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Abstrakt

Tato prace je rozdélena na tii Casti, v nichz je popsdna syntéza riznych druhi potencidlné

biologicky aktivnich latek s pouzitim reakci zprostfedkovanych komplexy piechodnych kov.

1. Slouceniny piirodnich ¢i biologicky aktivnich latek s ferrocenem maji ¢asto zajimavé ucinky.
Vzhledem k tomu bylo rozhodnuto o pfipravé nové steroidni latky s potencialnim ucinkem proti
bunikam rakoviny prsu — ferrocenestronu. Tato sloucenina je prvnim steroidem s integrovanym
ferrocenem misto aromatického kruhu A. | kdyZz je zndmo nékolik konjugati ferrocenu a steroidi,
jesté nebyla pripravena latka obsahujici ferrocen ptimo ve steroidnim skeletu. Pfi syntéze byly vyuzity
reakce katalyzované pfechodnymi kovy, nejdiive pro vytvoreni substituovaného chiralniho ferrocenu a
jeho naslednymi pfeménami byl ziskdn enantiomerné Cisty produkt. Pouzitymi postupy byly naptiklad
oxidativni adice s navazujici alkylaci zprostiedkovand zirkonocenem, cross-coupling katalyzovany
komplexem palladia, enynova metathese katalyzovand karbenovou slouceninou ruthenia a
hydrogenace dvojnych vazeb za pouziti heterogenniho palladiového katalyzatoru. Nakonec byla
pouzita selektivni oxidace pomoci palladiového katalyzatoru a nasledna redukce boranem pro zménu

konfigurace na zakladnim skeletu.

2. C-Deoxyribosidy jsou latky v nichz je vazba mezi cukernou slozkou a bazi nahrazena stabilni,
nehydrolyzovatelnou C-C vazbou. Rozsifuji genetickou abecedu nukleosidi a funguji jako
modifikované stavebni kameny pro syntézu DNA, kde se pak mohou parovat neobvykle, pomoci
hydrofobnich interakci. Bylo rozhodnuto vypracovat metodiku syntézy vysoce substituovanych C-
aryldeoxyribosidi zalozené na cykloadi¢nich reakcich. Jako wvychozi latka poslouzila 1-
chlordeoxyribosa, ktera byla nejdfive n€kolika kroky pfeménéna na latku s objemnym substituentem,
tak aby bylo mozno oddélit od sebe jednotlivé anomery. Z jednotlivych anomerd pak byly
syntetizovany 3-(2-deoxyribofuranosyl)propynoaty, jejichz reakci s komplexy 2-butynu a chloridu
hlinitého pak vznikly deoxyribosidy s Dewarovym benzenem. Latky s touto zajimavou molekulou
maji velmi pnuté vazby a dodanim energie ve form¢ tepla nebo UV zafeni presmykoval Dewarlv
benzen na benzen za vzniku substituovanych (2-deoxyribofuranosyl)arend. Tyto latky byly také
syntetizovany cyklotrimerizaci pomoci dibutylzirkonocenu. Dalsi cyklotrimerizaci, katalyzovanou
tentokrat  katalyzatory = na  bazi ruthenia  ¢i  rhodia, byly  ziskany 1-(2-
deoxyribofuranosyl)dihydroindeny.



3. Asymetricka allylace aldehydt je vhodnou reakci pro ziskani chiralnich homoallylalkoholu,
dilezitych meziprodukti pro syntézu fady biologicky aktivnich sloucenin. Tyto latky mohou byt
pfipraveny v enantiomernim piebytku vice nez 99% reakci, katalyzovanou bud’ bipyridin-N,N'-
dioxidy, které funguji jako Lewisovy baze, ¢i s chirdlnimi Brenstedovymi kyselinami. Z takto
pripraveného homoallylalkoholu byl realizovan pokus o pfipravu piirodni latky catalponolu. Tato
syntéza nakonec nebyla uspésna, nicméné byl nalezen zptisob tvorby chiralnich butyrolaktonti. Tento
metabolitu flobufenu. Tato syntéza jiz probéhla Gispésn¢ a kyzeny flobufen-lakton byl ziskan v dobrém
celkovém vytézku a ve vysokém enantiomernim prebytku. Kromé asymetrické allylace vhodného
aldehydu, bylo klicovym krokem syntézy uzavieni laktonového kruhu, katalyzované Lewisovou

kyselinou.

Abstract

This work consists of three parts, each dealing with the synthesis of different biologically

active compound, using reactions mediated by transition metals.

