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1. Streszczenie w języku polskim 

Modyfikacja związków biologicznie aktywnych za pomocą podstawników 

metaloorganicznych może znacząco zmienić ich aktywność biologiczną. Aktualnie 

prowadzone są badania nad syntezą oraz oceną antyproliferacyjnego potencjału związków 

metaloorganicznych, które mogą znaleźć zastosowanie jako chemioterapeutyki 

charakteryzujące się wyższą selektywnością, lepszą biodostępnością i mniejszą toksycznością. 

Metaloorganiczne analogi związków antymitotycznych mogą wykazywać wyższą aktywność 

przeciwnowotworową, a także przezwyciężyć oporność na leki, którą komórki nowotworowe 

nabywają w trakcie leczenia. 

W niniejszej rozprawie doktorskiej opisano syntezę i oceniono aktywność biologiczną 

metaloorganicznych analogów monastrolu, CPUYL064 i ispinesibu, będących inhibitorami 

kinezyny-5.  
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2. Streszczenie w języku 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 skrótów 

ATP - adenozyno-5′-trifosforan 

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

DCM - (ang. dichloromethane) - dichlorometan 

DIPEA - (ang. diisopropylethylamine) - diizopropyloetyloamina 

DMF - (ang. N,N-dimethylformamide) - N,N-dimetyloformamid 

EtOH - etanol  

GTP - Guanozyno-5′-trifosforan 

IC50 - stężenie powodujące 50% inhibicji  

MAP - (ang. microtubule-associated proteins) - białka związane z mikrotubulami 

MDR - (ang. multi drug resistance) - oporność wielolekowa 

MeOH - metanol 

MS - (ang. mass spectrometry) - spektrometria mas 

MW - (ang. microwave) - mikrofale 

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

rezonansu jądrowego 

RT - (ang. room temperature) – temperatura pokojowa 

SAR - (ang. structure activity relationship) - badania zależności struktura-aktywność  

TfOH - (ang. trifluoromethanesulfonic acid) kwas trifluorometanosulfonowy 

TFA – (ang. trifluoroacetic acid) - kwas trifluorooctowy 

THF - tetrahydrofuran 

tBu - tert-butyl  

tBuOK – tert-butanolan potasu 
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4. Komentarz do rozprawy doktorskiej 

4.1 Wprowadzenie  

Choroby nowotworowe są jedną z głównych przyczyn zgonów w krajach rozwiniętych, 

odpowiadając za około 8,2 miliona przypadków śmiertelnych na całym świecie w 2020 roku.1,2 

W 2022 roku odnotowano 1,8 miliona zgonów z powodu nowotworów, z czego najwięcej 

przypadków dotyczyło nowotworów płuc (18,7%) oraz jelita grubego (9,3%). Prognozy 

wskazują, że liczba zgonów spowodowanych chorobami nowotworowymi może wzrosnąć 

dwukrotnie w ciągu najbliższych 15 lat (Rysunek 1).  

 

Rysunek 1. Odsetek nowych zachorowań na nowotwory oraz zgonów z powodu chorób 

nowotworowych w 2022 r. 

Postęp medycyny umożliwił rozwój szerokiego wachlarza terapii 

przeciwnowotworowych, takich jak chemioterapia, radioterapia, chirurgia, immunoterapia, 

hormonoterapia, terapie oparte na przeciwciałach oraz terapie genowe. Mimo dostępności 

różnych metod leczenia, chemioterapia nadal pełni kluczową rolę w terapii chorób 

nowotworowych i często jest stosowana w połączeniu z radioterapią czy chirurgią.3 

W zaawansowanych stadiach choroby, gdy inne metody są niedostępne lub nieskuteczne, 

chemioterapia może być jedyną dostępną opcją leczenia, zwłaszcza w przypadku nowotworów 

o wysokim stopniu złośliwości. Powszechnie stosowane leki przeciwnowotworowe, w tym leki 

alkilujące4, antymetabolity5, antybiotyki przeciwnowotworowe6, inhibitory topoizomerazy7, 

inhibitory mitozy8 i kortykosteroidy,9 często wywołują liczne działania niepożądane i mogą 

generować oporność wielolekową, co prowadzi do niepowodzenia terapii. Aby przezwyciężyć 

efekty uboczne i pokonać niedogodności związane ze stosowaniem chemioterapeutyków, 

niezbędne jest doskonalenie stosowanych leków przeciwnowotworowych. Celem tych działań 
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jest zwiększenie aktywności lub selektywności leków przy jednoczesnym zmniejszeniu 

skutków ubocznych, co można osiągnąć poprzez modyfikację chemiczną ich cząsteczek lub 

opracowanie terapii ukierunkowanych na nowe cele terapeutyczne. 

 4.2 Związki antymitotyczne  

Związki antymitotyczne, takie jak taksany i alkaloidy Vinca (Barwinka różowatego), 

należą do najważniejszych chemioterapeutyków przeciwnowotworowych. Zakłócają one 

dynamikę układu tubulina–mikrotubule, prowadząc do zaburzenia funkcji wrzeciona 

mitotycznego, co skutkuje zahamowaniem podziału komórkowego i śmiercią komórek 

nowotworowych.10, 11 Związki antymitotyczne działające na mikrotubule wykazują stosunkowo 

niską selektywność, co przekłada się na wysoką toksyczność ogólnoustrojową.12 Mikrotubule, 

będące kluczowym elementem cytoszkieletu komórek eukariotycznych, powstają w wyniku 

polimeryzacji cząsteczek tubuliny. Te cylindryczne, sztywne struktury, mają średnicę 

zewnętrzną wynoszącą 25 nm oraz grubość ściany wynoszącą 5 nm. Mikrotubule są zbudowane 

z protofilamentów, które składają się z heterodimerów α- i β-tubuliny połączonych wiązaniami 

niekowalencyjnymi.13 Struktura mikrotubul wyróżnia się dwoma końcami, dodatnim (+) 

i ujemnym (-), oraz miejscem wiązania GTP.14 Związki zaburzające dynamikę mikrotubul 

klasyfikuje się według miejsca wiązania z białkami oraz ich wpływu na stabilizację mikrotubul. 

Dotychczas zidentyfikowano sześć miejsc wiążących (domen) w mikrotubulach, z czego pięć 

wiąże się z β-tubuliną, a jedno z α-tubuliną w dimerach mikrotubul. Wśród tych miejsc 

wiążących wyróżnia się: domenę Vinca, kolchicynową, paklitakselową, laulimalidową, 

majtansynową i pironetynową15 (Rysunek 2). 
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Rysunek 2. Miejsca wiązania związków ukierunkowanych na mikrotubule (licencja CC BY 4.016) 

Związki wpływające na stabilność mikrotubul można podzielić na substancje 

stabilizujące (aktywatory polimeryzacji) i destabilizujące (inhibitory polimeryzacji) 

mikrotubule. Do aktywatorów polimeryzacji tubuliny zalicza się związki wiążące się do 

domeny paklitakselowej takie jak taksany, epotilony oraz do domeny laulimalidu. Do 

związków destabilizujących mikrotubule zalicza się związki wiążące się do domeny Vinca 

takie jak winblastyna, winkrystyna oraz związki wiążące się z domeną kolchicynową, domeną 

majtansyny i domeną pironetyny.17 Oprócz wymienionych związków odkryto szereg 

strukturalnie różnych inhibitorów i aktywatorów polimeryzacji tubuliny,18 a niektóre z nich są 

stosowane w terapii przeciwnowotworowej (Tabela 1).19 20-26 
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Tabela 1. Przykłady związków antymitotycznych i ich status kliniczny  

Stabilizatory mikrotubul, takie jak taksany (Rysunek 3), są szeroko stosowane w chemioterapii 

nowotworów piersi, jajnika, pęcherza moczowego, niedrobnokomórkowego raka płuc, 

nowotworach głowy i szyi, często w połączeniu z radioterapią i innymi chemioterapeutykami, 

takimi jak cisplatyna.23,27  

 

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 roku28, 

jak i jego półsyntetyczny analog docetaksel 7, hamują depolimeryzację (stabilizują) 

mikrotubul, zaburzając w ten sposób ich normalną dynamikę wymaganą do mitozy i proliferacji 

komórek, co ostatecznie skutkuje zatrzymaniem komórek w fazie G2/M cyklu komórkowego.29 

Taksany mimo podobnej budowy różnią się znacznie pod względem aktywności 

przeciwnowotworowej oraz toksyczności. Docetaksel 7 ma większe powinowactwo do 

tubuliny niż 2, co zwiększa jego cytotoksyczność.30 W badaniach in vitro wykazano, że 7 jest 

1,3–12 razy bardziej cytotoksyczny niż paklitaksel w stosunku do różnych linii 

komórkowych.31 Obecnie taksany stosowane są w monoterapii oraz w leczeniu skojarzonym 

z innymi lekami przeciwnowotworowymi w chemioterapii m.in. raka piersi, płuc, żołądka 

igłowy.27 Stosowanie taksanów wiąże się z szeregiem skutków ubocznych, a także może 

prowadzić do wystąpienia oporności wielolekowej (MDR), co skutkuje niepowodzeniem 

terapii.32 Konieczność przezwyciężenia tych problemów doprowadziła do opracowania szeregu 

analogów 2. Przykładowo, cabazitaksel 8 wykazuje aktywność przeciwko liniom komórkowym 

opornym na 2 i 7. Cechą odróżniającą 8 od innych taksanów jest jego zdolność do przekraczania 

bariery krew-mózg, a zatem może być skuteczny w leczeniu nowotworów znajdujących się 

w trudno dostępnych miejscach, takich jak mózg.33 Obecnie 8 został zatwierdzony do terapii 

raka gruczołu krokowego, który nie reaguje na standardowe leczenie hormonalne.24  

Poszukiwanie nowych związków antymitotycznych doprowadziło do odkrycia 

epotilonów będących stabilizatorami mikrotubul.34 Epotilon B 9 przeszedł fazę II badań 

klinicznych w leczeniu raka płuc,25 zaś ixabepilon 10 (Ixempra™) został zatwierdzony do 

leczenia przerzutowego raka piersi oraz nawracających raków endometrium,35 i jest obecnie 

badany m.in. w terapii raka jelita grubego, szyjki macicy, piersi, nerki, raka płuc z nadekspresją 

βIII-tubuliny oraz potrójnie negatywnego raka piersi (ang. TNBC – triple negative breast 

cancer)34 (Rysunek 4). 

 

Rysunek 4. Struktury epotilonu B 9 i ixabepilonu 10 
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Inhibitorami polimeryzacji tubuliny o znaczeniu klinicznym są także 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 

Związki te działają poprzez wiązanie się z β-tubuliną w domenie Vinca. Winblastyna 1, 

stosowana od kilkudziesięciu lat w monoterapii oraz w terapii skojarzonej, ma znaczenie 

w hamowaniu angiogenezy i regresji nowotworów36, w tym raka pęcherza, piersi, chłoniaka 

złośliwego, mięsaka Kaposiego, raka kosmówki, ziarniniaka, choroby Abta-Letterera-Siwego 

oraz złośliwej histiocytozy i innych.37, 38 Winkrystyna 11, wykazująca szersze spektrum 

działania niż 1, jest używana przede wszystkim w leczeniu białaczek limfoblastycznych 

i szpikowych, również u dzieci, a także w terapii chłoniaków, mięsaków, czerniaka złośliwego, 

nowotworów ośrodkowego układu nerwowego (OUN) oraz raka piersi.39, 40 Winorelbina 12, 

charakteryzująca się większą skutecznością i mniejszą toksycznością niż 1, jest stosowana 

w monoterapii raka piersi, a także w terapiach skojarzeniowych, w leczeniu raka jajnika, 

chłoniaków, raka przełyku i prostaty.41 Ponadto, 12 jest jednym z leków używanych w terapii 

drobnokomórkowego raka płuca (ang. NSCLC – non-small-cell lung carcinoma).42 

Wprowadzenie nowych alkaloidów Vinca, takich jak winflunina 13, umożliwiło częściowe 

przezwyciężenie niektórych skutków ubocznych wywołanych przez naturalne alkaloidy Vinca, 

takie jak odwracalna neuropatia obwodowa, neuropatia autonomicznego układu nerwowego 

inerwów czaszkowych43, neutropenia, anemia, nudności i wymioty41. Winflunina 13, wykazuje 

mniejszą neurotoksyczność w porównaniu do 11, i jest stosowana w leczeniu zaawansowanego 

raka urotelialnego (rak błony śluzowej układu moczowego).44 Najczęściej występującymi 

działaniami niepożądanymi związanymi ze stosowaniem 13 są zahamowanie czynności szpiku 
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kostnego oraz zaparcia45 (Rysunek 5). Kolejnymi inhibitorami polimeryzacji tubuliny 

wiążącymi się z domeną Vinca są halichondryny, wyizolowane z gąbki morskiej Halichondria 

w 1986 roku (Rysunek 6).46 Najważniejszym przedstawicielem tych związków jest 

halichondryn B 14, polieterowy makrolid, którego właściwości przeciwnowotworowe po raz 

pierwszy zostały wykazane na mysich liniach komórkowych białaczki (L1210, P-388) 

i czerniaka (B16).47 Warto podkreślić, że 14 wykazywał również wyraźną aktywność 

w badaniach in vivo przeciwko różnym rodzajom chemoodpornych ludzkich nowotworów, 

takich jak czerniak LOX, rak jajnika OVCAR-3, rak płuc NCI H522 oraz rak piersi MDA-MB-

435.48, 49 Badania nad 14 doprowadziły do opracowania związków o wysokiej aktywności 

biologicznej, takich jak eribulin (E7389) 15, który wiąże się zarówno z dimerem tubuliny, jak 

i pojedynczą β-tubuliną, hamując wzrost mikrotubul bez ich skracania, co zwiększa 

skuteczność w pokonywaniu chemiooporności.38 Aktualnie 15 znajduje się w fazie III badań 

klinicznych w leczeniu różnych nowotworów, w tym raka prostaty, mięsaka, raka piersi, 

niedrobnokomórkowego raka płuc (NSCLC), raka pęcherza moczowego, raka jajnika oraz 

inwazyjnego raka piersi.50 Jedną z zalet 15 jest jego niższa neurotoksyczność, co pozwoliło na 

jego wprowadzenie do leczenia tłuszczakomięsaka19, 51. 

 

Rysunek 6. Struktury halichondrynu B 14 i eribulinu 15 

Spośród inhibitorów polimeryzacji tubuliny szczególne znaczenie ma kolchicyna 5, 

która jest naturalnym alkaloidem wyizolowanym z Zimowita Jesiennego (Colchicum 

autumnale). Destabilizuje ona mikrotubule, jednakże z uwagi na wysoką toksyczność, nie jest 

stosowana w terapii przeciwnowotworowej.52 Kolchicyna 5 jest jednym z najstarszych znanych 

leków, stosowanym od wieków w leczeniu różnych chorób, aktualnie zaś wykorzystywana jest 

do leczenia dny moczanowej i choroby Behceta.53 Najczęstsze skutki uboczne stosowania 

kolchicyny obejmują biegunkę, nudności i wymioty. Wysokie dawki 5 mogą prowadzić do 

poważnych problemów żołądkowo-jelitowych. Może ona również powodować mielosupresję 

(zahamowanie czynności szpiku kostnego), co prowadzi do leukopenii, anemii 

i trombocytopenii, i jest jednym z głównych ograniczeń jej stosowania w wysokich dawkach. 
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Przewlekłe stosowanie 5 może prowadzić do toksyczności narządowej, w tym uszkodzenia 

nerek i wątroby, a także do neuropatii obwodowej objawiającej się drętwieniem i bólem 

kończyn.54 W celu zmniejszenia wysokiej toksyczności kolchicyny zsyntezowano i zbadano 

szereg jej analogów55-58 (Rysunek 7). 

 

 

Rysunek 7. Struktura kolchicyny 5 i wybranych pochodnych kolchicyny 16-25. Wartości IC50 

hamowania polimeryzacji tubuliny (kolor niebieski), wartości IC50 cytotoksyczności w stosunku do 

linii A549 i MCF7 (kolor zielony). 

Przykładowo, modyfikacje w pozycji C-7 pierścienia B doprowadziły do powstania aktywnych 

biologicznie aminowych analogów kolchicyny, z których związek 28 wykazał wyższą 

toksyczność wobec linii komórkowej HT29 (rak jelita grubego) (IC50 = 4,3 nM) i MDA-MB-

231 (rak piersi) (IC50 = 16,0 nM) niż sama kolchicyna59 (Rysunek 8). 
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Rysunek 8. Struktura aminowych analogów kolchicyny 26-29 

Niektóre z pochodnych kolchicyny były testowane klinicznie jako potencjalne leki 

przeciwnowotworowe. Przykładowo, ZD6126 30 był badany jako środek zaburzający naczynia 

krwionośne (VDA).Wykazano, że 30 powoduje selektywne zniszczenie naczyń krwionośnych 

w guzie, co prowadzi do rozległej martwicy nowotworu, szczególnie w dużych guzach.60 

Związek 30 przeszedł badania kliniczne II fazy w leczeniu raka nerkowokomórkowego i jelita 

grubego61 (Rysunek 9). 

 

Rysunek 9. Struktura ZD6126 30 

Pomimo, iż sama kolchicyna nie ma znaczenia w terapii przeciwnowotworowej, 

związki antymitotyczne wiążące się z kolchicynowym miejscem wiązania w tubulinie są 

intensywnie badane jako potencjalne leki przeciwnowotworowe. Wynika to z faktu, że działają 

skutecznie już przy niskich stężeniach. Związki te tłumią dynamikę mikrotubul, nie zmieniając 

znacząco ich masy polimerowej. Oznacza to, że nie powodują one ani całkowitej 

depolimeryzacji, ani nadmiernej stabilizacji mikrotubul, lecz ograniczają ich zdolność do 

dynamicznych zmian długości. To wystarcza, aby zakłócić procesy mitotyczne i zatrzymać 

komórki w fazie mitozy. Przykładem związku antymitotycznego wiążącego do domeny 
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kolchicynowej jest plinabulina (NPI-2358) 31, będąca półsyntetycznym analogiem 

fenylahistyny 32 (Rysunek 10). Wyniki I i II fazy badań klinicznych, wykazały, że związek 31 

zwiększał przeżycie, i chronił przed neutropenią wywołaną przez docetaksel, pacjentów 

z zaawansowanymi nowotworami, w tym z niedrobnokomórkowym rakiem płuca (NSCLC).21 

Profil działań niepożądanych 31 różni się od innych związków wiążących się z domeną 

kolchicynową zmniejszając ryzyko kardiotoksyczności. Obecnie plinabulina przechodzi 

badania kliniczne fazy III w łagodzeniu neutropenii wywołanej chemioterapią (CIN).21  

 

Rysunek 10. Struktury fenylohistyny 32 i plinabuliny 31  

 4.3 Metaloorganiczne związki o właściwościach przeciwnowotworowych ze 

szczególnym uwzględnieniem związków ferrocenylowych  

Pierwszym związkiem metaloorganicznym używanym w medycynie był salwarsan 33 

(Rysunek 11), który został wprowadzony do użytku klinicznego w 1910 roku. Lek ten 

przyczynił się do przełomu w leczeniu kiły, będąc jednym z pierwszych leków, które pozwoliły 

na skuteczne kontrolowanie tej choroby.62,63 

 

Rysunek 11. Struktura salwarsanu 33 jako mieszaniny trimeru A i pentameru B63  

Przełomem w dziedzinie medycyny i chemii było odkrycie właściwości 

przeciwnowotworowych cisplatyny 34, nieorganicznego kompleksu platyny znanego od ponad 

100 lat.64 Badania przeprowadzone przez Rosenberga wykazały, że cisplatyna hamuje podział 

komórek Escherichia coli,65 a dalsze badania potwierdziły jej aktywność przeciwnowotworową 
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wobec wielu rodzajów nowotworów, w tym jajnika, głowy oraz szyi.66 W 1978 roku cisplatyna 

stała się pierwszym lekiem zawierającym metal ciężki, zatwierdzonym przez FDA do terapii 

przeciwnowotworowej, i do dziś pozostaje jednym z najskuteczniejszych leków stosowanych 

w leczeniu raka płuc, jajnika oraz jąder (Rysunek 12).67 

 

Rysunek 12. Struktura cisplatyny 34 

Odkrycie cisplatyny stworzyło nowe możliwości w leczeniu nowotworów, dając 

początek chemii medycznej opartej na związkach metali, co z kolei znacząco zwiększyło 

zainteresowanie innymi metalami przejściowymi w medycynie. Szczególne znaczenie miało 

odkrycie właściwości przeciwnowotworowych pochodnych ferrocenu.68, 69 Pierwsze 

doniesienia o aktywności biologicznej związków ferrocenylowych dotyczyły poliamin 35-37 

(Rysunek 13), które wykazywały aktywność przeciwnowotworową w stosunku do komórek 

białaczki limfocytowej P388.70  

 

Rysunek 13. Struktury ferrocenylowych poliamin 35-37 

W późniejszych latach dowiedziono, że ferrocen 38 nie jest toksyczny, a właściwości 

antynowotworowe przypisano kationowi ferroceniowemu 39. Przykładowo, proste sole 

ferroceniowe takie jak pikrynian ferroceniowy 40 i trichlorooctan ferroceniowy 41 hamują 

wzrost nowotworów oskrzeli Ehlricha, czerniaka i raka okrężnicy,71 z kolei 

tetrachlorożelazian(III) ferroceniowy 42 jest cytotoksyczny w stosunku do linii komórkowych 

nowotworu jajnika CHI (IC50 = 10 µM).72 (Rysunek 14). 
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Rysunek 14. Struktury ferrocenu 38, kationu ferroceniowego 39, pikrynianu ferroceniowego 

40, trichlorooctanu ferroceniowego 41 i tetrachlorożelazianu(III) ferroceniowego 42 

W 1996 roku grupa prof. Gérarda Jaouena opisała wyniki badań nad hydroksylową 

pochodną aktywnego biologicznie chemioterapeutyku stosowanego w leczeniu nowotworów 

piersi – hydroksytamoksyfenu 43, będącego aktywnym metabolitem tamoksyfenu 44 (Rysunek 

15). Tamoksyfen 44 jest selektywnym modulatorem receptora estrogenowego, stosowanym 

w leczeniu hormonozależnego raka sutka.73 Zamiana grupy fenylowej 

w hydroksytamoksyfenie doprowadziła do związku 45, wykazującego właściwości 

antyproliferacyjne zarówno w stosunku do hormonozależnej linii komórek gruczolaka sutka 

MCF7, jak i hormononiezaleznej MDA-MB-231.74 

 

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

Wykazano, że kluczowy mechanizm działania 45 opiera się na reakcji redoks ferrocenu, która 

zachodzi za pośrednictwem układu π-elektronowego. Proces ten prowadzi do powstania 

metylidenowego chinonu 49 (Schemat 1), będącego reaktywnym elektrofilem, podatnym 

na atak nukleofilowy przez biomolekuły, takie jak białka i DNA. Ponadto stwierdzono, 

że antyproliferacyjne właściwości ferrocifenów są związane z ich zdolnością do generowania 

reaktywnych form tlenu (ang. reactive oxygen species, ROS) w reakcji Fentona, co prowadzi 

do uszkodzeń DNA, przyspieszenia starzenia komórek oraz indukcji apoptozy.75, 76 
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Schemat 1. Mechanizm powstawania chinonu 49 z hydroksyferrocifenu 45 

Badając analogi tamoksyfenu, zsyntetyzowano nowe analogi ferrocifenu, zarówno 

sprzężone 50 i 5177 jak i niesprzężone 52-54,78 spośród których 50 wykazywał najwyższą 

efektywność w hamowaniu wzrostu komórek MCF7 i MDA-MB-231. Badania SAR wykazały, 

że umiejscowienie grupy ferrocenylowej znacząco wpływa na aktywność 

przeciwnowotworową, zaś usunięcie łańcucha dimetyloaminoalkilowego nie wpływa na 

cytotoksyczność. Ponadto, stwierdzono, iż związki 50 i 51 wykazują większą efektywność 

w porównaniu do niesprzężonych analogów 52-5478 (Rysunek 16). 

 

Rysunek 16. Struktury sprzężonych, 50-51, oraz niesprzężonych pochodnych ferrocifenu 52-54 

Spośród szeregu modyfikacji ferrocifenów na szczególną uwagę zasługują pochodne 

ansa-ferrocenu, 55 i 56. Modyfikacja ta polegała na zahamowaniu rotacji wokół wiązania 

podwójnego poprzez utworzenie wiązania węgiel-węgiel pomiędzy atomem węgla grupy 

etylowej ferrocifenu i atomem węgla podstawnika Cp’ ferrocifenu. Związek 55 wykazywał 
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szczególnie wysoką aktywność w stosunku do linii komórkowych nowotworu piersi MDA-

MB-23179 (Rysunek 17). Wysoka cytotoksyczność związku 55 wynika z unikalnego 

mechanizmu działania, odróżniającego go od innych ferrocifenów. W przeciwieństwie do 

pozostałych pochodnych, transformacja związku 55 in situ do metylidenowego chinonu (QM) 

zachodzi poprzez klasyczny mechanizm π-delokalizacji, polegający na przemieszczaniu się 

elektronów w obrębie układu π. Dla związku 56 proces ten może przebiegać poprzez 

utworzenie pośredniego rodnika R-metylenowego, co sugeruje obecność kwaśnych protonów.79 

 

Rysunek 17. Struktury ansa-ferrocifenów 55 i 56 

Przyłączenie ferrocenu do znanych leków lub zastąpienie grupy fenylowej grupą 

ferrocenylową pozwoliło na uzyskanie wielu nowych ferrocenylowych analogów związków 

biologicznie aktywnych. Dobrym przykładem jest ferrochina (związek 58), analog leku 

przeciwmalarycznego chlorochiny (związek 57), która wykazuje skuteczność przeciwko 

szczepom Plasmodium opornym na chlorochinę80 (Rysunek 18). Zakłada się, że aktywność 

ferrochiny wynika z generowania rodników hydroksylowych (•OH) przez grupę ferrocenową. 

Ponadto, 58 wykazuje wyższą lipofilowość niż 57, co ułatwia przenikanie przez lipofilową 

błonę wakuoli, zwiększając jego skuteczność w zwalczaniu infekcji. Obecnie 58 jest w II fazie 

badań klinicznych w połączeniu z lekiem przeciwpasożytniczym artefenomelem.81  

 

Rysunek 18. Struktura chlorochiny 57 i ferrochiny 58 

Innym interesującym przykładem wpływu grupy ferrocenylowej na aktywność 

przeciwnowotworową jest modyfikacja kwasu suberanilohydroksamowego (SAHA) 5982, leku 

zatwierdzonego przez FDA do leczenia chłoniaka T-komórkowego skóry (Rysunek 19). 
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W wyniku wprowadzenia cząsteczki ferrocenu do 59 otrzymano jego analog 60 (JAHA). Testy 

in vitro potwierdziły, że 60 zachowuje zdolność hamowania deacetylazy histonowej (HDAC) 

na poziomie porównywalnym z SAHA, jednocześnie wykazując mniejszą skuteczność do 

hamowania wzrostu komórek raka piersi, zarówno MCF7 (ERα+), jak i wysoce złośliwych, 

potrójnie negatywnych komórek MDA-MB231 (ERα−).83, 84 

 

Rysunek 19. Struktura SAHA 59 i JAHA 60 

Wprowadzenie grupy ferrocenylowej do paklitakselu zwiększyło cytotoksyczność 

względem komórek raka okrężnicy SW620: związek 61 był 2,8 razy, a związek 62 15 razy 

bardziej aktywny niż 2. Związek 63 wykazał 13-krotnie wyższą aktywność w stosunku do linii 

komórkowej SW620D opornej na doksorubicynę i 2,1 razy wyższą wobec docetakselu. 

Ponadto, związek 64 wykazywał aktywność w stosunku do linii komórek MDR, SW620E, przy 

stężeniu 1,56 μM 85 (Rysunek 20). 
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Rysunek 20. Struktury paklitakselu 2, docetakselu 7, ferrocenylowych pochodnych 

paklitakselu 61 i 62 oraz docetakselu 63 i 64 

Wykazano ponadto, iż zastąpienie grupy N-benzoilowej grupą N-ferrocenoilową, 

powoduje 10-krotny wzrost aktywności cytotoksycznej związku 65 w stosunku do linii SW620 

w porównaniu z paklitakselem. Wprowadzenie grupy ferrocenylowej w związku 65 skutkowało 

zwiększeniem zdolności do indukowania polimeryzacji tubuliny oraz wystąpieniem 

dodatkowych oddziaływań hydrofobowych pomiędzy podstawnikiem ferrocenylowym, 

a tubuliną86 (Rysunek 21). 
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Rysunek 21. Struktury ferrocenylowych pochodnych paklitakselu 65 i 66 

Zbadano również wpływ wprowadzenia podstawnika ferrocenylowego do innych 

związków antymitotycznych. Przykładowo, zsyntetyzowano i zbadano serię koniugatów 

ferrocenylowych i rutenocenylowych z kolchicyną, zawierających ugrupowanie 1H-1,2,3-

triazolowe.87 Stwierdzono, że najbardziej aktywne były pochodne rutenocenylowe 70 i 71, 

wykazujące 6–7 razy wyższą cytotoksyczność niż 5 w stosunku do komórek HepG2, podczas 

gdy pochodne ferrocenylowe 68 i 69 wykazywały dwukrotnie wyższą cytotoksyczność niż 5 

w stosunku do linii komórkowych HCT11688 (Rysunek 22). 

 

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

Interesującym przykładem wpływu wprowadzenia grupy ferrocenylowej do cząsteczki 

związku biologicznie aktywnego, są ferrocenylowe analogi plinabuliny 72-73. Zastąpienie 

grupy fenylowej w cząsteczce plinabuliny grupą ferrocenylową nie zwiększyło 

cytotoksyczności w stosunku do linii komórkowych MCF7 (rak piersi), HepG2 (rak 

wątrobowokomórkowy) i SW620 (rak okrężnicy). Wykazano jednak, że otrzymane związki są 
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aktywne w stosunku do nowotworowych linii komórkowych MDR charakteryzujących się 

nadekspresją białek ABCB1 i ABCG2. Ponadto, związki te są inhibitorami białek ABCB1 

i ABCG2 i podanie ich wraz z lekami przeciwnowotworowymi takimi jak doksorubicyna, 

etopozyd, metotreksat, winkrystyna prowadzi do śmierci komórek nowotworowych 

wykazujących oporność wielolekową89 (Rysunek 23). 

