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Abstrakt

Tato prace se sklada ze Ctyf samostatnych kapitol. Ackoli se jedna o zdanliveé odlisné

projekty, jejich spole¢nym znakem je aplikace organokovové chemie.

1. Derivaty fenanthrenu lusianthridin a denbinobin 1lze nalézt v rostlinach z celedi
vstavacovitych. Vykazuji cytostatickou aktivitu proti lidskému karcinomu plic, vajecniku a
promyelocytarni leukemii. Proto se mohou nové syntetické metody k témto latkam uplatnit ve
vyzkumu a vyvoji novych bioaktivnich latek. Pfipravoval jsem 9,10-disubstituované
fenanthreny reakcemi bifenylenu s alkyny jez byly katalyzovany komplexy iridia. Derivaty
fenanthridinu se v ptirod¢ vyskytuji ve skupiné benzo[c]fenanthridinovych alkaloidid. Mezi
nejznaméjsi z nich patii sanguinarin a chelerythrin. Sanquinarin selektivné vyvolava apoptézu
(pléanovand bunéénd smrt) humdnnich rakovinnych bunck, a proto je zkouman jako
potencialni antitumoretikum. Chelerythrin je selektivné inhibuje proteinkinazu C, coz vede
opét k apoptdze. Zkoumal jsem dosud nepopsané reakce bifenylenu s nitrily katalyzované

komplexy rhodia. Tim jsem pftipravil fadu 6-substituovanych fenanthridint.

2. Karborany jsou umé¢le ptipravené organické slouceniny boru, které nemaji své zastoupeni
v piirodé. Na rozdil od borant jsou ale pomérné stabilni a netoxické. Maji své vyuZiti
Vv experimentalni mediciné, kde jsou vhodnym zdrojem boru B v zachytné neutronové
terapii (BNCT). Karborany nesouci ferrocenovou skupinu, mohou byt rovnéz zajimavé
Z hlediska experimentalni mediciny, nebot” se mohou specificky vazat na bilkovinnou ¢ast
hemoglobinu. Ferrocenylované derivaty karboranu jsem pfipravoval znamou reakci

dimethylsulfidového komplexu dekaboranu s alkyny.

3. Chiralni organické katalyzatory mohou poslouzit k ptipraveé opticky Cistych latek, namisto
jejich separace z racemickych smési. K jejich pfednostem patii obecné niz$i toxicita i cena
oproti katalyzatoriim na béazi pfechodnych kovi. Dale odpada problematické odstraniovani
zbytkového mnozstvi kovll z findlnich produkti. Zaméfil jsem se na hledani efektivnéjSich
pfiprav axialné chiralnich bis(tetrahydroisochinolin)-N,N’-dioxidt. To jsou Lewisovské baze,
jenz mohou zprosttedkovat naptiklad asymetrické allylace aldehydi na pfislusné
homoallylalkoholy s optickou ¢istotou az 99% ee. Vyzkousel jsem dva odlisné syntetické

pfistupy k témto organokatalyzatorim. Jedna cesta je zalozena na chemii organocinicitych



slouc¢enin a Stilleho cross-couplingu. Druhd metoda vyuziva piimou lithiaci aromatického

kruhu a nasledné oxidac¢ni zdvojeni.

4. (S)-Dapoxetin je biologicky aktivni latka, jeZ inhibuje transporter serotoninu. Je klinicky
vyuzivana pod obchodnim nazvem Priligy k 1écbé predcasné ejakulace. V této praci je
popsana nova syntéza opticky c¢istého (S)-dapoxetinu, kterda vyuziva k vybudovani
stereogenniho centra asymetrickou allylaci benzaldehydu pomoci organického katalyzatoru.

Tento klicovy krok nasleduje sled Sesti znamych reakci.

Abstract

This work consists of four separate chapters. Although they are seemingly different

projects, they have a common feature — the application of organometallic chemistry.

