg119. wt-Stacking interactions are shown as purple doted lines
between (R)-4 e and the amino acids Trp127 and Tyr211

ROS generation

To explain the high antiproliferative activity of the ferrocenyl-
benzyl moiety-substituted compounds, which was not reflected
in the KSP inhibition data, we investigated the induction of
reactive oxygen species (ROS) formation in SW620 cells after
exposure to the ispinesib analogues with the dihydrorhodamine
123 (DHR123) oxidation assay (Table 4). Neither ispinesib nor its
(S)-enantiomer affected the ROS level in cells and neither did
their benzyl analogues (S)-4a and (R)-4a. However, upon
exposure to all the other compounds, the ROS generation
increased by 15-29%. Despite a lack of significant correlation
between the antiproliferative potential and ROS generation, the
data suggests that the presence of a ferrocenyl moiety may
induce oxidative stress within the cell. Interestingly, a similar
effect was observed for the adamantyl-functionalized (S)-4f and
(R)-4f, suggesting that the bulkiness of the conjugate may be
more important than the ferrocenyl moiety for inducing
oxidative stress within the cell. However, the observed level of
ROS generation is comparatively small and its contribution to
the antiproliferative potential of the compounds needs further
investigation.

Conclusions

We have designed organometallic and organic analogues of
ispinesib, resulting in a series of highly antiproliferative
ferrocenyl ispinesib counterparts, which allowed to derive
structure-activity relationships. The obtained analogues can be
categorized in three types of compounds - those that lack the
toluoyl moiety of ispinesib (type 1), those that are functionalized
on their tertiary amine group (type Il) and the third group that
was obtained by derivatization of its primary amine (type Ill).
The cytotoxicity of the synthesized compounds was strongly
dependent on their structure, however, was not found to be
clearly correlated to the ability to inhibit KSP activity. Only the
type | compound (R)-2 ¢ exhibited cytotoxic activity comparable
to that of ispinesib with 1Cs, values in the nM range but it was
not a KSP inhibitor, while it was able to induce more ROS
formation than ispinesib. Among the type Ill compounds, the N-
alkylated ispinesib derivatives exhibited similar or higher
cytotoxicity than ispinesib with the most active being (R)-4 b-e.
However, only (R)-4a, (R)-4e and (R)-4f inhibited KSP activity in
the sub- to low-uM concentration range. Interestingly, these
were also the compounds that scored highly in many of the
docking experiments relative to ispinesib. Although the con-

Table 4. ROS generation in SW620 cells exposed to the ispinesib analogues (1 uM) for 4 h. Data are presented as mean =+ SEM, n=3. Verapamil (10 uM) was
added to all samples to inhibit any residual activity of the ABCB1 protein which eliminates rhodamine 123 from the cells. Data presented as mean + SEM,
n=3.

Compound Verapamil (S)-1 (S)-4a (S)-4f (R)-1 (R)-2¢ (R)-3¢c

ROS [%] vs control 103.7+1.6 103.7+1.9 103.7+2.7 128.1+3.8 102.14+1.1 129.14+2.0 116.7+1.3
Compound Verapamil (R)-4a (R)-4b (R)-4c (R)-4d (R)-4e (R)-4f

ROS [%] vs control 103.7+1.6 102.5+1.2 115.2+14 1259456 128.24+3.1 120.8+2.5 129.5+4.0

Chem. Eur. J. 2023, 29, €202300813 (7 of 10)
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jugation of a ferrocenylbenzyl moiety to ispinesib decreased
the KSP inhibitory activity of the investigated conjugates, the
presence of the ferrocenyl group but also of a bulky adamantyl
moiety significantly increased the level of G,/M fraction of cells.
Also, the presence of either a ferrocenyl or adamantyl moiety
increased ROS production in cancer cells. As the latter effects
are small, oxidative stress will unlikely play an important role in
their mode of action which warrants further investigation given
the potent biological activity of many of the compounds.

Experimental Section

All reactions were carried out under Ar atmosphere. Commercially
available chemicals and solvents were used as received unless
stated otherwise. 1,2-Dichloroethane (1,2-DCE) and dichlorome-
thane (DCM) for reactions were dried by distillation from calcium
hydride prior to use. Column chromatography was performed on
silica gel (Silicycle, 0.040-0.063 mm, 230-400 mesh). Thin-layer
chromatography was performed on aluminum sheets precoated
with silica (Silicycle). The purity of the synthesized compounds was
determined by HPLC-MS analysis performed on a Phenomenex XB-
C18 column (50%2.1 mm, 1.7 um) with a mobile phase flow of
0.3 mLmin~" using a Shimadzu Nexera XR system equipped with
SPD—M40 and LCMS-2020 detectors (see Supporting Information
for details). The enantiomer ratios for (S5)- and (R)-2a—f were
determined on a Lux Cellulose-2 column (250 4.6 mm) using IPA-
n-heptane 1:9 as the mobile phase with a flow rate of 1 mL-min™
using a Shimadzu HPLC system equipped with a PDA detector. 'H
and "C{'"H} NMR spectra were recorded on a Bruker ARX 600 MHz
spectrometer (600.3 MHz for 'H and 150.0 MHz for C) at 294 K.
Chemical shifts were calibrated on the residual solvent signals:
[DIDMSO 2.51 ppm for 'H and 39.5 ppm for *C. Synthesis of
compounds along with atom numbering for the NMR assignment is
presented in the Supporting Information.

General procedure A. Reductive amination at RT. Synthesis of
amines (S)- and (R)-2a-f

1.12 equiv of aldehyde was added to a solution of (S)- or (R)-5 in
1,2-DCE (c=0.1 M) and the resulting mixture was stirred at RT for
15 min. 1.44 equiv of sodium triacetoxyborohydride was added and
the obtained mixture was stirred at RT for 24 h. After completion,
the reaction mixture was diluted with DCM, washed with sodium
bicarbonate and brine. The organic solution was dried over sodium
sulfate and evaporated to dryness. The products were isolated by
chromatography on silica gel using cyclohexane-ethyl acetate 7:3
as the eluent. If required, additional purification on silica gel using
DCM or DCM-ethyl acetate 9:1 was performed. Synthesis of all
reagents and target compounds and atom numbering for NMR
assignment is presented in Supporting Information.

(S)-3-benzyl-2-(1-(benzylamino)-2-methylpropyl)-7-chloroquina-

zolin-4(3H)-one (S)-2a: This compound was obtained in 56% yield
using General procedure A starting from 200 mg of (S)-5, and
70 mg of benzaldehyde 6a. 'H NMR (600 MHz, [D;]DMSO) ¢ 8.18 (d,
J=86Hz, 1H, H-5), 7.77 (d, J=2.0Hz, 1H, H-8), 7.59 (dd, J=2.1,
8.6 Hz, 1H, H-6), 7.31 (t, J=7.4 Hz, 2H, Ph-2), 7.26 (t, J=7.3 Hz, 1H,
Ph-2), 7.20 (t, J=7.3 Hz, 2H, Ph-2), 7.16-7.11 (m, 5H, Ph-1), 5.48 (d,
J=16.4Hz, 1H, CH,), 5.19 (d, J=16.1 Hz, 1H, CH,), 3.55 (s, TH), 3.51
(m, 2H, CH, and H-1%), 3.11 (d, J/=12.8 Hz, 1H, CH,) 2.64 (br s., TH,
NH), 1.97-1.91 (m, TH, H-2'), 0.88 (d, J=6.7 Hz, 3H, H-3'), 0.73 (d, J=
6.4 Hz, 3H, H-3"). *C{'"H} NMR (151 MHz, [D;]DMSO) & 161.2, 161.1,
147.7, 140.3, 139.3, 136.5, 128.7 (CH), 128.7 (CH), 128.0 (CH), 127.7
(CH), 127.4 (CH), 127.1 (CH), 126.5 (CH), 126.4 (CH), 126.2 (CH),
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118.8, 50.5 (CH,), 45.3 (CH,), 31.7 (CH), 20.1 (CH), 17.1 (CH);
Elemental analysis calculated for C,sH,CIN;O C 72.29, H 6.07, N
9.73, found C 72.21, H 598, N 9.94; HPLC-MS (see Supporting
Information) analysis, R; (HPLC) t=2.53 min, m/z calculated for
Co6H,7°CINSO [M -+ H]* 432.2 found 432.4 [M+H]".

General procedure B. Reductive amination in a microwave
reactor. Synthesis of (S)- and (R)-4a-f

A mixture of 1.12 equiv of aldehyde and 1.0 equiv of (S)- or (R)-1 in
1,2-DCE (c=0.1 M) were placed in a reaction vessel, and the
resulting mixture was stirred under MW at 120°C for 15 min. After
cooling to RT, 1.44 equiv of sodium triacetoxyborohydride was
added and stirred for an additional 15 min at 120°C under MW. The
reaction mixture was diluted with DCM, washed with sodium
bicarbonate and brine. The organic solution was dried over sodium
sulfate and evaporated to dryness. The products were isolated by
chromatography on silica gel using cyclohexane-ethyl acetate 7:3
as the eluent.