 

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

Ostatnio zsyntetyzowano i zbadano wiele różnorodnych ferrocenylowych analogów 

i pochodnych związków o interesujących właściwościach przeciwnowotworowych. 

Przykładowo, pochodne kurkuminy 74 były badane pod kątem aktywności antyproliferacyjnej 

in vitro w stosunku do linii komórkowych B16 (mysi czerniak) oraz NIH3T3 (normalne 

komórki). Badania SAR wykazały, że wprowadzenie fragmentu zawierającego ferrocen do 

kurkuminy, prowadzi do związków 75-77 o wyższej aktywności antyproliferacyjnej 

w porównaniu z kurkuminą, przy czym, 77 wykazał szczególnie wysoką aktywność 

przeciwnowotworową w stosunku do linii komórkowych B16 i NIH3T3, z wartościami IC50 

wynoszącymi odpowiednio 2,2 i 6,2 μM. Przyłączanie ferrocenu do 74 zwiększyło zarówno 

aktywność, jak i selektywność cząsteczek oraz doprowadziło do zwiększonego hamowania 

polimeryzacji tubuliny90 (Rysunek 24). 
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Rysunek 24. Struktury kurkuminy 74 i pochodnych kurkuminy 75-77 

Kolejnym przykładem są ferrocenylowe pochodne iminocukrów 79a-c. Wykazano, że 

zastąpienie grupy fenylowej w 78 ferrocenem, prowadzi do związków 79a-c cechujących się 

zwiększoną zdolnością do hamowania aktywności fukozydazy (enzymu odpowiedzialnego za 

rozkładanie fukozy). Ponadto związki te wykazywały wyższą aktywność antyproliferacyjną 

w stosunku do komórek raka piersi MDA-MB-23191 niż 78 (Rysunek 25). 

 

Rysunek 25. Struktury imonocukru 78 i jego ferrocenylowych analogów 79a-c 

4.4 Białka motoryczne  

Leki działające na mikrotubule odniosły sukces kliniczny, jednakże ich stosowanie 

w chemioterapii wiąże się z poważnymi skutkami ubocznymi, co ogranicza ich kliniczną 

przydatność. Klasycznie stosowane środki antymitotyczne wpływają zarówno na podział 

komórek nowotworowych, jak i normalnych komórek, co prowadzi do mielosupresji.92 Choć 

mielosupresja jest odwracalna i możliwa do kontrolowania, neuropatia obwodowa u pacjentów 

leczonych taksanami jest poważniejszym problemem. Jest ona związana z defektem 



32 
 

neuronalnym spowodowanym zaburzeniem dynamiki mikrotubul w niedzielących się 

komórkach, takich jak neurony obwodowe, i może prowadzić do trwałego uszkodzenia 

nerwów. W związku z tym istnieje pilna potrzeba opracowania nowych leków 

przeciwnowotworowych, które zakłócają mitozę bez wpływu na dynamikę mikrotubul 

w niedzielących się komórkach, co pozwoliłoby uniknąć neuropatii.  

Jednym z celów molekularnych, które mogą spełniać powyższe założenia, są kinezyny, 

w szczególności kinezyna-5. Kinezyny to białka motoryczne związane z mikrotubulami. 

Odgrywają one rolę w wielu procesach komórkowych, takich jak w transporcie 

wewnątrzkomórkowym pęcherzyków, organelli, chromosomów i kompleksów białkowych, 

a także w podziale komórkowym. Do tej pory zidentyfikowano 650 kinezyn, które są obecne u 

wszystkich organizmów eukariotycznych. Wśród nich około 45 kinezyn mysich i ludzkich 

zostało podzielone na 14 rodzin. Wszystkie kinezyny posiadają domenę motoryczną 

zbudowaną z około 340 aminokwasów, która pozwala na przemieszczanie się po mikrotubulach, 

wykorzystując energię z hydrolizy ATP.93 Hydroliza ATP do ADP i fosforanu nieorganicznego 

Pi dostarcza energii kinezynie, co przesuwa ją wzdłuż mikrotubuli. Cykl ten umożliwia 

kinezynie „kroczenie” po mikrotubulach i transport wewnątrzkomórkowy, zwykle w kierunku 

plus (+) końca mikrotubuli94 (Schemat 2). Dzięki temu kinezyny mogą przenosić ładunki na 

znaczne odległości wewnątrz komórki bez odłączania się od mikrotubuli. 

 

Schemat 2. Mechanizm działania kinezyn 

W ostatnich latach jednym z celów farmakologicznych w leczeniu nowotworów jest 

kinezyna-5 (KSP, Eg5). Białko to ma strukturę homotetrametryczną i pośredniczy 

w przesuwaniu filamentów mikrotubul. Kinezyna-5 odgrywa kluczową rolę w tworzeniu 

dwubiegunowego wrzeciona w dzielących się komórkach i jest praktycznie nieobecna 

w komórkach niedzielących się. KSP jest potrzebna do przejścia z profazy do prometafazy, zaś 

zablokowanie jej funkcji prowadzi do zaburzenia mitozy i apoptozy komórki.8, 95  
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 4.5 Inhibitory KSP 

Odkrycie monastrolu 80, niskocząsteczkowego inhibitora kinezyny-5, zainicjowało 

poszukiwania innych związków chemicznych wykazujących zdolność do hamowania KSP. 

Odkryto szereg strukturalnie różnorodnych inhibitorów kinezyny-5, z których część weszła do 

badań klinicznych (Rysunek 26).96 Wśród tych związków można wyróżnić pochodne 

dihydropirymidyny, β-karboliny, karbazolu, benzoimidazolu, pirymidyny, chinazoliny, 

chinolonu, tiadiazoliny, spiropiranu i azobenzenu.  

 

 

Rysunek 26. Przykładowe struktury związków hamujących KSP 

Pierwszym odkrytym specyficznym inhibitorem KSP był monastrol.97 (S)-Monastrol 80 

jest 15-krotnie silniejszym inhibitorem KSP niż jego (R)-enancjomer. (S)-80 hamuje 

stymulowaną przez mikrotubule aktywność ATPazy KSP (IC50 = 30 µM) (Rysunek 27). 
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Hamowanie aktywności ATPazy w domenie motorycznej KSP przez monastrol zakłóca 

zdolność tego białka do utworzenia oraz utrzymania wrzeciona dwubiegunowego. Prowadzi to 

do zatrzymania cyklu komórkowego i indukcji apoptozy.97 Pomimo, że monastrol 80 wykazuje 

potencjał w zatrzymywaniu podziału komórek rakowych, nie jest idealnym kandydatem na lek 

ze względu na swoją niską aktywność oraz brak typowych cech farmakologicznych 

wymaganych od leków przeciwnowotworowych. 

 

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

Odkrycie monastrolu doprowadziło do opracowania jego pochodnych i analogów 

cechujących się wyższą aktywnością biologiczną oraz mniejszymi efektami ubocznymi. 

Przykładem takich związków są enastron 91, dimetylenastron 81 i fluorastrol 92. Cyklizacja 

łańcucha bocznego estrowego i grupy metylowej w monastrolu do cyklicznego ketonu 

w enastronie i dimetylenastronie prowadzi do usztywnienia konformacji, co skutkuje lepszym 

dopasowaniem tych związków do miejsca wiązania z KSP. Związki 91 i 81 wykazują zdolność 

do hamowania aktywności ATPazy KSP, z wartościami IC50 wynoszącymi odpowiednio 2 μM 

i 200 nM. Wprowadzenie dwóch grup metylowych w dimetylenastronie zwiększyło zdolność 

do hamowania aktywności KSP 10-krotnie w stosunku do enastronu98, 99 (Rysunek 28). 

 

Rysunek 28. Wzory strukturalne (S)-enastronu 91, (S)-dimetyloenastronu 81,  

(R)-fluorastrolu 92 i (R)-Mon-97 93 
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Interesującym analogiem monastrolu i dimetylenastronu jest pochodna dihydropiranu 

CPUYL064 94, która jest silnym inhibitorem KSP (ATPaza KSP IC50 = 100 nM). Związek ten 

wykazywał istotną aktywność przeciwnowotworową wobec linii komórkowej HepG2 (rak 

wątrobowokomórkowy) IC50 = 5 µM. Analiza cyklu komórkowego wykazała, iż 94 powoduje 

zatrzymanie cyklu komórkowego w fazie G2/M, tak jak ma to miejsce w przypadku 

monastrolu100 (Rysunek 29). 

 

Rysunek 29. Wzór strukturalny CPUYL064 94 

Związkiem działającym podobnie do monastrolu jest S-trytylo-L-cysteina (STLC) 82, 

która hamuje aktywność ATPazy KSP (IC50 = 1,0 µM), w porównaniu do monastrolu (IC50 = 

9,1 µM), co przekłada się na znacznie wyższą skuteczność przeciwnowotworową wobec 

komórek raka prostaty opornych na docetaksel.101 Ograniczenia w stosowaniu 82 w terapii 

przeciwnowotworowej wynikają z jego nieodpowiednich właściwości fizykochemicznych 

i niskiej przepuszczalności komórkowej. W odpowiedzi na te wyzwania, zsyntezowano szereg 

pochodnych 82 poprzez wprowadzenie podstawników do pierścienia fenylowego grupy 

trytylowej takich jak: grupy alkilowe, alkoksyle lub halogeny w pozycji para, co zwiększa 

hamowanie aktywności ATPazy KSP.102, 103 Przykładowo, S-(4-metoksytrytylo)-L-cysteina 95 

wykazuje 7-krotny wzrost aktywności hamującej ATPazę KSP w porównaniu do STLC, a przy 

tym charakteryzuje się wysoką selektywnością wobec KSP oraz niską neurotoksycznością, 

gdyż nie oddziałuje z tubuliną.104 Pochodna p-trifluorometylowa 96 wykazywała 5-krotny 

wzrost hamowania aktywności ATPazy KSP w stosunku do STLC.105 Zastąpienie jednego 

pierścienia fenylowego grupą benzylową zwiększyło aktywność hamującą ATPazę KSP 97, 

a podstawienie jednego z pierścieni fenylowych w 97 chlorem lub grupą hydroksylową 

prowadzi do związków 98 i 99 o wyższej zdolności do hamowania aktywności KSP106 

(Rysunek 30). 
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Rysunek 30. Wzór strukturalne pochodnych S-trytylo- L-cysteiny 95-99 

Silnym inhibitorem kinezyny-5 jest filanesib (ARRY-520) 86, charakteryzujący się 

wartością IC50 na poziomie 6.0 nM (Rysunek 31).107 Ciekawą cechą 86 jest jego skuteczność 

w modelach nowotworów opornych na taksany, co sugeruje, że może być on użyteczny 

w leczeniu pacjentów z nowotworami opornymi na standardowe terapie.108 Ponadto, 

w przeciwieństwie do innych terapii przeciwnowotworowych, 86 nie powoduje neuropatii 

obwodowej, co czyni go obiecującą opcją terapeutyczną z mniejszą toksycznością. Związek ten 

przeszedł badania kliniczne II fazy i wszystko wskazuje, że wejdzie w fazę III przeciwko 

szpiczakowi plazmocytowemu.109 

 

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

Do innej ważnej klasy inhibitorów KSP należy ispinesib 83.110 Ispinesib zaburza 

wiązanie KSP z mikrotubulami i hamuje jej ruch, co uniemożliwia uwalnianie ATP, ale nie 

blokuje uwalniania kompleksu KSP-ADP.111 Ispinesib był pierwszym inhibitorem kinezyny-5, 
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który przeszedł badania kliniczne, wykazując IC50 mniejsze niż 10 nM (KSP ATPaza) 

i minimalne skutki uboczne. Trzynaście badań klinicznych dotyczących monoterapii 

ispinesibem w leczeniu guzów litych oraz nowotworów hematologicznych zostało 

zakończonych lub przerwanych.111 Dodatkowo, zakończono trzy badania kliniczne fazy I/II, 

w których stosowano terapię ispinesibem skojarzoną z docetakselem, kapecytabiną oraz 

karboplatyną w leczeniu guzów litych.112, 113 We wszystkich badaniach, 83 był dobrze 

tolerowany przez pacjentów, ale nie zaobserwowano znaczących pozytywnych wyników 

leczenia, a jedynie kilka przypadków stabilizacji choroby.112 Wynika z tego, że 83 opóźniał 

postęp choroby, jednak jego działanie nie było na tyle silne, aby wywołać regresję guza. 

Optymalizacja struktury ispinesibu w 2006 roku doprowadziła do odkrycia związku SB-

743921 84 poprzez izosteryczne zastąpienie pierścienia chinazolinowego pierścieniem 

chromen-4-onu.114 Związek 84 wykazywał IC50 na poziomie 0,1 nM i wszedł do dwóch badań 

klinicznych fazy I/II, które zostały już zakończone.115 Badania toksyczności wykazały 

przewidywalne działania niepożądane, takie jak neutropenia i toksyczność żołądkowo-jelitowa, 

bez oznak neurotoksyczności.113 

Kolejnym przykładem analogu ispinesibu jest ARQ621 85, który wykazuje aktywność 

przeciwnowotworową przeciwko szerokiemu spektrum linii komórkowych w badaniach in 

vitro.116 W 2009 roku 85 wszedł do I fazy badań klinicznych u pacjentów z guzami litymi jako 

monoterapia, wykazując dobrą tolerancję z najczęstszymi działaniami niepożądanymi 

w postaci zmęczenia, nudności i niedokrwistości. Jednak 85 nie wykazał zauważalnych 

efektów terapeutycznych ani postępu jako potencjalny lek przeciwnowotworowy117 (Rysunek 

32). 

 

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

W ostatnim czasie zsyntezowano półsandwiczowe kompleksy ispinesibu zawierające 

metale takie jak, ruten (Ru), osm (Os), rod (Rh) i iryd (Ir). Kompleksy z Ir i Rh (102a, 103a, 
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102b, 103b) wykazały wyższą aktywność w hamowaniu KSP niż sam ispinesib.55 Związki 

z (R)-enancjomerycznym ligandem hamowały aktywność ATPazy KSP od 75% (107a) do 90% 

(108a) przy stężeniu 100 nM, jednak nie osiągnęły skuteczności ispinesibu, który wykazał 98% 

inhibicję.56 Sugeruje to, że kompleksy metaloorganiczne z inhibitorami KSP mogą zwiększać 

skuteczność leczenia przeciwnowotworowego118, 119 (Rysunek 33). 

 

Rysunek 33. Struktury półsandwiczowych kompleksów ispinesibu 100a-108b   
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Hipoteza badawcza 

Wprowadzenie podstawnika ferrocenylowego do struktury znanych inhibitorów 

kinezyny-5 może zwiększy aktywność przeciwnowotworową otrzymanych hybryd poprzez 

połączenie cytotoksycznych właściwości grupy ferrocenylowej z selektywnym hamowaniem 

aktywności KSP, co doprowadzi do skutecznego zatrzymania mitozy w komórkach 

nowotworowych. 

 

Obecność ugrupowania ferrocenylowego może przyczynić się do wzrostu 

cytotoksyczności otrzymanych koniugatów ze względu na zdolność tych ugrupowań do 

generowania reaktywnych form tlenu oraz wpływania na procesy komórkowe prowadzące do 

apoptozy. Dodatkowo, fragmenty wiążące się z KSP umożliwią selektywne hamowanie 

aktywności tego białka, które jest kluczowe dla prawidłowego przebiegu mitozy. Połączenie 

obu tych strategii w jednej cząsteczce może prowadzić do synergistycznego efektu, zwiększając 

skuteczność przeciwnowotworową i minimalizując skutki uboczne terapii. Takie koniugaty 

mogą wykazywać większą selektywność wobec komórek nowotworowych, co pozwoli na 

ograniczenie wpływu na zdrowe komórki i zmniejszenie potencjalnej toksyczności. Oczekuje 

się, że otrzymane związki będą w stanie skuteczniej zatrzymywać podział komórek 

nowotworowych poprzez hamowanie aktywności KSP, jednocześnie wykorzystując 

cytotoksyczne właściwości ugrupowań metaloorganicznych. 
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5. Cel badań 

Celem mojej pracy doktorskiej była synteza nowych hybrydowych związków 

chemicznych, w których struktury znanych inhibitorów kinezyny-5 zostały zmodyfikowane 

poprzez wprowadzenie podstawnika ferrocenylowego. Zamierzałam zbadać wpływ obecności 

ugrupowania ferrocenylowego na aktywność przeciwnowotworową tych związków, ze 

szczególnym uwzględnieniem ich zdolności do selektywnego hamowania aktywności 

kinezyny-5 oraz indukcji apoptozy w komórkach nowotworowych. 

Do swoich badań wybrałam trzy znane inhibitory kinezyny-5 jako związki: monastrol, 

CPUYL064 oraz ispinesib. Poprzez wprowadzenie grupy ferrocenylowej do ich struktur 

dążyłam do połączenia cytotoksycznych właściwości ugrupowania ferrocenylowego 

z hamowaniem aktywności KSP.  

 

Rysunek 34. Struktury monastrolu 80 CPUYL064 94 i ispinesibu 83  
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6. Omówienie wyników badań 

6.1 Ferrocenylowe analogi monastrolu  

Badania wpływu wprowadzenia podstawnika ferrocenylowego do inhibitorów KSP na 

ich właściwości biologiczne rozpoczęto od syntezy ferrocenylowych analogów monastrolu. 

Zaplanowano dwa główne typy modyfikacji cząsteczki monastrolu (Schemat 3). Modyfikacje 

typu I polegały na zastąpieniu grupy 3-hydroksyfenylowej podstawnikiem ferrocenylowym 

oraz o-, m-, p-ferrocenylofenylowym. Modyfikacje typu II polegały na zastąpieniu grupy 4-

metylowej w monastrolu grupą ferrocenylową lub o-, m-, p-ferrocenylofenylową. 

Postanowiono także zbadać wpływ zamiany atomu siarki na atom tlenu w tak otrzymanych 

koniugatach.  

 

Schemat 3. Planowane modyfikacje monastrolu 

Ferrocenylowe analogi monastrolu typu I postanowiono zsyntezować w reakcji 

Biginelliego120 pomiędzy ferrocenokarboaldehydem lub o-, m- i p-ferrocenylobenzaldehydem, 

acetylooctanem etylu oraz tiomocznikiem lub mocznikiem. W pierwszym etapie badań 

zoptymalizowano warunki reakcji ferrocenylokarboaldehydu, acetylooctanu etylu 

i tiomocznika. W reakcji prowadzonej w obecności katalitycznej ilości kwasu solnego 

otrzymano związek 111a z wydajnością 53%. Stwierdzono jednak, że w tych warunkach 

reakcji, w przypadku zastosowania o-, m-, p-ferrocenylobenzaldehydów, nie powstają 

oczekiwane produkty. Zaobserwowano, że zastąpienie kwasu solnego chlorkiem antymonu(III) 

doprowadziło do powstania oczekiwanych produktów 111b-d z wydajnościami 23-76%, zaś 

wydajność 111a była niższa niż przy użyciu kwasu solnego i wynosiła 49%. W przypadku 

pochodnych mocznika otrzymano produkty 112a-d z wydajnościami w zakresie 72-80% 

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

Ferrocenylowe analogi monastrolu typu II 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 obecności kwasu trifluorometanosulfonowego z praktycznie ilościową wydajnością 

(Schemat 5).79 o-, m- oraz p-ferrocenylobenzoilooctany etylu 113b-d zsyntetyzowano w reakcji 

odpowiednich aldehydów 113b-d z diazooctanem etylu w obecności katalitycznej ilości NbCl5 

z wydajnością 11-65% adaptując znaną procedurę121 (Schemat 6). Strukturę produktów 

potwierdzono metodami spektroskopii NMR. W widmach 1H NMR produktów 113a-d 

obserwowano sygnały przypisane dla protonów OH enolu przy około 12,3-12,6 ppm, dla 

związków 113b-d obserwowano dodatkowo sygnały pochodzące od protonu CHAR-enol przy ok 

7,79-7,30 ppm.  

 

Schemat 5. Synteza ferrocenylowego β-ketoestru 113a 

 

Schemat 6. Synteza ferrocenylowych β-ketoestrów 113b-d 



45 
 

W kolejnym etapie otrzymane b-ketoestry 113a-d poddano reakcji Biginelliego. 

Stwierdzono, że reakcja 113a-d z 3-hydroksybenzaldehydem i tiomocznikiem 

w zoptymalizowanych wcześniej warunkach (SbCl3, 24h, temp. pokojowa) prowadzi do 

mieszaniny związków, których nie dało się rozdzielić żadną dostępną metodą, a oczekiwane 

produkty były obecne jedynie w niewielkich ilościach. W przypadku użycia mocznika zamiast 

tiomocznika w powyższych warunkach, wyizolowano z wydajnością 10-34% jedynie związki 

117a-d, które wytrąciły się z mieszaniny reakcyjnej (Schemat 7).  

 

Schemat 7. Synteza ferrocenylowych pochodnych monastrolu typu II 

W celu optymalizacji powyższej reakcji monitorowano jej postęp za pomocą HPLC-

MS. Jako reakcję modelową wybrano reakcję pomiędzy p-ferrocenoilooctanem etylu 113a, 3-

hydroksybenzaldehydem 114, tiomocznikiem i mocznikiem w obecności SbCl3 w temperaturze 

pokojowej. W przypadku użycia mocznika, analiza HPLC-MS surowej mieszaniny reakcyjnej 

potwierdziła, że głównym produktem jest 117a (43,8%), podczas gdy pożądany produkt 116a 

powstał z wydajnością 9,4%. W surowej mieszaninie poreakcyjnej stwierdzono obecność 

niewielkiej ilość nieprzereagowanego substratu 113a (13,1%). W przypadku użycia 

tiomocznika stwierdzono także obecność produktu niecyklicznego 118a w ilości 29,0%, oraz 

5.5% oczekiwanego produkt 115a oraz substratu 113a w ilości 34,9%. Podwyższenie 

temperatury reakcji do 40°C spowodowało zmniejszenie zawartości związków niecyklicznych 

117a i 118a (odpowiednio do 34,2 i 25,5%) przy jednoczesnym zwiększeniu zawartości 

pożądanych produktów heterocyklicznych 116a i 117a (odpowiednio do 25,5 i 29,5%) (Tabela 

2). Wydłużenie czasu reakcji do 72h zwiększyło wydajność oczekiwanych produktów do 

odpowiednio 35 i 41%.  
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Czas Temperatura Katalizator Rozpuszczalnik 
115a 

(X=S) 

116a 

(X=O) 

117a 

(X=O) 

118a 

(X=S) 

24h 21°C SbCl3 CH3CH2OH 5,5% 9,4% 43,8% 29,0% 

24h 40°C SbCl3 CH3CH2OH 29,5% 25,5% 34,2% 25,5% 
 

Tabela 2. Wydajności produktów powstałych w temperaturze pokojowej (lub 40°C) w surowej 

mieszaninie reakcyjnej, które zostały określone za pomocą HPLC-MS 

W zoptymalizowanych dla 113a warunkach przeprowadzono reakcję o-, m- i p-

ferrocenylobenzoilooctanów etylu 113b-d z 3-hydroksybenzaldehydem, tiomocznikiem lub 

mocznikiem oraz SbCl3 w temperaturze 40°C przez 72 godziny. W przypadku zastosowania 

tiomocznika, otrzymano oczekiwane produkty 115c, 115d z wydajnościami 10-54%. Niestety, 

wszelkie próby syntezy o-ferrocenylofenylowej pochodnej 115b zakończyły się 

niepowodzeniem. W przypadku użycia mocznika jako substratu próby syntezy tlenowych 

analogów zawierających grupy o-, m- lub p-ferrocenylofenylowe 116b-d w powyższych 

warunkach także zakończyły się niepowodzeniem. W związku z tym, postanowiono 

przeprowadzić powyższe reakcje w innych warunkach. Prowadząc reakcje w reaktorze 

mikrofalowym w obecności 10 mol% trifluorometanosulfonianu iterbu (III) w 2,2,2-

trifluoroetanolu jako rozpuszczalniku w temperaturze 110°C przez 30 minut otrzymano związki 

116c i 116d z wydajnością odpowiednio 6,2% i 1,4%. Zaobserwowano także powstawanie 

śladowych ilości związków 117c i 117d, natomiast pochodne 115b i 116b nie powstały. 

Struktura i czystość wszystkich związków została potwierdzona za pomocą 

spektroskopii NMR oraz HPLC-MS. W widmach 1H NMR związków 111a-d i 115c-d 

zaobserwowano dwa sygnały przypisane dla protonów H-1 i H-3 odpowiednio przy ok 10,5 

i 9,7 ppm, podczas gdy w 112a-d protony te obserwowano przy ok 9,1 i 7,5 ppm. Natomiast 

w przypadku 115a kolejność pików protonowych H-1 i H-3 była odwrócona, a odpowiednie 

sygnały występowały przy ok 8,7 i 9,9 ppm. W widmach 1H NMR związków 117a-d sygnały 

grupy NH2 występują przy ok 5,6 ppm, a NH przy ok 6,6 ppm jako szerokie singlety lub dublety 

(Rysunek 36). 
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Rysunek 35. Widmo 1H NMR związku 116a 

 

 

Rysunek 36. Widmo 1H NMR związku 117a 

We współpracy z dr hab. prof. UW Anną Makal z Uniwersytetu Warszawskiego 

zbadano struktury krystalograficzne 111a i 115a (Rysunek 37). Oba związki krystalizują 
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w centrosymetrycznych grupach przestrzennych: C2/c dla 111a oraz P2₁/c dla 115a, jako 

mieszaniny racemiczne. W obu przypadkach w jednostce asymetrycznej znajduje się 

pojedyncza cząsteczka związku. Związek 115a współkrystalizował z jedną cząsteczką 

dichlorometanu. 

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

 

Geometryczna struktura pierścieni heterocyklicznych w pochodnych monastrolu 111a 

i 115a jest niemal identyczna jak w przypadku monastrolu, co wskazuje, że podstawienie grupy 

ferrocenylowej w pozycji C2 lub C4 nie wpływa na geometrię farmakoforu. Pomimo 

wprowadzenia podstawnika ferrocenylowego, wiązania wodorowe w strukturze molekularnej 

111a są zasadniczo takie same jak w monastrolu. Zarówno grupy N1–H, jak i N2–H działają 

jako donory wiązań wodorowych, a cząsteczki 111a tworzą dimery połączone parą wiązań N–

H⋯S. Z kolei zastąpienie grupy metylowej w monastrolu przez ferrocen w pozycji C4 

w związku 115a prowadzi do innego układu wiązań wodorowych. W tym przypadku N2–H 

działa jako donor wiązania wodorowego dla atomu O2, a nowy pierścieniowy układ wiązań N–

H⋯O oraz O–H⋯S tworzy się z udziałem grupy hydroksylowej podstawnika m-

hydroksyfenylowego.  

Aktywność antyproliferacyjna zsyntetyzowanych została zbadana we współpracy z dr. 

Błażejem Rychlikiem i dr. Andrzejem Błaużem (Katedra Biofizyki Molekularnej Uniwersytetu 

Łódzkiego) wobec komórek nowotworowych: A549 (gruczolakorak komórek nabłonka 

pęcherzyków płucnych), Colo 205 (gruczolakorak jelita grubego), HCT116 (rak jelita grubego), 

HepG2 (rak wątrobowokomórkowy), MCF7 (gruczolakorak piersi) i SW620 (gruczolakorak 

jelita grubego), a także w panelu pięciu lekoopornych (MDR) linii komórkowych 
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charakteryzujących się nadekspresją różnych białek ABC: ABCG2 (SW620C), 

ABCC1(SW620M i SW620E), ABCB1(SW620D, SW620E, SW620V). 

Początkowo oceniono wpływ zsyntetyzowanych związków na przeżywalność komórek 

nowotworowych przy stężeniu odpowiadającemu wartości IC₅₀ monastrolu dla danej linii 

komórkowej. Na podstawie uzyskanych danych wybrano dziesięć najbardziej aktywnych 

związków, dla których określono wartości IC₅₀ w badanych liniach komórkowych.  

Wprowadzenie grupy ferrocenylowej w miejsce grupy 3-hydroksyfenylowej 

w monastrolu (związek 111a) nieznacznie zwiększyło aktywność przeciwnowotworową wobec 

linii komórkowych Colo 205, HepG2 i SW620. Znaczne zwiększenie aktywności 

zaobserwowano w przypadku zastąpienia grupy 3-hydroksyfenylowej ugrupowaniem 

ferrocenylowo-fenylowym. Najbardziej aktywnymi związkami okazały się 111b i 111d, 

zawierające odpowiednio grupy o-ferrocenylofenylową i p-ferrocenylofenylową. Wymiana 

atomu siarki na atom tlenu w pierścieniu heterocyklicznym prowadziła do zmniejszenia 

aktywności antyproliferacyjnej dla związków typu I, z wyjątkiem związku 112b, który mimo 

obecności atomu tlenu wykazywał znaczącą aktywność, prawdopodobnie ze względu na 

obecność grupy o-ferrocenylofenylowej. 