1. Ferrocene conjugates with various types of natural or biologically active compounds have
been studied intensively for their new interesting properties compared to the model compounds. It was
decided to synthesize a new steroid containing ferrocene — ferrocenestrone, planned with regard to its
possible activity against breast cancer cells. Although several conjugates of steroids with ferrocene
have been prepared, the cyclopentadienyl ring has not been the integral part of the steroid skeleton in
any of them. Ferrocenestrone, an analog of estrone, however contains ferrocene in place of the
aromatic A-ring. The approach to the ferrocene-steroid framework construction was based on
transition metal mediated reactions starting from a suitably substituted chiral ferrocene. The methods
used were: zirconocene-mediated oxidative additions with successive alkylation sequences, palladium-
catalyzed cross-coupling reactions, ruthenium-catalyzed skeletal rearrangements (enyne metathesis),
palladium and iridium catalyzed hydrogenations etc. Also selective oxidation and subsequent borane
reduction was used for the final change of skeletal configuration. Successful application of the above

mentioned methods yielded the first metallocene based steroid derivative.



2. C-Deoxyribosides are nucleosides with a stable, non-hydrolysable C-C bond between the base
and the sugar moiety. They enlarge the genetic alphabet of nucleosides and are used as modified
building blocks for the synthesis of DNA, where they are interesting for their unnatural hydrophobic
pairing. It was decided to develop a methodology to obtain highly substituted C-aryldeoxyriboside
using cycloaddition reactions. The starting compound was a halogenose that was transformed to a
compound with bulky substituent, in order to separate the anomers. After the separation, anomerically
pure 3-(2-deoxyribofuranosyl)propynoates were prepared, their reaction with a complex of 2-butyne
and aluminum chloride gave rise to Dewar benzenes. The rearrangement of these compounds to
corresponding substituted (2-deoxyribofuranosyl)arenes was then studied under thermal and
photochemical conditions. These arenes were also prepared by a cyclotrimerization reaction mediated
by dibutylzirconocene. Lastly, 1-(2-deoxyribofuranosyl)dihydroindenes were prepared by yet another

cyclotrimerization reaction catalyzed by ruthenium or rhodium complexes.

3. Asymmetric allylation of benzaldehydes is a useful process to obtain important synthetic
building blocks — chiral homoallylic alcohols that have been used in the synthesis of various
biologically active compounds. Enantioselectivity of up to 99% ee can be achieved using the
bipyridyn-N,N’-dioxide catalyst acting as a Lewis base, which was developed in our group, or by
using the chiral Brensted acids. From a homoallylic alcohol that was prepared by these methods, a
synthesis of the natural compound catalponol was devised. In the end the synthesis of this compound
was not successful, however a new path to chiral butyrolacones was found. This was an impetus for
the synthesis of another biologically active compound - the potential anti-inflammatory flobufen-
lactone. The synthesis of this compound was fruitful and the desired flobufen-lactone was obtained
highly enantiomerically pure and in good yield in just 7 steps. Beside the asymmetric allylations, a

Lewis acid mediated closing of the lactone ring was the key step in the synthesis.



1.  Uvod

Tato prace je rozd€lena na tfi Casti, v nichz je popsana syntéza ruznych druh
potencialné biologicky aktivnich latek. Pouzitd metodika pro dosazeni cile se li§i pro kazdou
cast, vzdy bylo ovSem pouzito reakci katalyzovanych nebo zprosttedkovanych slouceninami
ptechodnych kovi.

11 Syntéza ferrocenestronu — prvniho steroidu s integrovanym metalocenem

Slouceniny ferrocenu byly v poslednich nékolika dekadach intensivné studovélny.1 Za
tu dobu vznikla také fada ferrocenovych derivati s biologicky aktivnimi latkami.” Jednim
Z nejzajimavéjsich priklada je ferrocifen.? Je to derivat tamoxifenu, coZ je 1ék prvni volby pfi
1é¢bé rakoviny prsu. Ferrocifen inhibuje rust bunécnych kolonii rakoviny prsu, které jsou
zavislé na hormonech, ale oproti tamoxifenu i té€ch kolonii, jeZ nejsou na hormonech zavislé.
Tyto jeho zajimavé vlastnosti vedly k navrhu ferrocenestronu. Stejné jako je ferrocifen
analogem tamoxifenu, tak ferrocenestron by byl analogem estronu, obsahoval by tedy
ferrocen v misté aromatickému kruhu A. Tato molekula by byla prvni svého druhu, jiz diive
byl totiz publikovany prace o sloucenindch ferrocenu a steroidd, ale nikdy neobsahoval
steroid ferrocen v samotném skeletu.*

1.2 Cykloadi¢ni reakce C-deoxyribosida

Rada C-substituovanych glykosidi vykazuje zajimavé biologické u&inky.
komponenty DNA.> Jednou z moznych metod, jak tyto latky syntetizovat jsou cykloadiéni
reakce vhodnych 1-ethynyldeoxyribosida. 3-(2-deoxyribofuranosyl)propynoaty jsou v tomto
duchu velice atraktivnimi slou¢eninami, protoze by mohly slouzit jako vychozi latky pro nové
cykloadi¢ni reakce. Dewarovy benzeny, které je mozno podobnymi reakcemi pfipravit jsou
nesmirn¢ zajimavé latky s pnutym skeletem [2.2.0]-bicyclohexadienu a termickymi ¢i
fotochemickymi metodami podléhaji pfesmyku na odpovidajici areny.6