1. Lusianthridin and denbinobin, the phenanthrene derivatives, can be found in plants of the
family Orchidaceae. They exhibit cytostatic activity against cancer of human lung and ovarian
and against promyelocytic leukemia. Therefore, new synthetic methods for these substances
may be applied in research and development of new bioactive compounds. | prepared 9,10-
disubstituted phenanthrenes through reactions of biphenylene with alkynes, which were
catalyzed by iridium complexes. Phenanthridine derivatives are found naturally in the group
benzo[c]phenanthridine alkaloids. The most famous of these include sanguinarine and
chelerythrine. Sanguinarine selectively induces apoptosis (planned cell death) of human
cancer cells and, therefore, is investigated as a potential antitumor agent. Chelerythrine
selectively inhibits protein kinase C, leading again to apoptosis. | have studied reactions of
biphenylene with nitriles catalyzed by rhodium complexes that have not been described yet.

By this, | prepared a series of 6-substituted phenanthridines.

2. Carboranes are artificially prepared organic compounds of boron, which are not represented
in nature. Unlike boranes, they are relatively stable and non-toxic. They are used in
experimental medicine, where they are a good source of boron *°B in the boron neutron
capture therapy (BNCT). Carboranes bearing the ferrocene group may also be interesting in
terms of experimental medicine, as they can be bound specifically to the protein part of the
haemoglobin. | prepared ferrocenyl derivatives of carborane through known reaction of

dimethyl sulfide complex of decaborane with alkynes.
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3. Chiral organic catalysts can be used to prepare optically pure substances, instead of their
separation from racemic mixtures. Their advantages generally include lower toxicity as well
as the price compared to catalysts based on transition metals. Furthermore, problematic
removal of residual metals from the final products is eliminated. | focused on finding of more
effective preparation methods of axially chiral bis(tetrahydroisoquinoline)-N,N'-dioxides.
They are Lewis bases, which may arrange e.g. asymmetric allylation of aldehydes to the
corresponding homoallylic alcohols with an optical purity of 99% ee. | tested two different
synthetic approaches to these organocatalysts. One of these methods is based on the chemistry
of organotin compounds and Stille Cross-Coupling. The second method uses direct lithiation
of the aromatic ring and subsequent oxidation duplication.

4. (S)-Dapoxetine is a biologically active substance that inhibits the serotonin transporter. It is
used clinically under the trade name Priligy to treat the premature ejaculation. This paper
describes a new synthesis of optically pure (S)-dapoxetine that uses asymmetric allylation of
benzaldehyde using an organic catalyst to build the stereogenic centre. The key step is

followed by a sequence of six known reactions.

1. Uvod

Tato prace je rozdélena na Ctyfi €asti, kazda z €asti urcitym zplisobem vyuziva metody
organokovovové chemie. Lisi se metodika i1 rozsah pouziti kovil v jednotlivych ¢astech, vzdy
je ale n&jakym zpisobem ve vSech projektech aplikovano pouziti sloucenin ptechodnych

kov1.

1.1  Reakce bifenylenu s alkyny a nitrily

Bifenylen je komer¢né dostupna stabilni latka s pnutym antiaromatickym
cyklobutadienovym cyklem, stabilizovanym dvéma benzenovymi kruhy. Lze ho vSak $tépit za
termickych podminek, nebo pomoci komplexi prechodnych kovii. S komplexy piechodnych
kovil tvoii oxidativni adici dibenzometalacyklopentany', jenz mohou byt meziprodukty
dal$ich chemickych transformaci. V daném pfipad€ jsem se zaméfil na reakce bifenylenu
s alkyny, ¢imz vznikaji 9,10-disubstituované fenenthreny. Analogicky k reakcim bifenylenu
s alkyny byly Gspésné provedeny nové reakce bifenylenu s nitrily, ¢imz vznikly rizné 6-
substituované fenanthridiny. Na rozdil od reakci bifenylenu s alkyny se jedna o zcela novy typ

chemickych reakci.



1.2  Karborany

V 50. letech 20. stoleti byly hydridy béru zkoumany jako mozna vysokoenergeticka
paliva pro raketové motory.? Byly pripraveny velké zasoby diboranu, pentaboranu-9 a
dekaboranu. K zamysSlenému vyuziti se borany ale neosvéd¢ily kvili problémim s pevnym
B,O3, ktery vznika jejich spalovanim. Proto byly hledany moznosti vyuziti jiz pfipravenych
zasob borant. Pokusnymi reakcemi alkynt s borany byly pfipraveny prvni karborany a doslo
k celkovému rozvoji chemie sloucenin boru s uhlikem a jinymi prvky. Proto jsou karborany
pomeémne dobfe prozkoumany. Naproti tomu ferrocenylkarboraniim se vénuji pouze 2 préce.3
Mezi typické ptipravy karborani patii reakce alkynti s aduktem dekaboranu a Lewisovy baze.
Timto zplisobem jsem piipravoval i ferrocenylované karborany. Pozoroval jsem velkou

toleranci reakce vic¢i objemnym funkénim skupindm a béhem pokust dosSlo 1 jednomu

pomérné neobvyklému presmyku.