Zastąpienie grupy 6-metylowej w monastrolu podstawnikami ferrocenylowym lub 

ferrocenylofenylowymi (związki 112a,c,d) znacząco zwiększyło aktywność antyproliferacyjną 

związków typu II. Szczególnie wyróżniał się związek 112c, zawierający grupę m-

ferrocenylofenylową, który wykazywał najwyższą aktywność wśród wszystkich badanych 

związków, z wartościami IC₅₀ w zakresie 1–5 µM dla wszystkich linii komórkowych. Badania 

na liniach komórek opornych (MDR) wykazały, że większość zsyntetyzowanych związków 

była bardziej aktywna niż monastrol wobec komórek MDR, zaś najwyższą cytotoksyczność 

wykazywały związki 111b i 112d. Otrzymane wyniki pozwoliły na wybranie trzech związki do 

dalszych badań: ferrocenylowy analog monastrolu 111a oraz dwa analogi tlenowe 112b i 115c 

(Rysunek 38). 
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Rysunek 38. Cytotoksyczność ferrocenylowych analogów monastrolu (111a, 112b, 115c) w liniach 

komórkowych, 51,0 μM (A549), 112 µM (Colo 205),  41,9 µM (HCT 116), 78,1µM (HepG2), 29,4 µM 

(MCF7), 84,7 µM (SW620) oraz liniach komórkowych raka MDR. Przedziały ufności (95%) 

przedstawiono w nawiasach kwadratowych. Zebrane wartości są średnią z trzech niezależnych 

eksperymentów 

W kolejnym etapie, zbadano efektywność wybranych związków w hamowaniu 

aktywności kinezyny-5 w porównaniu z monastrolem. Aktywność kinezyny mierzono poprzez 

ocenę szybkości hydrolizy ATP, korzystając z zestawu Kinesin ATPase Endpoint Biochem Kit, 

przy stężeniu wynoszącym 10 µM. Wykazano, że resztkowa aktywność ATP-azy KSP była 

dwukrotnie niższa w przypadku ferrocenylowych analogów w porównaniu z monastrolem: dla 

związku 111a wynosiła 7,2%, dla 112b – 8,8%, a dla 115c – 9,8%, podczas gdy dla monastrolu 

była to 18,7%. Stwierdzono także, że żaden z badanych związków nie hamował aktywności 

innych kinezyn takich jak: KIF4A, KIF23 oraz MCAK. Uzyskane wyniki sugerują, że 

modyfikacje monastrolu poprzez wprowadzenie ugrupowań ferrocenylowych nie zmieniają 

specyficzności działania jego analogów. Zwiększona efektywność inhibicji KSP przez badane 

związki wskazuje, że są one skuteczniejszymi inhibitorami KSP niż monastrol, zachowując 

przy tym selektywność wobec tego białka.  
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W dalszej kolejności zbadano wpływ związków ferrocenowych 111a, 112b, 115c, na 

zdolność generowania ROS w komórkach nowotworowych. Stwierdzono, że wprowadzenie 

podstawnika ferrocenylowego do monastolu prowadzi do niewielkiego zwiększenia zdolności 

do generowania ROS w komórkach nowotworowych o ok 25% dla związków 112b i 115c.  

 
Rysunek 39. Generowanie ROS w komórkach SW620 po 4h ekspozycji na związki (1 µM) 

Zbadano wpływ związków na cykl komórkowy w komórkach SW620 oraz SW620V. 

Stwierdzono, że ferrocenylowy analog monastrolu 111a i monastrol wykazują podobny wpływ 

na cykl komórkowy. W porównaniu do monastrolu i 111a analogi 112b i 115c prowadziły do 

zwiększenia liczby komórek apoptycznych (frakcja sub-G1) i zmniejszenia liczby komórek 

w fazie G0/G1 szczególnie w komórkach SW620.  

We współpracy 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 potwierdziły, że 

położenie podstawników ferrocenylowych w koniugatach silnie wpływa na ich powinowactwo 

do kinezyny-5. Najskuteczniejsze wiązanie osiągnięto, gdy grupy ferrocenylowe były 

rozmieszczone w sposób umożliwiający interakcję związku z miejscami allosterycznymi 

białka. Analiza wyników dokowania wykazała również kluczowe wiązania wodorowe 

i hydrofobowe, odpowiadające za stabilizację kompleksu ligand-białko (Rysunek 40). 

 



52 
 

 

Rysunek 40. Oddziaływania związku 115c (A) i 111a (B) z kieszenią wiążącą KSP 

Podsumowując, wprowadzenie ugrupowania ferrocenylowego do monastrolu prowadzi 

do związków wykazujących wyższą cytotoksyczność zarówno w stosunku do nowotworowych 

linii komórkowych jak i linii wykazujących oporność wielolekową. Wykazano, że 

wprowadzenie podstawnika ferrocenylowego zwiększa zdolność do hamowania aktywności 

kinezyny-5 oraz zwiększa zdolność do generowania ROS. Uzyskane wyniki sugerują, że 

cytotoksyczność tych związków jest związana nie tylko z hamowaniem KSP, ale także 

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

Ze względu na znaczący wpływ grupy ferrocenylowej na właściwości cytotoksyczne 

monastrolu, postanowiono zbadać jej wpływ na aktywność przeciwnowotworową innego 

inhibitora kinezyny-5, CPUYL064.122 Modyfikacja typu I polegała na zastąpieniu grupy 

fenylowej podstawnikiem metalocenowym lub podstawnikiem o-, m-, p-

ferrocenylofenylowym z jednoczesnym zachowaniem grup metylowych w pozycji C-7 lub 

z ich modyfikacją. Dla porównania zsyntetyzowano również analogi estrowe. Modyfikacja 

typu II polegała na zastąpieniu podstawnika 4-chlorofenylowego grupy amidowej, 

podstawnikami o-, m-, p-ferrocenylofenylowymi.  

 

Schemat 8. Planowane modyfikacje CPUYL064 

Powyższe związki otrzymano z odpowiednich cykloheksano-1,3-dionów A, aldehydów 

aromatycznych B i odpowiednich β-ketoamidów lub β-ketoestrów C (Rysunek 41).  

 

Rysunek 41. Projekt syntezy ferrocenylowych analogów CPUYL064 

Prace rozpoczęto od zsyntetyzowania niezbędnych substratów. W reakcji arylowania 

ferrocenu świeżo przygotowanymi chlorkami o-, m-, p-nitrobenzenodiazoniowymi otrzymano 

odpowiednie o-, m-, p-ferrocenylonitrobenzeny 120a-c z wydajnościami w zakresie 30-94%. 

Następnie, związki te poddano redukcji grupy nitrowej do aminowej przy użyciu mrówczanu 
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amonu w obecności Pd/C (10%), uzyskując o-, m-, p-ferrocenyloaniliny 121a-c z praktycznie 

ilościową wydajnością (Schemat 9). Otrzymane o-, m-, p-ferrocenyloaniliny 121a-c poddano 

reakcji z acetylooctanem etylu w obecności katalitycznej ilości tert-butanolanu potasu 

w toluenie. Reakcje prowadzono w temperaturze 160°C przez 20-30 minut w reaktorze 

mikrofalowym, otrzymując odpowiednie β-ketoamidy 122a-c z wydajnościami w zakresie 19-

32% (Schemat 9). 

 

Schemat 9. Synteza acetoacetanilidów 122a-c 

Związek 125e zsyntetyzowano zgodnie ze Schematem 10. Stosując krzyżową 

kondensację aldolową z ferrocenokarboksyaldehydu i acetonu w środowisku zasadowym, 

otrzymano związek 123.123 Związek ten poddano reakcji ze świeżo przygotowaną solą sodową 

malonianu dietylu, otrzymując odpowiedni β-ketoester 124.124 Następnie przeprowadzono 

hydrolizę β-ketoestru za pomocą roztworu wodorotlenku sodu, uzyskując β-ketokwas. Bez 

wydzielania poddano go dekarboksylacji poprzez ogrzanie z nadmiarem kwasu solnego, 

otrzymując 5-ferrocenylocykloheksano-1,3-dion 125e z sumaryczną wydajnością 29%. 

 

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

Struktura 125e została potwierdzona za pomocą analizy NMR i spektrometrii mas (MS). 

Zaobserwowano, że w roztworze DMSO-d6 związek 125e istnieje wyłącznie w formie 

enolowej. W widmie 1H NMR widoczne są dwa charakterystyczne sygnały: jeden pochodzący 

od grupy OH przy 11,07 ppm oraz drugi pochodzący od protonu winylowego H-2 przy 5,23 

ppm (Rysunek 42). Widmo 13C{1H} NMR wykazało sygnały węgla karbonylowego C-1 przy 

197,1 ppm i węgla C-3 przy 176,9 ppm. Stwierdzono, że w roztworze CD2Cl2 związek 125e 

istnieje wyłącznie w formie diketonowej (Rysunek 43). W widmie 13C{1H} NMR 
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zarejestrowano sygnał grupy karbonylowej przy 203,9 ppm. Widma 1H NMR potwierdziły 

obecność sygnałów pochodzących od podstawnika ferrocenylowego oraz protonów 

cykloheksanu, natomiast nie zaobserwowano sygnałów enolu. Zmiany temperatury próbki 

miały niewielki wpływ na widma NMR. 

 

Rysunek 42. Widmo 1H NMR związku 125e w DMSO-d6 

 

Rysunek 43. Widmo 1H NMR związku 125e w CD2Cl2 
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Związki typu I 94, 129b-j i 130a-j zsyntetyzowano wykorzystując reaktor mikrofalowy 

w reakcji cykloheksano-1,3-dionów 125a-e z odpowiednimi aldehydami 109a-c, 126, 127 oraz 

4′-chloroacetooacetanilidem 128a lub acetylooctanem etylu 128b w obecności octanu amonu 

w 2,2,2-trifluoroetanolu w temperaturze 110°C w 10 minutowych cyklach, przy czym 

całkowity czas reakcji różnił się w zależności od związku (Schemat 11).  

 

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

Struktury związków 129b-j i 130a-j potwierdzono za pomocą analizy NMR. 

W widmach 1H i 13C{1H} NMR amidu 129d obecność dużego podstawnika w pozycji C-4 

spowodowała pojawienie się dodatkowych sygnałów, które przypisano rotamerom (Rysunek 

44). W przypadku analogu estrowego 130d obserwowano tylko jeden zestaw sygnałów 

świadczący o braku rotamerów (Rysunek 45). 
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Rysunek 44. Widmo 1H NMR związku 129d 

 

Rysunek 45. Widmo 1H NMR związku 130d 

W widmach 1H i 13C{1H} NMR związków 129g-i i 130g-i zawierających po jednym 

podstawniku w pozycji C-4 i C-7 obserwowano sygnały pochodzące od mieszaniny 

diastereoizomerów. Przykładowo, dla głównego diastereoizomeru związku 130g obserwowano 

sygnał pochodzący od protonu H-1 przy 9,10 ppm, natomiast dla drugiego diastereoizomeru 

sygnał pochodzący od protonu H-1 występuje przy 9,18 ppm. Obecność diastereoizomerów 

potwierdzono dodatkowo za pomocą HPLC (Rysunek 47). 
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Rysunek 46. Widmo 1H NMR związku 130g 

 

Rysunek 47. Chromatogram HPLC związku 130g 

Stosując tę samą procedurę zsyntetyzowano związki typu II 131a-c z wydajnościami 

w zakresie 42-60% (Schemat 12) W przypadku tych związków w widmach 1H i 13C{1H} NMR 

nie zaobserwowano obecności sygnałów pochodzących od rotamerów lub diastereoizomerów. 

W widmach 1H NMR produktów obecne były dodatkowe sygnały w zakresie 

charakterystycznym dla protonów aromatycznych oraz sygnały pochodzące od podstawionego 

i niepodstawionego liganda h5-cyklopentadienylowego, co potwierdza strukturę otrzymanych 

związków. 
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Schemat 12. Synteza docelowych związków 131a-c 

Badania aktywności biologicznej zostały wykonane we współpracy z dr. Błażejem 

Rychlikiem i dr. Andrzejem Błaużem (Katedra Biofizyki Molekularnej Uniwersytetu 

Łódzkiego). Rozpoczęto od badań przeżywalności nowotworowych linii komórkowych 

w obecności zsyntezowanych związków przy stężeniu równym wartość IC50 dla związku 

referencyjnego 94 (Rysunek 48). Badania te wykazały, że zastąpienie grupy 4-fenylowej 

podstawnikiem ferrocenylowym prowadzi do związku 129b wykazującego podobną aktywność 

jak 94. Wprowadzenie podstawnika rutenocenylowego zamiast ferrocenylowego prowadzi do 

związku nieaktywnego (przeżywalność powyżej 91%). Stwierdzono jednak, iż wprowadzenie 

podstawnika o-ferrocenylofenylowego zamiast grupy 4-fenylowej w 94 prowadzi do związku 

129f charakteryzującego się wyższą cytotoksycznością niż związek referencyjny. Stwierdzono, 

że modyfikacja związku 129b w pozycji C-7 również prowadzi do związków o wysokiej 

aktywności. Ponadto, zastąpienie podstawnika amidowego grupą estrową spowodowało, 

iż większość z otrzymanych ferrocenylowych estrowych analogów CPUYL064 wykazywała 

znaczną cytotoksyczność. Wprowadzenie grupy ferrocenylowej do podstawnika fenylowego 

grupy amidowej nie prowadziło do zwiększenia cytotoksyczności. Uzyskane wyniki pozwoliły 

na wybranie czterech związków amidowych oraz sześciu związków estrowych do dalszych 

badań. Dla wybranych związków wyznaczono wartości IC50 w stosunku do nowotworowych 

linii komórkowych, co umożliwiło wybranie najaktywniejszych związków w tym jednego estru 

130f oraz trzech amidów 129g,h,j wykazujących najwyższy wzrost aktywności (do 19 razy) 

w porównaniu do 94. Badania aktywności zsyntezowanych związków w stosunku do komórek 

nienowotworowych MRC-5 wykazały, że za wyjątkiem 129j wykazują one wysoką 

toksyczność w stosunku do linii nienowotworowych.  
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Rysunek 48. Wartości IC50 dla wybranych pochodnych 129g,h,j i 130f przedziały ufności (95%) 

przedstawiono w nawiasach kwadratowych, współczynniki oporności podano stosunek wartości IC50 

dla związku dla linii opornej względem wrażliwej. Zebrane wartości są średnią z trzech niezależnych 

eksperymentów 

 

Związek 

IC
50

 (µM) 

94 129g 129h 129j 130f 

MRC-5 
68,3 

[43,4-166] 

6,43 

[5,52-7,46] 

4,57 

[3,76-5.10]* 

20,8 

[18,2-23,6] 

1,99 

[1,66-2,40] 

Tabela 3. Potencjał antyproliferacyjny wybranych pochodnych 1,4-dihydropirydyny w komórkach 

MRC-5 (czas ekspozycji 72 h). Przedziały ufności 95% (lub 90%, *) przedstawiono w nawiasach 

kwadratowych. Zebrane wartości są średnią z trzech niezależnych eksperymentów 

Stwierdzono, że związek 94 indukuje zależną od stężenia i czasu blokadę fazy G2/M 

w komórkach HepG2, jednak w liniach komórkowych A549 i SW620 obserwowano inne 

efekty. W obu tych liniach proporcja komórek w fazie G1 malała, a w fazie S wzrastała wraz 

z czasem ekspozycji. Blokada w fazie G2/M była słabo widoczna w komórkach A549, ale 

wyraźna w SW620. W przypadku innych związków różnice były jeszcze bardziej zauważalne. 

W linii A549 odsetek komórek w fazie G1 pozostawał wysoki (ponad 80%), a liczba komórek 

w fazach S i G2/M malała, bez obserwacji blokady G2/M. Natomiast komórki SW620 

reagowały przewidywalnie: związki 129g i 129j indukowały blokadę G2/M zależną od czasu, 
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podczas gdy związki 129h i 130f powodowały wzrost liczby komórek w fazie G1 i spadek 

w fazie G2/M, co jest typowe dla związków blokujących przejście do fazy S. Uzyskane wyniki 

sugerują, że badane związki są silnymi czynnikami antymitotycznymi, hamującymi proliferację 

komórek przez zatrzymanie ich w różnych fazach cyklu komórkowego. W przeciwieństwie do 

tradycyjnych środków przeciwmitotycznych, które blokują komórki w fazie G2/M badane 

związki indukują także blokadę G1/S, wskazując na odmienny mechanizm działania 

w porównaniu do 94. 

Zdolność do inhibicji aktywności KSP przez badane związki oceniono za pomocą testu 

hydrolizy adenozyno-5'-trifosforanu (ATP). Przy stężeniu 10 nM wszystkie badane związki 

były w stanie zahamować aktywność KSP o około 45-55%. Przy stężeniu wynoszącym 100 nM 

amid 129f oraz ester 130f wykazywały podobną zdolność do hamowania aktywności KSP jak 

94. Dalsze zwiększanie stężenia związków do 1 µM doprowadziło do całkowitego 

zahamowania aktywność KSP.  

W dalszej kolejności przeprowadzono badania zdolności tych związków do 

generowania ROS przy stężeniach 1 µM i 10 µM poprzez pomiar szybkości utleniania 

dihydrorodaminy 123 wewnątrz komórek rakowych (Tabela 4). 

Związek ROS [% wartości kontrolnej] 

A549 SW620 

 
1 µM 10 µM 1 µM 10 µM 

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±0,6 106,7±3,1 137,3±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 komórkach A549 i SW620 po 4h ekspozycji na 

związki przy stężeniu 1 µM i 10 µM. Zebrane dane są średnią z trzech niezależnych eksperymentów 

Badanie zdolności do generowania ROS przez badane związki 129h, 129j i 130f przy 10 µM 

wykazały, że związki te indukowały generowanie ROS w komórkach SW620, podobnie jak 

związek 94. Związek 129g był mniej aktywny niż 94, ale nadal zwiększał produkcję ROS 

o ponad 20% przy 10 µM. Żaden z badanych związków nie zwiększał produkcji ROS 
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w komórkach A549, co sugeruje specyficzną odpowiedź komórkową i może wynikać 

z nadregulacji szlaku NRF-2 w tych komórkach. Wyniki wskazują, że modyfikacje związku 94 

nie poprawiły jego zdolności do generowania ROS w porównaniu do 94. 

Podsumowując, spośród 22 zsyntezowanych związków wstępnie wyselekcjonowano 10 

o najwyższej aktywności przeciwnowotworowej, z których następnie zidentyfikowano cztery 

najbardziej aktywne. Stwierdzono, że aktywność biologiczna silnie zależy od struktury 

chemicznej: estry wykazywały wyższą cytotoksyczność niż amidy. Amid 129j, bez 

podstawników w pozycji C-7, wykazał znaczącą aktywność jako inhibitor KSP jednakże nie 

wyższą niż związek referencyjni 94. Inne cytotoksyczne amidy z grupami metylowymi lub 

fenylowymi w pozycji C-7 wykazywały mniejszą aktywność inhibitora KSP, ale zachowały 

wysoki potencjał antyproliferacyjny. Obecność podstawników ferrocenylowych nie zwiększyła 

zdolności związków do generowania reaktywnych form tlenu. Wszystkie związki były jednak 

zdolne do indukowania blokady w fazie G1/S, co jest nietypowe dla tradycyjnych inhibitorów 

KSP.  

6.3 Ferrocenylowe analogi ispinesibu 

W kolejnym etapie postanowiono zsyntezować metaloorganiczne analogi i koniugaty 

ispinesibu, który przeszedł badania kliniczne fazy II jako silny inhibitor KSP. Zaplanowano 

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

• Modyfikacja typu I polegała na usunięciu grupy p-toluoilowej oraz 3-aminopropylowej 

i zastąpieniu ich podstawnikami: benzylowym, o-, m- i p-ferrocenylobenzylowym, 

ferrocenylometylowym oraz adamantylo-1-metylowym.  

• Modyfikacja typu II polegała na zastąpieniu podstawnika 3-aminopropylowego tymi 

samymi podstawnikami co w modyfikacji typu I. 

• Modyfikacja typu III polegała na wprowadzeniu wymienionych podstawników do łańcucha 

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

Prace rozpoczęto od zsyntetyzowania niezbędnych substratów. Enancjomerycznie 

czystą aminę (R)-139 i (S)-139 zsyntetyzowano według procedury opisanej w literaturze 

(Schemat 14).111 Stwierdzono, że synteza związku 135 nie przebiegała całkowicie, w związku 

z czym zmodyfikowano procedurę literaturową. Wydłużenie czasu reakcji z 8 godzin do 17 

godzin przy jednoczesnym podniesieniu temperatury ze 160°C do 190°C umożliwiło 

otrzymanie związku 135 z wydajnością 85%. W dalszej kolejności związek 135 przekształcono 

w ispinesib (R)-83 i jego (S)-enancjomer (S)-83 zgodnie z procedurą literaturową.111  
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Schemat 14. Synteza ispinesibu (R)-83 i jego enancjomeru (S)-83 

Niezbędny 1-adamantanokarboksyaldehyd 143 zsyntetyzowano w reakcji utleniania 1-

adamantanometanolu 142 za pomocą chlorochromianu pirydyny (PCC) w dichlorometanie 

z wydajnością 98% (Schemat 15). W widmie 1H NMR związku 143 zaobserwowano singlet 

pochodzący od grupy formylowej przy δ 9,29 ppm.  

 
Schemat 15. Synteza 1-adamantanokarboksyaldehydu 143 
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Schemat 16. Synteza ferrocenylowych analogów ispinesibu typu I i II 

Związki typu I otrzymano w reakcji aminowania redukcyjnego amin (R)-139 i (S)-139. 

W pierwszym etapie przeprowadzono reakcje amin (S)-139 i (R)-139 z odpowiednimi 

aldehydami 72,73a-c, 92a, 108 w 1,2-dichloroetanie w reaktorze mikrofalowym 

w temperaturze 120°C przez 15 min w celu wygenerowania odpowiednich imin. Następnie 

dodano triacetoksyborowodorek sodu i kontynuowano reakcje w reaktorze mikrofalowym 

przez kolejne 15 min w temperaturze 120°C, otrzymując analogi 142a-f z wydajnościami 

w zakresie 51-88%. Analiza HPLC z wykorzystaniem chiralnej kolumny analitycznej Lux 

Cellulose-2 w układzie faz odwróconych wykazała, że otrzymano mieszaninę enancjomerów 

142a-f. Świadczy to o częściowej racemizacji, która mogła być spowodowana tautomerią 

iminowo-enaminową. W związku z powyższym postanowiono przeprowadzić reakcję 

aminowania redukcyjnego amin (S)-139 i (R)-139 w temperaturze pokojowej. Stwierdzono, że 

w tych warunkach reakcji, racemizacja zachodzi w niewielkim stopniu co potwierdzono analizą 

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 obecności DIPEA, uzyskując analogi typu II (S)- 

i (R)-145a-f z wydajnościami w zakresie 20-99% (Schemat 16). W widmach 1H NMR (S)- 

i (R)-145a-f obserwowano sygnały w zakresie charakterystycznym dla protonów 

aromatycznych przy 7,31-7,21 ppm pochodzących od grupy p-toluoilowej, sygnał pochodzący 

od grupy metylowej grupy touloilowej przy 2,28 ppm oraz sygnały pochodzące od 

dodatkowych protonów metylenowych H-4’ przy 4,74 ppm i 4,0 ppm, jednocześnie nie 

obserwowano singletu pochodzącego od NH (Rysunek 51). Dodatkowo w widmach 13C{1H} 

NMR obserwowano dodatkowy sygnał pochodzący od p-toluoilowego węgla karbonylowego.  
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Rysunek 50. Widmo 1H NMR związku (S)-144c 

 

 

Rysunek 51. Widmo 1H NMR związku (S)-145c 

Związki typu III zsyntetyzowano w dwóch etapach w reakcji aminowania redukcyjnego 

enancjomerycznie czystego ispinesibu (R)-83 i jego (S)-enancjomeru (S)-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 następnie po dodaniu 

triacetoksyborowodorku sodu kontynuowano ogrzewanie przez kolejne 15 min, uzyskując 

związki (S)- i (R)-146a-f z wydajnościami w zakresie 23-74% (Schemat 17).  

 
Schemat 17. Synteza ferrocenylowych analogów ispinesibu typu III 

W widmach 1H NMR związków (S)- i (R)-146a-f obecne były sygnały protonów 

metylenów pochodzące od dodatkowych grup typu benzylowego H-4’ przy 2,88-2,85 ppm. 

Dodatkowo w widmach związków ferrocenylowych obecne były sygnały pochodzące od 

podstawionego i niepodstawionego liganda h5-cyklopentadienylowego przy 4,02-3,88 ppm, co 

potwierdziło powstanie oczekiwanych produktów (Rysunek 52). 

 

Rysunek 52. Widmo 1H NMR związku (S)-146c 
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Badania aktywności biologicznej zsyntezowanych związków zostały wykonane we 

współpracy z dr. Błażejem Rychlikiem i dr. Andrzejem Błaużem (Katedra Biofizyki 

Molekularnej Uniwersytetu Łódzkiego). Rozpoczęto od badań przeżywalności 

nowotworowych linii komórkowych w obecności zsyntezowanych związków przy stężeniu 

równym wartość IC50 dla ispinesibu (R)-83 i jego (S)-enancjomeru. Spośród związków typu I 

jedynie związek (R)-144e zawierający podstawnik m-ferrocenylobenzylowy wykazywał 

znaczną aktywność w stosunku do linii HCT116, MCF7 i SW620. Wprowadzenie podstawnika 

p-toluilowego (związki typu II) prowadziło do zmniejszenia aktywności. W przypadku 

związków typu III przyłączenie podstawników do terminalnej grupy aminowej ispinesibu 

prowadziło do zwiększenia cytotoksyczności. Spośród (S)-enancjomerów wyższą 

cytotoksyczność niż związku referencyjnego obserwowano jedynie w przypadku pochodnych 

typu III zawierających grupę benzylową, ferrocenylometylową lub adamantylo-1-metylową.  

Na podstawie uzyskanych wyników wybrano 11 związków, dla których wyznaczono 

wartości IC50 w stosunku do nowotworowych linii komórkowych Colo 205, HCT116, SW620 

oraz linii MDR, SW620E wykazującej nadekspresję białka ABCB1 (Rysunek 53). Wykazano, 

że wszystkie związki (R)-146a-f wykazują wyższą cytotoksyczność niż ispinesib w stosunku 

do linii wrażliwych, osiągając wartości IC50 w zakresie 43-76 nM (Colo 205), 54-240 nM 

(HCT116) i 23-136 nM (SW620) w porównaniu do wartości IC50 wynoszących odpowiednio 

121, 848 i 185 nM dla ispinesibu.  

 

Rysunek 53. Wartości IC50 dla wybranych pochodnych (R)-144a-f, w liniach komórkowych ludzkiego 

raka jelita grubego, przedziały ufności (95%) przedstawiono w nawiasach kwadratowych. Zebrane 

wartości są średnią z trzech niezależnych eksperymentów 

Badania wpływu zsyntezowanych związków na cykl komórkowy w linii SW620, wykazały, że 

pochodne ispinesibu typu III, prowadziły do znacznego zmniejszenia liczby komórek w fazie 
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G1, przy jednoczesnym zwiększeniu liczby komórek w fazie G2/M w porównaniu do ispinesibu 

(Tabela 5). Uzyskane wyniki korelują z aktywnością cytotoksyczną, zaś najaktywniejsze 

związki indukowały zatrzymanie cyklu w fazie G2/M. 

Związek 
 

SW620 

G
1
 S G

2
/M 

kontrola 24h 

48h 

63,4±1,5 

61,2 ± 0,8  

18,6±2,623 

18,1±1,4 

16,9 ± 0,9 

18,2 ±1,8 

DMSO 24h 

48h 

63,2±1,6 

63,3±1,2  

19,1±3,5 

17,2±2,0  

15,9 ±1,0 

17,1±1,2 

(R)-83  24h 

48h 

43,6±2,5 

27,8±2,0 

19,8±0,5 

32,8±2,3 

34,1±2,1 

38,3±1,1 

(R)-144a  24h 

48h 

41,7±1,7 

32,5±2,7  

25,4±0,3 

28,3 ±4,1 

31,1±0,9 

37,4±1,6  

(R)-144b  24h 

48h 

30,7 ±1,0  

16,7±1,4  

27,3 ±3,7 

25,8 ±2,7 

39,9±3,3 

56,1 ±1,3 

(R)-144c  24h 

48h 

26,1 ±1,9 

16,7 ±1,8  

30,9 ± 2,5 

25,2 ± 3,2 

41,1±1,8 

55,6 ± 2,4 

(R)-144d 24h 

48h 

42,5 ± 2,2 

29,7±1,7 

26,9 ± 3,7 

31,2 ± 1,8 

29,5 ± 1,0 

38,6 ± 1,7  

(R)-144e 24h 

48h 

33,1 ±0,9 

19,8 ±1,8   

24,0± 1,8 

24,7± 3,1 

41,2 ± 16 

54,3 ± 0,6 

(R)-144f 24h 

48h 

30,9±1,5 

19,3±2,8  

28,8 ± 2,0 

26,2 ± 3,1 

38,6 ± 2,5 

52,9 ± 2,0 

Tabela 5. Rozkład cyklu komórkowego dla komórek SW620 w obecności związków typu III przez 24h 

i 48 h (enancjomery (R)- przy stężeniach równych wartościom IC75 dla odpowiednich związków). 

Zebrane wartości są średnią z trzech niezależnych eksperymentów 

Wpływ badanych związków na zdolność do hamowania aktywności KSP zbadano przy stężeniu 

związków 10 µM. Spośród badanych związków jedynie pochodne typu III wykazywały 

zdolność do hamowania aktywności KSP, przy czym jedynie związki zawierające podstawnik 

benzylowy, ferrocenylometylowy lub adamantylo-1-metylowy zachowywały zdolność do 

hamowania KSP podobnie jak ispinesib, podczas gdy związki zawierające podstawnik o-, m- 

lub p-ferrocenylobenzylowy hamowały aktywność KSP w niewielkim stopniu (zmniejszenie 
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aktywności do poziomu ok 80%). Dla najaktywniejszych inhibitorów KSP wyznaczono 

wartości IC50 (Tabela 6). W porównaniu do ispinesibu, otrzymane pochodne wykazywały 2-4 

krotnie mniejszą zdolność do hamowania aktywności KSP. Żaden z badanych związków nie 

hamował aktywności innych niż KSP białek motorycznych w stężeniu 10 µM. 

Związek 

IC
50

 (µM) 

(R)-83 (R)-144a (R)-144b (R)-144c 

KSP 
0,44 

[0,33–0,60] 

1,53 

[0,91–2,65] 

1,84 

[1,22–2,95] 

0,85 

[0,54–1,37] 

 

Tabela 6. Wartości IC50 dla najbardziej aktywnych inhibitorów KSP. Przedziały ufności 95% 

przedstawiono w nawiasach kwadratowych. Zebrane dane są średnią z trzech niezależnych 

eksperymentów 

Następnie zbadano zdolności do generowania ROS przez zsyntezowane związki przy 

stężeniu 1 µM. Wykazano, że wprowadzenie podstawnika ferrocenylowego lub 

adamantylowego, ale nie benzylowego, zwiększa zdolność do generowania ROS o 15-29% 

w porównaniu do ispinesibu. Uzyskane wyniki sugerują, że wprowadzenie podstawnika 

ferrocenylowego może indukować stres oksydacyjny w komórce nowotworowej.  