1.3  Enantioselektivni syntéza s vyuzitim allyla¢nich reakci aromatickych aldehydu

Enantioselektivni allylace aldehydd poskytuje cenné vychozi latky pro dalsi syntézu
pfirodnich latky — chirdlni homoallylalkoholy. Jak hydroxylova funkcni skupina téchto
slouenin, tak dvojna vazba jdou snadno transformovat v jiné funkéni skupiny €1 ve slozité;si
struktury.” Pfedmétem této prace byla syntéza piirodni latky catalponolu,® kterd ma uginky
posiluyjici syntézu dopaminu a je také antitermiticky ucinny. Lakton flobufenu byl dalsi
latkou, kterd méla byt syntetizovana. Tato slouCenina je metabolitem protizdnétlivé Ucinné
latky flobufenu.®



2. Cile prace

1. Prvnim ukolem byla pfiprava ferrocenestronu — prvniho steroidu s integrovanym
ferrocenem ve svém vlastnim skeletu.
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2. Druha ¢ast této disertace se zabyva cykloadiénimi reakcemi C-deoxyribosidii. Ukolem
bylo pfipravit vhodnou vychozi latku a tu pak transformovat fadou cykloadi¢nich reakci
Vv substituované C-aryldeoxyribosidy. Kromé jiného méla jejich ptiprava vyuzit Dewarovych
benzentl.

3. Posledni ¢asti této prace pak byla enantioselektivni allylace aldehyda a vyuziti takto
ziskanych homoallylalkoholﬁ v syntéze biologicky aktivnich latek. Cilem byly pfirodni latka
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3. Vysledky a diskuze

3.1  Syntéza ferrocenestronu — prvniho steroidu s integrovanym metalocenem

Syntéza zacCala z prostého ferrocenu 1, ktery byl v 9 znamych krocich a v celkovém
vytézku 24%, pieménén v ether 2.'° Tento planarné chiralni a opticky &isty methylether byl
pak podroben reakci s Cp,ZrBuy, tim vznikl zirkonocenovy intermediat 3, ktery reakci s
allylchloridem, poskytl enyn 4. Po odstranéni chranici silylové skupiny prob¢hla enynova
metathese za vzniku bicyklického 5 v 81% vytézku. Tento dien pak byl postoupen do Diels-
Alderovy reakce s 2-methylcyklopentenonem, katalyzované Lewisovou kyselinou. Tento krok
probihal regioselektivné za vzniku kyzené¢ho endo-isomeru tetracyklického nenasyceného
ketonu 6 v 68% isolovaném vytézku.

Schéma 3.1. Tvorba tetracyklického intermediatu 6.
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9 krokd / Cp,ZrCl,, n-BuLi /C CuCl (10mol%)
’ ’, - < P2 —_—
J\/OMe THF: -78 °C S J\/Z\r THF; reflux
24, OMe 86%
1 3
Me O

TES
2 / 1. TBAF: THF: 3h Et AICI 2

©: > " ’ Toos H
SN 2. Gl (5 mol%): CH,Cl, CHyCly; 0°C

71% 68%
4 5 6

Nasledné byla redukovana stericky branéna dvojnad vazby mezi uhliky C8 a C10,
heterogenni hydrogenace katalyzovana Pd/C pak poskytla redukovany keton 7 V téméf
kvantitativnim vytéZzku 96%. Nyni bylo ke zdarnému dokonceni syntézy potieba pouze
zmeénit konfiguraci na uhliku C13. Keton 7 byl transformovan na silylenolether, jehoz oxidace
zprostfedkovana palladiovym komplexem poskytla o,f-nenasyceny keton 8. Reakci s EtzN
vznikla smés o¢ekavaného dekonjugovaného produktu 9 (53%) a vychozi latky 8 (25%), obé
latky byly separovany sloupcovou chromatografii. Vzhledem k stericky méné branéné spodni
strané molekuly byl pfedpoklad, Zze jednoduchou hydrogenaci ketonu 9 by vodik pfistupoval
z této strany a byla by ziskana sloucenina s trans konfiguraci mezi steroidnimi kruhy C a D.
Tento predpoklad byl ovS§em mylny, nebot’ hydrogenaci katalyzovanou Pd/C byl kvantitativné
ziskan pouze keton 7 s cis konfiguraci. Uprava konfigurace musela tedy byt provedena jinym
zpusobem.