(S)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-
methylpropyl)-N-(3-(benzylamino)propyl)-4-methylbenzamide
(S)-4a: This compound was obtained in 59% yield using General
procedure B starting from 100 mg of (S)-1 and 23 mg of 6a. 'H NMR
(600 MHz, [D;JDMSO) & 8.24 (d, J=8.6 Hz, 1H, H-5), 7.76 (d, J=
2.0 Hz, 1H, H-8), 7.66 (dd, /=2.0, 8.6 Hz, 1H, H-6), 7.36 (t, /=7.5 Hz,
2H, CHy), 7.30 (t, J=7.3 Hz, TH, CH,), 7.27-7.21 (m, 8H, CH,), 7.16
(t, J=7.3 Hz, 1H, CHy), 6.99 (d, J=7.2Hz, 2H, CH,), 5.89 (d, J=
16.3 Hz, 1H, CH,Ph), 552 (d, J=10.5Hz 1H, H-1), 507 (d, J=
16.3 Hz, 1H, CH,Ph), 3.30 (t, J=8.1 Hz, 2H, H-1"), 3.15 (s, 2H), 2.77-
2.73 (m, 1H, H-2'), 2.29 (s, 3H, CH;CH,CO), 1.93-1.85 (m, 2H), 1.23-
1.20 (m, TH), 0.90 (d, J=6.8 Hz, 3H, H-3'), 0.90-0.68 (m, TH), 0.48 (d,
J=6.4Hz, 3H, H-3). C{'"H} (151 MHz, [D]DMSO) & 171.9, 161.1,
155.4, 147.2, 140.6, 139.5, 138.6, 136.7, 133.9, 128.8 (CH), 128.7 (CH),
128.6 (CH), 128.1 (CH), 127.9 (CH), 127.5 (CH), 127.4 (CH), 126.5 (CH),
126.4 (CH), 126.3 (CH), 125.9 (CH), 119.1, 58.9 (CH), 51.9 (CH,), 45.6
(CH,), 45.1 (CH,), 42.4 (CH,), 29.5 (CH,), 28.0 (CH), 20.8 (CH), 194
(CH), 18.1 (CH). Elemental analysis calculated for C;,H;,CIN,O, C
73.19, H 6.47, N 9.23, found C 73.31, H 6.59, N 9.00. HPLC-MS (see
Supporting Information) analysis, R; (HPLC) 7=2.06 min, m/z
calculated for C3,H,,**CIN,O, [M+H]" 607.3 found 607.7 [M+H] ™.

General procedure C. Synthesis of compounds (S)- and (R)-
3a-e

1.4 equiv of p-toluoyl chloride was added to a solution of 1.0 equiv
of amine (S)- or (R)-2a-f and 1.2 equiv of diisopropylethylamine in
anhydrous DCM (10 mL per T mmol of 2). The resulting mixture was
stirred at RT for 24 h, quenched by adding sodium bicarbonate and
the product was extracted with DCM. The organic phase was
washed with brine, dried over sodium sulfate and evaporated. The
product was isolated by chromatography on silica using DCM-ethyl
acetate 9:1 with 0.1% of ammonia.

(S)-N-benzyl-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazo-

lin-2-yl)-2-methylpropyl)-4-methylbenzamide (S)-3a: This com-
pound was obtained in 20% yield using General procedure C
starting from 200 mg of (S)-2a. "H NMR (600 MHz, [D;]DMSO) 6 7.88
(d, J=8.3 Hz, 1H, H-5), 7.48-7.47 (m, 2H, CH,), 7.41 (d, J=7.9 Hz, 2H,
CHp), 7.38 (t, J=7.6 Hz, 2H, CH,), 7.32 (d, J=7.1 Hz, 1H, CH,), 7.29
(d, J=7.7 Hz, 2H, CH,), 7.21 (d, J=7.9 Hz, 2H, CH,), 6.77-6.75 (m,
4H, CH,), 6.77-6.66 (M, TH, CH,), 5.92 (d, J=16.2 Hz, 1H, CH,Ph),
5.66 (d, J=10.4 Hz, 1H, H-1), 5.17 (d, J=16.2 Hz, 1H, CH,Ph), 4.72
(d, J=17.2 Hz, 1H, CH,Ph), 4.54 (d, J=17.2 Hz, 1H, CH,Ph), 2.95-2.91
(m, 1H, H-2'), 2.28 (s, 3H, CH,C,H,CO), 0.98 (d, J=6.8 Hz, 3H, H-3),
0.45 (d, J=6.4 Hz, 3H, H-3"). C{'H} (151 MHz, [D]DMS0) & 172.6,
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160.1, 154.1, 146.8, 139.1, 138.6, 137.2, 136.8, 133.1, 128.9 (CH),
128.7 (CH), 128.0 (CH), 127.5 (CH), 127.4 (CH), 127.3 (CH), 126.5 (CH),
126.3 (CH), 126.2 (CH), 125.7 (CH), 124.8 (CH), 118.5, 58.9 (CH), 47.6
(CH,), 44.8 (CH,), 27.3 (CH), 20.8 (CH), 19.3 (CH), 17.9 (CH). Elemental
analysis calculated for C3,H;,CIN;O C 74.24, H 5.86, N 7.64, found C
7402, H 597, N 7.76. HPLC-MS (see Supporting Information)
analysis, R; (HPLC) T=2.40 min, m/z calculated for C3,H3,**CIN;0, [M
+HI" 550.2 found 550.4 [M+H]".

Cell viability assay - uptake of neutral red

10,000 cells were seeded per well of 96-well plate and left for 24 h
to attach to the substrate. The test compounds were dissolved in
DMSO, diluted in a complete culture medium and added to the
cells in a 1:1 volume ratio. DMSO concentrations were kept to the
same level and did not exceed 0.1%. After 70 h, neutral red was
added to yield a final concentration of 0.033%, and kept in 37°C
for 2 h. Afterwards, the medium was discarded, the cells were
washed two times with ice-cold PBS (138 mM NaCl, 5 mM KCl,
7.5 mM phosphate buffer, pH 7.4), and the incorporated dye was
solubilized using 1% acetic acid in 50% ethanol for 10 min at an
orbital platform shaker. The absorbance of the solution was
measured 540 nm using an EnVision plate reader. All values were
calculated as a percentage of control. IC,, values were calculated
using GraphPad Prism Software ver. 9.

Cell cycle

100,000 cells per well were seeded in 6-well plates, and left for 24 h
to attach to the substrate. The test compounds were added at the
IC,s concentrations of (S)-1 or (R)-1 calculated from viability curves
for the SW620 cell line. After 24h and 48h, the cells were
trypsinized, washed once with ice cold PBS and fixed using 70%
cold ethanol. The cells were then rehydrated with PBS and stained
with 75 uM propidium iodide and 50 Kunitz units/mL of RNAse A in
PBS for 30 min at 37°C. The samples were analyzed on an LSRII
(Becton Dickinson) instrument (excitation 488 nm, emission
575/26 nm) and the cell cycle phase distribution was determined
with FlowJo 7.6.1 software (FlowJo, LLC) using a built-in cell cycle
analysis module (Watson pragmatic algorithm).

ROS generation

100,000 cells per well were seeded in-6 well plates for 24 h. The
cells were treated with the test compounds (1 uM), dihydrorhod-
amine 123 (1 uM) and verapamil (10 uM) for 4 h. The cells were
then harvested and suspended in a complete medium. The samples
were then collected on an LSRII (Becton Dickinson) instrument and
median fluorescence (excitation 488 nm, emission 530/30 nm) was
analyzed. Results were calculated as a percentage of control.

Kinesin ATPase inhibition assay

The kinesin modulatory activity was determined using Kinesin
ATPase Endpoint Biochem Kit (Cytoskeleton Inc) according to the
manufacturer’s protocol. Phosphate release was measured at
650 nm (EnVision Plate Reader - Perkin Elmer, USA). The DMSO
concentration in the samples was 0.1 %.