We współpracy z. prof. Christianem Hartingerem (School of Chemical Sciences, The 

University of Auckland, Nowa Zelandia) dokowanie molekularne zsyntezowanych związków 

do kinezyny-5 wykazało ich wiązanie podobne do ispinesibu. Chociaż niektóre związki 

osiągnęły wysokie wyniki dokowania, ich zdolność do hamowania aktywności KSP nie zawsze 

korelowała z wynikami dokowania, co sugeruje wpływ innych mechanizmów, takich jak 

indukcja stresu oksydacyjnego, na ich działanie przeciwnowotworowe. 

 

Rysunek 54. Oddziaływania związku (R)-146c z kieszenią wiążącą KSP 
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7. Podsumowanie 

W ramach niniejszej pracy doktorskiej: 

Ferrocenylowe analogi monastrolu: Zsyntezowano dwie serie związków 

ferrocenylowych będących analogów monastrolu oraz jego tlenowego odpowiednika. Badania 

aktywności biologicznej potwierdziły, że przeprowadzone modyfikacje chemiczne prowadzą 

do związków o zwiększonej aktywności przeciwnowotworowej. Analizowane związki 

zachowały zdolność hamowania aktywności KSP, przy czym najaktywniejsze z nich to 

pochodne 111a, 112b i 115c. Wykazano, że ich zwiększona cytotoksyczność może wynikać  

z generowania reaktywnych form tlenu, co sugeruje potencjalny dodatkowy mechanizm 

działania przeciwnowotworowego. 

Ferrocenylowe analogi CPUYL064: Zsyntezowano dwie serie, amidową oraz estrową, 

ferrocenylowych analogów CPUYL064. Wykazano, że wprowadzenie podstawnika 

ferrocenylowego zwiększa aktywność przeciwnowotworową w porównaniu do CPUYL064. 

Pochodne estrowe wykazały się wyższą cytotoksycznością niż odpowiednie amidy. Jeden  

z analogów amidowych wykazywał wysoką aktywność jako inhibitor KSP, podczas gdy inne 

cytotoksyczne amidy cechowały się mniejszą zdolność do hamowania tej aktywności. 

Obecność podstawników ferrocenylowych nie zwiększała zdolności związków do generowania 

ROS, jednakże badane związki były zdolne do indukowania blokady w fazie G1/S cyklu 

komórkowego. Z wyjątkiem jednego związku 129j, wprowadzone modyfikacje zwiększały 

cytotoksyczność koniugatów względem nienowotworowych linii komórkowych MRC-5. 

Ferrocenylowe analogi ispinesibu: Zsyntetyzowano serię metaloorganicznych 

(ferrocenylowych) i organicznych analogów oraz koniugatów ispinesibu. Przeprowadzone 

modyfikacje skutkują zwiększoną cytotoksycznością w porównaniu do ispinesibu. 

Wprowadzone modyfikacje zmniejszały zdolność do hamowania aktywności kinazy KSP, ale 

zwiększały zdolność do generowania ROS w komórkach, co sugeruje potencjalny dodatkowy 

mechanizm działania 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

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

presence of the ferrocenyl group.

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.1,2 As microtubules maintain the cell structure and
play a crucial role in numerous cellular processes such as cell
motility, intracellular transport and cell division3–5 in all
nucleated cells, the use of tubulin-binding drugs results in
high systemic toxicity and serious adverse effects.6–8 Thus, a
search for novel inhibitors that affect molecular targets

involved in cell division and overexpressed in cancer cells is
still highly relevant.9

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.10 Although hundreds
of proteins are associated with mitotic spindle formation,11

KSP plays an essential role in establishing the bipolar
spindle.12–15 Additionally, this protein is overexpressed only in
neoplastic cells, thus KSP inhibitors arrest only dividing cells16

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.17–20 This makes KSP a good molecular target for anti-
cancer therapy.21–25

The first low molecular weight KSP inhibitor, monastrol 1,
was discovered by Mayer et al. in 1999.26 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,26 di-
methylenastron,27 fluorastrol,28 Mon-97,29 or CPUYL064.30

In addition, other natural and synthetic KSP inhibitors
were discovered which are structurally different from
monastrol.31,32

Widespread use of platinum-based anticancer drugs, e.g.
cisplatin and its analogs,33,34 led to the growing interest for
other metal-based compounds as prospective antineoplastic
agents. The conjugation of a metal-containing structural
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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.35 In the last
three decades, ferrocene derivatives36 were extensively investi-
gated as anticancer,37,38 antimicrobial,39–42 antiparasitic,43

including antimalarial, drug candidates.44–46 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.47,48 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.49 Although
simple ferrocenyl DHP derivatives have been synthesized,50–53

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,54–59 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
HCl 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 SbCl3,

60,61

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
β-ketoesters 5a–d were required. The Friedel–Crafts acylation

of ferrocene with mono-ethyl malonate and trifluoroacetic
anhydride in the presence of trifluoromethanesulfonic acid
gave 5a in almost quantitative yield (Scheme 2).62 Compounds
5b–d were prepared in the reaction of 2b–d with ethyl diazoa-
cetate in the presence of catalytic amounts of NbCl5 in 11–65%
yield by adopting a reported procedure (Scheme 2).63

The reaction of 5a–d with 3-hydroxybenzaldehyde and
thiourea or urea under optimized conditions (SbCl3 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 SbCl3 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

Fig. 1 Structures of monastrol 1 and its ferrocenyl analogs type I and II studied herein.

Scheme 1 Synthesis of the type I ferrocenyl monastrol analogs 3a–4d.
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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).

Scheme 2 Synthesis of ethyl ferrocenoyl 5a and o-, m-, and p-ferrocenylbenzoylacetate 5b–d.

Scheme 3 Synthesis of the type II ferrocenyl monastrol analogs. Conditions: (A) SbCl3 (1 eq.), 40 °C, 72 h; (B) CF3CH2OH, Yb(OTf)3 (10% mol), MW,
110 °C, 30 min; (C) SbCl3 (1 eq.), RT, 72 h.

Scheme 4 Biginelli reactions of 5a with 3-hydroxybenzaldehyde and of 2a with ethyl acetoacetate, and urea or thiourea catalyzed by SbCl3 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 SbCl3 at 40 °C for 72 h, which allowed the isolation
of 6a, 6c, 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)3 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
(ESI†). In the 1H NMR spectra in DMSO-d6 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 1H NMR spectra of 8a–d in DMSO-d6, the signals of the
NH2 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
13C{1H} 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

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–S56†). 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, i.e., 3a and 6a, were determined by single-crystal
X-ray diffraction analysis (Fig. 2, 3 and ESI Fig. S1,† 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 CH2Cl2 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.64

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

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⋯O2 2.971(3) 0.86 2.13 165.7 1 + x, y, z

3a
N1–H1⋯S1 3.297(1) 0.87(2) 2.44(2) 170(2) −x, 1 − y, −z
N2–H2⋯O2 2.992(2) 0.84(2) 2.16(2) 173(2) x, −1 + y, z

6a
N1–H1⋯O2 2.789(3) 0.87(3) 1.95(3) 161(4) 1 − x, 1/2 + y, 1/2 − z
N2–H2⋯O3 3.329(4) 0.87(3) 2.56(3) 147(3) x, 1.5 − y, −1/2 + z
O3–H3⋯S1 3.204(3) 0.81(3) 2.42(3) 165(4) x, 1.5 − y, 1/2 + z

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

3a 1 11 (QICTIF) 6a

Bond lengths/Å
C1vS1 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–Csubstituent@C2 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–Csubstituent@C4 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–O1 −29.7(2) −10.9(4) −149.3(6)
Heterocyclic average plane vs. Fc plane n/a n/a 28.6(6)
Cp1–Fe–Cp2 177(2) n/a 178.7(9)
Deviation from eclipsed 1.0(9) n/a −4.2(6)
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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 O2, 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⋯π 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. S1†).

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-

carcinoma), and SW620 (colorectal adenocarcinoma), as well
as in a panel of five multidrug-resistant (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).65 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 IC50 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 IC50 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.

Fig. 4 Antiproliferative activity of the synthesized compounds in comparison to 1. All compounds were administered at concentrations equal to the
IC50 values of 1 in the respective cell lines (51.0 μM (A549), 112 μM (Colo 205), 78.1 μM (Hep G2), 41.9 μM (HCT 116), 29.4 μM (MCF7), and 84.7 μM
(SW620)). The results are presented as relative viability compared to non-treated controls (mean value ± SD from three independent experiments).
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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 6c, bearing a 3-ferrocenylphenyl
moiety instead of the 6-methyl group, exhibited the highest
antiproliferative potency towards all studied cell lines with
IC50 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 6c in comparison to 1 for their
inhibitory activity on KSP at a concentration of 10 µM. Kinesin
inhibition was determined with the Kinesin ATPase Endpoint
Biochem kit. The residual KSP ATPase activity was two times

Table 3 Cytotoxicity of the ferrocenyl analogs of monastrol (3a–d, 6a, 6c and 6d) and of oxo-monastrol (4b, 4d and 7a) in cancer cell lines. IC50

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] 41.5 [36.5–47.4]
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] 65.1 [50.4–87.2]
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]
4d >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 24.8a 21.9a 21.3a 23.3a 21.7 [18.7–25.5] 25.9 [20.4–34.3]

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

Table 4 Cytotoxicity of the ferrocenyl analogs of monastrol (3a–d, 6a, 6c and 6d) and of oxo-monastrol (4b, 4d and 7a) in MDR cancer cell lines.
IC50 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]
3c 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]
4b 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]
4d 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]
6c 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] 25.4a 25.5 [21.1–31.4] 27.3 [23.7–32.0]

a The 95% confidence intervals were too wide to be precisely calculated by the software.
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lower in case of ferrocenyl analogs (3a – 7.2%, 4b – 8.8% and 6c
– 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.36 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

of dihydrorhodamine 123 oxidation was considered the indi-
cator for ROS production in SW620 cells. Compounds 4b and
6c 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 G2/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.66

However, an increased number of apoptotic cells (sub-G1 frac-
tion) and a reduced percentage of cells in the G0/G1 phase
could be clearly seen, especially in SW620 cells exposed to 4b

Fig. 5 Relative ATPase activity in presence of 10 µM 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.

Fig. 6 ROS induction by 3a, 4b and 6c in SW620 cells as compared to
verapamil, an ABCB1 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.

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 IC90 value of 1 for SW620. Compounds were
used at concentrations equal to the respective IC90 values. Data pre-
sented as means ± SEM, n = 3

Cell line Sub-G1 G0/G1 S G2/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
6c 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
6c 12.6 ± 2.2 62.8 ± 8.9 10.3 ± 2.2 13.9 ± 2.6
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and 6c. 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 (ESI†) and similar pre-
dicted binding modes and intermolecular interactions were
found.67 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, i.e., 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.68 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 (6c, 6d and 7d) retained
similar binding poses and intermolecular interactions compar-
able to (S)-monastrol, e.g., the docked configuration of (S)-6c
(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

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.69

The 6-(ferrocenylphenyl) substituted compounds 6c 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

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 Glu116 (blue) and Glu118 (red). The protein surface
is rendered. Red, blue and grey regions represents partially negative,
positive and hydrophobic regions. Hydrogen atoms are hidden for
clarity.

Table 6 Docking scores (GS) of ferrocenyl monastrol derivatives

Compounds

GS

(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
4d 53.7 47.3

6a 56.5 52.2
6b 53.3 54.7
6c 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
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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 58 and
5a 62 were prepared as described previously. 1H, 13C{1H} and
2D NMR spectra were recorded on a Bruker ARX 600 MHz
NMR spectrometer. Chemical shifts for the 1H NMR spectra
are referenced relative to residual protons in the deuterated
solvent (CDCl3 δ = 7.27 ppm for 1H and δ = 77.0 ppm for 13C;
DMSO-d6 δ = 2.50 ppm for 1H and δ = 39.5 ppm for 13C).
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 µm XB-C18 100 Å column (50 ×
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−1. 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 15 000 u s−1 and
with an event time of 0.07 s.

General procedure A – synthesis of ferrocenyl β-ketoesters
5b–d. An aldehyde (1 eq.) and 5% mol of NbCl5 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 μl) 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

SbCl3 (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, 6c, 6d
and 7a. Compounds 6a, 6c, 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 5c or 5d (1.33 mmol, 700 mg), urea (1.33 mmol,
80 mg), 3-hydroxybenzaldehyde (1.33 mmol, 160 mg) and Yb
(OTf)3 (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% HCl, 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
C18H20FeN2O2S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ
= 10.35 (s, 1H, H-1), 9.39 (d, J = 4.2 Hz, 1H, H-3), 4.92 (d, J =
4.4 Hz, 1H, H-4), 4.24 (s, 5H, Cp′), 4.15–4.07 (m, 5H,
COCH2CH3 and Cp), 3.92 (br s, 1H, Cp), 2.20 (s, 3H, CH3), 1.22
(t, J = 7.1 Hz, 3H, COCH2CH3),

13C{1H} NMR (DMSO-d6,
150.1 MHz) δ = 174.8 (C-2), 165.3 (COCH2CH3), 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 (COCH2CH3), 49.0 (C-4), 17.0 (CH3), 14.2
(COCH2CH3); HPLC-MS τ1 = 10.8 min m/z calculated for
C18H20FeN2O2S 384.1 [M]+ found 384.1 [M]+, τ2 = 11.1 min m/z
calculated for C18H20FeN2O2S 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
C24H24FeN2O2S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ =
10.25 (s, 1H, H-1), 9.61 (br s, 1H, H-3), 7.86 (dd, J = 7.7, 1.2 Hz,
1H, CHAr), 7.30–7.27 (m, 1H, CHAr), 7.26–7.23 (m, 1H, CHAr),
7.22–7.20 (m, 1H, CHAr), 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,
COCH2CH3), 3.63–3.58 (m, 1H, COCH2CH3), 2.23 (s, 3H, CH3),
0.75 (t, J = 7.1 Hz, 3H, COCH2CH3);

13C{1H} NMR (DMSO-d6,
150.1 MHz) δ = 173.8 (C-2), 164.7 (COCH2CH3), 144.0 (C-6),
142.3 (CAr), 136.4 (CAr), 131.5 (CHAr), 127.4 (CHAr), 127.2
(CHAr), 127.1 (CHAr), 102.0 (C-5), 87.2 (Cpipso), 71.7 (Cp), 69.4
(Cp′), 69.9 (Cp), 67.8 (Cp), 67.7 (Cp), 58.8 (COCH2CH3), 50.6
(C-4), 16.9 (CH3), 14.0 (COCH2CH3); HPLC-MS, τ1 = 12.6 min,
m/z calculated for C24H24FeN2O2S 460.1 [M]+ found 460.2 [M]+,
τ2 = 13.4 min, m/z found 460.1 [M]+ (calculated for
C18H20FeN2O2S 460.1 [M]+).

3c. This compound was synthesized in 76% yield (699 mg)
starting from 580 mg (2.0 mmol) of 2c and thiourea according
to general procedure B. Elemental analysis calculated (%) for
C24H24FeN2O2S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ =
10.40 (s, 1H, H-1), 9.71 (d, J = 3.0 Hz, 1H, H-3), 7.41 (br s, 1H,
CHAr), 7.39 (d, J = 7.7 Hz, 1H, CHAr), 7.25 (t, J = 7.6 Hz, 1H,
CHAr), 7.04 (d, J = 7.7 Hz, 1H, CHAr), 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, COCH2CH3), 4.02 (s, 5H, Cp′), 2.31 (s, 3H, CH3), 1.14 (t, J =
7.1 Hz, 3H, COCH2CH3);

13C{1H} NMR (DMSO-d6, 150.1 MHz)
δ = 174.5 (C-2), 165.2 (COCH2CH3), 145.0 (C-6), 143.6 (CAr),
139.2 (CAr), 128.6 (CHAr), 125.2 (CHAr), 124.4 (CHAr), 123.8
(CHAr), 101.0 (C-5), 84.9 (Cpipso), 69.5 (Cp′), 68.9 (2×, Cp), 66.5
(Cp), 66.4 (Cp), 59.6 (COCH2CH3), 53.9 (C-4), 17.2 (CH3), 14.1
(COCH2CH3); HPLC-MS, τ1 = 12.4 min, m/z found 460.1 [M]+,
τ2 = 12.8 min, m/z found 460.0 [M]+ (calculated for
C24H24FeN2O2S 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
C24H24FeN2O2S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ =
10.34 (s, 1H, H-1), 9.66 (d, J = 2.9 Hz, 1H, H-3), 7.51 (d, J = 8.3
Hz, 2H, CHAr), 7.13 (d, J = 8.3 Hz, 2H, CHAr), 5.14 (d, J = 3.6
Hz, 1H, H-4), 4.75 (t, J = 1.8 Hz, 2H, Cp), 4.33 (t, J = 1.8 Hz, 2H,
Cp), 4.07–3.97 (m, 2H, COCH2CH3) overlapped with 4.00 (s,
5H, Cp′), 2.30 (s, 3H, CH3), 1.10 (t, J = 7.1 Hz, 3H, COCH2CH3);
13C{1H} NMR (DMSO-d6, 150.1 MHz) δ = 174.1 (C-2), 165.2
(COCH2CH3), 144.9 (C-6), 141.1 (CAr), 138.5 (CAr), 126.5 (CHAr),
126.1 (CHAr), 100.7 (C-5), 84.5 (Cpipso), 69.3 (Cp′), 68.9 (Cp),
66.4 (Cp), 66.3 (Cp), 59.6 (COCH2CH3), 53.9 (C-4), 17.2 (CH3),
14.1 (COCH2CH3); HPLC-MS, τ1 = 12.4 min, m/z found 460.1
[M]+, τ2 = 12.8 min, m/z found 460.2 [M]+ (m/z calculated for
C24H24FeN2O2S 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 C18H20FeN2O3 C 58.72, H 5.48, N 7.61 found C
58.43, H 5.55, N 7.61; 1H NMR (DMSO-d6, 600.3 MHz) δ = 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, COCH2CH3), 4.08 (br s, 3H,

Cp), 3.94 (s, 1H, Cp), 2.15 (s, 3H, CH3), 1.23 (br s, 3H,
COCH2CH3);

13C{1H} NMR (DMSO-d6, 150.1 MHz) δ = 165.6
(COCH2CH3), 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
(COCH2CH3), 48.7 (C-4), 17.7 (CH3), 14.3 (COCH2CH3);
HPLC-MS, τ1 = 9.2 min, m/z found 367.9 [M]+, τ2 = 9.5 min, m/z
found 367.9 [M]+ (m/z calculated for C18H20FeN2O 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 C24H24FeN2O3 C 64.88, H 5.44, N 6.31 found C
64.97, H 5.61, N 6.41; 1H NMR (DMSO-d6, 600.3 MHz) δ = 9.14
(s, 1H, H-1), 7.84 (d, J = 7.5 Hz, 1H, CHAr), 7.55 (br s, 1H, H-3),
7.27–7.21 (m, 3H, CHAr), 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,
COCH2CH3), 3.66–3.60 (m, 1H, COCH2CH3), 2.22 (s, 3H), 0.75
(t, J = 7.1 Hz, 3H, COCH2CH3);

13C{1H} NMR (DMSO-d6,
150.1 MHz) δ = 164.9 (COCH2CH3), 151.6 (C-2), 147.8 (C-6),
143.4 (CAr), 136.1 (CAr), 131.4 (CHAr), 127.0 (CHAr), 126.8
(CHAr), 126.7 (CHAr), 100.1 (C-5), 87.4 (Cpipso), 71.5 (Cp), 69.4
(Cp′), 68.9 (Cp), 67.7 (Cp), 67.5 (Cp), 58.5 (COCH2CH3), 50.4
(C-4), 17.6 (CH3), 14.0 (COCH2CH3); HPLC-MS, τ1 = 11.2 min,
m/z found 444.1 [M]+, τ2 = 11.5 min, m/z found 444.1 [M]+ (m/z
calculated for C24H24FeN2O3 444.1 [M]+).

4c. This compound was synthesized in 78% yield (700 mg)
starting from 580 mg (2.0 mmol) of 2c 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 C24H24FeN2O3 C 64.88, H 5.44, N 6.31 found C
64.73, H 5.50, N 6.50; 1H NMR (DMSO-d6, 600.3 MHz) δ = 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, CHAr), 7.23 (t, J = 7.6 Hz, 1H,
CHAr), 7.07 (d, J = 7.7 Hz, 1H, CHAr), 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, COCH2CH3) overlapped with 4.01 (s, 5H,
Cp′), 2.28 (s, 3H, CH3), 1.13 (t, J = 7.1 Hz, 3H, COCH2CH3);

13C
{1H} NMR (DMSO-d6, 150.1 MHz) δ = 165.4 (COCH2CH3), 152.3
(C-2), 148.4 (C-6), 144.9 (CAr), 138.9 (CAr), 128.4 (CHAr), 124.9
(CHAr), 124.4 (CHAr), 123.7 (CHAr), 99.4 (C-5), 85.1 (Cpipso), 69.4
(Cp′), 68.8 (2×, Cp), 66.5 (Cp), 66.4 (Cp), 59.2 (COCH2CH3),
53.9 (C-4), 17.8 (CH3), 14.1 (COCH2CH3); HPLC-MS, τ1 =
11.1 min, m/z found 444.1 [M]+, τ2 = 11.4 min, m/z found 444.1
[M]+ (m/z calculated for C24H24FeN2O3 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 C24H24FeN2O3 C 64.88, H 5.44, N 6.31 found C
64.81, H 5.63, N 6.60; 1H NMR (DMSO-d6, 600.3 MHz) δ = 9.20
(d, J = 1.3 Hz, 1H, H-1), 7.74 (s, 1H, H-3), 7.48 (d, J = 8.2 Hz,
2H, CHAr), 7.16 (d, J = 8.2 Hz, 2H, CHAr), 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, COCH2CH3) overlapped with 4.00 (s,
5H, Cp′), 2.26 (s, 3H, CH3), 1.09 (t, J = 7.1 Hz, 3H, COCH2CH3);
13C{1H} NMR (DMSO-d6, 150.1 MHz) δ = 165.4 (COCH2CH3),
152.2 (C-2), 148.3 (C-6), 142.4 (CAr), 138.0 (CAr), 126.3 (CHAr),
125.9 (CHAr), 99.2 (C-5), 84.7 (Cpipso), 69.3 (Cp′), 68.8 (2×, Cp),
66.3 (Cp), 66.2 (Cp), 59.2 (COCH2CH3), 53.8 (C-4), 17.9 (CH3),
14.1 (COCH2CH3); HPLC-MS, τ1 = 11.1 min, m/z found 444.0
[M]+, τ2 = 11.4 min m/z, found 444.1 [M]+ (m/z calculated for
C24H24FeN2O3 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. 1H NMR (DMSO-d6, 600.3 MHz) δ = 12.3 (s,
OHenol), 7.80 (d, J = 7.6 Hz, 1H, CHAr), 7.45 (t, J = 6.9 Hz, 1H,
CHAr), 7.33–7.31 (m, 1H, CHAr), 7.29–7.27 (m, 1H, CHAr), 4.48
(br s, 2H, Cp), 4.36 (br s, 2H, Cp), 4.12 (br s, 5H, Cp′), 4.07 (q, J
= 7.1 Hz, 2H, COCH2CH3), 1.28 (t, J = 7.1 Hz, 3H, COCH2CH3).

5c. This compound was synthesized in 63% yield (664 mg)
starting from 812 mg (2.8 mmol) of 2c according to general
procedure A. The obtained product was immediately used in
the next step. 1H NMR (DMSO-d6, 600.3 MHz) δ = 12.60 (s, 0.2
H, OH, enol), 8.00 (br s, 1H, CHAr), 7.77 (br s, 0.2 H, CHAr-enol),
7.72 (d, J = 7.4 Hz, 1H, CHAr), 7.65 (d, J = 6.6 Hz, 1H, CHAr),
7.54 (d, J = 7.4 H, 0.2 H, CHAr-enol), 7.46 (br s, 0.2 H, CHAr-enol),
7.38 (t, J = 7.0 Hz, 1H, CHAr), 7.30 (br s, 0.2 H, CHAr-enol), 5.67
(s, 0.2 H, CHenol), 4.85 (br s, 0.5 H, Cpenol), 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, COCH2CH3-enol), 4.24 (q, J = 7.0 Hz, 2H, CH2CH3), 4.19
(br s, 1H, Cp′enol), 4.11 (br s., 5H, Cp′), 4.00 (s, 2H, COCH2CO),
1.35 (t, J = 7.1 Hz, 0.6 H, COCH2CH3-enol), 1.28 (t, J = 7.1 Hz,
3H, COCH2CH3).

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. 1H NMR (DMSO-d6, 600.3 MHz) δ = 12.69 (s, 0.1
H, OH, enol), 7.87 (d, J = 8.5 Hz, 2 H, CHAr), 7.79 (d, J = 8.5 Hz,
0.4 H, CHAr-enol), 7.68 (d, J = 8.4 Hz, 2 H, CHAr), 7.63 (d, J = 8.5
Hz, 0.4 H, CHAr-enol), 5.97 (s, 0.2 H, vCH-enol), 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, Cpenol), 4.24 (q, J = 7.1
Hz, 0.4 H, CH2CH3-enol), 4.16 (s, 2 H, COCH2COO), 4.12 (q, J =
7.1 Hz, 2 H, COCH2CH3), 4.03 (s, 5H, Cp′) 1.28 (t, J = 7.1 Hz,
0.6 H, COCH2CH3-enol), 1.18 (t, J = 7.1 Hz, 3 H, COCH2CH3).

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
C23H22FeN2O3S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ = 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, CHAr), 6.74–6.73 (m, 2H, CHAr), 6.69 (dd, J =
8.0, 1.4 Hz, 1H, CHAr), 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, COCH2CH3), 1.01 (t, J = 7.1 Hz,
3H, COCH2CH3);

13C{1H} NMR (DMSO-d6, 150.1 MHz) δ =
173.9 (C-2), 165.7 (COCH2CH3), 157.6 (CAr), 143.5 (CAr), 142.7

(C-6), 129.6 (CHAr), 116.9 (CHAr), 114.8 (CHAr), 113.3 (CHAr),
102.2 (C-5), 77.4 (Cpipso), 69.9 (Cp), 69.6 (Cp′), 69.5 (Cp), 69.4
(Cp), 69.3 (Cp), 59.9 (COCH2CH3), 54.7 (C-4), 13.8
(COCH2CH3); HPLC-MS, τ1 = 10.7 min, m/z found 462.3 [M]+,
τ2 = 10.9 min m/z found 463.0 [M + H]+ (m/z calculated for
C23H22FeN2O3S 462.1 [M]+, C23H22FeN2O3 + H+ 463.1 [M + H]+).