Schéma 3.2. Inverze konfigurace a pfiprava ferrocenestronu 14.
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Keton 9 byl nejdfive redukovan na alkohol a ten pak pfeménén na silylether 10.
Dal8im krokem pak byla hydroborace, nasledovana oxidaci nové vzniklé vazby C-B. Diky
stericky naro¢né silylové skupiné vznikal touto reakci predev§im alkohol 11 s poZadovanou
trans konfiguraci, a to v isolovaném vytézku 71% (pomér isomerd trans/cis byl 5.5/1).
Hydroxylova skupina pak byla pfeménéna na xanthat a radikalovou deoxygenaci pomoci
BusSnH byl ziskan silylether 12. Jeho odchranénim pomoci TBAF vznikl ferrocenestrol 13.

Poslednim krokem pak byla opatrna oxidace IBX, ¢imz vznikl ferrocenestron 141

Vazebna aktivita novych ferrocenovych derivata 7, 13 a 14 byla otestovana na
bunécnych liniich, nesoucich bud’ estrogenni, androgenni nebo progesteronni receptory.

Bohuzel ani v jednom piipadé nevykazovaly latky pozadovanou aktivitu.



3.2 Cykloadi¢ni reakce C-deoxyribosidu

Smés anomert 1-ethynyldeoxyribosy byla nejdiive pfeménéna na latky s dostateéné
objemnymi substituenty tak, aby mohlo dojit kjejich snadné separaci sloupcovou
chromatografii. Odd¢lené anomery byly kazdy zvlast' transformovany v propynoaty 15a a
15B, které byly vhodnymi vychozimi latkami pro cykloadi¢ni reakce. Reakce 15a
s komplexem tetramethylcyklobutadienu s AICIl; poskytla deoxyribosidy s Dewarovym
benzenem 16a jako smés neoddélitelnych diastereoisomertt v poméru 3/2 a isolovaném
vytézku 38%. Stejnou reakci s opaénym anomerem 15B byl ziskan Dewartv benzen 16, opét
jako smés diastereoisomert, tentokrat v poméru 1/1 a celkovém vytézku 42%.

Schéma 3.3. Syntéza Dewarovych benzent 16a a 16.
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Ptipravené Dewarovy benzeny byla stalé za laboratorni teploty. K jejich pfesmyku na
odpovidajici aryly 17 termickymi podminkami dochazelo aZ pti pouziti vysokych teplot (150
°C), které ovSem zplsobovaly znacny rozklad cukerné ¢asti molekuly. Presmyk byl také
realizovana za fotochemickych podminek. Ozatenim rozpusténého vzorku Dewarova benzenu
16a/16B UV zafenim pii laboratorni teploté, doslo K pfesmyku na odpovidajici (2-
deoxyribofuranosyl)areny 17a/178, tyto latky pak byly isolovany ve vytézcich 69 respektive
35%.

Schéma 3.4. Pfesmyk 16a nebo 16 na odpovidajici C-aryldeoxyribosidy 17a nebo 178.
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Pfipravené propynoaty 15 byly také podrobeny dalsim cykloadiénim reakcim.
Cyklotrimerizace 15a nebo 15B s tetramethylzirkonacyklopentadienem,'? byla provedena
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jako alternativni metoda pro ziskani latek 17a a 17fB. Témito reakcemi byly ziskany
komplexni reakéni smési, z nichz byly isolovany areny 17a nebo 17 ve vytézcich 33 a 25%.
Oproti ocekavani, nedoslo pfi reakci za téchto podminek k tvorbé Dewarovych benzenti 16.2

Schéma 3.5. Reakce propynoatt 15 k ziskani latek 17 nebo 18.
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Nakonec byly reakcemi propynoatd 15a nebo 15B s 1,6-heptadiynem ziskany
dihydroindeny 18a/18p. S katalytickym mnozstvim RhCI(PPh3) (10 mol%) doslo ke vzniku
téchto latek v nizkych isolovanych vytézcich 18 a 14%. Pii pouziti katalyzatoru
CpRuCI(COD) poskytla reakce dihydroindeny 18a a 18B v pon¢kud vyssSich vytézcich 24
respektive 28%.

3.3  Enantioselektivni syntéza s vyuzitim allyla¢nich reakci aromatickych aldehydi

Chiralni karboxylova kyselina (S)-20 byla pfipravena tiistupiiovou procedurou:
nejdiive byla pouZita asymetrickd allylace benzaldehydu, pak ochranéni hydroxylu a
hydroborace s oxidaci. S tou to kyselinou byla zamyslena intramolekularni Friedel-Craftsova
acylace v ptitomnosti oxalyl chloridu a AlCl;. Béhem této reakce oviem nedoslo ke kyzené
cyklizaci spojené se vznikem latky s tetralinovym skeletem (S)-21, ale k jiné cyklizaci za
uzavieni laktonového kruhu, vznikla tak latka s butyrolaktonovou casti (S)-22. Tato cyklizace
probéhla beze zmény absolutni konfigurace a bez ztraty optické Cistoty. ProtoZe vSechny
ostatni vyzkouSené metody k dosazeni ketonu (S)-21 zklamaly, nebylo mozno dokondit
syntézu catalponolu. Objeveni cykliza¢ni reakce laktonu ovSem bylo impulsem pro syntézu
metabolitu flobufenu.