Molecular Modelling

The compounds were docked to the crystal structure of human
kinesin KSP (PDB ID: 4APO, resolution 2.59 A)®" which was obtained
from the Protein Data Bank (PDB).2? Scigress version FJ 2.6 was
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used to prepare the crystal structure for docking, i.e., hydrogen
atoms were added and co-crystallized ispinesib and adenosine-5'-
diphosphate (ADP) were removed. The center of the binding pocket
was defined as the nitrogen in the ring close to the carbonyl group.
(x=41.663, y=0.113, z=11.931) with a radius of 10 A. The Gold-
Score (GS),”” ChemScore (CS),®® ChemPLP,* and Astex statistical
potential (ASP)®” scoring functions were implemented to validate
the predicted binding modes and relative energies of the ligands
using the GOLD v5.4 software suite. The co-crystallized ligand
ispinesib was first docked and root mean square deviation (RMSD)
values were calculated for the heavy atoms. ASP obtained average
RMSDs of 0.9255, PLP of 0.7299, CS of 0.7265 and for GS a value of
0.8090 was found which show the strong prediction power of the
scoring functions. The RMSD values and binding scores are given in
Tables ST and S2 in the Supporting Information.
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Atom numbering scheme for NMR assignment

NG

(R)-3-benzyl-2-(1-(benzylamino)-2-methylpropyl)-7-chloroquinazolin-4(3H)-one
(R)-2a. This compound was obtained in 55% yield according to General procedure A
starting from 200 mg of (R)-5, and 70 mg of 6a. 'H and "*C{'H} NMR spectra were
identical with those of (S)-2a. Elemental analysis calculated for C26H26CIN3O C 72.29,
H 6.07, N 9.73, found C 72.27, H 6.03, N 9.84. HPLC-MS (SI) analysis, Rf (HPLC) 7=
2.50 min, m/z calculated for C26H273°CIN3O [M+H]* 432.2 found 432.4 [M+H]*.

(S)-3-benzyl-2-(1-((2-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (S)-2b. This compound was obtained in 65% yield
according to General procedure A starting from 100 mg of (S)-5, and 94 mg of 2-
ferrocenylbenzaldehyde 6b. '"H NMR (600 MHz, DMSO) & 8.23 (d, J = 8.5 Hz, 1H, H-
5), 7.80 (d, J = 2.0 Hz, 1H, H-8), 7.63 (dd, J = 8.5, 2.0 Hz, 1H, H-6), 7.61 (dd, J = 9.0,
2.0 Hz, 1H, 0-Cg¢H4Fc), 7.32 (t, J = 7.5 Hz, 2H, 0-CeH4Fc), 7.26 (t, J = 7.3 Hz, 1H, o-
CeH4Fc), 7.23-7.16 (m, 5H, CH2Ph), 5.61 (d, J = 16.1 Hz, 1H, CH2>Ph), 5.23 (d, J = 16.2
Hz, 1H, CH2Ph), 4.47 (br s., 1H, Cp), 4.38 (br s., 1H, Cp), 4.14 (br s., 1H, Cp), 4.04 (br
s., 1H, Cp), 3.94 (s, 5H, Cp’), 3.63 (dd, J=6.0, 9.7 Hz, 1H, H-1°), 3.51 (d, J = 11.6 Hz,
1H, CH2NH), 3.25 (br s, 1H, CH2NH), 2.44 (t, J = 8.4 Hz, 1H, CH2NH), 2.05 (m, J=6.5
Hz, 1H, H-2"), 0.92 (d, J = 6.7 Hz, 3H, H-3'), 0.83 (d, J = 6.2 Hz, 3H, H-3). '3C{'H} (151
MHz, DMSO) & 161.2, 160.8, 147.6, 139.3, 137.3, 137.0, 136.6, 130.2 (CH), 129.5
(CH), 128.8 (CH), 128.7 (CH), 127.5 (CH), 127.2 (CH), 126.5 (CH), 126.4 (CH), 126.3
(CH), 126.1 (CH), 118.8, 85.8 (Cpipso), 69.3 (Cp), 69.1 (Cp’), 68.9 (Cp), 67.8 (Cp), 63.7
(CH), 48.3 (CH.) 45.2 (CH>), 31.2 (CH), 20.3 (CH), 17.2 (CH). Elemental analysis
calculated for C3sH34CIFeNsO C 70.20, H 5.56, N 6.82, found C 70.14, H 5.52, N 7.16.
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HPLC-MS analysis, R (HPLC) 7 = 4.51 min, m/z calculated for CazsH35%°CIFeNsO
[M+H]* 616.3 found 616.3 [M+H]*.
(R)-3-benzyl-2-(1-((2-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (R)-2b. This compound was obtained in 55% yield
according to General procedure A starting from 100 mg of (R)-5, and 94 mg 6b. 'H and
13C{'H} NMR spectra were identical with those of (S)-2b. Elemental analysis calculated
for C3sH34CIFeNsO C 70.20, H 5.56, N 6.82, found C 70.34, H 5.54, N 7.07. HPLC-MS
analysis, R (HPLC) 7z = 4.52 min, m/z calculated for CssH352°CIFeN3O [M+H]* 616.2
found 616.2 [M+H]*.
(S)-3-benzyl-2-(1-((3-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (S)-2c. This compound was obtained in 59% yield
according to General procedure A starting from 200 mg of (S)-5, and 184 mg of 3-
ferrocenylbenzaldehyde 6¢. '"H NMR (600 MHz, DMSO) & 8.20 (d, J = 8.5 Hz, 1H, H-
5), 7.79 (d, J = 2.0 Hz, 1H, H-8), 7.60 (dd, J = 8.5, 2.1 Hz, 1H, H-6), 7.38 (br s, 1H,
CHar), 7.36 (d, J = 7.8 Hz, 1H, CHar), 7.30 (t, J = 7.5 Hz, 1H, CHa/), 7.24 (t, J = 7.3 Hz,
1H, CHar), 7.16 (t, J= 7.6 Hz, 1H, CHar), 7.12 (s, 1H, CHa/), 7.11 (s, 1H, CHa/), 6.96
(d, J=7.5Hz, 1H, CHa/), 5.41 (d, J = 16.0 Hz, 1H, CH2Ph), 5.29 (d, J = 15.6 Hz, 1H,
CH2Ph), 4.69-4-67 (m, 2H, Cp), 4.32 (t, J = 1.8 Hz, 2H, Cp), 3.99 (s, 5H, Cp’), 3.62
(d, J=13.7 Hz, 1H, CH2NH), 3.58 (br s, 1H, H-1’), 3.23 (d, J = 13.2 Hz, 1H, CH2NH),
2.72 (br s, CH2NH), 1.99-1.93 (m, 1H, H-2’), 0.93 (d, J = 6.7 Hz, 3H, H-3’), 0.72 (d, J =
6.2 Hz, 3H, H-3'). ¥C{'H} (151 MHz, DMSO) & 161.4, 161.2, 147.7, 140.4, 139.3,
138.6, 136.5, 128.7 (CH), 128.0 (CH), 127.4 (CH), 127.1 (CH), 126.5 (CH), 126.2 (CH),
125.3 (CH), 125.2 (CH), 124.4 (CH), 118.8, 85.0 (Cpipso), 69.3 (Cp’), 68.7 (Cp), 66.3
(Cp), 66.1 (Cp), 63.2 (CH), 50.3 (CH>), 45.4 (CH2), 31.7 (CH), 20.1 (CH), 17.3 (CH).
Elemental analysis calculated for C3sH34CIFeN3O C 70.20, H 5.56, N 6.82, found C
70.07, H 5.66, N 7.08. HPLC-MS analysis, Rf (HPLC) 7= 2.76 min, m/z calculated for
CasH35°°CIFeNsO [M+H]* 616.2 found 616.3 [M+H]".
(R)-3-benzyl-2-(1-((3-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (R)-2c. This compound was obtained in 61% yield
according to General procedure A starting from 200 mg of (R)-5, and 184 mg of 6¢. 'H
and "*C{'H} NMR spectra were identical with those of (S)-2c. Elemental analysis
calculated for C3sH34CIFeN3O C 70.20, H 5.56, N 6.82, found C 70.01, H 5.59, N 6.92.
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HPLC-MS analysis, R (HPLC) 7 = 2.75 min, m/z calculated for CazsH35%°CIFeN;O
[M+H]* 616.2 found 616.3 [M+H]*.
(S)-3-benzyl-2-(1-((4-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (S)-2d. This compound was obtained in 81% yield
according to General procedure A starting from 100 mg of (S)-5, and 94 mg of 4-
ferrocenylbenzaldehyde 6d. '"H NMR (600 MHz, DMSO) & 8.20 (d, J = 8.5 Hz, 1H, H-
5), 7.80 (d, J = 2.0 Hz, 1H, H-8), 7.60 (dd, J = 8.5, 2.1 Hz, 1H, H-6), 7.39 (d, J= 8.2
Hz, 2H, CH2Ph), 7.34 (t, J = 7.3 Hz, 2H, CH2Ph), 7.30 (d, J = 7.2 Hz, 1H, CH2Ph), 7.13
(d, J=7.3 Hz, 2H, p-CsHaFc), 7.07 (d, J = 8.1 Hz, 2H, p-CeH4Fc), 5.45 (d, J = 16.0 Hz,
1H, CH2Ph), 5.25 (d, J = 16.4 Hz, 1H, CH2Ph), 4.72 (t, J= 1.4 Hz, 2H, Cp), 4.32 (t, J =
1.8 Hz, 2H, Cp), 3.98 (s, 5H, Cp’), 3.55 (br s, 1H, H-1’) overlapped with 3.54 (d, J =
13.0 Hz, 1H, CH2NH), 3.14 (d, J = 13.0 Hz, 1H, CH2NH), 2.62 (br s, 1H, CH2NH), 1.97-
1.93 (m, 1H, H-2"), 0.90 (d, J = 6.7 Hz, 3H, H-3'), 0.72 (d, J = 6.3 Hz, 3H, H-3'). "*C{'H}
(151 MHz, DMSO) & 161.24, 161.20, 147.7, 139.3, 137.8, 137.1, 136.5, 128.73 (CH),
128.68 (CH), 127.8 (CH), 127.5 (CH), 127.1 (CH), 126.5 (CH), 126.2 (CH), 125.5 (CH),
118.8, 84.8 (Cpipso), 69.3 (Cp’), 68.7 (Cp), 66.1 (Cp), 63.2 (CH), 50.3 (CH2), 45.4 (CHy>),
31.7 (CH), 20.1 (CH), 17.2 (CH). Elemental analysis calculated for C3sH34CIFeN3O C
70.20, H 5.56, N 6.82, found C 70.31, H 5.67, N 7.08. HPLC-MS analysis, Rs (HPLC)
r=2.23 min, m/z calculated for C3H35%°CIFeNsO [M+H]* 616.2 found 616.2 [M+H]*.
(R)-3-benzyl-2-(1-((4-ferrocenylbenzyl)amino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (R)-2d. This compound was obtained in 78% yield
according to General procedure A starting from 100 mg of (R)-5, and 94 mg of 6d. 'H
and "*C{'H} NMR spectra were identical with those of (S)-2d. Elemental analysis
calculated for C3sH34CIFeN3O C 70.20, H 5.56, N 6.82, found C 70.48, H 5.57, N 7.05.
HPLC-MS analysis, R (HPLC) 7 = 2.26 min, m/z calculated for CazsH35%°CIFeN;O
[M+H]* 616.2 found 616.3 [M+H]*.
(S)-3-benzyl-2-(1-(ferrocenylmethylamino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (S)-2e. This compound was obtained in 80% yield
according to General procedure A starting from 100 mg of (S)-5, and 70 mg of 6e. 'H
NMR (600 MHz, DMSO) & 8.23 (d, J = 8.5 Hz, 1H, H-5), 7.73 (d, J = 2.0 Hz, 1H, H-8),
7.62 (dd, J=2.0, 8.6 Hz, 1H, H-6), 7.38 (t, J = 7.5 Hz, 2H, CH2Ph), 7.31 (t, J = 7.3 Hz,
1H, CH2Ph), 7.26 (d, J = 7.4 Hz, 2H, CH2Ph), 5.75 (d, J = 17.0 Hz, 1H, CH2Ph), 5.14
(d, J=16.1 Hz, 1H, CH2Ph), 4.14-4.12 (s, 6H, Cp’ and Cp), 4.02 (br s, 1H, Cp), 4.01
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(brs, 1H, Cp), 3.91 (br s, 1H, Cp), 3.62 (s, 1H, H-1"), 3.00 (d, J = 12.6 Hz, 1H, CH2NH),
2.62 (br s, 1H, CH2NH), 2.39 (br s, 1H, CH2NH), 1.93-1.88 (m, 1H, H-2’), 0.93 (d, J =
6.7 Hz, 3H, H-3’), 0.85 (d, J = 6.5 Hz, 3H, H-3'). 3C{'H} (151 MHz, DMSO) & 161.7,
161.2, 147.7, 139.4, 136.6, 128.9 (CH), 128.8 (CH), 127.5 (CH), 127.1 (CH), 126.6
(CH), 125.8 (CH), 118.8, 87.3 (Cpipso), 68.1 (Cp’), 67.6 (Cp), 67.1 (Cp), 67.0 (Cp), 66.8
(Cp), 63.4 (CH), 45.9 (CH), 45.3 (CH2), 32.3 (CH), 20.1 (CH), 17.0 (CH). Elemental
analysis calculated for C30H30CIFeNsO C 66.74, H 5.60, N 7.78, found C 66.73, H 5.63,
N 7.54. HPLC-MS analysis, R (HPLC) 7z = 3.56 min, m/z calculated for
CaoH31*3CIFeNsO [M+H]* 540.2 found 540.2 [M+H]".