6c. This compound was synthesized in 29% yield (233 mg)
starting from 664 mg (1.76 mmol) of 5c and thiourea accord-
ing to general procedure C. Elemental analysis calculated (%)
for C29H26FeN2O3S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ
= 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, CHAr), 7.39 (br s, 1H, CHAr), 7.33 (t, J =
7.6 Hz, 1H, CHAr), 7.20 (t, J = 7.9 Hz, 1H, CHAr), 7.11 (d, J = 7.5
Hz, 1H, CHAr), 6.83–6.82 (m, 2H, CHAr), 6.71 (d, J = 7.9 Hz, 1H,
CHAr), 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,
COCH2CH3), 0.78 (t, J = 7.0 Hz, 3H, COCH2CH3);

13C{1H} NMR
(DMSO-d6, 150.1 MHz) δ = 174.3 (C-2), 164.9 (COCH2CH3),
157.6 (CAr), 145.7 (C-6), 144.4 (CAr), 138.7 (CAr), 134.3 (CAr),
129.7 (CHAr), 127.8 (CHAr), 126.6 (CHAr), 126.2 (CHAr), 125.6
(CHAr), 117.2 (CHAr), 114.8 (CHAr), 113.3 (CHAr), 101.9 (C-5),
84.4 (Cpipso), 69.5 (Cp′), 69.0 (Cp), 66.4 (2×, Cp), 59.5
(COCH2CH3), 54.1 (C-4), 13.5 (COCH2CH3); HPLC-MS, τ1 =
12.4 min, m/z found 538.1 [M]+, τ2 = 12.6 min, m/z found 538.0
[M]+ (m/z calculated for C29H26FeN2O3S 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
C29H26FeN2O3S 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; 1H NMR (DMSO-d6, 600.3 MHz) δ =
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, CHAr), 7.22 (d, J = 8.3 Hz, 2H,
CHAr), 7.18 (t, J = 8.0 Hz, 1H, CHAr), 6.81–6.80 (m, 2H, CHAr),
6.69 (ddd, J = 8.1, 2.2, 1.0 Hz, 1H, CHAr), 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, COCH2CH3), 0.81 (t, J = 7.1
Hz, 3H, COCH2CH3);

13C{1H} NMR (DMSO-d6, 150.1 MHz) δ =
174.5 (C-2), 165.2 (COCH2CH3), 157.6 (CAr), 145.8 (C-6), 144.4
(CAr), 140.4 (CAr), 131.2 (CAr), 129.7 (CHAr), 128.9 (CHAr), 124.9
(CHAr), 117.1 (CHAr), 114.7 (CHAr), 113.3 (CHAr), 101.3 (C-5),
83.8 (Cpipso), 69.5 (Cp′), 69.3 (Cp), 66.5 (Cp), 66.4 (Cp), 59.6
(COCH2CH3), 54.0 (C-4), 13.5 (COCH2CH3); HPLC-MS, τ1 =
12.4 min, m/z found 538.3 [M]+, τ2 = 12.7 min, m/z found 538.1
[M]+ (m/z calculated for C29H26FeN2O3S 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 C23H22FeN2O4 C 61.90, H 4.97, N 6.28 found C
61.88, H 5.06, N 6.34; 1H NMR (DMSO-d6) δ = 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,
CHAr), 6.82–6.81 (m, 2H, CHAr), 6.67–6.66 (m, 1H, CHAr), 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, COCH2CH3), 1.02 (t, J = 7.1 Hz, 3H,
COCH2CH3);

13C{1H} (DMSO-d6) δ = 166.4 (COCH2CH3), 157.4
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(C-2), 152.4 (C-6), 146.6 (CAr), 145.2 (CAr), 129.2 (CHAr), 116.9
(CHAr), 114.2 (CHAr), 113.3 (CHAr), 99.9 (C-5), 76.8 (Cpipso), 69.9
(Cp′), 69.7 (Cp), 69.5 (Cp), 69.3 (Cp), 69.1 (Cp), 59.4
(COCH2CH3), 54.0 (C-4), 13.8 (COCH2CH3); HPLC-MS, τ1 =
9.2 min, m/z found 446.1 [M]+, τ2 = 9.4 min, m/z found 446.1
[M]+ (m/z calculated for C23H22FeN2O4 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 C29H26FeN2O4 C 66.68, H 5.02, N 5.18 found C 66.69, H
5.14, N 5.28; 1H NMR (DMSO-d6) δ = 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, CHAr), 7.40 (br s. 1H, CHAr), 7.32 (t, J = 7.7 Hz,
1H, CHAr), 7.17 (t, J = 7.8 Hz, 1H, CHAr), 7.11 (d, J = 7.7 Hz, 1H,
CHAr), 6.85–6.83 (m, 2H, CHAr), 6.68–6.66 (m, 1H, CHAr), 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,
COCH2CH3), 0.77 (t, J = 7.1 Hz, 3H, COCH2CH3);

13C{1H}
(DMSO-d6) δ = 165.1 (COCH2CH3), 157.5 (C-2), 152.2 (C-6),
148.9 (CAr), 145.8 (CAr), 138.6 (CAr), 135.3 (CAr), 129.5 (CHAr),
127.8 (CHAr), 126.4 (CHAr), 125.9 (CHAr), 125.3 (CHAr), 117.0
(CHAr), 114.3 (CHAr), 113.2 (CHAr), 100.5 (C-5), 84.5 (Cpipso),
69.4 (Cp′), 69.0 (Cp), 66.4 (Cp), 59.1 (COCH2CH3), 54.1 (C-4),
13.5 (COCH2CH3); HPLC-MS, τ1 = 11.2 min, m/z found 522.2
[M]+, τ2 = 11.5 min, m/z found 522.2 [M]+ (m/z calculated for
C29H26FeN2O4 522.1 [M]+). 8c: Elemental analysis calculated
(%) for C29H28FeN2O5 C 64.46, H 5.22, N 5.18 found C 64.82, H
5.68, N 4.96; 1H NMR (DMSO-d6, 600.3 MHz) of a mixture of
diastereoisomers δ = 9.35 (s, 1H, OH), 8.05 (s, 1H, CHAr),
7.81–7.76 (m, 1.5 H, CHAr), 7.71 (d, J = 7.8 Hz, 0.5 H, CHAr),
7.45 (t, J = 7.8 HZ, 0.5 H, CHAr), 7.43 (t, J = 7.7 Hz, 0.5 H,
CHAr), 7.08–7.04 (m, 1H, CHAr), 6.86–6.83 (m, 1H, CHAr),
6.81–6.79 (m, 1H, CHAr), 6.67 (d, J = 9.2 Hz, 0.5 H, H-4),
6.59–6.53 (m, 1.5 H, CHAr 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, COCH2CH3),
4.06–4.01 (m, 0.5 H, COCH2CH3), 4.03 and 4.02 (s, 5H, Cp′),
3.96–3.93 (m, 1H, COCH2CH3), 1.10 (t, J = 7.1 H, 1.5 H,
COCH2CH3), 0.94 (t, J = 7.0 Hz, 1.5 H, COCH2CH3);

13C{1H}
NMR (DMSO-d6, 150.1 MHz) δ = 193.0 (CO), 168.0 and 167.6
(CO), 157.8 and 157.6 (CO), 157.1, 143.2, 140.1 (2×), 136.7 and
135.8 (CAr), 131.0 and 130.9 (CHAr), 129.2 and 129.0 (CHAr),
125.7 and 125.6 (CHAr), 117.3 (CHAr), 114.2 and 114.1 (CHAr),
113.8 (CHAr), 83.6 and 83.5 (Cpipso), 69.5 (Cp), 69.4 (Cp′), 66.8
and 66.6 (Cp′), 66.5 (2 × Cp′), 61.0 and 60.9 (COCH2CH3), 59.1
(C-2), 52.6 (C-3, based on 1H–13C HSQC), 13.9 and 13.7
(COCH2CH3); HPLC-MS, τ1 = 10.9 min, m/z found 540.2 [M]+,
τ2 = 11.0 min, m/z found 540.2 [M]+ (m/z calculated for
C29H28FeN2O5 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 C29H26FeN2O4 C 66.68, H 5.02, N
5.36 found C 66.81, H 5.14, N 5.32; 1H NMR (DMSO-d6) δ =
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, CHAr), 7.24 (d, J = 8.3,

2H, CHAr), 7.17 (t, J = 7.8 Hz, 1H, CHAr), 6.82–6.83 (m, 2H,
CHAr), 6.69–6.67 (m, 1H, CHAr), 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, COCH2CH3) 0.82 (t, J = 7.1 Hz,
3H, COCH2CH3);

13C{1H} NMR (DMSO-d6) δ = 165.4
(COCH2CH3), 157.7 (C-2), 152.3 (CAr), 148.8 (CAr), 145.7 (C-6),
140.0 (CAr), 132.3 (CAr), 129.4 (CHAr), 128.6 (CHAr), 125.0
(CHAr), 116.7 (CHAr), 114.4 (CHAr), 113.2 (CHAr), 100.1 (C-5),
84.0 (Cpipso), 69.4 (Cp′), 69.2 (Cp), 66.4 (2×, Cp) 59.1
(COCH2CH3), 54.0 (C-4), 13.6 (COCH2CH3); HPLC-MS, τ1 =
11.2 min, m/z found 522.2 [M]+, τ2 = 11.5 min, m/z found 522.2
[M]+ (m/z calculated for C29H26FeN2O4 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 C23H24FeN2O5

C 59.50, H 5.21, N 6.03 found C 60.92, H 5.80, N 6.07; 1H NMR
(DMSO-d6, 600.3 MHz) δ = 9.36 (br s, 0.4 H, OH, minor), 9.35
(br s, 0.6 H, OH, major), 7.10–7.06 (m, 1H, CHAr), 6.86–6.80
(m, 2H, CHAr), 6.65 (br s, 0.5 H, H-4), 6.60–6.58 (m, 1.5 H,
CHAr 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, COCH2CH3), 4.05–3.97 (m, 1.5 H,
COCH2CH3) overlapped with 4.01 (s, 5H, Cp′), 1.16 (t, J = 7.0
Hz, 1.8 H, COCH2CH3), 1.02 (t, J = 6.5 Hz, 2H, COCH2CH3);

13C
{1H} NMR (DMSO-d6, 150.1 MHz) δ = 197.0 and 195.0 (CO),
167.5 (CO), 157.7 and 157.5 (CO), 157.1 (CAr), 143.5 and 143.1
(CAr), 129.1 and 128.9 (CHAr), 117.8 (2 × CHAr), 114.6 and 114.3
(CHAr), 114.1 and 113.9 (CHAr), 79.4 and 78.1 (Cpipso), 72.9
(2×), 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 (COCH2CH3), 59.2 (C-2
based on 1H–13C HSQC), 52.6 (C-3 based on 1H–13C HSQC),
14.0 and 13.8 (COCH2CH3); HPLC-MS, τ = 8.0 min, m/z found
465.1 [M + H]+, 487.1 [M + Na]+, τ2 = 8.2 min, m/z found 464.3
[M]+, 487.1 [M + Na]+ (m/z calculated for C23H24FeN2O5 464.1
[M]+, C23H24FeN2O5 + H 465.1 [M + H]+, C23H24FeN2O5 + Na
487.1 [M + Na]+).

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 C29H28FeN2O5

C 64.46, H 5.22, N 5.18 found C 64.94, H 5.52, N 5.36; 1H NMR
(DMSO-d6, 600.3 MHz) of a mixture of diastereoisomers δ =
9.33 (s, 1H, OH), 7.91 (d, J = 7.8 Hz, 0.7 H, CHAr), 7.89 (d, J =
7.7 Hz, 0.3 H, CHAr), 7.52–7.48 (m, 1H, CHAr), 7.39 (br s, 0.3 H,
CHAr), 7.30–7.26 (m, 1H, CHAr), 7.16 (d, J = 7.0 Hz, 0.7 H,
CHAr), 7.04 (t, J = 7.8 Hz, 0.3 H, CHAr), 7.00 (t, J = 7.8 Hz, 0.7 H,
CHAr), 6.67–6.65 (m, 0.6 H, CHAr), 6.59–6.43 (m, 3.5 H, CHAr,
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, J =
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, COCH2CH3), 3.90–3.85 (m, 0.7 H, COCH2CH3), 3.82–3.78
(m, 0.5 H, COCH2CH3), 1.00 (t, J = 7.1 H, 2 H, COCH2CH3),
0.89 (t, J = 7.1 H, 1H, COCH2CH3);

13C{1H} NMR (DMSO-d6,
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150.1 MHz) δ = 199.7 (CO), 167.8 (CO), 157.6 and 157.5 (CO),
157.0 (CAr), 142.8 and 142.6 (CAr), 138.6 and 137.6 (CAr), 137.7,
136.8 (CAr), 132.1 and 131.6 (CHAr), 130.7 and 130.6 (CHAr),
129.0 (CHAr), 128.0 and 127.7 (CHAr), 126.2 and 125.9 (CHAr),
117.6 and 117.0 (CHAr), 114.3 and 113.9 (CHAr), 113.7 (CHAr),
85.4 and 85.3 (Cpipso), 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 (COCH2CH3), 51.7 (C-3), 13.8 and
13.6 (COCH2CH3); HPLC-MS, τ1 = 10.4 min, m/z found 540.3
[M]+, τ2 = 10.6 min, m/z found 540.2 [M]+, τ3 = 11.2 min,
m/z found 540.2 [M]+ (m/z calculated for C29H28FeN2O5 540.1
[M]+).

8c. This compound was synthesized in 32% yield (140 mg)
starting from 300 mg (0.80 mmol) of 2c 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
C29H28FeN2O5 C 64.46, H 5.22, N 5.18 found C 64.93, H 5.80, N
5.18; 1H NMR (DMSO-d6, 600.3 MHz) δ = 9.32 (s, 1H, OH), 7.89
(d, J = 8.4 Hz, 1H, CHAr), 7.85 (d, J = 8.3 Hz, 1H, CHAr), 7.66 (t,
J = 7.6 Hz, 1H, CHAr), CHAr, 7.07–7.02 (m, 1H, CHAr), 6.82–6.77
(m, 2H, CHAr), 6.63 (d, J = 9.2 Hz, 0.5 H, H-4), 6.59–6.53 (m, 1.5
H, H-4 and CHAr), 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, J = 1.7 Hz, 2H, Cp), 4.46–4.45 (m,
2H, Cp), 4.12–4.07 (m, 0.5, COCH2CH3), 4.05–4.00 (m, 0.5 H,
COCH2CH3) overlapped with 4.03–4.02 (m, 5H, Cp′), 3.95–3.88
(m, 1H, COCH2CH3), 1.09 (t, J = 7.1 Hz, 1.8 H, COCH2CH3),
0.97 (t, J = 6.9 Hz, 1.2 H, COCH2CH3);

13C{1H} NMR (DMSO-d6,
150.1 MHz) δ = 192.4 (CO), 167.9 (CO), 157.8 and 157.6 (C),
157.1 (C), 146.1 (CAr), 143.3 (CAr), 133.7 (CAr), 132.7 (CAr), 129.0
and 128.9 (CHAr), 128.7 (CHAr), 125.8 (CHAr), 117.4 (CHAr),
114.3 and 114.1 (CHAr), 113.8 (CHAr), 82.4 (Cpipso), 70.1 (Cp),
69.7 (Cp′), 67.1 and 67.0 (Cp), 67.0 (Cp), 60.9 (COCH2CH3),
58.7 and 57.9 (C-2), 52.8 (C-3, based on 1H–13C HSQC), 13.9
and 13.7 (COCH2CH3); HPLC-MS, τ1 = 10.6 min, m/z found
540.2 [M]+, τ2 = 10.7 min, m/z found 540.2 [M]+ (m/z calculated
for C29H28FeN2O5 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.65 All
cell lines were cultured in standard conditions (37 °C, 5% CO2,
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

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.70 Cells were seeded in 96-well plates at a density
of 1 × 104 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 µL 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
IC50 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 × 105 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 IC90 of 1 for SW620 (1.5 μM). 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 µM 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
(100 000 cells per well seeded in 6-well plates for 20–24 h
before time 0) were exposed to 1 µM of the test compound for
4 h in the presence of 1 µM DHR123. Since this assay is sus-
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pected to be influenced by ABCB1 activity,55 10 µM 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 release was
measured as the absorbance at 650 nm using EnVision
Multilabel Plate Reader (Perkin Elmer, USA).

Molecular structure determination

Single crystals of 3a and 6a were obtained by solvent evapor-
ation from CH2Cl2/n-hexane solution. Suitable single crystals
were placed on an Agilent Supernova 4 circle diffractometer
system equipped with a copper (CuKα) microsource and mol-
ybdenum (MoKα) microsource and Atlas CCD detector. The
data were collected and integrated with CrysAlis171 71 software
and corrected for absorption effects using the multi-scan
method (SCALE3 ABSPACK41). 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 72 with the olex2.
solve73 structure solution program using Charge Flipping. The
structures were subsequently refined with the SHELXL74

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 4.3.75 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 1Q0B with a resolution of 1.9 Å.76 Scigress v2.6 77 was
used to prepare the crystal structure for docking, i.e. the hydro-
gen atoms were added, and the co-crystallized ligands as well

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 field78

and the PM6 semi-empirical method.79 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 Å 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)80 scoring
function was implemented to validate the predicted binding
modes and relative energies of the ligands using the GOLD
v5.4.0 software suite.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Table 7 Crystal data and refinement parameters for 3a and 6a

Compound 3a 6a

CCDC 2010958 2010957
Empirical
formula

C18H20FeN2O2S C23H22FeN2O3S·0.5
CH2Cl2

Formula weight/g
mol−1

384.27 504.80

Temperature/K 100.00(10) 100.00(10)
Crystal system Monoclinic Monoclinic
Space group C2/c P21/c
a/Å 18.7579(2) 13.9949(10)
b/Å 7.28947(8) 11.5388(5)
c/Å 24.6904(3) 15.5543(8)
α/° 90 90
β/° 97.4762(11) 106.060(7)
γ/° 90 90
Volume/Å3 3347.36(7) 2413.7(3)
Z 8 4
ρcalc/g cm−3 1.525 1.389
μ/mm−1 8.498 0.849
F(000) 1600.0 1044.0
Crystal size/mm3 0.1389 × 0.08 × 0.0356 0.5468 × 0.1944 × 0.0275
Radiation/Å CuKα (λ = 1.54184) MoKα (λ = 0.71073)
2Θ range for data
collection/°

7.222 to 142.708 4.460 to 54.206

Index ranges −22 ≤ h ≤ 22, −8 ≤ k
≤ 8, −30 ≤ l ≤ 30

−17 ≤ h ≤ 17, −14 ≤ k ≤
14, −19 ≤ l ≤ 19

Reflections
collected

16 123 40 306

Independent
reflections

3233 [Rint = 0.0303,
Rsigma = 0.0208]

5320 [Rint = 0.0987, Rsigma
= 0.0569]

Data/restraints/
parameters

3233/5/262 5320/44/329

Goodness-of-fit
on F2

1.040 1.082

Final R indexes [I
≥ 2σ(I)]

R1 = 0.0261, wR2 =
0.0608

R1 = 0.0639, wR2 = 0.1478

Final R indexes
[all data]

R1 = 0.0286, wR2 =
0.0623

R1 = 0.0843, wR2 = 0.1584

Largest diff. peak/
hole/e Å−3

0.30/−0.31 1.41/−0.49
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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).1 The co-crystallized ligand (S)-1 was removed and re-docked to the allosteric 

site with excellent docking overlay (RMSD = 0.532 Å). 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, 

Ile136, 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 

Ile136 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.2 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.  

 

 

 

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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1H and 13C{1H} NMR spectra 

  

Supporting	Figure	S3.	1H	NMR	spectra	of	3a	in	DMSO-d6.		

  

Supporting	Figure	S4.	13C{1H}	NMR	spectra	of	3a	in	DMSO-d6.	
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Supporting	Figure	S5.	1H	NMR	spectra	of	3b	in	DMSO-d6.	

  

Supporting	Figure	S6.	13C{1H}	NMR	spectra	of	3b	in	DMSO-d6.	



 

 

S7 

  

Supporting	Figure	S7.	1H	NMR	spectra	of	3c	in	DMSO-d6.	

  

Supporting	Figure	S8.	13C{1H}	NMR	spectra	of	3c	in	DMSO-d6.	
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Supporting	Figure	S9.	1H	NMR	spectra	of	3d	in	DMSO-d6.	

  

Supporting	Figure	S10.	13C{1H}	NMR	spectra	of	3d	in	DMSO-d6.	
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Supporting	Figure	S11.	1H	NMR	spectra	of	4a	in	DMSO-d6.	

  

Supporting	Figure	S12.	13C{1H}	NMR	spectra	of	4a	in	DMSO-d6.	
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Supporting	Figure	S13.	1H	NMR	spectra	of	4b	in	DMSO-d6.	

  

Supporting	Figure	S14.	13C{1H}	NMR	spectra	of	4b	in	DMSO-d6.	
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Supporting	Figure	S15.	1H	NMR	spectra	of	4c	in	DMSO-d6.	

  

Supporting	Figure	S16.	13C{1H}	NMR	spectra	of	4c	in	DMSO-d6.	
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Supporting	Figure	S17.	1H	NMR	spectra	of	4d	in	DMSO-d6.	

  

Supporting	Figure	S18.	13C{1H}	NMR	spectra	of	4d	in	DMSO-d6.	
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Supporting	Figure	S19.	1H	NMR	spectra	of	6a	in	DMSO-d6.	

  

Supporting	Figure	S20.	13C{1H}	NMR	spectra	of	6a	in	DMSO-d6.	
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Supporting	Figure	S21.	1H	NMR	spectra	of	6c	in	DMSO-d6.	

  

Supporting	Figure	S22.	13C{1H}	NMR	spectra	of	6c	in	DMSO-d6.	
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Supporting	Figure	S23.	1H	NMR	spectra	of	6d	in	DMSO-d6.	

  

Supporting	Figure	S24.	13C{1H}	NMR	spectra	of	6d	in	DMSO-d6.	
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Supporting	Figure	S25.	1H	NMR	spectra	of	7a	in	DMSO-d6.	

  

Supporting	Figure	S26.	13C{1H}	NMR	spectra	of	7a	in	DMSO-d6.	
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Supporting	Figure	S27.	1H	NMR	spectra	of	7c	in	DMSO-d6.	

  

Supporting	Figure	S28.	13C{1H}	NMR	spectra	of	7c	in	DMSO-d6.	
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Supporting	Figure	S29.	1H	NMR	spectra	of	7d	in	DMSO-d6.	

  

Supporting	Figure	S30.	13C{1H}	NMR	spectra	of	7d	in	DMSO-d6.	
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Supporting	Figure	S31.	1H	NMR	spectra	of	8a	in	DMSO-d6.	

  

Supporting	Figure	S32.	13C{1H}	NMR	spectra	of	8a	in	DMSO-d6.	
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Supporting	Figure	S33.	1H	NMR	spectra	of	8b	in	DMSO-d6.	

  

Supporting	Figure	S34.	13C{1H}	NMR	spectra	of	8b	in	DMSO-d6.	
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Supporting	Figure	S35.	1H	NMR	spectra	of	8c	in	DMSO-d6.	

  

Supporting	Figure	S36.	13C{1H}	NMR	spectra	of	8c	in	DMSO-d6.	
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Supporting	Figure	S37.	1H	NMR	spectra	of	8d	in	DMSO-d6.	

  

Supporting	Figure	S38.	13C{1H}	NMR	spectra	of	8d	in	DMSO-d6.	
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LC-MS analysis 

 

Supporting	Figure	S39.	LC-MS	analysis	of	3a.	

 

Supporting	Figure	S40.	LC-MS	analysis	of	3b.	
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Supporting	Figure	S41.	LC-MS	analysis	of	3c.	

 

Supporting	Figure	S42.	LC-MS	analysis	of	3d.	
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Supporting	Figure	S43.	LC-MS	analysis	of	4a.	

 

Supporting	Figure	S44.	LC-MS	analysis	of	4b.	
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Supporting	Figure	S45.	LC-MS	analysis	of	4c.	

 

Supporting	Figure	S46.	LC-MS	analysis	of	4d.	
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Supporting	Figure	S47.	LC-MS	analysis	of	6a.	

 

Supporting	Figure	S48.	LC-MS	analysis	of	6c.	
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Supporting	Figure	S49.	LC-MS	analysis	of	6d.	

 

Supporting	Figure	S50.	LC-MS	analysis	of	7a.	
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Supporting	Figure	S51.	LC-MS	analysis	of	7c.	

 

Supporting	Figure	S52.	LC-MS	analysis	of	7d.	
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Supporting	Figure	S53.	LC-MS	analysis	of	8a.	

 

Supporting	Figure	S54.	LC-MS	analysis	of	8b.	
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Supporting	Figure	S55.	LC-MS	analysis	of	8c.	

 

Supporting	Figure	S56.	LC-MS	analysis	of	8d.	
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Design and synthesis of ferrocenyl 1,4-
dihydropyridines and their evaluation as kinesin-5
inhibitors†

Karolina Kowalczyk,a Andrzej Błauż, b Krzysztof Krawczyk,b Błażej Rychlik b and
Damian Plażuk *a

Kinesin-5 inhibitors offer cancer cell-targeted approach, thus securing reduced systemic toxicity com-

pared to other antimitotic agents. By modifying the 1,4-dihydropyridine-based kinesin-5 inhibitor

CPUYL064 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.

Introduction

Conventional antimitotic agents, such as taxanes and Vinca
alkaloids, disturb microtubule dynamics, eventually leading to
cell death.1–3 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.4 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.1,5–8 Kinesin-5, a tetra-
meric plus-end-directed motor protein is essential for spindle
bipolarity and thus effective mitosis.9,10 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, monastrol11 1, was discovered
through screening the library of 16 320 organic molecules, sig-

nificant efforts have been made to develop more efficient and
relatively non-toxic inhibitors.5,6,12 The discovery of monastrol
led to the development of structurally diverse Eg5 inhibitors,
such as dimethylenastrone13 2, Mon-97 3, fluorastrol14 4, and
CPUYL064 5.15–17 Many other structurally different kinesin-5
inhibitors, including organic and organometallic compounds,
i.e. 6, have been discovered, with some entering clinical
trials.15,18–24

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,25–31 as well as half-
sandwich complexes,32–35 for their potential as anticancer,36

antibacterial,37 antifungal,38,39 antiparasitic,40 and other
therapeutic agents41 with some of them evaluated under
clinical trials.42–45 While organometallic hybrids with natural
antimitotic agents that target microtubules—such as
taxanes,46–48 podophyllotoxin,49,50 colchicine,51,52 and plinabu-
lin53—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 monastrol54–57 and
ispinesib.58–60 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
CPUYL06461,62 and evaluated the impact of the organometallic
moiety on their biological properties (Fig. 1).

†Electronic supplementary information (ESI) available: Additional figures,
copies of 1H and 13C{1H} NMR spectra and the HPLC-MS analysis of final pro-
ducts. See DOI: https://doi.org/10.1039/d4dt01853b

aLaboratory of Molecular Spectroscopy, Department of Organic Chemistry, Faculty of

Chemistry, University of Lodz, ul. Tamka 12, 91-403 Łódź, 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 Łódź,
Poland

This journal is © The Royal Society of Chemistry 2024 Dalton Trans.
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Results and discussion
Synthesis

All the final 1,4-dihydropyridine derivatives were synthesized in
a multicomponent reaction. The required ruthenocenecarboxal-
dehyde63 11c and o-, m-, and p-ferrocenylbenzaldehydes46 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.64 The reaction of ferrocenecarboxaldehyde 11b with
acetone in the presence of sodium hydroxide solution afforded
4-ferrocenylbut-3-en-2-one 12,65 which further reacted with the
freshly prepared sodium salt of diethyl malonate to yield the
corresponding β-ketoester. This β-ketoester was hydrolyzed
using a sodium hydroxide to produce the β-ketoacid, which
underwent decarboxylation upon refluxing in hydrochloric acid
solution to yield 13e with an overall yield of 29%. The structure

of 13e was confirmed by the NMR analysis and MS spec-
troscopy. In the DMSO-d6 solution 13e exists solely in enol
form which was confirmed by the NMR spectroscopy. In the 1H
NMR spectrum of 13e in DMSO-d6, the singlet at 11.07 ppm
assigned to the OH enol group, and singlet of vinyl enol proton
CHvC(OH) (H-2) at 5.23 ppm confirmed the formation of enol
(Fig. S14†). However, while the metallocene protons were
present in the spectrum, the signals of aliphatic cyclohexane
ring were only poorly visible. In the 13C{1H} NMR spectrum of
13e in DMSO-d6, signals of both the carbonyl carbon at
197.1 ppm (C-1) and the enol carbon atom vC(OH)– (C-3) at
176.9 ppm were observed which confirmed the enol form
(Fig. S15†). 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 1H NMR spectrum of 13e in CD2Cl2 allowed to
register the NMR spectrum of 13e existing as diketone
(Fig. S16†). In the 1H NMR spectrum, signals assigned to the
ferrocenyl moiety and all the cyclohexane protons including
three CH2 groups and one CH group were present, while no
enol signals were detected. In the 13C{1H} NMR spectrum of
13e in CD2Cl2, 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 18†). Both increasing
(up to 343 K for DMSO-d6 solution) and decreasing (down to
243 K for CD2Cl2 solution) sample temperatures only slightly
affected the NMR spectra. The HPLC-MS analysis of 13e

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

Scheme 1 Synthesis of ferrocenyl acetoacetanilides 10a–c.

Paper Dalton Transactions
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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 β-ketoamides
10a–d or β-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 microwave 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 1H and 13C 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. S34†). 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. S39†) and

two peaks at 6.79 min and 6.94 min with m/z of 495.4 assigned
to [M]+ of the ester (Fig. S69†). 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 1H and 13C NMR spectra,
which were assigned to rotamers (Fig. S25 and 26†). Replacing
the amide moiety by the ester group, as in 15d, results in one
set of signals in the 1H and 13C NMR spectra with no signals
from rotamers (Fig. S55†). 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 + H]+.

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 IC50 value for reference 5
(Fig. 2). Replacing the 4-phenyl moiety in 5 by a ferrocenyl sub-

Scheme 2 Synthesis of 5-ferrocenylcyclohexane-1,3-dione 13e.

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

Dalton Transactions Paper
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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 14c, 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

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 IC50 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. S1B†), 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 IC75 values for 5
(Table 3 and Fig. S2†). 5 was demonstrated to induce concen-
tration- and time-dependent G2/M block in HepG2 cells,61

however its effects on A549 and SW620 cells were different. In
both cases, the proportion of G1 cells was decreasing and the
proportion of S cells was increasing with exposure time while
G2/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 G1 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 G2/M cell counts. In neither case G2/M block was
observed. On the other hand, SW620 cells tended to respond
in a more predictable way, with 14g and 14j inducing G2/M
block in a time-dependent manner. 14h and 15f however,
exerted effects similar to those observed in A549 cells (i.e.
increased number of G1 cells and reduced number of G2/M
cells) – a behavior expected for agents blocking S phase entry
checkpoint. These results suggest the potential of the investi-

Fig. 2 Antiproliferative activity of the synthesized compounds in com-
parison to 5 at concentrations equal to IC50 values of 5 in the respective
cancer cell lines A549 (IC50 = 57.4 μM), Colo 205 (IC50 = 33.9 μM),
HCT116 (IC50 = 26.8 μM), MCF7 (IC50 = 40.0 μM), SW620 (IC50 =
15.2 μM), HepG2 (IC50 = 39.7 μM). The results are presented as relative
viability compared to non-treated controls (mean values, n = 3).
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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 G2/M phase by blocking mitosis.66–68 The observed
G1/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 G1 to S phase transition.69 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

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 µM, 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.27,70 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 µM by measuring
the rate of intracellular dihydrorhodamine 123 oxidation
(Fig. 4). 10 µM 14h, 14j and 15f significantly increased ROS

Table 1 Antiproliferative activity of studied 1,4-dihydropyridine derivatives in human cancer cell lines (exposure time 72 h). IC50 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)/IC50(compound) (in italics)

Compound

IC50 (μM)

A549 Colo 205 HCT116 MCF7 SW620 HepG2

5 57.4 (43.6–75.4) 33.9 (28.6–41.4) 26.8 (22.4–32.0) 40.0 (30.9–53.4) 15.2 (12.7–18.1) 39.7 (29.3–54.7)
14d 27.5 (22.4–34.1) 5.82 (4.64–7.26) 24.2 (15.6–39.7) 14.5 (11.8–17.9) 15.6 (11.4–21.4) 7.51 (5.75–9.78)

2.1 5.8 1.1 2.8 1.0 5.3
14g 4.49 (3.93–5.87) 7.80 (5.64–10.8) 16.0 (11.3–22.5) 7.63 (4.49–13.4) 5.07 (3.57–7.12) 11.7 (9.26–15.0)

12.8 4.3 1.7 5.2 3.0 3.4
14h 4.32 (3.48–5.32) 4.74 (4.21–5.32) 19.8 (15.7–24.3) 4.93 (3.40–7.12) 2.99 (2.37–3.77) 4.48 (3.30–6.08)

13.3 7.2 1.4 8.1 5.1 8.9
14j 3.87 (0.45–200) 2.23 (0.829–6.48) 5.19 (2.57–12.0) 2.46 (0.670–12.6) 7.14 (4.83–10.5) 9.99 (4.59–23.4)

14.8 15.2 5.2 16.3 2.1 4.0
15a >100 50.9 (41.0–63.0) 91.2 (70.5–139) >100 89.7 (70.0–151) 63.4 (38.9–120)

0.7 0.3 0.2 0.6
15d 8.57 (6.70–11.0) 8.14 (7.07–9.32) 21.9 (16.8–29.1) 10.1 (7.47–13.8) 7.54 (5.94–9.74) 6.96 (5.03–9.56)

6.7 4.2 1.2 4.0 2.0 5.7
15e 35.5 (16.5–105) 6.06 (4.94–7.42) 14.3 (9.30–23.3) 25.0 (15.0–45.5) 12.7 (8.91–18.7) 5.39 (3.92–7.44)

1.6 5.6 1.9 1.6 1.2 7.4
15f 5.73 (3.72–9.31) 1.78 (1.48–2.12) 1.57 (1.26–1.96) 5.12 (3.34–8.14) 3.06 (2.40–3.95) 2.13 (1.41–3.36)

10.0 19.0 17.1 7.8 5.0 18.6
15g 6.81 (5.67–8.12) 22.5 (14.9–34.6) 17.6 (14.0–22.2) 19.0 (13.9–26.3) 10.7 (8.05–14.3) 11.7 (7.07–20.3)

8.4 1.5 1.5 2.1 1.4 3.4
15h 37.0 (24.0–63.2) 6.66 (5.48–8.15) 18.1 (12.2–28.1) 7.16 (4.73–11.1) 34.4 (24.1–52.5) 13.8 (9.58–20.4)

1.6 5.1 1.5 5.6 0.4 2.9
15i 24.5 (15.9–40.9) 4.61 (3.11–6.81) 14.4 (9.09–23.9) 6.01 (4.20–8.71) 20.2 (14.0–30.1) 12.1 (7.68–19.9)

2.3 7.4 1.9 6.7 0.8 3.3

Table 2 Antiproliferative potential of selected 1,4-dihydropyridine derivatives in MRC-5 cells (exposure time 72 h). IC50 values are presented along
with the corresponding 95% (or 90%, *) confidence intervals (in parentheses), n = 3

Compound

IC50 (μM)

5 14g 14h 14j 15f

MRC-5 68.3 (43.4–166) 6.43 (5.52–7.46) 4.57 (3.76–5.10)* 20.8 (18.2–23.6) 1.99 (1.66–2.40)
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generation in SW620 cells with the similar efficiency compared
to 5. The effects observed at 1 µM concentrations of the afore-
mentioned compounds were much less pronounced but still
higher than in control cells. 14g was significantly less active
than 5, but still able to increase ROS generation by over 20%
compared to control at 10 µM. 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
upregulation of NRF-2 signaling pathway, which may mitigate
the ROS-inducing effects.71 The results suggest that replacing
the phenyl group in 5 with a ferrocenyl substituent and modi-
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

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 IC75 values for 5. Data are presented as mean ± SD, n = 3

Compound

A549 SW620

G1 S G2/M G1 S G2/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 ± 0.9 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 ± 0.9 20.6 ± 0.5 19.2 ± 0.5 54.5 ± 2.4 19.2 ± 0.8 23.9 ± 0.9
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
72 h 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 24 h 70.4 ± 1.2 19.5 ± 0.4 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
72 h 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 14.3 ± 2.1 3.4 ± 1.9 68.9 ± 1.0 16.3 ± 2.7 13.7 ± 2.7
72 h 82.9 ± 1.1 12.9 ± 2.3 3.6 ± 2.6 79.0 ± 0.7 16.0 ± 1.6 4.7 ± 1.0

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

Fig. 4 ROS generation in A549 (A) and SW620 (B) cells after 4-hour exposure to 1 (blue) or 10 µM (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 G1/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-d6 δ =
2.50 ppm for 1H and 39.51 ppm for 13C, CD2Cl2 δ = 5.32 ppm
for 1H and 53.5 ppm for 13C). 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 μm XB-C18 100 Å column (50 × 2.1 mm).