1.3  Organokatalyzatory

V moderni organické syntéze mlzeme pozorovat stdle rostouci vyuziti chirdlnich
organickych katalyzatort. Témi Ilze pfipravit opticky ¢isté latky s vysokou
enantioselektivitou. Organické katalyzatory na bazi bis(tetrahydroisochinolin)-N,N’-dioxidd
jsou vnasi skupiné pfipravovany smiSenou [2+2+2]-cyklotrimerizaci hexadekatetraynu s
nitrily katalyzovanou CpCo(CO), za pomoci mikrovinného ohfevu. Tim vznikaji
bis(tetrahydroisochinoliny), které jsou v dal$im kroku oxidovany na ptislusné N,N "-dioxidy.
To jsou diastereomery, které 1ze separovat sloupcovou chromatografii. Nejvétsim problémem
této syntézy je piiprava vychoziho hexadekatetraynu, nebot’ probiha s nizkym izolovanym
vytézkem do 18 %. Proto jsem tyto katalyzatory pfipravoval zcela odlisSnymi zpusoby

S vyuzitim organocini€itych, nebo organolithnych sloucenin.

1.4  (S)-Dapoxetin

(S)-Dapoxetin je klinicky pouzivana u¢inna latka 1éku Priligy, jez se pouziva pii 1écbé
predcasné ejakulace. Je znama fada odliSnych syntetickych cest k této slouceniné. J& jsem se
zam&fil na metodu, jeZ vyuzivd asymetrickou allylaci benzaldehydu zprostfedkovanou
chirdlnim organickym katalyzatorem jako kli¢ovy krok. Touto allylaci vznikl chiralni

homoallylalkohol, jez byl v Sesti krocich pfeveden na cilovy (S)-dapoxetin.



2. Cile prace

1. Cilem prvniho projektu bylo nalézt vhodny katalyticky systém a podminky pro reakce
bifenylenu s alkyny a dale pak pro reakce bifenylenu s nitrily. Protoze nékteré reakce
bifenylenu s alkyny jsou znamé, jednalo se spiSe o nalezeni nejvhodnéjsiho katalytického
systému a aplikaci metodiky na komplexné€jsi slouceniny. Protoze ptiprava 6-substituovanych
fenenthridinti reakci bifenylenu s nitrily znama neni, bylo mym tkolem nalézt reakéni

podminky a katalyticky systém, jez by tyto reakce zprostfedkoval.

2. Piipravit sadu ferrocenylovanych karborant reakcemi stericky narocnych ferrocenylalkynt
s dimethylsulfidovym komplexem dekaboranu a otestovat timto zpisobem vhodnost dané

metodiky vii€i stericky naroénym substratim.

3. Vyvinout novy zpisob piipravy axialné chiralnich katalyzatorti na bazi bipyridin N,N-

dioxidd, jenz by nezahrnoval problematickou dimerizaci nechranénych terminalnich diyni.

4. Vyvinout novou piipravu opticky ¢istého (S)-Dapoxetinu s vyuzitim asymetrické allylace

benzaldehydu jako kli¢ového kroku syntézy.

3. Material a metodika

Pfi experimentech byly pouZity chemikalie a rozpoustédla, které byly zakoupeny od
firmy Sigma-Aldrich, s.r.o., Penta, TCI Chemicals, Acros Organics, Lach-Ner, s.r.0., Fluka.
Rozpoustédla tetrahydrofuran, toluen a diethylether byla suSena destilaci ze smési
Na/benzofenon, dichlormethan byl suSen hydridem vapenatym. Jednotlivé reakce a Cistota
produktti byla sledovana na TLC deskach Kieselgel 60 F254 (Merck) (20 x 20 cm).
Sloupcova chromatografie byla provadéna na silikagelu Kieselgel 60(63-100 um). Spektra
infracervené spektroskopie byla namétenana spektrometru Nicolet Avatar 370 FTIR.
Metodou pouzitou k meéfeni byla diftzni reflektance(DRIFT) v KBr. Spektra nuklearni
magnetické rezonance (NMR) byla naméfena na pfistrojichVarian UNITY INOVA — 300 a
Bruker AVANCE 1II 600. Spektra hmotnostnispektrometrie byla méfena na piistroji LCQ
Fleet. Specifické optické otacivosti byly mérenyna ptistroji AUTOMATIC POLARIMETR,
Autopol 11 (Rudolph research, Flandres, NewJersey).