(R)-3-benzyl-2-(1-(ferrocenylmethylamino)-2-methylpropyl)-7-
chloroquinazolin-4(3H)-one (R)-2e. This compound was obtained in 85% yield
according to General procedure A starting from 200 mg of (R)-5, and 140 mg of 6e. 'H
and "*C{'H} NMR spectra were identical with those of (S)-2e. Elemental analysis
calculated for C30H30CIFeNsO C 66.74, H 5.60, N 7.78, found C 66.94, H 5.71, N 7.77.
HPLC-MS analysis, R (HPLC) 7 = 3.46 min, m/z calculated for CzoH313°CIFeNsO
[M+H]* 540.2 found 540.2 [M+H]*.

(S)-2-(1-((adamantan-1-ylmethyl)amino)-2-methylpropyl)-3-benzyl-7-
chloroquinazolin-4(3H)-one (S)-2f. This compound was obtained in 70% yield
according to General procedure A starting from 200 mg of (S)-5, and 108 mg of 6f. 'H
NMR (600 MHz, DMSO) & 8.20 (d, J = 8.5 Hz, 1H, H-5), 7.73 (d, J = 2.0 Hz, 1H, H-8),
7.59 (dd, J =8.5, 2.0 Hz, 1H, H-6), 7.35 (t, J = 7.5 Hz, 2H, CH2Ph), 7.29 (t, J = 7.3 Hz,
1H, CH2Ph), 7.20 (d, J = 7.4 Hz, 2H, CHzPh), 5.79 (d, J = 16.4 Hz, 1H, CH2Ph), 5.08
(d, J=16.4 Hz, 1H) , CH2Ph, 3.41 (dd, J= 104, 6.1 Hz, 1H, H-1’), 2.00-1.91 (m, 2H,
CH2NH and H-2’), 1.87 (dd, J = 11.6, 3.3 Hz, 1H, CH2NH), 1.83 (br s, 3H, CH(aq)), 1.61-
1.59 (m, 3H, CH2(aq)), 1.50-1.49 (m, 3H, CH2(aq)), 1.28-1.26 (m, 4H, CH2(aq)), 1.19-1.17
(m, 3H, CH2(aq) and CH2NH), 0.91 (d, J = 6.7 Hz, 3H, H-3’), 0.86 (d, J = 6.6 Hz, 3H, H-
3). ®C{'H} (151 MHz, DMSO) 5 161.7, 161.1, 147.7, 139.7, 139.3, 136.6, 128.7 (CH),
128.6 (CH), 127.3 (CH), 127.0 (CH), 126.4 (CH), 126.0 (CH), 118.6, 64.8 (CH(aq)), 59.1
(CHz), 45.0 (CH2), 39.9 (CH2(aq)) overlapped with DMSO residual peak, 36.6 (CH2(aq)),
33.1 (CH), 32.7, 27.7 (CH), 20.0 (CH), 17.3 (CH). Elemental analysis calculated for
C30H36CIN3O C 73.52, H 7.40, N 8.57, found C 73.22, H 7.42, N 8.81. HPLC-MS
analysis, R (HPLC) r=2.10 min, m/z calculated for C3oH373°CIN3O [M+H]* 490.3 found
490.5 [M+H]*.

S6



(R)-2-(1-((adamantan-1-ylmethyl)amino)-2-methylpropyl)-3-benzyl-7-
chloroquinazolin-4(3H)-one (R)-2f. This compound was obtained in 63% yield
according to General procedure A starting from 200 mg of (R)-5, and 108 mg of 6f. 'H
and "3C{'H} NMR spectra were identical with those of (S)-2f. Elemental analysis
calculated for C3oH36CIN3O C 73.52, H 7.40, N 8.57, found C 73.65, H 7.44, N 8.55.
HPLC-MS analysis, Ri (HPLC) 7= 2.16 min, m/z calculated for C3oH373°CIN3O [M+H]*
490.3 found 490.5 [M+H]".

(R)-N-benzyl-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-
methylpropyl)-4-methylbenzamide (R)-3a. This compound was obtained in 27%
yield according to General procedure C starting from 200 mg of (R)-2a. 'H and "3C{'H}
NMR spectra were identical with those of (S)-3a. Elemental analysis calculated for
C34H32CIN3O C 74.24, H 5.86, N 7.64, found C 74.34, H 5.80, N 7.72. HPLC-MS
analysis, Ri (HPLC) 7 = 2.39 min, m/z calculated for CasH33*>CIN3O2 [M+H]* 550.2
found 550.4 [M+H]*.