Synthesis

2-Ferrocenylnitrobenzene 8a. This compound was syn-
thesized according to modified procedure.72 A solution of 3.0 g

(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(III) 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.72

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.72

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.72

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 C16H15FeN
C – 69.34, H – 5.46, N – 5.05 found C – 69.51, H – 5.45, N –

4.88. 1H NMR (DMSO-d6): δ 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). 13C{1H} NMR (DMSO-d6): δ 145.3 (C), 129.6 (CHAry), 127.0
(CHAry), 120.6 (C), 116.5 (CHAry), 115.2 (CHAry), 85.3 (Cpipso),
68.8 (Cp′), 68.1 (Cp), 67.1 (Cp). MS calculated for C16H15FeN
m/z = 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.73

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.73

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
C20H19FeNO2 C – 66.50, H – 5.30, N – 3.88 found C – 55.53, H –

5.14, N – 3.84. 1H NMR (DMSO-d6) δ 9.34 (s, 1H, CONH),
7.75–7.74 (m, 1H, C6H4Fc), 7.43–7.41 (m, 1H, C6H4Fc),
7.21–7.19 (m, 2H, C6H4Fc), 4.67 (t, J = 1.7 Hz, 2H, Cp), 4.35 (s,
2H, Cp), 4.10 (s, 5H, Cp′), 3.56 (s, 2H, CH2), 2.19 (s, 3H, CH3).
13C{1H} NMR (DMSO-d6) δ 203.1 (C-3), 165.2 (CONH), 134.2
(CAr), 132.6 (CAr), 130.5 (CHC6H4Fc), 126.3 (CHC6H4Fc), 126.1
(CHC6H4Fc), 125.4 (CHC6H4Fc), 83.3 (Cpipso), 68.4 (Cp′), 69.0 (Cp),
68.4 (Cp), 51.7 (CH2), 30.3 (CH3). MS calculated for
C20H19FeNO2 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 × 15 min). The product
was purified by chromatography on silica using dichloro-
methane as eluent. Elemental analysis (%) calculated for
C20H19FeNO2 C – 66.50, H – 5.30, N – 3.88 found C – 66.57, H –

5.48, N – 3.87. 1H NMR (DMSO-d6) δ 10.1 (CONH), 7.70 (br s,
1H, C6H4Fc), 7.46–7.44 (m, 1H, C6H4Fc), 7.24–7.23 (m, 2H,
C6H4Fc), 4.68 (t, J = 1.8 Hz, 2H, Cp), 4.34 (t, J = 1.8 Hz, 2H, Cp),
4.03 (s, 5H, Cp′), 3.57 (s, 2H, CH2), 2.23 (s, 3H, CH3);

13C{1H}
NMR (DMSO-d6) δ 202.9 (C-3), 165.1 (CONH), 139.5 (CAr), 138.9
(CAr), 128.7 (CHC6H4Fc), 121.3 (CHC6H4Fc), 116.8 (CHC6H4Fc), 116.6
(CHC6H4Fc), 84.8 (Cpipso), 69.4 (Cp′), 68.9 (Cp), 66.3 (Cp), 52.4
(CH2), 30.3 (CH3). MS calculated for C20H19FeNO2 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 × 20 min). The product
was purified by chromatography on silica using dichloro-
methane as eluent. Elemental analysis (%) calculated for
C20H19FeNO2 C – 66.50, H – 5.30, N – 3.88 found C – 66.43, H –

5.33, N – 3.93. 1H NMR (DMSO-d6) δ 10.07 (s, 1H, CONH),
7.51–7.47 (m, 4H, C6H4Fc), 4.73 (s, 2H, Cp), 4.31 (s, 2H, Cp),
4.01 (s, 5H, Cp′), 3.54 (s, 2H, CH2), 2.22 (s, 3H, CH3).

13C{1H}
NMR (DMSO-d6) δ 202.8 (C-3), 164.8 (CONH), 136.8 (CAr), 133.9
(CAr), 126.1 (CHC6H4Fc), 119.1 (CHC6H4Fc), 84.7 (Cpipso), 69.3
(Cp′), 68.6 (Cp), 65.9 (Cp), 52.3 (CH2), 30.2 (CH3). MS calcu-
lated for C20H19FeNO2 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.

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 C16H16FeO2 C – 64.89, H
– 5.45 found C – 64.91, H – 5.61. 1H NMR (CD2Cl2) δ 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); 13C{1H} NMR (CD2Cl2) δ 203.7
(C-1 and C-3), 90.9 (Cpipso), 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
C16H16FeO2 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 μl, 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 C25H25ClN2O2 C – 71.33, H – 5.99, N
– 6.66 found C – 71.25, H – 5.76, N – 6.72. 1H NMR (DMSO-d6)
δ 9.69 (s, 1H, NH̲CO), 8.73 (s, 1H, NH), 7.59 (d, J = 8.9 Hz, 2H,
C6H4Cl), 7.29 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.29–7.28 (m, 4H,
CHPh), 7.07–7.04 (m, 1H, CHPh), 4.97 (s, 1H, H-4), 2.40 (d, J =
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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-CH3), 1.99 (d, J = 15.9 Hz, 1H,
H-6), 1.03 (s, 3H, 7-CH3), 0.91 (s, 3H, 7-CH3).

13C{1H} (DMSO-
d6) δ 196.7 (C-5), 167.4 (CONH), 150.4 (C), 147.1 (C), 138.4 (C),
138.4 (C), 135.5 (C), 128.3 (CHC6H4Cl), 127.9 (CHPh), 127.4
(CHPh), 126.4 (C), 125.7 (CHPh), 121.1 (CHC6H4Cl), 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 C25H26ClN2O2 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
C29H29ClFeN2O2 C – 65.86, H – 5.53, N – 5.30 found C – 65.65,
H – 5.26, N – 5.13. 1H NMR (DMSO-d6) δ 9.86 (s, 1H, H-1), 8.67
(s, 1H, CONH), 7.83 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.36 (d, J = 8.9
Hz, 2H, C6H4Cl), 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-CH3).

13C{1H}
(DMSO-d6) δ 193.9 (C-5), 168.7 (CONH), 150.1 (C), 138.7 (C),
136.2 (C), 128.4 (CHC6H4Cl), 126.3 (C), 121.0 (CHC6H4Cl), 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-CH3), 17.0 (2-CH3). MS calculated for
C29H29ClFeN2O2 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 11c, 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 × 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 C29H29ClN2O2Ru C – 60.67, H – 5.09, N –

4.88 found C – 60.79, H – 6.02, N – 4.93. 1H NMR (DMSO-d6) δ
9.68 (s, 1H, H-1), 8.72 (s, 1H, CONH), 7.81 (d, J = 9.0 Hz, 2H,
C6H4Cl), 7.35 (d, J = 9.0 Hz, 2H, C6H4Cl), 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, J = 16.0 Hz,
1H, H-6), 2.09 (s, 3H, 2-CH3), 2.04 (d, J = 16.2 Hz, 1H, H-6),
1.01 (s, 3H, 7-CH3), 0.86 (s, 3H, 7-CH3).

13C{1H} NMR (DMSO-
d6) δ 193.9 (C-5), 163.3 (CONH), 150.2 (C), 138.8 (C), 136.4 (C),
128.4 (CHC6H4Cl), 126.2 (C), 120.8 (CHC6H4Cl), 109.0 (C), 108.9

(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-CH3), 17.1 (2-CH3). MS
calculated for C29H30ClN2O2Ru 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 × 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
C35H33ClFeN2O2 C – 69.49, H – 5.50, N – 4.63 found C – 69.21,
H – 5.34, N – 4.38. 1H NMR (DMSO-d6) δ 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, CHAry), 7.60 (d, J = 8.9 Hz, 0.5H, CHAry, minor
rotamer), 7.36 (d, J = 8.8 Hz, 0.5H, CHAry, minor rotamer), 7.36
(d, J = 8.8 Hz, 2H, CHAry), 7.21 (d, J = 8.9 Hz, 2H, CHAry), 7.13
(br s, 1H, CHAry), 7.12 (br s, 1H, CHAry), 7.08–7.06 (m, 1H,
CHAry), 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-CH3), 1.06 (s, 3H, 7-CH3), 1.00 (s, 3H, 7-CH3).

13C
{1H} NMR (DMSO-d6) δ 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
(CHAry, minor rotamer), 130.9 (C), 128.7 (CHAry), 128.3 (CHAry,
minor rotamer), 127.4 (CHAry), 126.9 (C, minor rotamer), 126.5
(CHAry), 125.8 (C), 125.0 (CHAry), 120.9 (CHAry), 120.6 (CHAry),
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 C35H33ClFeN2O2 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
C35H33ClFeN2O2 C – 69.49, H – 5.50, N – 4.63 found C – 69.54,
H – 5.49, N – 4.44. 1H NMR (DMSO-d6) δ 9.76 (s, 1H, H-1), 8.79
(s, 1H, CONH), 7.65 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.36 (br s, 1H,
C6H4Fc), 7.29 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.17 (d, J = 7.7 Hz,
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1H, C6H4Fc), 7.08 (t, J = 7.6 Hz, 1H, C6H4Fc), 6.96 (d, J = 7.7
Hz, 1H, C6H4Fc), 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-CH3), 2.02 (d, J =
15.9 Hz, 1H, H-6), 1.06 (s, 3H, 7-CH3), 0.98 (s, 3H, 7-CH3).

13C
{1H} NMR (DMSO-d6) δ 193.7 (C-5), 167.4 (CONH), 150.5 (C),
147.0 (C), 138.5 (C), 138.2 (C), 135.8 (C), 128.3 (CHC6H4Cl),
127.9 (CHC6H4Fc), 126.4 (C), 125.6 (CHC6H4Fc), 124.8 (CHC6H4Fc),
123.4 (CHC6H4Fc), 121.1 (CHC6H4Cl), 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-CH3). MS
calculated for C35H33ClFeN2O2 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 × 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
C35H33ClFeN2O2 C – 69.49, H – 5.50, N – 4.63 found C – 69.54,
H – 5.37, N – 4.34. 1H NMR (DMSO-d6) δ 9.70 (s, 1H, H-1), 8.74
(s, 1H, CONH), 7.60 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.34 (d, J = 8.2
Hz, 2H, C6H4Fc), 7.28 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.08 (d, J =
8.2 Hz, 2H, C6H4Fc), 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-CH3), 2.02 (d, J = 15.9 Hz, 1H,
H-6), 1.03 (s, 3H, 7-CH3), 0.92 (s, 3H, 7-CH3).

13C{1H} NMR
(DMSO-d6) δ 193.7 (C-5), 167.5 (CONH), 150.4 (C), 144.7 (C),
138.4 (C), 136.1 (C), 135.4 (C), 128.3 (CHC6H4Cl), 127.3
(CHC6H4Fc), 126.4 (C), 125.6 (CHC6H4Fc), 121.1 (CHC6H4Cl), 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 C35H33ClFeN2O2 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 × 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 C28H27ClFeN2O2 C – 65.32, H – 5.29, N –

5.44 found C – 65.18, H – 5.55, N – 5.26. 1H NMR (DMSO-d6) δ
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, C6H4Cl), 7.36 (d, J = 8.9
Hz, 2H, C6H4Cl), 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, J =
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-CH3 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-CH3).

13C{1H} NMR
(DMSO-d6) δ 194.4 (minor), 194.2 (C-5), 168.7 (CONH), 151.7
(Cminor), 151.6, 138.7, 136.2, 135.9 (minor), 128.5 (CHC6H4Cl),
126.4 (minor), 126.3 (C), 120.9 (CHC6H4Cl), 110.2 (C), 110.0
(Cminor), 109.4 (Cminor), 108.8 (C), 95.6 (Cpipso-minor), 95.4
(Cpipso), 68.3 (Cp′), 67.0 (Cp), 66.3 (Cp), 66.2 (Cpminor), 65.9
(Cp), 65.7 (Cpminor), 65.6 (Cp), 41.1 (C-6), 40.4 (C-8), 31.2
(C-7minor), 30.9 (C-7), 30.6 (C-7minor), 30.1 (C-8minor), 29.9 (C-8),
19.7 (7-CH3), 19.6 (7-CH3-minor), 19.4 (7-CH3-minor), 17.0 (2-
CH3). MS calculated for C28H27ClFeN2O2 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 × 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 C33H29ClFeN2O2 C – 68.71, H – 5.07, N – 4.86 found C
– 68.53, H – 5.08, N – 4.72. 1H NMR (DMSO-d6) δ 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, CONHminor), 8.60 (s, 0.06H,
CONHminor), 7.86–7.84 (m, 2H, CHAr), 7.41–7.30 (m, 4H, CHAr),
7.26–7.16 (m, 3H, CHAr), 4.91 (s, 0.07H, H-4minor), 4.91 (s, 0.4H,
H-4), 4.89 (s, 0.07H, H-4minor), 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-CH3), 2.12 (s,
1.8H, 2-CH3);

13C{1H} NMR (DMSO-d6) δ 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 × C), 136.0 (C), 135.7 (C), 128.5 (2 × CHAr), 128.3
(CHAr), 127.0 (2 × CHAr), 126.6 (CHAr-minor) 126.4 (CHAr-minor),
120.9 (2 × CHAr), 110.4 (C), 110.0 (C), 109.6 (C), 109.0 (C), 95.5
(Cpipso), 94.8 (Cpipso), 69.2 (Cp), 68.5 (Cp′minor), 68.4 (Cp′), 68.3
(Cp′), 67.1 (2 × Cp), 66.3 (2 × 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-CH3), 17.0 (2-CH3). MS
calculated for C33H29ClFeN2O2 m/z = 576.1 [M]+ found m/z =
576.2 [M]+.
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N-(4-Chlorophenyl)-7-ferrocenyl-2-methyl-5-oxo-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 μl, 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 × 10 min).
Elemental analysis (%) calculated for C33H29ClFeN2O2 C –

68.71, H – 5.07, N – 4.86 found C – 68.87, H – 4.93, N – 4.57.
1H NMR (DMSO-d6) δ 10.21 (s, 0.6Hminor), 9.70 (s, 1H, H-1),
8.80 (s, 1H, CONH), 7.60–7.59 (m, 3H, CHAry), 7.36 (d, J = 8.9
Hz, 1.5H, CHAry-minor), 7.29 (d, J = 8.9 Hz, 2H, CHAry), 7.15–7.09
(m 4H, CHAry), 7.05–7.03 (m, 1H, CHAry), 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).

13C{1H} NMR (DMSO-d6) δ

202.7 (C-5minor), 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
(CHAry), 128.3 (CHAry), 127.8 (CHAry), 127.5 (CHAry), 126.9
(Cminor), 126.4 (Cminor), 125.6 (CHAry-minor), 121.1 (CHAry), 120.6
(CHAry), 110.6 (C), 108.7 (C), 91.8 (Cpipso), 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),
33.2 (C-7), 30.2 (C), 17.1 (2-CH3). MS calculated for
C33H29ClFeN2O2 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 × 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
C27H25ClFeN2O2 C – 64.76, H – 5.03, N – 5.59 found C – 64.67,
H – 5.15, N – 5.48. 1H NMR (DMSO-d6) δ 9.86 (s, 1H, H-1), 8.75
(s, 1H, CONH), 7.82 (d, J = 8.9 Hz, 2H, C6H4Cl), 7.36 (d, J = 8.9
Hz, 2H, C6H4Cl), 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).
13C{1H} NMR (DMSO-d6) δ 194.3 (C-5), 168.7 (CONH), 151.9
(C), 138.7 (C), 135.8 (C), 128.5 (CHC6H4Cl), 126.4 (CHC6H4Cl),
120.9 (C), 110.3 (C), 109.3 (C), 95.7 (Cpipso), 68.3 (Cp′), 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 (C-6), 17.0 (2-CH3). MS calculated for
C27H25ClFeN2O2 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

(102 μl, 1.0 mmol) of 11a, 130 mg (1.0 mmol, 126 µl) 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 × 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 C21H25NO3 C – 74.31, H – 7.42, N – 4.13
found C – 74.11, H – 7.26, N – 3.86. 1H NMR (DMSO-d6) δ 9.06
(s, 1H, NH), 7.19–7.14 (m, 4H, CHPh), 7.07–7.05 (m, 1H, CHPh),
4.85 (s, 1H, H-4), 3.97 (q, J = 7.0 Hz, 2H, COOCH2CH3), 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-CH3), 2.16 (d, J = 16.1 Hz, 1H, H-6), 1.97 (d, J = 16.3 Hz, 1H,
H-6), 1.12 (t, J = 7.1 Hz, 3H, COOCH2CH3), 1.00 (s, 3H, 7-CH3),
0.84 (s, 3H, 7-CH3);

13C{1H} NMR (DMSO-d6) δ 194.2 (C-5),
166.8 (COOCH2CH3), 149.5 (C), 147.6 (C), 145.0 (C), 127.7
(CHPh), 127.4 (CHPh), 125.7 (CHPh), 109.9 (C), 103.6 (C), 59.0
(COOCH2CH3), 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-
CH3), 18.3 (2-CH3), 14.1 (COOCH2CH3). MS calculated for
C21H26NO3 m/z = 340.2 [M + H]+ found m/z = 340.2 [M + H]+.

Ethyl 4-ferrocenyl-2,7,7-trimethyl-5-oxo-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 × 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
C25H29FeNO3 C – 67.12, H – 6.53, N – 3.13 found C – 67.30, H –

6.23, N – 2.90. 1H NMR (DMSO-d6) δ 9.11 (s, 1H, H-1), 4.68 (s,
1H, H-4), 4.16 (q, J = 7.0 Hz, 2H, COOCH2CH3), 4.02 (s, 5H,
Cp′), 3.96 (br s, 2H, Cp), 3.76 (s, 1H, Cp), 3.72 (s, 1H, Cp), 2.40
(d, J = 17.2 Hz, 1H, H-8), 2.30 (d, J = 17.2 Hz, 1H, H-8), 2.26 (s,
3H, 2-CH3), 2.20 (d, J = 16.1 Hz, 1H, H-6), 2.13 (d, J = 16.0 Hz,
1H, H-6), 1.26 (t, J = 7.1 Hz, 3H, COOCH2CH3), 1.03 (s, 3H,
7-CH3), 1.02 (s, 3H, 7-CH3).

13C{1H} NMR (DMSO) δ 194.5 (C-5),
167.5 (COOCH2CH3), 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 (COOCH2CH3), 50.5 (C-6), 39.6 (C-8, overlapped with
DMSO residual signal), 31.9 (C), 29.4 (7-CH3), 27.9 (C-4), 26.4
(7-CH3), 18.2 (2-CH3), 14.4 (COOCH2CH3). MS calculated for
C25H29FeNO3 m/z = 447.1 [M]+ found m/z = 447.4 [M]+.

Ethyl 2,7,7-trimethyl-5-oxo-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 µl, 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 × 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
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diethyl ether and dried. Elemental analysis (%) calculated for
C25H29NO3Ru C – 60.96, H – 5.93, N – 2.84 found C – 60.78, H
– 5.69, N – 2.55. 1H NMR (DMSO-d6) δ 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 COOCH2CH3), 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, J = 7.1
Hz, 3H, COOCH2CH3), 1.03 (s, 3H, 7-CH3), 1.02 (s, 3H, 7-CH3).
13C{1H} NMR (DMSO-d6) δ 194.4 (C-5), 167.4 (COOCH2CH3),
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
(COOCH2CH3), 50.4 (C-6), 39.5 (C-8 overlapped with DMSO
residual signal), 31.9 (C), 29.6 (7-CH3), 27.8 (C-4), 26.3 (7-CH3),
18.2 (2-CH3), 14.4 (COOCH2CH3). MS calculated for
C25H30NO3Ru m/z = 494.1 [M + H]+ found m/z = 494.3 [M + H]+.

Ethyl 4-(2-ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-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 µl, 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 × 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 C31H33FeNO3 C – 71.13, H – 6.35, N –

2.68 found C – 71.06, H – 6.21, N – 2.44. 1H NMR (DMSO-d6) δ
8.93 (s, 1H, H-1), 7.76–7.75 (m, 1H, C6H4Fc), 7.11–7.10 (m, 1H,
C6H4Fc), 7.07–7.06 (m, 2H, C6H4Fc), 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, COOCH2CH3), 3.33 (ddd, J = 14.1, 10.6, 7.0 Hz, 1H,
COOCH2CH3, 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-CH3), 2.06 (d, J = 16.0 Hz, 1H,
H-6), 1.04 (s, 3H, 7-CH3), 0.96 (s, 3H, 7-CH3), 0.81 (t, J = 7.0 Hz,
COOCH2CH3).

13C{1H} NMR (DMSO-d6) δ 194.7 (C-5), 167.0
(COOCH2CH3), 150.5 (C), 146.7 (C), 141.9 (C), 135.6 (C), 131.2
(CHC6H4Fc), 128.5 (CHC6H4Fc), 126.2 (CHC6H4Fc), 125.2 (CHC6H4Fc),
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 (COOCH2CH3), 50.6 (C-6), 39.9
(C-8 overlapped with DMSO residual signal), 32.3 (C), 32.1
(C-4), 29.1 (7-CH3), 26.8 (7-CH3), 17.9 (2-CH3), 14.2
(COOCH2CH3). MS calculated for C31H33FeNO3 m/z = 523.2
[M]+ found m/z = 523.5 [M]+.

Ethyl 4-(3-ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-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 µl, 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 × 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 C31H33FeNO3 C – 71.16, H – 6.35, N – 2.68

found C – 71.20, H – 6.12, N – 2.44. 1H NMR (DMSO-d6) δ 9.13
(s, 1H, H-1), 7.36 (s, 1H, C6H4Fc), 7.18 (d, J = 7.6 Hz, 1H,
C6H4Fc), 7.09 (t, J = 7.6 Hz, 1H, C6H4Fc), 6.98 (d, J = 7.7 Hz,
1H, C6H4Fc), 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, COOCH2CH3), 3.98 (s, 5H, Cp′), 2.46 (d, J = 17.0 Hz,
1H, H-8), 2.34–2.31 (m, 4H, 2-CH3 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, J = 7.1 Hz,
3H, COOCH2CH3), 1.03 (s, 3H, 7-CH3), 0.90 (s, 3H, 7-CH3).

13C
{1H} NMR (DMSO-d6) δ 194.3 (C-5), 166.9 (COOCH2CH3), 149.6
(C), 147.5 (C), 145.0 (C), 138.1 (C), 127.7 (CHC6H4Fc), 125.7
(CHC6H4Fc), 125.1 (CHC6H4Fc), 123.5 (CHC6H4Fc), 110.0 (C), 103.7
(C), 85.6 (Cpipso), 69.3 (Cp′), 68.7 (Cp), 68.6 (Cp), 66.7 (Cp), 65.9
(Cp), 59.1 (COOCH2CH3), 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-CH3), 14.2 (COOCH2CH3). MS calculated for
C31H33FeNO3 m/z = 523.2 [M]+ found m/z = 523.6 [M]+.

Ethyl 4-(4-ferrocenylphenyl)-2,7,7-trimethyl-5-oxo-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 µl, 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 × 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
C31H33FeNO3 C – 71.13, H – 6.35, N – 2.68 found C – 71.02, H –

6.60, N – 2.44. 1H NMR (DMSO-d6) δ 9.07 (s, 1H, H-1), 7.34 (d, J
= 8.3 Hz, 2H, C6H4Fc), 7.07 (d, J = 8.2 Hz, 2H, C6H4Fc), 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 COCH2CH3), 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, COCH2CH3), 1.01 (s, 3H, 7-CH3), 0.84 (s,
3H, 7-CH3).

13C{1H} NMR (DMSO-d6) δ 194.3 (C-5), 166.9
(COOCH2CH3), 149.4 (C), 145.3 (C), 145.0 (C), 136.1 (C), 127.3
(CHC6H4Fc), 125.5 (CHC6H4Fc), 109.9 (C), 103.4 (C), 85.3 (Cpipso),
69.2 (Cp′), 68.5 (2 × Cp), 66.2 (Cp), 66.0 (Cp), 59.0
(COOCH2CH3), 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-CH3). 14.2 (COOCH2CH3). MS calculated for
C31H33FeNO3 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 µl, 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 × 10 min).
Pure product was isolated by chromatography on silica gel
using dichloromethane – ethyl acetate (9–1) as eluent.
Elemental analysis (%) calculated for C24H27FeNO3 C – 66.52,
H – 6.28, N – 3.23 found C – 66.50, H – 6.24, N – 2.84. 1H NMR
(DMSO-d6) δ 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-4minor), 4.68 (s, 1H, H-4), 4.17–4.12 (m,
3H, COOCH2CH3), 4.01 (s, 5H, Cp′) and 4.01 (s, 2H, Cp′minor),
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-CH3 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, COOCH2CH3), 1.25
(t, J = 7.1 Hz, 1.4H, COOCH2CH3minor), 1.05 (d, J = 6.3 Hz, 1.3
Hz, 7-CH3minor), 1.03 (d, J = 6.6 Hz, 3H, 7-CH3).

13C{1H} NMR
(DMSO-d6) δ 194.8 (C-5, minor isomer), 194.4 (C-5), 167.5
(COOCH2CH3), 167.4 (COOCH2CH3minor), 151.5 (Cminor), 150.5
(C), 144.5 (C), 144.4 (Cminor), 110.0 (C), 109.8 (Cminor), 104.1
(Cminor), 103.4 (C), 96.3 (Cpipso-minor), 96.1 (Cpipso), 68.3
(Cp′minor), 68.3 (Cp′), 66.4 (Cp), 66.3 (Cpminor), 66.3 (Cpminor),
66.2 (Cp), 66.0 (Cpminor), 65.8 (Cp), 65.7 (Cp), 65.5 (Cpminor),
59.1 (COOCH2CH3), 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),
20.6 (7-CH3minor), 20.2 (7-CH3), 18.1 (2-CH3), 14.4
(COOCH2CH3). MS calculated for C24H27FeNO3 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 µl, 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 × 10 min). Pure product was isolated
by chromatography on silica gel using dichloromethane – ethyl
acetate (9–1) as eluent. Elemental analysis (%) calculated for
C29H29FeNO3 C – 70.31, H – 5.90, N – 2.83 found C – 70.12, H –

5.92, N – 2.54. 1H NMR (DMSO-d6) δ 9.23 (s, 0.6H, H-1major),
9.13 (s, 0.4H, H-1minor), 7.22–7.18 (m, 2H, CHPh), 7.15–7.05 (m,
3H, CHPh), 4.93 (s, 0.6H, H-4major), 4.87 (s, 0.4H, H-4minor),
4.18–4.10 (m, 7.5H, Cp′ and Cp), 4.02–3.96 (m, 3.5H,
COOCH2CH3 and Cp), 3.14–3.11 (m, 0.4H, H-7minor), 2.85–2.81
(m, 1.6H, H-7 and H-8major), 2.64 (d, J = 16.6 Hz, 0.2H,
H-8minor), 2.63 (d, J = 16.6 Hz, 0.2 Hz, H-8minor), 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-CH3 and
H-6), 1.13 (t, J = 7.1 Hz, 3H, COOCH2CH3).