Schéma 3.6. Pokus o syntézu (S)-21 spojeny s cyklizaci na lakton (S)-22.
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2',4'-Difluoro-[1,1'-bifenyl]-4-karbaldehyd 23 byl vychozi latkou pro enantioselektivni
allylaci, kterou vznikl chiralni homoallylalkohol (S)-24. Tato latka byla ziskana bud’ allylaci
katalyzovanou chirdlnimi Brenstedovymi kyselinami'* nebo metodou pii niz byly pouzity
Lewisovy baze - chiralni N,N‘-dioxidy.” Ob&ma metodami byl produkt ziskan v dobrych
vytézcich a s vybornou enantioselektivitou. Chiralni homoallylalkohol (S)-24 byl tak ziskan
pro dal$i syntézu ve vytézku 97% a v enantiomernim piebytku 99% ee. Hydroxylova skupina
byla ochranéna TBDMSCI (isolovany vytézek 89%)), pak nasledovala hydroborace dvojné
vazby silyletheru (S)-25 pomoci 9-BBN, nasledovanou oxidaci boranového aduktu za vzniku
alkoholu (S)-26 ve vytézku 85%.

Schéma 3.7. Enantioselektivni allylace aldehydu 23 za vzniku (S)-24 a dal$i pfemény této

latky.
‘?J%
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Oxidace terminalni hydroxylové skupiny pouzitim RuCls/NalO, dalo vzniknout
karboxylové kyseliné (S)-27 v isolovaném vytézku 81%. Reakci s oxalyl chloridem a AICI;
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vznikl lakton (S)-28, ktery byl ziskan v 66% vytézku a 95% ee. Poslednim krokem byla
lithiace s LDA, jez poskytla enolat, ktery byl diastereoselektivné alkylovan methyl jodidem za
vzniku kyzené¢ho metabolitu flobufenu (S,R)-29 jako hlavnimu produktu reakce ve vytézku
66% a Vv enantiomernim piebytku 95% ee.

Schéma 3.8. Piiprava (S,R)-flobufen-laktonu 29.
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(S)-28 d.r. 91:9; 95% ee (S’R)_zg
4.  Zavéry
1. Byla vypracovana metoda pro piipravu ferrocenestronu ve 24 krocich. Tento produkt

je prvnim piikladem steroidu, ktery obsahuje metalocen ve svém vlastnim skeletu. B€hem
syntézy bylo dokdzano, ze Stereochemicka informace pfedstavovana planarni chiralitou na
ferrocenovém kruhu byla diasteroselektivné ptenesena do novych center chirality na
budovaném steroidnim skeletu. Testovani sice ukazalo, Zze ferrocenestron se nevazal na
steroidni receptory, nicméné neni vylouceno, ze dal§i Gpravou molekuly by se molekula
mohla stat biologicky aktivni.

2. Byly pfipraveny anomerné Cisté 3-(2-deoxyribofuranosyl)propynoaty a pouzity jako
vhodné vychozi latky pro cykloadi¢ni reakce. Témito reakcemi vznikly Dewarovy benzeny,
které byly pfesmyknuty na (2-deoxyribofuranosyl)areny pomoci fotochemickych a
termickych metod. Propynoaty byly také pouzity pro pfimou syntézu (2-
deoxyribofuranosyl)arenii reakci se zirkonacyklopentadieny. Nakonec byla provedena
[2+2+2] cyklotrimerizace katalyzovana rhodiovym ¢i rutheniovym komplexem poskytujici 1-
(2-deoxyribofuranosyl)dihydroindeny.

3. Bylo dokézano, ze chirdlni homoallylalkoholy, pfipravené enantioselektivni allylaci

vvvvvv

piiprava catalponolu byla nakonec neuspé$na, v pribéhu syntézy byla nalezena cesta
k chiraln¢ ¢istym butyrolaktonim. Tento poznatek pak byl zuzitkovan v syntéze metabolitu
flobufenu, jenz byl ptipraven v 7 krocich.
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1. Introduction

This work consists of three parts, each dealing with a synthesis of different types of
potentially biologically active compound using transition metal based methodologies.