(S)-N-(2-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-o0xo-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (S)-3b. This
compound was obtained in 65% yield according to General procedure C starting from
50 mg of (S)-2b."H NMR (600 MHz, DMSO) & 7.92 (d, J= 8.5 Hz, 1H, H-5), 7.49
(dd, J = 8.6, 2.0 Hz, 1H, H-6), 7.43 (d, J = 8.0 Hz, 1H, CHa), 7.37 (t, J = 7.6 Hz, 1H,
CHar), 7.29 (m, J = 6.1 Hz, 1H, CHa/), 7.21 (d, J= 8.0 Hz, 1H, CHa/), 7.15(d, J=7.6
Hz, 1H, CHar), 6.85 (t, J = 7.4 Hz, 1H, CHar), 6.82 (d, J =7.4 Hz, 1H, CHar), 6.69 (t, J =
7.3 Hz, 1H, CHa/), 6.00 (d, J = 16.2 Hz, 1H, CH2Ph), 5.65 (d, J = 10.4 Hz, 1H, H-1"),
5.22 (d, J = 16.2 Hz, 1H, CH2Ph), 4.71 (d, J = 17.5 Hz, 1H, CH>Ce¢H4Fc), 4.56 (d, J =
17.5 Hz, 1H, CH2CsHa4Fc), 4.40 (br s, 1H, Cp), 4.36 (br s, 1H, Cp), 4.27 (br s, 1H, Cp),
419 (br s, 1H, Cp), 4.07 (s, 5H, Cp’), 2.70-2.63 (m, 1H, H-2’), 2.29 (s, 3H,
CH3CsH4CO), 0.93 (d, J = 6.8 Hz, 3H, H-3'), 0.36 (d, J = 6.4 Hz, 3H, H-3'). 3C{'H} (151
MHz, DMSO) & 172.8, 160.6, 153.9, 146.2, 139.1, 138.3, 136.8, 134.8, 134.4, 133.0,
130.4 (CH), 129.0 (CH), 128.7 (CH), 128.0 (CH), 127.5 (CH), 127.4 (CH), 126.6 (CH),
126.5 (CH), 126.2 (CH), 125.3 (CH), 125.2 (CH), 123.1 (CH), 118.5, 85.7 (Cpipso), 69.9
(Cp), 69.2 (Cp’), 69.1 (Cp), 68.0 (Cp), 67.7 (Cp), 58.8 (CH), 45.5 (CH2), 44.8 (CH>),
27.5 (CH), 20.8 (CH), 19.1 (CH), 17.8 (CH). Elemental analysis calculated for
C26H26CIN3O C 71.99, H 5.49, N 5.72, found C 72.09, H 5.57, N 5.83. HPLC-MS

)
(
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analysis, Rf (HPLC) 7 = 2.16 min, m/z calculated for Cs4H403°CIFeN3sO, [M]* 733.2
found 733.3 [M]".

(R)-N-(2-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (R)-3b. This
compound was obtained in 61% yield according to General procedure C starting from
50 mg of (R)-2b. 'H and "*C{'H} NMR spectra were identical with those of (S)-3b.
Elemental analysis calculated for C44H40CIFeN3O2 C 71.99, H 5.49, N 5.72, found C
71.98, H 5.57, N 5.86. HPLC-MS analysis, Rf (HPLC) 7= 2.12 min, m/z calculated for
C44H40%°CIFeN30; [M]* 733.2 found 733.4 [M]*.

(S)-N-(3-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (S)-3c. This
compound was obtained in 93% yield according to General procedure C starting from
70 mg of (S)-2c. '"H NMR (600 MHz, DMSO) & 7.88 (d, J = 8.5 Hz, 1H, H-5), 7.49 (d, J
= 2.0 Hz, 1H, H-8), 7.41-7.37 (m, 1H, 5H, CHa), 7.31-7.29 (m, 3H, CHar), 7.21 (d, J =
8.0 Hz, 2H, CHa), 6.92 (d, J = 7.7 Hz, 1H, CHar), 6.79-6.75 (m, 1H, CHa(), 6.75 (s, 1H,
CHar), 6.59 (d, J =7.6 Hz, 1H, CH), 5.91 (d, J = 16.1 Hz, 1H, CH2Ph), 5.66 (d, J = 10.5
Hz, 1H, H-1"), 5.22 (d, J = 16.1 Hz, 1H, CH2Ph), 4.74 (d, J = 17.0 Hz, 1H, CH2CsHa4Fc),
4.60 (d, J = 17.0 Hz, 1H, m-CH2CsHa4Fc), 4.41 (t, J= 1.7 Hz, 1H, Cp), 4.40 (t, J=1.7
Hz, 1H, Cp), 4.26 (br s, 2H, Cp), 3.86 (s, 5H, Cp’), 2.95-2.88 (m, 1H, H-2’), 2.27 (s, 3H,
CH3CsH4CO), 0.98 (d, J = 6.8 Hz, 3H, H-3), 0.44 (d, J = 6.4 Hz, 3H, H-3"). 3C{'H} (151
MHz, DMSO) & 172.5, 160.6, 154.2, 146.8, 139.2, 139.0, 138.5, 137.4, 136.8, 133.2,
128.9 (CH), 128.7 (CH), 128.1 (CH), 127.6 (CH), 127.5 (CH), 127.4 (CH), 126.6 (CH),
126.4 (CH), 126.3 (CH), 123.9 (CH), 122.6 (CH), 122.5 (CH), 118.5, 84.0 (Cpipso), 69.1
(Cp’), 68.7 (Cp), 66.3 (Cp), 65.6 (Cp), 59.1 (CH), 47.5 (CH2), 44.8 (CH2), 27.8 (CH),
20.8 (CH), 19.3 (CH), 18.0 (CH). Elemental analysis calculated for C44H40CIFeN302C
71.99, H5.49, N 5.72, found C 71.90, H 5.52, N 5.82. HPLC-MS analysis, R (HPLC)
7= 2.40 min, m/z calculated for C44H40%CIFeN3O02 [M]* 733.2 found 733.4 [M]".