13C{1H} (DMSO-d6)
δ 194.0 (C-5), 193.6 (C-5minor), 166.9 (COOCH2CH3), 150.9 (C),
150.3 (Cminor), 147.7 (C), 147.2 (Cminor), 144.9 (C), 127.9 (CHPh),
127.6 (CHPh), 127.5 (CHPh), 125.7 (CHPh-minor), 125.6
(CHPh-minor), 110.8 (C), 110.7 (Cminor), 103.7 (C), 103.5 (Cminor),
91.8 (Cpipso), 91.7 (Cpipso-minor), 68.3 (Cp′minor), 68.2 (Cp′), 67.1
(Cp), 67.0 (Cp), 66.9 (Cp), 66.8 (Cp), 66.2 (Cp), 65.8 (Cpminor),
59.1 (COOCH2CH3), 59.0 (COOCH2CH3 minor), 44.5 (C-6), 44.2
(C-6minor), 35.9 (C-4minor), 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 (COOCH2CH3). MS cal-
culated for C29H29FeNO3 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,

starting from 296 mg (1.0 mmol) of 13e, 106 mg (102 μl,
1.0 mmol) of 11a, 130 mg (126 µl, 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 × 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 C29H29FeNO3 C – 70.31, H – 5.90, N –

2.83 found C – 70.13, H – 5.94, N – 2.54. 1H NMR (DMSO-d6) δ
9.12 (s, 1H, H-1), 7.15–7.10 (m, 4H, CHPh), 7.06–7.03 (m, 1H,
CHPh), 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, COOCH2CH3 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-CH3), 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, COOCH2CH3).

13C{1H} NMR
(DMSO-d6) δ 193.6 (C-5), 166.9 (COOCH2CH3), 150.3 (C), 147.2
(C), 144.9 (C), 127.6 (CHPh), 125.6 (CHPh), 110.7 (C), 103.5 (C),
91.7 (Cpipso), 68.3 (Cp′), 66.9 (2 × Cp), 66.8 (Cp), 66.2 (Cp), 59.0
(COOCH2CH3), 44.2 (C-6), 35.9 (C-4), 33.2 (C-8), 33.1 (C-7), 18.3
(2-CH3), 14.1 (COOCH2CH3). MS calculated for C29H30FeNO3

m/z = 496.2 [M + H]+ found m/z = 496.1 [M + H]+.
Ethyl 4-ferrocenyl-2-methyl-5-oxo-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 × 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 C23H25FeNO3 C – 65.88,
H – 6.01, N – 3.34 found C – 65.67, H – 5.94, N – 3.05. 1H NMR
(DMSO-d6) δ 9.18 (s, 1H, H-1), 4.70 (s, 1H, H-7), 4.17–4.11 (m,
2H, COOCH2CH3), 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-CH3 and
H-6), 1.98–1.94 (m, 1H, H-7), 1.90–1.83 (m, 1H, H-7), 1.25 (t, J =
7.1 Hz, 3H, COOCH2CH3).

13C{1H} NMR (DMSO-d6) δ 194.8
(C-5), 167.4 (COOCH2CH3), 151.8 (C), 144.3 (C), 110.2 (C),
104.0 (C), 96.3 (Cpipso), 68.3 (Cp′), 66.3 (2 × Cp), 66.0 (Cp), 65.5
(Cp), 59.1 (COOCH2CH3), 36.9 (C-6), 27.7 (C-4), 26.3 (C-8), 20.9
(C-7), 18.1 (2-CH3), 14.4 (COOCH2CH3). MS calculated for
C23H25FeNO3 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 μl, 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 × 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 C35H34FeN2O2 C – 73.69,
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H – 6.01, N – 4.91 found C – 73.59, H – 6.27, N – 4.65. 1H NMR
(DMSO-d6) δ 8.75 (s, 1H, H-1), 8.41 (s, 1H, CONH), 7.52–7.50
(m, 2H, CHAry), 7.26 (t, J = 7.6 Hz, 2H, CHAry), 7.20–7.16 (m,
4H, CHAry), 7.08–7.07 (m, 1H, CHAry), 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-CH3), 1.98 (d, J = 16.0 Hz, 1H,
H-6), 1.02 (s, 3H, 7-CH3), 0.89 (s, 3H, 7-CH3).

13C{1H} MNR
(DMSO-d6) δ 193.6 (C-5), 167.4 (CONH), 150.4 (C), 147.0 (C),
134.8 (C), 134.6 (C), 130.2 (C), 130.1 (CHAry), 128.2 (CHAry),
127.5 (CHAry), 125.3 (CHAry), 126.1 (CHAry), 124.4 (CHAry), 111.0
(C), 108.0 (C), 83.1 (Cpipso), 69.1 (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-CH3), 17.0 (2-
CH3). MS calculated for C35H34FeN2O2 m/z = 570.2 [M]+ found
m/z = 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 μl, 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 × 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 C35H34FeN2O2 C – 73.69, H – 6.01, N –

4.91 found C – 73.58, H – 5.78, N – 4.63. 1H NMR (DMSO-d6) δ
9.51 (s, 1H, H-1), 8.72 (s, 1H, CONH), 7.67 (br s, 1H, CHAry),
7.44–7.43 (m, 1H, CHAry), 7.21–7.14 (m, 6H, CHAry), 7.08–7.05
(m, 1H, CHAry), 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-CH3), 1.04 (s, 3H, 7-CH3), 0.91 (s, 3H,
7-CH3).

13C{1H} NMR (DMSO-d6) δ 193.6 (C-5), 167.3 (CONH),
150.5 (C), 147.2 (C), 193.4 (C), 193.1 (C), 135.1 (C), 128.4
(CHAry), 127.9 (CHAry), 127.4 (CHAry), 125.7 (CHAry), 120.9
(CHAry), 117.4 (2 × CHAry), 110.9 (C), 108.2 (C), 85.2 (Cpipso),
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 C35H34FeN2O2 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 μl, 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 × 10 min). Pure
product was isolated by chromatography on silica gel using di-
chloromethane – methanol (99–1) as eluent. Elemental ana-
lysis (%) calculated for C35H34FeN2O2 C – 73.69, H – 6.01, N –

4.91 found C – 73.46, H – 5.74, N – 4.66. 1H NMR (DMSO-d6) δ
9.53 (s, 1H, H-1), 8.70 (s, 1H, CONH), 7.49 (d, J = 8.7 Hz, 2H,
C6H4Fc), 7.41 (d, J = 8.7 Hz, 2H, C6H4Fc), 7.19 (s, 2H, CHPh),
7.18 (s, 2H, CHPh), 7.08–7.05 (m, 1H, CHPh), 4.98 (s, 1H, H-4),

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-CH3), 0.91 (s, 3H, 7-CH3).
13C{1H} NMR (DMSO-d6) δ 193.6 (C-5), 167.1 (CONH), 150.5
(C), 147.1 (C), 137.4 (C), 134.9 (C), 133.3 (C), 127.9 (CHPh),
127.4 (CHPh), 125.8 (CHC6H4Fc), 125.7 (CHPh), 119.6 (CHC6H4Fc),
111.0 (C), 108.0 (C), 85.0 (Cpipso), 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 C35H34FeN2O2 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 o.o. The cells were
cultured in standard conditions (5% CO2, 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.74 Cells
were seeded on 96-well plates at a predetermined number
(HepG2: 4 × 103 per well, A549: 5 × 103 per well, other cell
lines: 104 per well) in final volume of 100 µL 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 µL 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 μL 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 IC50 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

105 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 IC75 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 µM 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

105 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 µM), dihydrorhodamine 123 (1 µM) and verapamil
(10 µM) 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 (IC50 values), B) The Activity 

Quotients (AQ) of studied compounds in comparison to cytotoxic activity of 5 were calculated 

as AQ = IC50(5)/IC50(compound) 

 

 
 
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 IC75 values for 5. 

Data are presented as mean ± SD, n = 3 
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Figure S3. 1H NMR spectrum of 5 in DMSO-d6 

  
Figure S4. 13C{1H} NMR spectrum of 5 in DMSO-d6 
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Figure S5. HPLC-MS analysis of 5 
 

 
Figure S6. 1H NMR spectrum of 9a in DMSO-d6 
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Figure S7. 13C{1H} NMR spectrum of 9a in DMSO-d6 

 
 

  
Figure S8. 1H NMR spectrum of 10a in DMSO-d6 
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Figure S9. 13C{1H} NMR spectrum of 10a in DMSO-d6 
 

  
Figure S10. 1H NMR spectrum of 10b in DMSO-d6 
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Figure S11. 13C{1H} NMR spectrum of 10b in DMSO-d6 

  
Figure S12. 1H NMR spectrum of 10c in DMSO-d6 
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Figure S13. 13C{1H} NMR spectrum of 10c in DMSO-d6 

  
Figure S14. 1H NMR spectrum of 13e in DMSO-d6 
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Figure S15. 13C{1H} NMR spectrum of 13e in DMSO-d6  

  
Figure S16. 1H NMR spectrum of 13e in DMSO-d6 
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Figure S17. 13C{1H} NMR spectrum of 13e in DMSO-d6 

  
Figure S18. 13C{1H} NMR spectrum of 13e in DMSO-d6 
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Figure S19. HPLC-MS analysis of 13e 
 
 

 
Figure S20. 13C{1H} NMR spectrum of 14b in DMSO-d6 
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Figure S21. 13C{1H} NMR spectrum of 14b in DMSO-d6 
 

 
Figure S22. 13C{1H} NMR spectrum of 14c in DMSO-d6 
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Figure S23. 13C{1H} NMR spectrum of 14c in DMSO-d6 
 

 
Figure S24. 13C{1H} NMR spectrum of 14c in DMSO-d6 
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Figure S25. 13C{1H} NMR spectrum of 14d in DMSO-d6 

 
Figure S26. 13C{1H} NMR spectrum of 14d in DMSO-d6 
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Figure S27. 13C{1H} NMR spectrum of 14d in DMSO-d6 
 

 
Figure S28. 13C{1H} NMR spectrum of 14e in DMSO-d6 
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Figure S29. 13C{1H} NMR spectrum of 14e in DMSO-d6 
 

 
Figure S30. 13C{1H} NMR spectrum of 14e in DMSO-d6 
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Figure S31. 13C{1H} NMR spectrum of 14f in DMSO-d6 
 

 
Figure S32. 13C{1H} NMR spectrum of 14f in DMSO-d6 
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Figure S33. 13C{1H} NMR spectrum of 14f in DMSO-d6 
 

 
Figure S34. 13C{1H} NMR spectrum of 14g in DMSO-d6 
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Figure S35. 13C{1H} NMR spectrum of 14g in DMSO-d6 

 
Figure S36. 13C{1H} NMR spectrum of 14g in DMSO-d6 
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Figure S37. 13C{1H} NMR spectrum of 14h in DMSO-d6 
 

 
Figure S38. 13C{1H} NMR spectrum of 14h in DMSO-d6 
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Figure S39. 13C{1H} NMR spectrum of 14h in DMSO-d6 
 

 
Figure S40. 13C{1H} NMR spectrum of 14i in DMSO-d6 
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Figure S41. 13C{1H} NMR spectrum of 14i in DMSO-d6 
 

 
Figure S42. 13C{1H} NMR spectrum of 14i in DMSO-d6 
 



 23 

 
Figure S43. 13C{1H} NMR spectrum of 14j in DMSO-d6 

 
Figure S44. 13C{1H} NMR spectrum of 14j in DMSO-d6 
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Figure S45. 13C{1H} NMR spectrum of 14j in DMSO-d6 

 
Figure S46. 13C{1H} NMR spectrum of 15a in DMSO-d6 
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Figure S47. 13C{1H} NMR spectrum of 15a in DMSO-d6 
 

 
Figure S48. 13C{1H} NMR spectrum of 15a in DMSO-d6 
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Figure S49. 13C{1H} NMR spectrum of 15b in DMSO-d6 

 
Figure S50. 13C{1H} NMR spectrum of 15b in DMSO-d6 
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Figure S51. 13C{1H} NMR spectrum of 15b in DMSO-d6 
 

 
Figure S52. 13C{1H} NMR spectrum of 15c in DMSO-d6 
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Figure S53. 13C{1H} NMR spectrum of 15c in DMSO-d6 

 
Figure S54. 13C{1H} NMR spectrum of 15c in DMSO-d6 
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Figure S55. 13C{1H} NMR spectrum of 15d in DMSO-d6 

 
Figure S56. 13C{1H} NMR spectrum of 15d in DMSO-d6 
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Figure S57. 13C{1H} NMR spectrum of 15d in DMSO-d6 
 

 
Figure S58. 13C{1H} NMR spectrum of 15e in DMSO-d6 
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Figure S59. 13C{1H} NMR spectrum of 15e in DMSO-d6 
 

 
Figure S60. 13C{1H} NMR spectrum of 15e in DMSO-d6 
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Figure S61. 13C{1H} NMR spectrum of 15f in DMSO-d6 

 
Figure S62. 13C{1H} NMR spectrum of 15f in DMSO-d6 
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Figure S63. 13C{1H} NMR spectrum of 15f in DMSO-d6 

 
Figure S64. 13C{1H} NMR spectrum of 15g in DMSO-d6 
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Figure S65. 13C{1H} NMR spectrum of 15g in DMSO-d6 

 
Figure S66. 13C{1H} NMR spectrum of 15g in DMSO-d6 
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Figure S67. 13C{1H} NMR spectrum of 15h in DMSO-d6 

 
Figure S68. 13C{1H} NMR spectrum of 15h in DMSO-d6 
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Figure S69. 13C{1H} NMR spectrum of 15h in DMSO-d6 

 
Figure S70. 13C{1H} NMR spectrum of 15i in DMSO-d6 
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Figure S71. 13C{1H} NMR spectrum of 15i in DMSO-d6 

 
Figure S72. 13C{1H} NMR spectrum of 15i in DMSO-d6 
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Figure S73. 13C{1H} NMR spectrum of 15i in DMSO-d6 
 

 
Figure S74. 13C{1H} NMR spectrum of 15j in DMSO-d6 
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Figure S75. 13C{1H} NMR spectrum of 15j in DMSO-d6 

 
Figure S76. 13C{1H} NMR spectrum of 16a in DMSO-d6 



 40 

 
Figure S77. 13C{1H} NMR spectrum of 16a in DMSO-d6 
 

 
Figure S78. 13C{1H} NMR spectrum of 16a in DMSO-d6 
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Figure S79. 13C{1H} NMR spectrum of 16b in DMSO-d6 

 
Figure S80. 13C{1H} NMR spectrum of 16b in DMSO-d6 
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Figure S81. 13C{1H} NMR spectrum of 16b in DMSO-d6 

 
Figure S82. 13C{1H} NMR spectrum of 16c in DMSO-d6 
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Figure S83. 13C{1H} NMR spectrum of 16c in DMSO-d6 

 
Figure S84. 13C{1H} NMR spectrum of 16c in DMSO-d6 
 



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,[a] Andrzej Błauż,[b] Daniel Moscoh Ayine-Tora,[c] Christian G. Hartinger,[d]

Błażej Rychlik,[b] and Damian Plażuk*[a]

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 IC50 values against cell lines. Further evaluation
indicated that the antiproliferative activity is not directly

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.

Introduction

Antimitotic agents are widely used for cancer chemotherapy.[1]

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.[2] 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.[3] 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.[4]

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.[4a] The discovery of the first low-molecular-
weight KSP inhibitors, such as S-trityl-l-cysteine[5] and
monastrol,[6] initiated an extensive search for other Eg5
inhibitors.[7] KSP modulators with a variety of structures, for
example, ispinesib, SB-743921,[8] MK-0731,[9] ARY-520,[10] K858[11]

and others, have been reported.[12] Ispinesib is a small-molecule
inhibitor of KSP ATPase activity, exhibiting high selectivity for
KSP over other kinesins.[13] Ispinesib has been extensively
studied in 16 phase I/II clinical trials, both as monotherapy and
in combination therapies.[12a] 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.[14] 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[14c,i,l,15] or a
half-sandwich complex.[14f,h,16] Previous studies have shown that
introducing a ferrocenyl substituent into an antimitotic mole-
cule increases the antitumor activity of the obtained
conjugates.[14e,17] Moreover, in the case of ferrocenyl analogues
of paclitaxel, a significantly increased ability to induce tubulin
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polymerization was observed compared to the parent
compound.[18] The presence of an organometallic group in
podophyllotoxin aminoconjugates was responsible for revealing
dual inhibitory properties affecting both tubulin polymerization
and topoisomerase II activity.[19] 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.[20] We
have shown that conjugating a ferrocenyl substituent to
monastrol resulted in higher antiproliferative and KSP inhibitory
activity.[21] 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.[22]

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 4a–f (Figure 1) were synthesized starting from enantiomeri-
cally pure (S)- and (R)-5[23] or (S)- and (R)-1.[23] The precursors o-,
m- and p-ferrocenylbenzaldehyde (6b–d) were obtained by
oxidation of the readily available benzyl alcohols with MnO2,

[18a]

while the 1-adamantanecarboxaldehyde 6f was prepared by
oxidation of 1-adamantylmethanol with pyridine
chlorochromate.[24] The type I compounds (S)- and (R)-2a–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 S1 for an example of chiral HPLC
analysis) when conducting the reaction in the microwave.
Therefore, all compounds of type I 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 II, 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 III compounds (S)- and (R)-4a–f were prepared in
two steps from enantiomerically pure ispinesib (R)-1 and its (S)-
enantiomer (S)-1[23] by reductive amination with aldehydes 6a–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.

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.

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

Scheme 2. Synthesis of ispinesib analogues type III (4a–f). Reagents and
conditions: (i) 1.12 equiv RCHO (6a–f), 1.44 equiv NaBH(OAc)3, 1,2-dichloro-
ethane, MW, 120 °C, 15 min;
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Cytotoxic activity

Using a two-step approach described previously,[19] we eval-
uated the antiproliferative activity of both the (R)- and (S)-
enantiomers at a fixed concentration, i. e., equal to the IC50

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 I compounds, only (R)-2c
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 G2 cells, 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 I compounds (R)-2a-e led to the
formation of type II 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 II 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 III compounds (R)-4a–f)
resulted in substantially increased cytotoxicity in all cases, with
kill rates exceeding 99%.

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

Based on the screening phase data, we selected the most
active compounds, i. e., (R)-2c, (R)-3c, (R)-4a-4 f, (S)-4a, (S)-4e,
and (S)-4f for more detailed studies in which we determined
their IC50 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[25] (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)-
3c, 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
4.4-fold increased cytotoxicity (IC50 =177 nM) towards
HCT116 cells compared to (R)-1 (IC50 =848 nM) while the
modification did not affect its activity in the other cell lines.
However, N-acylation of (R)-2c, which led to (R)-3c, resulted in
loss of activity towards Colo 205 and HCT116 cells while the
compound remained cytotoxic towards SW620 cells (IC50 =

162 nM). All type III 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

Figure 2. Averaged viability of cancer cells treated with the investigated compounds at concentrations equal to the IC50 values for (R)-1 or (S)-1, respectively
(0.20/0.76 μM 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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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 SW620E cells. The
resistance index (RI, ratio of IC50 for SW620E to IC50 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 8.45 while it was 7.70 for (S)-1). A notable
exception was the type III benzyl analogue (S)-4a, which
exhibited marked activity towards the MDR cancer cell line
(IC50 =918 nM for (S)-4a compared to 2,734 nM for (S)-1, RI 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 G2/M arrest in cancer cells.[26] All investigated (S)-

enantiomers exhibited a similar pattern in cell cycle distribution
as (S)-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 G1 (up to 40%) and increased G2/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 G2/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 μM (Figure 4). Neither (S)-1 nor its analogues
demonstrated inhibitory activity at that concentration, while

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; IC50 values
and corresponding 95% confidence intervals in parentheses).

Compound Colo 205 HCT116 SW620 SW620E

(R)-1
121 848 185 1,562

(106–137) (729–986) (146–235) (1,412–1,728)

(R)-2c
122 177 189 1,254

(102–148) (154–202) (149–242) (1,090–1,445)

(R)-3c
14,380 75,710 163 12,930

(11,940–17,460) (67,560–84,460) (121–219) (9,371–18,910)

(R)-4a
47 135 111 1,597

(40–54) (116–157) (88–139) (1,273–2,007)

(R)-4b
43 54 103 6,864

(38–48) (39–75) (75–145) (5,113–9,333)

(R)-4c
84 108 44 11,200

(58–121) (77–156) (37–54) (8,719–14,550)

(R)-4d
49 139 23 2,170

(39–60) (86–234) (15–34) (1,852–2,543)

(R)-4e
43 73 132 1,472

(37–51) (61–88) (109–159) (1,260–1,720)

(R)-4f
76 240 136 17,260

(57–102) (163–356) (100–185) (15,080–19,860)

(S)-1
305 774 355 2,734

(251–370) (637–943) (317–397) (2,269–3,311)

(S)-4a
200 691 292 918

(164–246) (630–759) (260–328) (779–1,085)

(S)-4e
122 671 127 2,084

(103–144) (529–857) (108–148) (1,806–2,406)

(S)-4f
164 704 662 7,495

(128–212) (564–882) (450–985) (6,442–8,738)
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(R)-1 exhibited high inhibitory potency. Interestingly, among
the (R)-enantiomers, (R)-2c, (R)-3a and (R)-3c did not affect KSP
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.

The benzyl ((R)-4a), ferrocenylmethyl ((R)-4e), and 1-
adamantymethyl ((R)-4f) ispinesib derivatives retained the
ability to inhibit KSP significantly, while o-, m- or p-ferrocenyl-
benzyl ((R)-4b–d) were significantly less potent KSP inhibitors
than ispinesib.

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 IC75 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 (S)-1 or ispinesib (R)-1 and their analogues at concentrations equal to the IC75 values for
24 h and 48 h. Data are presented as mean�SEM, n=3.

Compound 24 h 48 h

G1 S G2/M G1 S G2/M

Ctrl 63.4�1.5 18.6�2.6 16.9�0.9 61.2�0.8 18.1�1.4 18.2�1.8

DMSO 63.2�1.6 19.1�3.5 15.9�1.0 63.3�1.2 17.2�2.0 17.1�1.2

(S)-1 44.0�3.2 21.6�5.4 32.4�0.9 31.5�1.2 29.2�2.4 38.5�2.0

(S)-4a 41.4�1.2 24.7�0.7 32.3�0.9 32.2�2.5 29.5�2.0 36.3�1.2

(S)-4e 43.6�2.0 26.7�3.2 28.4�1.3 31.8�3.7 30.9�4.5 36.1�0.9

(S)-4f 42.6�2.3 25.0�3.0 30.6�0.9 31.7�2.1 29.9�1.7 36.6�2.6

(R)-1 43.6�2.5 19.8�0.5 34.1�2.1 27.8�2.0 32.8�2.3 38.3�1.1

(R)-2c 44.1�1.2 21.3�1.3 33.4�0.7 27.6�2.2 32.1�2.8 38.5�1.5

(R)-3c 32.4�1.2 26.9�1.5 39.5�1.0 17.3�2.3 28.1�2.0 53.1�0.7

(R)-4a 41.7�1.7 25.4�0.3 31.1�0.9 32.5�2.7 28.3�4.1 37.4�1.6

(R)-4b 42.5�2.2 26.9�3.7 29.5�1.0 29.7�1.7 31.2�1.8 38.6�1.7

(R)-4c 33.1�0.9 24.0�1.8 41.2�1.6 19.8�1.8 24.7�3.1 54.3�0.6

(R)-4d 30.9�1.5 28.8�2.0 38.6�2.5 19.3�2.8 26.2�3.1 52.9�2.0

(R)-4e 26.1�1.9 30.9�2.5 41.1�1.8 16.7�1.8 25.2�3.2 55.6�2.4

(R)-4f 30.7�1.0 27.3�3.7 39.9�3.3 16.7�1.4 25.8�2.7 56.1�1.3
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To further analyze the effects of the (R)-enantiomers of the
type III 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 μM, we determined the KSP inhibitory activity expressed as
the IC50 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

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),[27] ChemScore (CS),[28]

ChemPLP,[29] and Astex statistical potential (ASP)[30] scoring

Figure 4. KSP inhibitory activity of (S)- and (R)-1 and their analogues (10 μM).
Data are presented as mean�SEM, n=3.

Figure 5. Inhibitory activity of (S)- and (R)-1 and (R)-4a-f (10 μM) of kinesins and kinesin-like proteins. Data are presented as mean�SEM, n=3

Table 3. IC50 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

IC50 [μM] 0.44 1.53 0.85 1.84

(0.33–0.60) (0.91–2.65) (0.54–1.37) (1.22–2.95)
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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 π-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.

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 I), those that are functionalized
on their tertiary amine group (type II) and the third group that
was obtained by derivatization of its primary amine (type III).
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 I compound (R)-2c exhibited cytotoxic activity comparable
to that of ispinesib with IC50 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 III compounds, the N-
alkylated ispinesib derivatives exhibited similar or higher
cytotoxicity than ispinesib with the most active being (R)-4b-e.
However, only (R)-4a, (R)-4e and (R)-4f inhibited KSP activity in
the sub- to low-μM concentration range. Interestingly, these
were also the compounds that scored highly in many of the
docking experiments relative to ispinesib. Although the con-

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. π-Stacking interactions are shown as purple doted lines
between (R)-4e and the amino acids Trp127 and Tyr211

Table 4. ROS generation in SW620 cells exposed to the ispinesib analogues (1 μM) for 4 h. Data are presented as mean�SEM, n=3. Verapamil (10 μM) 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)-2c (R)-3c

ROS [%] vs control 103.7�1.6 103.7�1.9 103.7�2.7 128.1�3.8 102.1�1.1 129.1�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�1.4 125.9�5.6 128.2�3.1 120.8�2.5 129.5�4.0
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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 G2/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 μm) with a mobile phase flow of
0.3 mLmin� 1 using a Shimadzu Nexera XR system equipped with
SPD� M40 and LCMS-2020 detectors (see Supporting Information
for details). The enantiomer ratios for (S)- 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� 1

using a Shimadzu HPLC system equipped with a PDA detector. 1H
and 13C{1H} NMR spectra were recorded on a Bruker ARX 600 MHz
spectrometer (600.3 MHz for 1H and 150.0 MHz for 13C) at 294 K.
Chemical shifts were calibrated on the residual solvent signals:
[D6]DMSO 2.51 ppm for 1H and 39.5 ppm for 13C. 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. 1H NMR (600 MHz, [D6]DMSO) δ 8.18 (d,
J=8.6 Hz, 1H, H-5), 7.77 (d, J=2.0 Hz, 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=16.4 Hz, 1H, CH2), 5.19 (d, J=16.1 Hz, 1H, CH2), 3.55 (s, 1H), 3.51
(m, 2H, CH2 and H-1’), 3.11 (d, J=12.8 Hz, 1H, CH2) 2.64 (br s., 1H,
NH), 1.97-1.91 (m, 1H, H-2’), 0.88 (d, J=6.7 Hz, 3H, H-3’), 0.73 (d, J=

6.4 Hz, 3H, H-3’). 13C{1H} NMR (151 MHz, [D6]DMSO) δ 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),

118.8, 50.5 (CH2), 45.3 (CH2), 31.7 (CH), 20.1 (CH), 17.1 (CH);
Elemental analysis calculated for C26H26ClN3O C 72.29, H 6.07, N
9.73, found C 72.21, H 5.98, N 9.94; HPLC-MS (see Supporting
Information) analysis, Rf (HPLC) τ=2.53 min, m/z calculated for
C26H27

35ClN3O [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. 1H NMR
(600 MHz, [D6]DMSO) δ 8.24 (d, J=8.6 Hz, 1H, H-5), 7.76 (d, J=

2.0 Hz, 1H, H-8), 7.66 (dd, J=2.0, 8.6 Hz, 1H, H-6), 7.36 (t, J=7.5 Hz,
2H, CHAr), 7.30 (t, J=7.3 Hz, 1H, CHAr), 7.27–7.21 (m, 8H, CHAr), 7.16
(t, J=7.3 Hz, 1H, CHAr), 6.99 (d, J=7.2 Hz, 2H, CHAr), 5.89 (d, J=

16.3 Hz, 1H, CH2Ph), 5.52 (d, J=10.5 Hz, 1H, H-1’), 5.07 (d, J=

16.3 Hz, 1H, CH2Ph), 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, CH3C6H4CO), 1.93-1.85 (m, 2H), 1.23-
1.20 (m, 1H), 0.90 (d, J=6.8 Hz, 3H, H-3’), 0.90-0.68 (m, 1H), 0.48 (d,
J=6.4 Hz, 3H, H-3’). 13C{1H} (151 MHz, [D6]DMSO) δ 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 (CH2), 45.6
(CH2), 45.1 (CH2), 42.4 (CH2), 29.5 (CH2), 28.0 (CH), 20.8 (CH), 19.4
(CH), 18.1 (CH). Elemental analysis calculated for C37H39ClN4O2 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, Rf (HPLC) τ=2.06 min, m/z
calculated for C37H40

35ClN4O2 [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 1 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. 1H NMR (600 MHz, [D6]DMSO) δ 7.88
(d, J=8.3 Hz, 1H, H-5), 7.48-7.47 (m, 2H, CHAr), 7.41 (d, J=7.9 Hz, 2H,
CHAr), 7.38 (t, J=7.6 Hz, 2H, CHAr), 7.32 (d, J=7.1 Hz, 1H, CHAr), 7.29
(d, J=7.7 Hz, 2H, CHAr), 7.21 (d, J=7.9 Hz, 2H, CHAr), 6.77–6.75 (m,
4H, CHAr), 6.77-6.66 (m, 1H, CHAr), 5.92 (d, J=16.2 Hz, 1H, CH2Ph),
5.66 (d, J=10.4 Hz, 1H, H-1’), 5.17 (d, J=16.2 Hz, 1H, CH2Ph), 4.72
(d, J=17.2 Hz, 1H, CH2Ph), 4.54 (d, J=17.2 Hz, 1H, CH2Ph), 2.95-2.91
(m, 1H, H-2’), 2.28 (s, 3H, CH3C6H4CO), 0.98 (d, J=6.8 Hz, 3H, H-3’),
0.45 (d, J=6.4 Hz, 3H, H-3’). 13C{1H} (151 MHz, [D6]DMSO) δ 172.6,

Wiley VCH Montag, 21.08.2023

2349 / 312841 [S. 89/91] 1

Chem. Eur. J. 2023, 29, e202300813 (8 of 10) © 2023 Wiley-VCH GmbH

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

 15213765, 2023, 49, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202300813 by PC

P/U
niversity of L

odz, W
iley O

nline L
ibrary on [22/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



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
(CH2), 44.8 (CH2), 27.3 (CH), 20.8 (CH), 19.3 (CH), 17.9 (CH). Elemental
analysis calculated for C34H32ClN3O C 74.24, H 5.86, N 7.64, found C
74.02, H 5.97, N 7.76. HPLC-MS (see Supporting Information)
analysis, Rf (HPLC) τ=2.40 min, m/z calculated for C34H33

35ClN3O2 [M
+H]+ 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. IC50 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
IC75 concentrations of (S)-1 or (R)-1 calculated from viability curves
for the SW620 cell line. After 24 h and 48 h, 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 μM 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 μM), dihydrorhod-
amine 123 (1 μM) and verapamil (10 μM) 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: 4AP0, resolution 2.59 Å)[31] which was obtained
from the Protein Data Bank (PDB).[32] Scigress version FJ 2.6[33] was

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 Å. The Gold-
Score (GS),[27] ChemScore (CS),[28] ChemPLP,[29] and Astex statistical
potential (ASP)[30] 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 S1 and S2 in the Supporting Information.
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Atom numbering scheme for NMR assignment  

 

(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. 1H and 13C{1H} NMR spectra were 

identical with those of (S)-2a. Elemental analysis calculated for C26H26ClN3O 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) t = 

2.50 min, m/z calculated for C26H2735ClN3O [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. 1H NMR (600 MHz, DMSO) δ 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, o-C6H4Fc), 7.32 (t, J = 7.5 Hz, 2H, o-C6H4Fc), 7.26 (t, J = 7.3 Hz, 1H, o-

C6H4Fc), 7.23-7.16 (m, 5H, CH2Ph), 5.61 (d, J = 16.1 Hz, 1H, CH2Ph), 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’). 13C{1H} (151 

MHz, DMSO) δ 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 (CH2) 45.2 (CH2), 31.2 (CH), 20.3 (CH), 17.2 (CH). Elemental analysis 

calculated for C36H34ClFeN3O 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, Rf (HPLC) t = 4.51 min, m/z calculated for C36H3535ClFeN3O 

[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. 1H and 
13C{1H} NMR spectra were identical with those of (S)-2b. Elemental analysis calculated 

for C36H34ClFeN3O C 70.20, H 5.56, N 6.82, found C 70.34, H 5.54, N 7.07. HPLC-MS 

analysis, Rf (HPLC) t = 4.52 min, m/z calculated for C36H3535ClFeN3O [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 6c. 1H NMR (600 MHz, DMSO) δ 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, CHAr), 7.24 (t, J = 7.3 Hz, 

1H, CHAr), 7.16 (t, J= 7.6 Hz, 1H, CHAr), 7.12 (s, 1H, CHAr), 7.11 (s, 1H, CHAr), 6.96 

(d, J = 7.5 Hz, 1H, CHAr), 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’). 13C{1H} (151 MHz, DMSO) δ 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 (CH2), 45.4 (CH2), 31.7 (CH), 20.1 (CH), 17.3 (CH). 