1.1  Synthesis of ferrocenestrone — first metallocene based steroid

Ferrocene moiety has been studied extensively for the last couple of decades, it has
also been introduced to many biologically active compounds for various reasons.> One
example of these compounds with notably improved biological activity is ferrocifen.® It is a
derivative of tamoxifen, which is a usual drug of first choice in treatment of hormone-
dependent breast cancer. Ferrocifen not only inhibits the growth of hormone dependent breast
cancer cell lines, but also cell lines that do not depend on hormones. These interesting
discoveries lead us to the idea of ferrocenestrone that could imitate this activity. Just as
ferrocifen is analogous to tamoxifen, ferrocenestrone would be analogous to estrone, i.e.
ferrocene would be placed instead of the aromatic A-ring. The molecule would be first such
compound of its kind. Previously ferrocene conjugates have been reported, but the moiety
itself has never been a part of the steroid skeleton.*

1.2 Cycloaddition reactions of C-deoxyribosides

Various C-substituted glycosides exhibit a range of biological properties. C-
Aryldeoxyribosides may serve as a typical example, because of their application as artificial
DNA components.” One of the possible pathways to this class of compounds is a
transformation of the triple bond of 1-ethynyldeoxyribosides by a cycloaddition reaction. 3-
(2-deoxyribofuranosyl)propynoates constitute an interesting building block that could be used
for these transformations by hitherto unstudied cycloaddition reactions. Dewar benzenes that
were also studied in this work, are fascinating compounds possessing strained [2.2.0]-
bicyclohexadiene framework that can undergo thermal or photochemical rearrangement to the
benzene ring.°

1.3 Enantioselective synthesis using asymmetric allylation of aromatic aldehydes

Enantioselective addition of allylic organometallic compounds to aldehydes is of
general synthetic interest, because this reaction leads to the formation of valuable chiral
substances containing the hydroxyl group along with the C-C double bond that can be
converted into other functionalities. These chiral compounds often could be used as valuable
building blocks for synthesis of natural or biologically relevant compounds.” Aims of this
work were catalponol,® a natural compound isolated from the heartwood of the tree Catalpa
Ovata with antitermitic and dopamine-synthesis enhancing activity and flobufen-lactone, a
metabolite of the antiflogistic flobufen.’

12



2. Aims of the study

1. First task was the total synthesis of ferrocenestrone, first steroid with integrated
ferrocene in its own skeleton.

&

ferrocenestron

2. Second part of this dissertation deals with cycloaddition reactions of C-
deoxyribosides. After suitable starting compound would be prepared, it would be transformed
to various highly substituted C-aryldeoxyribosides. The preparation of these will also be
based on synthesis of Dewar benzenes.

3. Last part of this work deals with enantioselective allylations of aldehydes and the
utilization of optically pure homoallylic alcohols, obtained by these methods, in the synthesis
of biologically active compounds. Natural compound catalponol and metabolite of the
potential antiflogistic flobufen were the targets of this study.

o @f“

R, S-flobufen-lakton
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3. Results and discussion

3.1  Synthesis of ferrocenestrone — first metallocene based steroid

At the outset, ferrocene 1 was transformed in 9 known steps'® to methyl ether 2 in an
overall 24% yield. This methyl ether, possessing planar chirality was then subjected a reaction
with Cp,ZrBu,, forming zirconocene intermediate 3, which then in reaction with allyl
chloride, catalyzed by CuCl, furnished enyne 4. After deprotection of the silyl group, enyne
metathesis catalyzed by Grubbs 1% generation catalyst was performed, forming a bicyclic
diene 5 in 81% yield. With the diene 5 at hand the synthesis continued with its Diels-Alder
reaction with 2-methylcyclopentenone catalyzed by Lewis acid. This step proceeded
regioselectively providing the desired endo-isomer of tetracyclic unsaturated ketone 6 in 68%
yield.

Scheme 3.1. Formation of tetracyclic intermediate 6.
/\/CI

TES _ TES
9 steps / Cp,ZrCly, n-BuLi ~ / CuCl (10mol%)
’ , - ( Cp2 —_—
J\/OMe THF; -78 °C S J\/Z\r THF; reflux

overall 24% OMe 86%
1 2 3

MeO

TES
2 / 1. TBAF; THF; 3h Et AICI 2

( = - : - > ’ 2, < H
SN 2. Gl (5 mol%): CH,Cl, CH,Cly: 0°C.

71% 68%
4 5 6

The reduction of the sterically hindered double bond between C8 and C10 was
performed next, heterogeneous hydrogenation over Pd/C furnished the desired ketone 7 in a
quantitative 96% vyield. Only configuration on C13 had to be inverted to obtain steroid
skeleton having the structure of the target compound. Ketone 7 was transformed to silyl enol
ether, oxidation mediated by Pd(OAc), then furnished the o,f-unsaturated ketone 8.
Subsequent reaction with EtsN yielded a mixture of desired deconjugated product 9 (53%)
and starting compound 8 (25%), which were easily separated by column chromatography. It
was expected that another hydrogenation of the ketone 9 will yield predominantly a product
with trans configuration between C and D rings, because the bottom side of the molecule was
less hindered. However, Pd/C catalyzed hydrogenation yielded quantitatively only product 7
with cis configuration. Therefore another methodology had to be used.
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Scheme 3.2. Inversion of configuration on the steroid skeleton, formation of ferrocenestrone
14,