(R)-N-(3-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (R)-3c. This
compound was obtained in 93% yield according to General procedure C starting from
70 mg of (R)-2c. 'H and "*C{'H} NMR spectra were identical with those of (S)-3c.
Elemental analysis calculated for C44H40CIFeN3O2 C 71.99, H 5.49, N 5.72, found C
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71.87, H5.49, N 5.87. HPLC-MS analysis, Rf (HPLC) 7= 2.39 min, m/z calculated for
C44H40%°CIFeN3O; [M]* 733.2 found 733.4 [M]*.
(S)-N-(4-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (S)-3d. This
compound was obtained in 65% yield according to General procedure C starting from
50 mg of (S)-2d. '"H NMR (600 MHz, DMSO) & 7.90 (d, J = 8.5 Hz, 1H, H-5), 7.57
(d, J=2.0 Hz, 1H, H-8), 7.45 (dd, J = 8.5, 2.0 Hz, 1H, H-6), 7.41-7.37 (m, 4H, CHa/),
7.33-7.30 (m, 3H, CHa), 7.21 (d, J = 8.0 Hz, 2H, CHa), 6.95 (d, J = 8.2 Hz, 2H, CHa/),
6.68 (d, J = 8.1 Hz, 2H, CHa), 5.95 (d, J = 16.2 Hz, 1H, CH2Ph), 5.67 (d, J = 10.5 Hz,
1H, H-1"), 5.22 (d, J = 16.2 Hz, 1H, CH2Ph), 4.68 (d, J = 17.2 Hz, 1H, p-CH2CsHa4Fc),
4.57 (d, J=17.2 Hz, 1H, p-CH2CsHasFc), 4.42 (br s, 1H, Cp), 4.40 (br s, 1H, Cp), 4.24
(br s, 1H, Cp), 4.23 (br s, 1H, Cp), 3.87 (s, 5H, Cp’), 2.96-2.91 (m, 1H, H-2'), 2.28 (s,
3H, CH3CsH4CO), 0.99 (d, J = 6.8 Hz, 3H, H-3’), 0.46 (d, J = 6.4 Hz, 3H, H-3). 3C{'H}
(151 MHz, DMSO) & 172.5, 160.7, 154.3, 146.9, 139.0, 138.8, 136.8, 134.9, 133.2,
128.9 (CH), 128.7 (CH), 128.2 (CH), 127.6 (CH), 127.5 (CH), 126.6 (CH), 126.3 (CH),
125.2 (CH), 124.9 (CH), 118.6, 84.5 (Cpipso), 69.2 (Cp’), 68.52 (Cp), 68.46 (Cp), 66.4
(Cp), 65.7 (Cp), 59.0 (CH), 47.3 (CH>), 44.9 (CH2), 27.7 (CH), 20.8 (CH), 19.3 (CH),
17.9 (CH). Elemental analysis calculated for C44H40CIFeN3O2C 71.99, H 5.49, N 5.72,
found C 71.94, H 5.61, N 5.76. HPLC-MS analysis, Rf (HPLC) 7 = 2.81 min, m/z
calculated for C44H403°*CIFeN302 [M]* 733.2 found 733.4 [M]*.
(R)-N-(4-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-
dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (R)-3d. This
compound was obtained in 74% yield according to General procedure C starting from
50 mg of (R)-2d. 'H and "*C{'H} NMR spectra were identical with those of (S)-3d.
Elemental analysis calculated for C44H40CIFeN3O2 C 71.99, H 5.49, N 5.72, found C
71.94, H5.61, N 5.76. HPLC-MS analysis, Rf (HPLC) 7= 2.61 min, m/z calculated for
Ca4H40%°CIFeN30; [M]* 733.2 found 733.4 [M]*.
(S)-N-ferrocenylmethyl-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-dihydroquinazolin-2-
yl)-2-methylpropyl)-4-methylbenzamide (S)-3e. This compound was obtained in
47% vyield according to General procedure C starting from 70 mg of (R)-2e. '"H NMR
(600 MHz, DMSO) 6 8.09 (d, J = 8.6 Hz, 1H, H-5), 7.83 (d, J = 2.0 Hz, 1H, H-8), 7.62
(dd, J=2.0, 8.5 Hz, 1H, H-6), 7.41 (d, J = 8.0 Hz, 2H, CH3CeH4CO), 7.35-7.33 (m, 3H,
CH2Ph), 7.28 (t, J = 7.3 Hz, 2H, CH2Ph), 7.21 (d, J = 7.6 Hz, 2H, CH3Ce¢H4CO), 5.69
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(d, J=16.3 Hz, 1H, CH2Ph), 5.45 (d, J = 10.5 Hz, 1H, H-1"), 4.95 (d, J = 16.3 Hz, 1H,
CH2Ph), 4.75 (d, J = 16.1 Hz, 1H, CH2Fc), 4.29 (d, J = 16.2 Hz, 1H, CH2Fc), 3.70 (s,
2H, Cp), 3.63 (s, 5H, Cp’), 3.39-3.38 (m, 1H, Cp), 3.12 (s, 1H, Cp), 2.90-2.83 (m, 1H,
H-2’), 2.38 (s, 3H, CH3CsH4CO), 0.91 (d, J = 6.8 Hz, 3H, H-3’), 0.55 (d, J = 6.4 Hz, 3H,
H-3’). "3C{'H} (151 MHz, DMSOQ) 5 171.7, 160.7, 154.7, 147.2, 139.14, 139.06, 136.7,
133.5, 128.8 (CH), 128.6 (CH), 128.4 (CH), 127.7 (CH), 127.3 (CH), 126.9 (CH), 126.6
(CH), 126.3 (CH), 119.3, 83.7 (Cpipso), 68.3 (Cp’ and Cp), 67.5 (Cp), 66.8 (Cp), 66.3
(Cp), 58.9 (CH), 44.7 (CH2), 43.4 (CH2), 27.7 (CH), 20.9 (CH), 19.7 (CH), 18.0 (CH).
Elemental analysis calculated for C3sH3sCIFeN3O2 C 69.36, H 5.51, N 6.39, found C
69.33, H 5.41, N 6.33. HPLC-MS analysis, Rf (HPLC) 7= 3.84 min, m/z calculated for
C3sH363°CIFeN3O; [M]* 657.2 found 657.2 [M]*.
(R)-N-ferrocenylmethyl-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-
yl)-2-methylpropyl)-4-methylbenzamide (R)-3e. This compound was obtained in
53% yield according to General procedure C starting from 100 mg of (R)-2e. 'H and
13C{"H} NMR spectra were identical with those of (S)-3e. Elemental analysis calculated
for C3gH3sCIFeN3O2 C 69.36, H 5.51, N 6.39, found C 69.29, H 5.66, N 6.68. HPLC-
MS analysis, Rs (HPLC) 7= 3.78 min, m/z calculated for C3sHz63°CIFeN3O2 [M]* 657.2
found 657.2 [M]".
(R)-N-(1-(3-benzyl-7-chloro-4-o0x0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(benzylamino)propyl)-4-methylbenzamide (R)-4a. This compound was
obtained in 59% yield according to General procedure B starting from 100 mg of (R)-1
and 23 mg of 6a. 'H and "*C{'H} NMR spectra were identical with those of (S)-4a.
Elemental analysis calculated for C37H39CIN4O2 C 73.19, H 6.47, N 9.23, found C
72.99, H 6.64, N 9.25. HPLC-MS analysis, R (HPLC) 7= 2.12 min, m/z calculated for
Ca7H40*3CIN4O2 [M+H]* 607.3 found 607.7 [M+H]*.
(S)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(2-ferrocenylbenzylamino)propyl)-4-methylbenzamide (S)-4b. This
compound was obtained in 59% vyield according to General procedure B starting from
100 mg of (S)-1 and 63 mg of 6b. "H NMR (600 MHz, DMSO) & 8.23 (d, J = 8.6 Hz,
1H, H-5), 7.72 (d, J= 2.0 Hz, 1H, H-8), 7.67 (dd, J= 7.7, 1.0 Hz, 1H, CHa), 7.65
(dd, J = 8.6, 2.1 Hz, 1H, H-6), 7.36 (d, J = 7.6 Hz, 1H, CHa/), 7.31 (t, J = 7.3 Hz, 1H,
CHar), 7.27-7.19 (m, 7H, CHa), 7.13-7.11 (m, 1H, CHa/), 7.01 (d, J = 7.2 Hz, 1H, CHa/),
5.90 (d, J = 16.3 Hz, 1H, CH2Ph), 5.53 (d, J = 10.5 Hz, 1H, H-1’), 5.10 (d, J = 16.3 Hz,
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1H, CH2Ph), 4.50 (br s, 1H, Cp), 4.43 (br s, 1H, Cp), 4.28-4.27 (m, 2H, Cp), 4.08 (s,
5H, Cp’), 3.33-3.30 (m, 2H, CH>), 3.27 (br s, 2H, 0-CH>CeH4Fc), 2.81-2.74 (m, 1H, H-
2’), 2.28 (s, 3H, CH3CeH4CO), 1.95-1.86 (m, 1H, 2H, CH2), 1.25-1.17 (m, 2H, CH2 and
NH), 0.91 (d, J = 6.8 Hz, 3H, H-3’), 0.76-0.72 (m, 1H, CH2), 0.49 (d, J = 6.4 Hz, 3H, H-
3). 3C{'H} (151 MHz, DMSO) & 171.9, 161.1, 155.3, 147.2, 139.5, 138.6, 137.7,
136.9, 136.7, 133.9, 130.4 (CH), 128.84 (CH), 128.78 (CH), 128.73 (CH), 128.66 (CH),
128.0 (CH), 127.4 (CH), 126.5 (CH), 126.4 (CH), 126.2 (CH), 125.9 (CH), 125.8 (CH),
119.1, 86.4 (Cpipso), 69.4 (Cp), 69.3 (Cp), 69.2 (Cp’), 67.80 (Cp), 67.78 (Cp), 59.0 (CH),
50.6 (CH), 46.3 (CH), 45.1 (CH2), 42.4 (CH), 29.8 (CH), 28.1 (CH), 20.9 (CH), 19.5
(CH), 18.1 (CH). Elemental analysis calculated for C47H47CIFeN4O2 C 71.35, H 5.99,
N 7.08, found C 71.32, H 6.09, N 7.35. HPLC-MS analysis, Rt (HPLC) 7= 1.97 min,
m/z calculated for C47H4g3°CIFeN4O2 [M+H]* 791.3 found 791.3 [M+H]*.
(R)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(2-ferrocenylbenzylamino)propyl)-4-methylbenzamide (R)-4b. This
compound was obtained in 65% yield according to General procedure B starting from
100 mg of (R)-1 and 63 mg of 6b. 'H and "*C{'H} NMR spectra were identical with
those of (S)-4b. Elemental analysis calculated for C47H47CIFeN4O2 C 71.35, H 5.99, N
7.08, found C 71.41, H 5.97, N 7.21. HPLC-MS analysis, R¢ (HPLC) = 1.99 min, m/z
calculated for C47H4g>°CIFeN4O2 [M+H]* 791.3 found 791.4 [M+H]*.
(S)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(3-ferrocenylbenzylamino)propyl)-4-methylbenzamide (S)-4c. This
compound was obtained in 52% yield according to General procedure B starting from
100 mg of (S)-1 and 63 mg of 6¢. '"H NMR (600 MHz, DMSO) & 8.25 (d, J = 8.6 Hz,
1H, H-5), 7.75 (d, J = 1.9 Hz, 1H, H-8), 7.66 (dd, J = 8.6, 2.0 Hz, 1H, H-6), 7.38-7.36
(m, 3H, CHar), 7.31 (d, J= 7.3 Hz, 1H, CHar), 7.28-7.20 (m, 7H, CHar), 7.17 (t, J= 7.6
Hz, 1H, CHar), 6.82 (d, J = 7.5 Hz, 1H, CHar), 5.90 (d, J = 16.3 Hz, 1H, CH2Ph), 5.54
(d, J=10.6 Hz, 1H, H-1’), 5.09 (d, J = 16.3 Hz, 1H, CH2Ph), 4.72 (br s, 1H, Cp), 4.7-
(brs, 1H, Cp), 4.34 (br s, 2H, Cp), 3.98 (s, 5H, Cp’), 3.38-3.32 (m, 1H, 2H, CH>), 3.21-
3.16 (m, 2H, CH2), 2.82-2.76 (m, 1H, H-2’), 2.28 (s, 3H, CH3CeH4+CO), 1.99-1.95
(m, 1H, CH2), 1.93-1.89 (m, 1H, CH2), 1.27-1.22 (m, 1H, CHy), 0.91 (d, J = 6.7 Hz, 3H,
H-3’), 0.75 (m, J = 5.8 Hz, 1H, CH>), 0.49 (d, J = 6.3 Hz, 3H, H-3"). "*C{'H} (151 MHz,
DMSO) 6 171.9, 161.1, 155.4, 147.2, 140.5, 139.5, 138.6, 138.5, 136.7, 133.9, 128.83
(CH), 128.75 (CH), 128.7 (CH), 128.00 (CH), 127.96 (CH), 127.90 (CH), 127.4 (CH),