4, Vysledky a diskuze

4.1  Reakce bifenylenu s alkyny a nitrily

Bifenylen 1 muze v pfitomnosti nékterych komplexu piechodnych kovi podstoupit
oxidativni adici a vytvofit dibenzometalacyklopentadien 2, jenz muze reagovat s alkyny za
vzniku fenanthrent 3 (Schéma 1). Typické je pouziti silné bazickych fosfinovych ligandu a

vysoka reakéni teplota.

1 2
| M 1 2 R R
M R R
(1) e
A YOO
1 2 3

Schéma 1. Reakce bifenylenu s alkyny.

ProtoZe v literatufe jsou popsany reakce bifenylenu s alkyny* za pouziti komplexii Ir a
Rh,? rozhodl jsem se pro pouziti [IrCl(cod)], v kombinaci s riznymi fosfinovymi ligandy.
Vyzkousel jsem na modelové reakci trifenylfosfin a ligandy difenylfosfinové fady. Jako
nejvhodnéjsi  katalyticky systém se mi osvédéil [IrCl(cod)], /dppe (dppe = 1,2-
bis(difenylfosfino)ethan). S takto nalezenym katalytickym systémem jsem provadél reakce
bifenylenu  sriznymi alkyny (Tabulka 2). Dobré vytézky poskytly reakce
s propynylbenzenem (vstup 1) a okt-4-ynem (vstup 5). Usp&$na byla i reakce se stericky

naro¢nym diferrocenylalkynem (vstup 8).

Tabulka 1. Reakce bifenylenu s alkyny.

R' R?
[IrCl(cod)], (10 mol%)
- = 9
T e (OO

3

Vytézek dle Izolovany
NMR (%)  vytézek (%)

1 ®%Me 3a 92 83

Vstup Alkyn Produkt




5 Pr—=—pr 3e 99 80
< — Me
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7 g 3g 58 51
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8 Fe Fe 3h 52 42

Analogicky k reakcim bifenylenu s alkyny jsem hledal reakéni podminky pro dosud
nepublikované reakce bifenylenu s nitrily. Vyzkousel jsem katalyticky systém na bazi rhodia
[RhCl(cod)], /dppe na reakci bifenylenu s benzonitrilem. Reakce probéhla usp&sné, a proto
jsem tuto metodiku aplikoval i1 na dalsi nitrily. ProtoZe vytézky reakci nebyly vzdy zcela
uspokojivé, vyzkousel jsem jiny katalyticky systém [Rh(cod),BF4]/dppe. Ten se ukazal byt
ucinngjsi, a proto jsem ho pouzil na reakce S dalSimi nitrily (Tabulka 2). 1zolované vytézky

téchto reakci se pohybovaly od 25% (vstup 5, metoda B) do 92% (vstup 1, metoda A).



Tabulka 2. Reakce bifenylenu s nitrily

S=oREe

A: [Rh(cod)Cl]2 (20 mol-%), dppe (40 mol)

A, nebo B

B: [Rh(cod),BF4] (10 mol-%), dppe (10 mol-%)

Metoda A? Metoda B?
Vstu Vytézek Vytézek
P Nitril Produkt ytb ytb
(%) (%)
1 @CN 4a 39° 92°¢
2 Me—CN 4b 26 40
3 F3C@CN 4c 39 78
4 u@m 4d 57 40
5 \ /—CN de 80° 25°
N
3] MeOOCN 4f 28 27
7 MeOCN 4g 34
8 MeOOCOCN 4h 70
CN .
9 @/ 4 49
S
W N .
10 O c 4 26
(@)
11 @ACN 4k o8¢

 A: [Rh(cod)Cl], (20 mol-%), dppe (40 mol-%), 190-200 °C, MW 0.5-6 h.
B: [Rh(cod),BF4] (10 mol-%), dppe (10 mol-%), 190°C, MW, 1 h, nebo A, 18h.

b ro rvN
Izolovany vytézek.