1. TESOTf, EtzN
5 Pd(OAc), Cu(OAc),

Pd/C (14 mol%) O, (1 atm); MeCN

o
’ o

EtOAC -78 °C -50°C
96% 78% in two steps
7 8
Me 2 Me OTBDMS
1 NaBH,
Si0, EtaN A - * THF: 0 °C N
#» ( H P ( H
EtOAc S imidazole, DMAP, TBDMSCI S
75°C 2. DMF;35°C
53% 9 45% 10
Me OTBDMS Me OTBDMS
1. BH3/(CH3),S ] n-BuLi, CS,, CHsl
2. H,0,/NaOH " THF;0°C
—_ & ¥
THF; 0°C BusSnH, AIBN
71% " toluene; 115°C
1 71% 12
TBAF
mol. sieves 3A IBX
THF: rt. DMSO; r.t.
87% 80%
13 14

At first ketone 9 was reduced to alcohol and transformed to silyl ether 10. Next step
was hydroboration with subsequent oxidation. Owing to the bulky TBDMS group, the
reaction gave rise preferentially to alcohol 11 with trans configuration in good 71% yield (the
ratio of trans/cis products was 5.5/1). The hydroxyl group was then converted to xanthate and
its radical deoxygenation with BusSnH furnished silyl ether 12. Deprotection of 12 by TBAF
yielded ferrocenestrol 13. At last a careful oxidation by IBX provided ferrocenestrone 14.*

The binding activity of ferrocenyl steroids 7, 13 and 14 was tested on reporter cell
lines bearing estrogen receptors. Also in addition cell lines with androgen receptor and
progesterone receptors were used for the assay; however, no activity up to micromolar
concentrations was detected.
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3.2  Cycloaddition reactions of C-deoxyribosides

Anomeric mixture of 1-ethynyl deoxyribosides was at first transformed to a compound
with bulky substituents, in order to separate the anomers by simple column chromatography.
Separated anomers were then transformed to anomerically pure propynoates 15a and 158,
suitable starting compounds for cycloaddition reactions. The reaction of 15a with
tetramethylcyclobutadiene-AICIl;  complex proceeded uneventfully to furnish the
corresponding Dewar benzene 16a as a 3/2 inseparable mixture of diastereoisomers in 38%
isolated yield. In a similar manner the reaction with 15 was carried out yielding the Dewar
benzene 16f as a 1/1 inseparable mixture of diastereoisomers in 42% isolated yield.

Scheme 3.3. Synthesis of Dewar benzenes 16a. and 16p.

TOIO_\@ TOIO—\&7

Tol(:)

Il TolO 160, 38%
Me Me MeOOC
150 COOMe
Ko,
Me Me
or
CH2C|2, -15t0 20 °C
MeOOC

TolO COOMe TolO

TolO 158 Tol®

The obtained Dewar benzenes were stable under ambient conditions. Although it was
demonstrated that substituted Dewar benzenes could be easily rearranged to the corresponding
benzene derivatives under thermal conditions (>150 °C) with a reasonable reaction rate, in
case of 16a/16p3 considerable degradation of the sugar moiety was observed during the course
of this reaction. The rearrangement was also carried out conveniently at 20 °C under UV
irradiation in a quartz test tube that yielded the corresponding (2-deoxyribofuranosyl)arenes
17a/17pB in 69 and 35% isolated yields, respectively.

Scheme 3.4. Rearrangement of 16a or 16 to respective C-aryldeoxyribosides 17a. or 17f3.

MeOOC MeOOC Me
TolO TOIOW
Me solvent b
Me

ToIO TolO
160 or 163 170, 69%

178, 35%

With propynoates 15 on hand we also decided to test their reactivity with other alkynes
under cyclotrimerization conditions. At first the reaction of 15a or 158 with
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tetramethylzirconacyclopentadiene,*® was carried out as an alternative approach to 17o and
17B. The reaction provided complex reaction mixtures out of which 17c or 178 were isolated
as single products in 33 and 25% vyields, respectively. Unlike in reactions with other sterically
hindered propynoates,™ the formation of the Dewar benzene derivatives 16 was not detected.

Scheme 3.5. Reactions of 15 to give 17 or 18.

Me
Me MeOOC
~ e
17 9 =
a, 33% Cp22r _ e i> TolO o
Me 150 —
or or z
2CuCl 18 Rhor Ru cat. TolO
(10 mol%) RhCI(PPha);: 18a, 18%
178, 25% 188, 14%
Cp*RUCI(COD): 18a, 24%
18B, 28%

Finally, reactions of 15a or 15B with 1,6-heptadiyne in the presence of a catalytic amount
of RhCI(PPhz); (10 mol%) were done. Dihydroindenes 18a/18p were obtained in a rather low
18 and 14% isolated yields, respectively. The use of CpRuCI(COD) provided the same
products in somewhat higher isolated yields of 24 and 28%.