S11



126.5 (CH), 126.4 (CH), 125.9 (CH), 125.2 (CH), 125.0 (CH), 124.1 (CH), 119.1, 85.0
(Cpipso), 69.3 (Cp’), 68.7 (Cp), 66.22 (Cp), 66.18 (Cp), 58.9 (CH), 51.9 (CHz), 45.6
(CH2), 45.1 (CH), 42.4 (CH), 29.5 (CH), 28.1 (CH), 20.8 (CH), 19.4 (CH), 18.1 (CH).
Elemental analysis calculated for C47H47CIFeN4sO2 C 71.35, H 5.99, N 7.08, found C
71.42, H5.98, N 7.21. HPLC-MS analysis, Rf (HPLC) 7= 1.88 min, m/z calculated for
C47H4g*CIFeNsO2 [M+H]* 791.3 found 791.3 [M+H]".

(R)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(3-ferrocenylbenzylamino)propyl)-4-methylbenzamide (R)-4c. This
compound was obtained in 59% vyield according to General procedure B starting from
100 mg of (R)-1 and 63 mg of 6¢. 'H and "*C{'"H} NMR spectra were identical with
those of (S)-4c¢. Elemental analysis calculated for C47H47CIFeN4sO2 C 71.35, H 5.99, N
7.08, found C 71.47, H 6.04, N 7.25. HPLC-MS analysis, R (HPLC) 7= 1.94 min, m/z
calculated for C47H4g>°CIFeN4O2 [M+H]* 791.3 found 791.5 [M+H]*.

(S)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(4-ferrocenylbenzylamino)propyl)-4-methylbenzamide (S)-4d. This
compound was obtained in 23% yield according to General procedure B starting from
100 mg of (S)-1 and 63 mg of 6d. "H NMR (600 MHz, DMSO) & 8.26 (d, J = 8.6 Hz,
1H, H-5), 7.78 (d, J = 2.0 Hz, 1H, H-8), 7.68 (dd, J = 8.6, 2.1 Hz, 1H, H-6), 7.41 (d, J =
8.1 Hz, 2H, CHa/), 7.37 (t, J= 7.5 Hz, 2H, CHa/), 7.31 (t, J = 7.3 Hz, 1H, CHa/), 7.28-
7.23 (m, 6H, CHar), 6.94 (d, J = 8.1 Hz, 2H, CHar), 5.91 (d, J = 16.2 Hz, 1H, CH2Ph),
5.53 (d, J = 10.5 Hz, 1H, H-1’), 5.08 (d, J = 16.3 Hz, 1H, CH2Ph), 4.74 (t, J = 1.8 Hz,
2H, Cp), 4.33 (t, J= 1.8 Hz, 2H, Cp), 4.00 (s, 5H, Cp’), 3.34-3.32 (m, 2H, H-1"), 3.16-
3.11 (m, 2H, p-CH2CsHsFc), 2.80-2.74 (m, 1H, H-2’), 2.31 (s, 3H, CH3CsH4CO), 1.95-
1.90 (m, 2H, H-3”), 1.29-1.24 (m, 2H, CH2 and NH), 0.91 (d, J = 6.8 Hz, 3H, H-3'),
0.75-0.70 (m, 1H, CHy), 0.49 (d, J = 6.4 Hz, 3H, H-3"). "®C{'H} (151 MHz, DMSO) &
171.9,161.1,155.4,147.2,139.5, 138.6, 138.2, 136.8, 136.7, 133.9, 128.9 (CH), 128.8
(CH), 128.7 (CH), 128.1 (CH), 127.6 (CH), 127.4 (CH), 126.6 (CH), 126.4 (CH), 125.9
(CH), 125.5 (CH), 119.1, 84.9 (Cpipso), 66.2 (Cp’), 68.7 (Cp), 66.1 (Cp), 58.9 (CH), 51.8
(CH2), 45.6 (CH>), 45.1 (CH2), 42.4 (CH2), 29.5 (CH>), 28.1 (CH), 20.9 (CH), 19.4 (CH),
18.1 (CH). Elemental analysis calculated for C47H47CIFeN4+O2 C 72.29, H 6.07, N 9.73,
found C 72.21, H 5.98, N 9.94. HPLC-MS analysis, Rf (HPLC) 7 = 1.37 min, m/z
calculated for C47H4g>°CIFeN4O2 [M+H]* 791.3 found 791.3 [M+H]*.
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(R)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(4-ferrocenylbenzylamino)propyl)-4-methylbenzamide (R)-4d. This
compound was obtained in 33% yield according to General procedure B starting from
100 mg of (R)-1 and 63 mg of 6d. 'H and "3C{"H} NMR spectra were identical with
those of (S)-4d. Elemental analysis calculated for C47H47CIFeN4O2 C 71.35, H 5.99, N
7.08, found C 71.38, H 5.99, N 7.26. HPLC-MS analysis, R (HPLC) 7= 1.39 min, m/z
calculated for C47H4g*°CIFeN4O2 [M+H]* 791.3 found 791.3 [M+H]".

(S)-N-(1-(3-benzyl-7-chloro-4-oxo0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(ferrocenylmethylamino)propyl)-4-methylbenzamide (S)-4e. This compound
was obtained in 47% yield according to General procedure B starting from 100 mg of
(S)-1 and 47 mg of 6e. '"H NMR (600 MHz, DMSQ) & 8.26 (d, J = 8.6 Hz, 1H, H-5),
7.82 (d, J=2.0 Hz, 1H, H-8), 7.70 (dd, J = 8.6, 2.1 Hz, 1H, H-6), 7.38 (t, J= 7.5 Hz,
2H, CHar), 7.31 (t, J = 7.3 Hz, 1H, CHar), 7.33-7.25 (m, 6H, CHar), 5.92 (d, J = 16.2 Hz,
1H, CH2Ph), 5.54 (d, J = 10.5 Hz, 1H, H-1’), 5.10 (d, J = 16.3 Hz, 1H, CH2Ph), 4.02 (s,
5H, Cp’), 4.01 (t, J= 1.8 Hz, 2H, Cp), 3.89 (br s, 1H, Cp), 3.88 (br s, 1H, Cp), 3.32
(t, J= 8.2 Hz, 2H, H-1”), 2.88-2.85 (m, 2H, CH2Fc), 2.79-2.75 (m, 1H, H-2’), 2.34 (s,
3H, CH3CeH4CO), 1.98-1.82 (m, 2H, H-3”), 1.24-1.17 (m, 2H, H-2” and NH), 0.91
(d, J= 6.8 Hz, 3H, H-3’), 0.70-0.67 (m, 1H, H-2"), 0.49 (d, J= 6.4 Hz, 3H, H-3’).
BC{'H} (151 MHz, DMSO) & 171.9, 161.1, 155.4, 147.3, 139.6, 138.6, 136.7, 133.9,
128.9 (CH), 128.8 (CH), 128.7 (CH), 128.1 (CH), 127.4 (CH), 126.6 (CH), 126.4 (CH),
125.9 (CH), 119.1, 87.1 (Cpipso), 68.1 (Cp’), 67.7 (Cp), 67.6 (Cp), 67.0 (Cp), 58.9 (CH),
47.1 (CH2), 45.8 (CH2), 45.1 (CH2), 42.3 (CH2), 29.6 (CH2), 28.1 (CH), 20.9 (CH), 19.4
(CH), 18.1 (CH). Elemental analysis calculated for C41H3CIFeN4O2 C 68.86, H 6.06,
N 7.83, found C 69.02, H 5.99, N 8.05. HPLC-MS analysis, Rs (HPLC) 7 = 3.84 min,
m/z calculated for C41H443°CIFeN4O2 [M+H]* 715.3 found 715.1 [M+H]".