¢ Reakce byla provedena za termickych podminek, 4-18 h, 180 °C.

4.2 Karborany

Reakci dimethylsulfidového komplexu dekaboranu s ferrocenylalkyny byla ptipravena
fada o-karborant. Tato metodika se ukazala tolerantni i vii¢i objemnym funkénim skupiném,
jakymi je napfiklad ferrocennyl. Za zminku stoji, Zze 1 pomérn¢ nereaktivni

diferrocenylacetylen (vstup 6) poskytl ptislusny produkt s vytézkem 58%.

Tabulka 3. Ptiprava ferrocenylkarboranti.
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6 C=CFc - Q @F 6f 58
e e
w7
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O

? Izolovany vytézek.

Necekany prubéh méla reakce s 1-trimethylsilyl-2ferrocenylethynem (schéma 2). Misto
o¢ekéavaného vzniku karboranu doslo k presmyku trimethylsilylové skupiny a vzniku latky 7.
Tato struktura byla objasnéna na zakladé rentgenostrukturni analyzy. Pozd€ji jsem nalezl

v literatufe jeden zdznam, jenZ podobny pfesmyk popisuje.”

Mzs @ésm% B1ioH12 . 2MeyS
g Fe

B
5i

Schéma 2. Pfesmyk trimethylsilylové skupiny.

4.3  Organokatalyzatory

4.3.1 Syntéza zaloZena na Stilleho couplingu

Prvnim krokem syntézy byla stannylace komeréné dostupného okta-1,7-diynu 8 pomoci
tributylcinchloridu a n-buthyllithia (schéma 3) . Ackoli se nejedna o selektivni reakci a jeji
priabéh je viceméné statisticky, 1ze pozadovany produkt 9 z reakéni smési pomérn€ snadno

izolovat pomoci vakuové destilace.
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Schéma 3. Stannylace oktadiynu.

Dalsim krokem syntézy byla intermolekularni [2+2+2] cyklotrimerizace diynu 9 s (R)-
tetrahydrofuran karbonitrilem, resp benzonitrilem (schéma 4). Tim vznikl pfislusny stannan

11 resp.12.

(:(;NKE> CpCo(CO), CpCo(CO), (:(;N(C

SnBu3 SI’IBU3 ST'IBU3
1 9
36% 60%

Schéma 4. [2+2+2] cyklotrimerizace diynylstannanu 9 s nitrily.

Tyto stannany byly elektrofilni substituci s elementarnim jodem pievedeny na

aryljodidy 13, 14 (Schéma 5).

| R I | R
2
N —_— _N
SnBU3 |
11, R = (R)-tetrahydrofuran-2-yl 13, R = (R)-tetrahydrofuran-2-yl
12, R = fenyl 14, R = fenyl

>95%

Schéma 5. Jodace arylstannynt.

Reakci jodidu 14 se stannanem 11 za podminek Stilleho cross-couplingové reakce byl
pfipraven bipyridinovy prekursor 15 s izolovanym vytézkem 78%. To je jiz zndma latka, ze
které se oxidaci pomoci MCPBA v nas$i skupiné pfipravuje dvojice axidln¢ chirdlnich N,N-

dioxidu.
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11 14
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Schéma 6. Stilleho cross-coupling.

4.3.2 Syntéza zaloZena na ortho-lithiaci pyridinového kruhu.
Tento postup zac¢ina [2+2+2] cyklotrimerizaci komeréné dostupného okta-1,7-diynu 8 s (R)-
tetrahydrofuran karbonitrilem na tetrahydroisochinolin 16 sizolovanym vytézkem 45%

(schéma 7). Ten byl v dal§im kroku téméf kvantitativné oxidovan na piislusny N-oxid 17.