Elemental analysis calculated for C36H34ClFeN3O C 70.20, H 5.56, N 6.82, found C 

70.07, H 5.66, N 7.08. HPLC-MS analysis, Rf (HPLC) t = 2.76 min, m/z calculated for 

C36H3535ClFeN3O [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 6c. 1H 

and 13C{1H} NMR spectra were identical with those of (S)-2c. Elemental analysis 

calculated for C36H34ClFeN3O 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, Rf (HPLC) t = 2.75 min, m/z calculated for C36H3535ClFeN3O 

[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. 1H NMR (600 MHz, DMSO) δ 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-C6H4Fc), 7.07 (d, J = 8.1 Hz, 2H, p-C6H4Fc), 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’). 13C{1H} 

(151 MHz, DMSO) δ 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 (CH2), 

31.7 (CH), 20.1 (CH), 17.2 (CH). Elemental analysis calculated for C36H34ClFeN3O C 

70.20, H 5.56, N 6.82, found C 70.31, H 5.67, N 7.08. HPLC-MS analysis, Rf (HPLC) 

t = 2.23 min, m/z calculated for C36H3535ClFeN3O [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. 1H 

and 13C{1H} NMR spectra were identical with those of (S)-2d. Elemental analysis 

calculated for C36H34ClFeN3O C 70.20, H 5.56, N 6.82, found C 70.48, H 5.57, N 7.05. 

HPLC-MS analysis, Rf (HPLC) t = 2.26 min, m/z calculated for C36H3535ClFeN3O 

[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. 1H 

NMR (600 MHz, DMSO) δ 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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(br s, 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’). 13C{1H} (151 MHz, DMSO) δ 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 (CH2), 45.3 (CH2), 32.3 (CH), 20.1 (CH), 17.0 (CH). Elemental 

analysis calculated for C30H30ClFeN3O C 66.74, H 5.60, N 7.78, found C 66.73, H 5.63, 

N 7.54. HPLC-MS analysis, Rf (HPLC) t = 3.56 min, m/z calculated for 

C30H3135ClFeN3O [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. 1H 

and 13C{1H} NMR spectra were identical with those of (S)-2e. Elemental analysis 

calculated for C30H30ClFeN3O C 66.74, H 5.60, N 7.78, found C 66.94, H 5.71, N 7.77. 

HPLC-MS analysis, Rf (HPLC) t = 3.46 min, m/z calculated for C30H3135ClFeN3O 

[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. 1H 

NMR (600 MHz, DMSO) δ 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, CH2Ph), 5.79 (d, J = 16.4 Hz, 1H, CH2Ph), 5.08 

(d, J = 16.4 Hz, 1H) , CH2Ph, 3.41 (dd, J = 10.4, 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(Ad)), 1.61-

1.59 (m, 3H, CH2(Ad)), 1.50-1.49 (m, 3H, CH2(Ad)), 1.28-1.26 (m, 4H, CH2(Ad)), 1.19-1.17 

(m, 3H, CH2(Ad) and CH2NH), 0.91 (d, J = 6.7 Hz, 3H, H-3’), 0.86 (d, J = 6.6 Hz, 3H, H-

3’). 13C{1H} (151 MHz, DMSO) δ 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(Ad)), 59.1 

(CH2), 45.0 (CH2), 39.9 (CH2(Ad)) overlapped with DMSO residual peak, 36.6 (CH2(Ad)), 

33.1 (CH), 32.7, 27.7 (CH), 20.0 (CH), 17.3 (CH). Elemental analysis calculated for 

C30H36ClN3O C 73.52, H 7.40, N 8.57, found C 73.22, H 7.42, N 8.81. HPLC-MS 

analysis, Rf (HPLC) t = 2.10 min, m/z calculated for C30H3735ClN3O [M+H]+ 490.3 found 

490.5 [M+H]+. 
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(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. 1H 

and 13C{1H} NMR spectra were identical with those of (S)-2f. Elemental analysis 

calculated for C30H36ClN3O C 73.52, H 7.40, N 8.57, found C 73.65, H 7.44, N 8.55. 

HPLC-MS analysis, Rf (HPLC) t = 2.16 min, m/z calculated for C30H3735ClN3O [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. 1H and 13C{1H} 

NMR spectra were identical with those of (S)-3a. Elemental analysis calculated for 

C34H32ClN3O C 74.24, H 5.86, N 7.64, found C 74.34, H 5.80, N 7.72. HPLC-MS 

analysis, Rf (HPLC) t = 2.39 min, m/z calculated for C34H3335ClN3O2 [M+H]+ 550.2 

found 550.4 [M+H]+. 

(S)-N-(2-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-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.1H NMR (600 MHz, DMSO) δ 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, CHAr), 7.37 (t, J = 7.6 Hz, 1H, 

CHAr), 7.29 (m, J = 6.1 Hz, 1H, CHAr), 7.21 (d, J = 8.0 Hz, 1H, CHAr), 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, CHAr), 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, CH2C6H4Fc), 4.56 (d, J = 

17.5 Hz, 1H, CH2C6H4Fc), 4.40 (br s, 1H, Cp), 4.36 (br s, 1H, Cp), 4.27 (br s, 1H, Cp), 

4.19 (br s, 1H, Cp), 4.07 (s, 5H, Cp’), 2.70-2.63 (m, 1H, H-2’), 2.29 (s, 3H, 

CH3C6H4CO), 0.93 (d, J = 6.8 Hz, 3H, H-3’), 0.36 (d, J = 6.4 Hz, 3H, H-3’). 13C{1H} (151 

MHz, DMSO) δ 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 (CH2), 

27.5 (CH), 20.8 (CH), 19.1 (CH), 17.8 (CH). Elemental analysis calculated for 

C26H26ClN3O 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) t = 2.16 min, m/z calculated for C44H4035ClFeN3O2 [M]+ 733.2 

found 733.3 [M]+. 

(R)-N-(2-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-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. 1H and 13C{1H} NMR spectra were identical with those of (S)-3b.  

Elemental analysis calculated for C44H40ClFeN3O2 C 71.99, H 5.49, N 5.72, found C 

71.98, H 5.57, N 5.86. HPLC-MS analysis, Rf (HPLC) t = 2.12 min, m/z calculated for 

C44H4035ClFeN3O2 [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. 1H NMR (600 MHz, DMSO) δ 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, CHAr), 7.31-7.29 (m, 3H, CHAr), 7.21 (d, J = 

8.0 Hz, 2H, CHAr), 6.92 (d, J = 7.7 Hz, 1H, CHAr), 6.79-6.75 (m, 1H, CHAr), 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, CH2C6H4Fc), 

4.60 (d, J = 17.0 Hz, 1H, m-CH2C6H4Fc), 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, 

CH3C6H4CO), 0.98 (d, J = 6.8 Hz, 3H, H-3’), 0.44 (d, J = 6.4 Hz, 3H, H-3’). 13C{1H} (151 

MHz, DMSO) δ 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 C44H40ClFeN3O2C 

71.99, H 5.49, N 5.72, found C 71.90, H 5.52, N 5.82. HPLC-MS analysis, Rf (HPLC) 

t = 2.40 min, m/z calculated for C44H4035ClFeN3O2 [M]+ 733.2 found 733.4 [M]+. 

(R)-N-(3-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-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. 1H and 13C{1H} NMR spectra were identical with those of (S)-3c. 

Elemental analysis calculated for C44H40ClFeN3O2 C 71.99, H 5.49, N 5.72, found C 
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71.87, H 5.49, N 5.87. HPLC-MS analysis, Rf (HPLC) t = 2.39 min, m/z calculated for 

C44H4035ClFeN3O2 [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. 1H NMR (600 MHz, DMSO) δ 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, CHAr), 

7.33-7.30 (m, 3H, CHAr), 7.21 (d, J = 8.0 Hz, 2H, CHAr), 6.95 (d, J = 8.2 Hz, 2H, CHAr), 

6.68 (d, J = 8.1 Hz, 2H, CHAr), 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-CH2C6H4Fc), 

4.57 (d, J = 17.2 Hz, 1H, p-CH2C6H4Fc), 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, CH3C6H4CO), 0.99 (d, J = 6.8 Hz, 3H, H-3’), 0.46 (d, J = 6.4 Hz, 3H, H-3’). 13C{1H} 

(151 MHz, DMSO) δ 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 (CH2), 44.9 (CH2), 27.7 (CH), 20.8 (CH), 19.3 (CH), 

17.9 (CH). Elemental analysis calculated for C44H40ClFeN3O2 C 71.99, H 5.49, N 5.72, 

found C 71.94, H 5.61, N 5.76. HPLC-MS analysis, Rf (HPLC) t = 2.81 min, m/z 

calculated for C44H4035ClFeN3O2 [M]+ 733.2 found 733.4 [M]+. 

(R)-N-(4-ferrocenylbenzyl)-N-(1-(3-benzyl-7-chloro-4-oxo-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. 1H and 13C{1H} NMR spectra were identical with those of (S)-3d. 

Elemental analysis calculated for C44H40ClFeN3O2 C 71.99, H 5.49, N 5.72, found C 

71.94, H 5.61, N 5.76. HPLC-MS analysis, Rf (HPLC) t = 2.61 min, m/z calculated for 

C44H4035ClFeN3O2 [M]+ 733.2 found 733.4 [M]+. 

(S)-N-ferrocenylmethyl-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-
yl)-2-methylpropyl)-4-methylbenzamide (S)-3e. This compound was obtained in 

47% yield according to General procedure C starting from 70 mg of (R)-2e. 1H NMR 

(600 MHz, DMSO) δ 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, CH3C6H4CO), 7.35-7.33 (m, 3H, 

CH2Ph), 7.28 (t, J = 7.3 Hz, 2H, CH2Ph), 7.21 (d, J = 7.6 Hz, 2H, CH3C6H4CO), 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, CH3C6H4CO), 0.91 (d, J = 6.8 Hz, 3H, H-3’), 0.55 (d, J = 6.4 Hz, 3H, 

H-3’). 13C{1H} (151 MHz, DMSO) δ 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 C38H36ClFeN3O2 C 69.36, H 5.51, N 6.39, found C 

69.33, H 5.41, N 6.33. HPLC-MS analysis, Rf (HPLC) t = 3.84 min, m/z calculated for 

C38H3635ClFeN3O2 [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. 1H and 
13C{1H} NMR spectra were identical with those of (S)-3e. Elemental analysis calculated 

for C38H36ClFeN3O2 C 69.36, H 5.51, N 6.39, found C 69.29, H 5.66, N 6.68. HPLC-

MS analysis, Rf (HPLC) t = 3.78 min, m/z calculated for C38H3635ClFeN3O2 [M]+ 657.2 

found 657.2 [M]+. 

(R)-N-(1-(3-benzyl-7-chloro-4-oxo-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. 1H and 13C{1H} NMR spectra were identical with those of (S)-4a. 

Elemental analysis calculated for C37H39ClN4O2 C 73.19, H 6.47, N 9.23, found C 

72.99, H 6.64, N 9.25. HPLC-MS analysis, Rf (HPLC) t = 2.12 min, m/z calculated for 

C37H4035ClN4O2 [M+H]+ 607.3 found 607.7 [M+H]+. 

(S)-N-(1-(3-benzyl-7-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)-2-methylpropyl)-
N-(3-(2-ferrocenylbenzylamino)propyl)-4-methylbenzamide (S)-4b. This 

compound was obtained in 59% yield according to General procedure B starting from 

100 mg of (S)-1 and 63 mg of 6b.  1H NMR (600 MHz, DMSO) δ 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, CHAr), 7.65 

(dd, J = 8.6, 2.1 Hz, 1H, H-6), 7.36 (d, J = 7.6 Hz, 1H, CHAr), 7.31 (t, J = 7.3 Hz, 1H, 

CHAr), 7.27-7.19 (m, 7H, CHAr), 7.13-7.11 (m, 1H, CHAr), 7.01 (d, J = 7.2 Hz, 1H, CHAr), 

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, CH2), 3.27 (br s, 2H, o-CH2C6H4Fc), 2.81-2.74 (m, 1H, H-

2’), 2.28 (s, 3H, CH3C6H4CO), 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’). 13C{1H} (151 MHz, DMSO) δ 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 (CH2), 46.3 (CH2), 45.1 (CH2), 42.4 (CH2), 29.8 (CH2), 28.1 (CH), 20.9 (CH), 19.5 

(CH), 18.1 (CH). Elemental analysis calculated for C47H47ClFeN4O2 C 71.35, H 5.99, 

N 7.08, found C 71.32, H 6.09, N 7.35. HPLC-MS analysis, Rf (HPLC) t = 1.97 min, 

m/z calculated for C47H4835ClFeN4O2 [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.  1H and 13C{1H} NMR spectra were identical with 

those of (S)-4b. Elemental analysis calculated for C47H47ClFeN4O2 C 71.35, H 5.99, N 

7.08, found C 71.41, H 5.97, N 7.21. HPLC-MS analysis, Rf (HPLC) t = 1.99 min, m/z 

calculated for C47H4835ClFeN4O2 [M+H]+ 791.3 found 791.4 [M+H]+. 

(S)-N-(1-(3-benzyl-7-chloro-4-oxo-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 6c. 1H NMR (600 MHz, DMSO) δ 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- 

(br s, 1H, Cp), 4.34 (br s, 2H, Cp), 3.98 (s, 5H, Cp’), 3.38-3.32 (m, 1H, 2H, CH2), 3.21-

3.16 (m, 2H, CH2), 2.82-2.76 (m, 1H, H-2’), 2.28 (s, 3H, CH3C6H4CO), 1.99-1.95 

(m, 1H, CH2), 1.93-1.89 (m, 1H, CH2), 1.27-1.22 (m, 1H, CH2), 0.91 (d, J = 6.7 Hz, 3H, 

H-3’), 0.75 (m, J = 5.8 Hz, 1H, CH2), 0.49 (d, J = 6.3 Hz, 3H, H-3’). 13C{1H} (151 MHz, 

DMSO) δ 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), 
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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 (CH2), 45.6 

(CH2), 45.1 (CH2), 42.4 (CH2), 29.5 (CH2), 28.1 (CH), 20.8 (CH), 19.4 (CH), 18.1 (CH). 

Elemental analysis calculated for C47H47ClFeN4O2 C 71.35, H 5.99, N 7.08, found C 

71.42, H 5.98, N 7.21. HPLC-MS analysis, Rf (HPLC) t = 1.88 min, m/z calculated for 

C47H4835ClFeN4O2 [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% yield according to General procedure B starting from 

100 mg of (R)-1 and 63 mg of 6c.   1H and 13C{1H} NMR spectra were identical with 

those of (S)-4c. Elemental analysis calculated for C47H47ClFeN4O2 C 71.35, H 5.99, N 

7.08, found C 71.47, H 6.04, N 7.25. HPLC-MS analysis, Rf (HPLC) t = 1.94 min, m/z 

calculated for C47H4835ClFeN4O2 [M+H]+ 791.3 found 791.5 [M+H]+. 

(S)-N-(1-(3-benzyl-7-chloro-4-oxo-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.  1H NMR (600 MHz, DMSO) δ 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, CHAr), 7.37 (t, J = 7.5 Hz, 2H, CHAr), 7.31 (t, J = 7.3 Hz, 1H, CHAr), 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-CH2C6H4Fc), 2.80-2.74 (m, 1H, H-2’), 2.31 (s, 3H, CH3C6H4CO), 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, CH2), 0.49 (d, J = 6.4 Hz, 3H, H-3’). 13C{1H} (151 MHz, DMSO) δ 

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 (CH2), 45.1 (CH2), 42.4 (CH2), 29.5 (CH2), 28.1 (CH), 20.9 (CH), 19.4 (CH), 

18.1 (CH). Elemental analysis calculated for C47H47ClFeN4O2 C 72.29, H 6.07, N 9.73, 

found C 72.21, H 5.98, N 9.94. HPLC-MS analysis, Rf (HPLC) t = 1.37 min, m/z 

calculated for C47H4835ClFeN4O2 [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.   1H and 13C{1H} NMR spectra were identical with 

those of (S)-4d. Elemental analysis calculated for C47H47ClFeN4O2 C 71.35, H 5.99, N 

7.08, found C 71.38, H 5.99, N 7.26. HPLC-MS analysis, Rf (HPLC) t = 1.39 min, m/z 

calculated for C47H4835ClFeN4O2 [M+H]+ 791.3 found 791.3 [M+H]+. 

(S)-N-(1-(3-benzyl-7-chloro-4-oxo-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. 1H NMR (600 MHz, DMSO) δ 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, CH3C6H4CO), 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’). 
13C{1H} (151 MHz, DMSO) δ 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 C41H43ClFeN4O2 C 68.86, H 6.06, 

N 7.83, found C 69.02, H 5.99, N 8.05. HPLC-MS analysis, Rf (HPLC) t = 3.84 min, 

m/z calculated for C41H4435ClFeN4O2 [M+H]+ 715.3 found 715.1 [M+H]+. 

(R)-N-(1-(3-benzyl-7-chloro-4-oxo-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.   1H and 13C{1H} NMR spectra were identical with those of (S)-

4e. Elemental analysis calculated for C41H43ClFeN4O2 C 68.86, H 6.06, N 7.83, found 

C 69.02, H 6.20, N 8.09. HPLC-MS analysis, Rf (HPLC) t = 3.80 min, m/z calculated 

for C41H4435ClFeN4O2 [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.   1H NMR (600 MHz, DMSO) δ 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, CHAr), 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, CHAd), 1.63-1.51 (m, 3H, CH2(Ad)), 1.53-1.49 (m, 3H, 

CH2(Ad)), 1.24-1.15 (m, 2H, H-2’’ and NH), 1.15 (br s, 6H, CH2(Ad)) 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’). 13C{1H} (151 MHz, 

DMSO) δ 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 (CH2), 

32.7, 29.6 (CH2), 28.0 (CH), 27.8 (CH), 20.9 (CH), 19.5 (CH), 18.0 (CH). Elemental 

analysis calculated for C41H49ClN4O2 C 74.02, H 7.42, N 8.42, found C 73.80, H 7.40, 

N 8.61. HPLC-MS (SI) analysis, Rf (HPLC) t = 2.40 min, m/z calculated for 

C41H5035ClN4O2 [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.  1H and 13C{1H} NMR spectra were identical with 

those of (S)-4f. Elemental analysis calculated for C41H49ClN4O2 C 74.02, H 7.42, N 

8.42, found C 73.83, H 7.31, N 8.54. HPLC-MS analysis, Rf (HPLC) t = 2.41 min, m/z 

calculated for C41H5035ClN4O2 [M+H]+ 665.4 found 665.7 [M+H]+. 
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Figure S1. Chiral HPLC analysis of 2c obtained under various conditions. A) HPLC 

chromatogram of the product obtained from (S)-5 and 6c under condition A; B) 

Analysis of the product obtained from (R)-5 and 6c under condition A; C) HPLC 

chromatogram of the product obtained from (S)-5 and 6c under condition B; D) 

Analysis of the product obtained from (R)-5 and 6c under condition B; 
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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 0.9255 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 45.4 103.8 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 54.7 123.2 45.3 124.6 

(R)-4c 50.7 121.2 44.1 124.1 

(R)-4d 52.8 120.9 45.1 114.3 

(R)-4e 49.5 120.1 46.7 120.7 

(R)-4f 52.0 113.7 43.4 80.1 

(S)-1 43.7 99.3 36.2 93.8 

(S)-4a 46.1 107.3 40.9 105.8 

(S)-4e 45.4 110.4 39.5 102.4 

(S)-4f 45.2 105.2 38.6 86.4 
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NMR spectra 

 

Figure S3. 1H NMR of (S)-2a in DMSO-d6 

 

Figure S4. 13C{1H} NMR of (S)-2a in DMSO-d6 
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Figure S5. 1H NMR of (R)-2a in DMSO-d6 

  

Figure S6. 13C{1H} NMR of (R)-2a in DMSO-d6 
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Figure S7. 1H NMR of (S)-2b in DMSO-d6 

  

Figure S8. 13C{1H} NMR of (S)-2b in DMSO-d6 
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Figure S9. 1H NMR of (R)-2b in DMSO-d6 

 

Figure S10. 13C{1H} NMR of (R)-2b in DMSO-d6 
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Figure S11. 1H NMR of (S)-2c in DMSO-d6 

  

Figure S12. 13C{1H} NMR of (S)-2c in DMSO-d6 
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Figure S13. 1H NMR of (R)-2c in DMSO-d6 

  

Figure S14. 13C{1H} NMR of (R)-2c in DMSO-d6 
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Figure S15. 1H NMR of (S)-2d in DMSO-d6 

  

Figure S16. 13C{1H} NMR of (S)-2d in DMSO-d6 
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Figure S17. 1H NMR of (R)-2d in DMSO-d6 

  

Figure S18. 13C{1H} NMR of (R)-2d in DMSO-d6 
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Figure S19. 1H NMR of (S)-2e in DMSO-d6 

  

Figure S20. 13C{1H} NMR of (S)-2e in DMSO-d6 
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Figure S21. 1H NMR of (R)-2e in DMSO-d6 

  

Figure S22. 13C{1H} NMR of (R)-2e in DMSO-d6 
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Figure S23. 1H NMR of (S)-2f in DMSO-d6 

  

Figure S24. 13C{1H} NMR of (S)-2f in DMSO-d6 
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Figure S25. 1H NMR of (R)-2f in DMSO-d6 

  

Figure S26. 13C{1H} NMR of (R)-2f in DMSO-d6 
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Figure S27. 1H NMR of (S)-3a in DMSO-d6 

  

Figure S28. 13C{1H} NMR of (S)-3a in DMSO-d6 
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Figure S29. 1H NMR of (R)-3a in DMSO-d6 

  

Figure S30. 13C{1H} NMR of (R)-3a in DMSO-d6 
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Figure S31. 1H NMR of (S)-3b in DMSO-d6 

  

Figure S32. 13C{1H} NMR of (S)-3b in DMSO-d6 
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Figure S33. 1H NMR of (R)-3b in DMSO-d6 

  

Figure S34. 13C{1H} NMR of (R)-3b in DMSO-d6 
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Figure S35. 1H NMR of (S)-3c in DMSO-d6 

  

Figure S36. 13C{1H} NMR of (S)-3c in DMSO-d6 
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Figure S37. 1H NMR of (R)-3c in DMSO-d6 

  

Figure S38. 13C{1H} NMR of (R)-3c in DMSO-d6 
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Figure S39. 1H NMR of (S)-3d in DMSO-d6 

  

Figure S40. 13C{1H} NMR of (S)-3d in DMSO-d6 
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Figure S41. 1H NMR of (R)-3d in DMSO-d6 

  

Figure S42. 13C{1H} NMR of (R)-3d in DMSO-d6 
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Figure S43. 1H NMR of (S)-3e in DMSO-d6 

  

Figure S44. 13C{1H} NMR of (S)-3e in DMSO-d6 
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Figure S45. 1H NMR of (R)-3e in DMSO-d6 

  

Figure S46. 13C{1H} NMR of (R)-3e in DMSO-d6 
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Figure S47. 1H NMR of (S)-4a in DMSO-d6 

  

Figure S48. 13C{1H} NMR of (S)-4a in DMSO-d6 
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Figure S49. 1H NMR of (R)-4a in DMSO-d6 

  

Figure S50. 13C{1H} NMR of (R)-4a in DMSO-d6 



 S45 

  

Figure S51. 1H NMR of (S)-4b in DMSO-d6 

  

Figure S52. 13C{1H} NMR of (S)-4b in DMSO-d6 
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Figure S53. 1H NMR of (R)-4b in DMSO-d6 

  

Figure S54. 13C{1H} NMR of (R)-4b in DMSO-d6 



 S47 

  

Figure S55. 1H NMR of (S)-4c in DMSO-d6 

  

Figure S56. 13C{1H} NMR of (S)-4c in DMSO-d6 
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Figure S57. 1H NMR of (R)-4c in DMSO-d6 

  

Figure S58. 13C{1H} NMR of (R)-4c in DMSO-d6 
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Figure S59. 1H NMR of (S)-4d in DMSO-d6 

  

Figure S60. 13C{1H} NMR of (S)-4d in DMSO-d6 
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Figure S61. 1H NMR of (R)-4d in DMSO-d6 

  

Figure S62. 13C{1H} NMR of (R)-4d in DMSO-d6 
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Figure S63. 1H NMR of (S)-4e in DMSO-d6 

  

Figure S64. 13C{1H} NMR of (S)-4e in DMSO-d6 
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Figure S65. 1H NMR of (R)-4e in DMSO-d6 

  

Figure S66. 13C{1H} NMR of (R)-4e in DMSO-d6 
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Figure S67. 1H NMR of (S)-4f in DMSO-d6 

  

Figure S68. 13C{1H} NMR of (S)-4f in DMSO-d6 



 S54 

  
Figure S69. 1H NMR of (R)-4f in DMSO-d6 

 

Figure S70. 13C{1H} NMR of (R)-4f in DMSO-d6 

 

 

 



 S55 

HPLC-MS analysis 

 

Figure S71. HPLC-MS analysis of (S)-2a 

  

Figure S72. HPLC-MS analysis of (R)-2a 
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Figure S73. HPLC-MS analysis of (S)-2b 

 

Figure S74. HPLC-MS analysis of (R)-2b 
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Figure S75. HPLC-MS analysis of (S)-2c 

 

Figure S76. HPLC-MS analysis of (R)-2c 
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Figure S77. HPLC-MS analysis of (S)-2d 

 

Figure S78. HPLC-MS analysis of (R)-2d 
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Figure S79. HPLC-MS analysis of (S)-2e 

 

Figure S80. HPLC-MS analysis of (R)-2e 
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Figure S81. HPLC-MS analysis of (S)-2f 

  

Figure S82. HPLC-MS analysis of (R)-2f 
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Figure S83. HPLC-MS analysis of (S)-3a 

  

Figure S84. HPLC-MS analysis of (R)-3a 
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Figure S85. HPLC-MS analysis of (S)-3b 

  

Figure S86. HPLC-MS analysis of (R)-3b 
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Figure S87. HPLC-MS analysis of (S)-3c 

  

Figure S88. HPLC-MS analysis of (R)-3c 
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Figure S89. HPLC-MS analysis of (S)-3d 

 

Figure S90. HPLC-MS analysis of (R)-3d 
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Figure S91. HPLC-MS analysis of (S)-3e 

  

Figure S92. HPLC-MS analysis of (R)-3e 
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Figure S93. HPLC-MS analysis of (S)-4a 

  

Figure S94. HPLC-MS analysis of (R)-4a 
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Figure S95. HPLC-MS analysis of (S)-4b 

  

Figure S96. HPLC-MS analysis of (R)-4b 
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Figure S97. HPLC-MS analysis of (S)-4c 

  

Figure S98. HPLC-MS analysis of (R)-4c 
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Figure S99. HPLC-MS analysis of (S)-4d 

  

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

  

Figure S102. HPLC-MS analysis of (R)-4e 
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Figure S103. HPLC-MS analysis of (S)-4f 

 

Figure S104. HPLC-MS analysis of (R)-4f 
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