(R)-N-(1-(3-benzyl-7-chloro-4-o0x0-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(ferrocenylmethylamino)propyl)-4-methylbenzamide (R)-4e. This compound
was obtained in 47% yield according to General procedure B starting from 100 mg of
(R)-1 and 47 mg of 6e. 'H and "3C{'H} NMR spectra were identical with those of (S)-
4e. Elemental analysis calculated for C41H43CIFeN4O2 C 68.86, H 6.06, N 7.83, found
C 69.02, H 6.20, N 8.09. HPLC-MS analysis, Rs (HPLC) 7= 3.80 min, m/z calculated
for C41H443°CIFeN4O, [M+H]* 715.3 found 715.5 [M+H]*.
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(S)-N-(3-((adamantan-1-ylmethyl)amino)propyl)-N-(1-(3-benzyl-7-chloro-4-oxo-
3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (S)-4f. This
compound was obtained in 31% yield according to General procedure B starting from
100 mg of (S)-1 and 35 mg of 6f. 'H NMR (600 MHz, DMSO) & 8.24 (d, J = 8.6 Hz,
1H, H-5), 7.80 (d, J = 2.0 Hz, 1H, H-8), 7.67 (dd, J = 8.6, 2.0 Hz, 1H, H-6), 7.37 (t, J =
7.5 Hz, 2H, CHar), 7.31 (t, J = 7.3 Hz, 1H, CHa(), 7.27-7.25 (m, 6H, CHar), 5.91 (d, J =
16.3 Hz, 1H, CH2Ph), 5.53 (d, J = 10.5 Hz, 1H, H-1’), 5.08 (d, J = 16.3 Hz, 1H, CH2Ph),
3.26 (t, J = 8.1 Hz, 2H, H-1"), 2.80-2.74 (m, 1H, H-2"), 1.99-1.83 (m, 1H, H’-3”), 1.89-
1.83 (m, 1H, H-3"), 1.83 (br s, 3H, CHaaq), 1.63-1.51 (m, 3H, CH2aq)), 1.53-1.49 (m, 3H,
CHzag)), 1.24-1.15 (m, 2H, H-2” and NH), 1.15 (br s, 6H, CH2(aq)) 0.90 (d, J = 6.8 Hz,
3H, H-3’), 0.68-0.63 (m, 1H, H-2"), 0.49 (d, J = 6.3 Hz, 3H, H-3"). "*C{'H} (151 MHz,
DMSO) & 171.9, 161.1, 155.4, 147.3, 139.6, 138.5, 136.7, 134.0, 128.9 (CH), 128.8
(CH), 128.7 (CH), 128.1 (CH), 127.4 (CH), 126.6 (CH), 126.4 (CH), 125.9 (CH), 119.1,
61.1 (CH2), 58.8 (CH), 47.4 (CH2), 45.1 (CH2), 42.5 (CH2), 40.1 (CH2), 36.8 (CH>),
32.7, 29.6 (CH2), 28.0 (CH), 27.8 (CH), 20.9 (CH), 19.5 (CH), 18.0 (CH). Elemental
analysis calculated for C41H49CIN4O2 C 74.02, H 7.42, N 8.42, found C 73.80, H 7.40,
N 8.61. HPLC-MS (Sl) analysis, Rf (HPLC) 7z = 2.40 min, m/z calculated for
C41H50*3CIN4O2 [M+H]* 665.4 found 665.4 [M+H]*.

(R)-N-(3-((adamantan-1-ylmethyl)amino)propyl)-N-(1-(3-benzyl-7-chloro-4-oxo-
3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-4-methylbenzamide (R)-4f. This
compound was obtained in 50% yield according to General procedure B starting from
100 mg of (R)-1 and 35 mg of 6f. "H and 3C{'H} NMR spectra were identical with
those of (S)-4f. Elemental analysis calculated for C41H49CIN4sO2 C 74.02, H 7.42, N
8.42, found C 73.83, H 7.31, N 8.54. HPLC-MS analysis, R (HPLC) 7= 2.41 min, m/z
calculated for C41H502°CIN4O2 [M+H]* 665.4 found 665.7 [M+H]*.
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Figure S2. of the (R)-1 and its analogues (R)-3c, (R)-4c, (R)-4e and (R)-4f on the
SW620 cell cycle measured after 24- and 48-hour exposure. Note the increased G2/M
fraction of the cells clearly visible at approx. 75 KU

Table S2. RMSD values for the heavy atoms when comparing co-crystallized ispinesib
(R)-1 with the docked molecule.

Pose ASP  ChemPLP CS  GS

1 0.9569 0.5933  0.6412 1.0677
2 0.8536 0.8291  0.6083 0.4090
3 0.9660 0.7674  0.9299 0.9503
‘Mean 09255 0.7299  0.7265 0.8090
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Table S3. Results for the different scoring functions for ispinesib (R)-1 and its

derivatives.

Compound ASP ChemPLP ChemScore GoldScore
(R)-1 (ispinesib) 48.7 109.6 42.6 83.4
(R)-2c 454 103.8 40.4 82.1
(R)-3c 49.2 120.0 47.5 95.8
(R)-4a 53.4 120.2 45.7 121.1
(R)-4b 547 123.2 45.3 124.6
(R)-4c 50.7 121.2 44 1 1241
(R)-4d 52.8 120.9 45.1 114.3
(R)-4e 495 120.1 46.7 120.7
(R)-4f 52.0 113.7 43.4 80.1

s 437 993 36.2 93.8
(S)-4a 46.1 107.3 40.9 105.8
(S)-4e 454 1104 39.5 102.4
(S)-4f 452 105.2 38.6 86.4
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Figure S72. HPLC-MS analysis of (R)-2a
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Figure S73. HPLC-MS analysis of (S)-2b
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Figure S74. HPLC-MS analysis of (R)-2b
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Figure S75. HPLC-MS analysis of (S)-2c
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Figure S76. HPLC-MS analysis of (R)-2c
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Figure S77. HPLC-MS analysis of (S)-2d
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Figure S78. HPLC-MS analysis of (R)-2d
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Figure S79. HPLC-MS analysis of (S)-2e
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Figure S80. HPLC-MS analysis of (R)-2e
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Figure S81. HPLC-MS analysis of (S)-2f
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Figure S82. HPLC-MS analysis of (R)-2f
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Figure S83. HPLC-MS analysis of (S)-3a
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Figure S84. HPLC-MS analysis of (R)-3a
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Figure S85. HPLC-MS analysis of (S)-3b
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Figure S86. HPLC-MS analysis of (R)-3b
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Figure S87. HPLC-MS analysis of (S)-3c
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Figure S88. HPLC-MS analysis of (R)-3c
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Figure S89. HPLC-MS analysis of (S)-3d
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Figure $S90. HPLC-MS analysis of (R)-3d
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Figure S91. HPLC-MS analysis of (S)-3e
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Figure S92. HPLC-MS analysis of (R)-3e
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Figure S94. HPLC-MS analysis of (R)-4a
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Figure S95. HPLC-MS analysis of (S)-4b
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Figure S96. HPLC-MS analysis of (R)-4b
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Figure S98. HPLC-MS analysis of (R)-4c
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Figure $S99. HPLC-MS analysis of (S)-4d

Max Intensity : 44 820

0o Ph 150] Peak# Ret. Time Area Area’
J 1 7389 216170 100.000
/@\)\N 125 Total 216170 100.000
P
cl N)\‘)\ " 100]
O NN 75
¢ N i
25
S
Fe 0.0 0.5 1.0 15 20 23 3.0 35 4.0 4.5 5.0 55 min
(R)-4d @ Inten.(x1.000.000)
C47H4735CIFeN,0, Cy7H4737CIFeN,0, 20 7913
m/z 790.3 m/z 792.3
935
2.5
Method
Solvent A: 0.01% HCOOH in water
. 0.4 - -
Solvent B: 0.01% HCOOH in methanol 750 wz

Solvent C: 0.01% HCOOH in acetonitrile

30% A, 35% B and 35% C

Flow: 0.3 ml/min

Column: Phenomenex XB-C18, 50 x 2.1 mm, 1.7 pm

Eventh: 1 Scan(E+) Ret Time: [1.500>1.507H1.427<->1.667] Scanti : [301>905H857<->1001]

Inten.(x1.000.000)

Base Peak: 791.3/4.517.289

7901.3
4.
3.
2.
i
% |
200 300 400 500 600 700 800 900 1000 mw/z

Figure $S100. HPLC-MS analysis of (R)-4d
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Figure S101. HPLC-MS analysis of (S)-4e
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Figure $S102. HPLC-MS analysis of (R)-4e
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