3.3  Enantioselective synthesis using asymmetric allylation of aromatic aldehydes

A chiral acid (S)-20 was prepared by a three-step procedure: asymmetric allylation of
benzaldehyde, protection of the hydroxyl group followed by hydroboration and oxidation.
Then, an intramolecular Friedel-Crafts acylation in the presence of oxalyl chloride and AICI;
was attempted. However, instead of a compound with tetraline skeleton (S)-21, a product with
the butyrolactone moiety (S)-22 was obtained. The cyclization proceeded without the change
of absolute configuration and without racemization. Because all other methods to obtain
ketone (S)-21 failed, the synthesis of cataloponol could not be completed, but the formation of
the butyrolactone served as an impetus for the synthesis of flobufen-lactone.
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Scheme 3.6. Attempt to synthesize catalponol; formation of a butyrolactone (S)-22.

OTBDMS
1. 9-BBN TBDM
OTBDMS 2NHc23?—|2' Q S
N _Natm . COOH (COCI),, DMF (S)-21
3 RUC|3 |C|3 CH2C|2

NaIO4 OC
()19 % (S)-20

(S)-22; 53%

2',4'-Difluoro-[1,1'-biphenyl]-4-carbaldehyde 23 was chosen as the starting material.
Its enantioselective allylation to the corresponding homoallylic alcohol (S)-24 under different
reaction conditions ensued. The methods used included the reactions catalyzed by chiral
Brensted acids™ or allylations catalyzed by Lewis bases - chiral N,N*dioxides.® Both were
shown to catalyze the reaction in good to excellent yields and in excellent enantiomeric
excess. Chiral homoallylic alcohol (S)-24 was thus obtained in 97% yield and 99% ee. The
hydroxyl group was protected with TBDMSCI (89% isolated yield), then hydroboration of
(S)-25 with 9-BBN followed by oxidative cleavage of the C-B bond resulted in the formation
of the mono protected diol (S)-26 isolated in 85% yield.

Scheme 3.7. Assymetric allylation to yield homoallylic alcohol (S)-24 and its further

transformations.
‘?J%
either B~ OH

CHO
S-TRIP-PA (2.5 mol%) X
toluene; -30 °C
O or ~-SiCl3 O
F F F

bipyridin-N,N -dioxide (2.5 mol%) F
23 DIPEA, THF; -78 °C (S)-24
OTBDMS OTBDMS
TBDMSCI OH
imidazole 1. 9-BBN
DMAP 2. H202/NaOH
DMF; 40 °C THF; 0 °C O
89% 85% F
(S)-25 (S)-26

Oxidation of the terminal hydroxyl group with RuCl3/NalO,4 gave rise to the
carboxylic acid (S)-27 in 81% isolated yield. Its treatment with oxalyl chloride and AICl;
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resulted in the formation of lactone (S)-28, which was isolated in 66% yield and 95% ee.
Finally, lithiation with LDA gave rise to enolate that was diastereoselectively alkylated with
methyl iodide to furnish the desired flobufen derivative (S,R)-29 as that major product in 66%
isolated yield and 95% ee.

Scheme 3.8. Synthesis of (S,R)-flobufen-lactone 29.

OTBDMS OTBDMS
OH
RuCls COCH
NalO,
O CH3;CN/CCl,4/H,0 O
F F 25 °C F F
(S)-26 81% (S)-27
@) @)
o] o]
“"'"Me
(COCl),, DMF 1. LDA
AICl3 2. Mel
CH,Cl,; 0 °C O THF; -78 °C O
66%, 95% ee  F F 60% F F
(S)-28 d.r. 91:9; 95% ee (S’R)_zg

4. Conclusions

1. A concise approach was developed to achieve ferrocenestrone in total of 24 reaction
steps. Although the compound did not prove to activate the estrogenic receptors it is still the
first example of its kind — a metallocene based steroid analogue. This general strategy for
construction of such compounds also demonstrated that planar chirality on the ferrocen
moiety was selectively transferred to the newly formed stereocenters of the steroid.

2. Anomerically pure 3-(2-deoxyribofuranosyl)propynoates were prepared as suitable
starting materials for cycloaddition reactions. These yielded the corresponding Dewar
benzenes that could be converted into (2-deoxyribofuranosyl)arenes upon photochemical
rearrangement. In addition, the propynoates were used as substrates for reactions with
zirconacyclopentadienes and in catalytic cyclotrimerization (Rh and Ru catalysis) with 1,6-
heptadiene giving rise to the corresponding 1-(2-deoxyribofuranosyl)dihydroindenes.

3. It was shown that chiral homoallylic alcohols obtained by enantioselective allylation
of aldehydes could serve as key building blocks for the synthesis of more complex natural
compounds. Although the synthesis of catalponol was finally not successful, we found a way
to obtain optically pure butyrolactones. Flobufen metabolite was then synthesized in 7 steps
and with a high degree of optical purity.
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