CpCo(CO), N
+ Z S
o~ ''CN | N

45%

RR,R R.S.R
8% 16%

Schéma 7. Syntéza zaloZend na pfimé lithiaci.
Oxidativni dimeraci tohoto N-oxidu 17 pomoci lithium tetramethylpiperidinu byla

ziskana smés diastereomernich katalyzatord R,Ra,R a R,S,R, které byly od sebe odd€leny

sloupcovou chromatografii.
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4.4. Priprava (S)-dapoxetinu

Nova syntéza (S)-dapoxetinu zacinala asymetrickou allylaci benzaldehydu pinakol
allylboronatem, jez byla katalyzovana Brenstedovou kyselinou (S)-TRIP-PA ((S)-3,3'-
bis(2,4,6-triisopropylfenyl)-1,1'-binaftyl-2,2'-diyl hydrogenfosfore¢na kyselina). Tim vznikl
chirdlni alkohol 18 s optickou cistotou 97 % ee. Nasledovala Williamsova etherifikace
benzylbromidem, reakce schlorsulfonyl isokyanatem (se zachovanim konfigurace -
mechanismus Si). Dal$imi kroky, jakymi jsou oxidativni §tépeni dvojné vazby, odchranéni
Cbz skupiny, Eschweiler-Clarkova aminace a Mitsunobova etherifikace byl ziskan kyzeny

(S)-dapoxetin 19 s optickou Cistotou 85% ee.

Bn 0o
(@] - I
P s ~0 ©)\/\ NaH w (0]
- JEE—— —_—
(S)-TRIP-PA 18 BnBr Na,CO3

99 %, 97 % ee 76 %, 96-97 % ee
1. 1.
HN”~ ~OBn HN”~ ~OBn NH,
1) NalOy,
2) NaBH,4 H, HCHO
85 %, 91 % ee 64 %, 89 % ee 81 %

NMe, NMe;
1-naftol
OH —  » (@]
PPh3,

DEAD 19
81 %, 86 % ee 55 %, 85 % ee

Schéma 8. Syntéza (S)-dapoxetinu.

5. Zavér
1. Byl nalezen novy katalyticky systém pro reakce bifenylenu s alkyny a s jeho pomoci byly
provedeny i cykloadi¢ni reakce se stericky naro¢nymi a jinak nereaktivnimi alkyny (naptiklad

diferrocenylacetylen).

2. Byla pfipravena fada ferrocenylovanych ortho-karboranti reakcemi dimethylsulfidového
komplexu dekaboranu s ferrocenylalkyny. V jednom ptipadé byl pozorovan ponckud

neobvykly pribéh reakce.
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3. Byly vyzkouSeny dva nové syntetické piistupy k pfiprave axialné chiralnich katalyzatori na
bazi bipyridin-N,N-dioxidu. Prvni pfistup je zalozen na chemii organocinicitych sloucenin,

druhy postup vyuziva metodu ortho-lithiace.

4. Sedmikrokovou syntézou byl pfipraven chiralni (S)-dapoxetin s celkovym vytézkem 15% o
optické Cistoté¢ 85% ee. Klicovym krokem byla asymetricka allylace benzaldehydu, ktera

probéhla kvantitativné a s vysokou optickou ¢istotou 97% ee.

6. Introduction
This work is divided into four parts, each part uses methods of organometallic
chemistry in a certain way. The parts differ in methodology and application range of metals,

but in every project, transition metal compounds are somehow applied.

6.1 Reaction of biphenylene with alkynes and nitriles

Biphenylene is a commercially available stable substance bearing antiaromatic
cyclobutadiene cycle stabilized by two benzene rings. However, it may be cleaved under
thermal conditions or by using transition metal complexes. The transition metal complexes
form dibenzometallacyclopentanes® through oxidative addition, which can be intermediates
for other chemical transformations. In this case, | focused on reactions of biphenylene with
alkynes, forming 9,10-disubstituted phenenthrenes. Likewise reactions of biphenylene with
alkynes, new reactions of biphenylene with nitriles have been successfully performed,
forming various 6-substituted phenanthridines. Unlike reactions of biphenylene with alkynes,

they are completely new type of chemical reactions.

6.2  Carboranes

In the 50s of the 20th century, boron hydrides were investigated as possible high-
energy fuels for rocket engines.” Large stocks of diborane, pentaborane-9, and decaborane
were prepared. The boranes did not prove to be useful for the intended usage due to problems
with solid B,Og3, which is generated during their burning. Therefore, the possibilities for use
of already prepared stocks of boranes were looked for. The first carboranes were prepared
through experimental reactions of boranes with alkynes and an overall development of
chemistry of boron compounds with carbon and other elements was started. Therefore, the

carboranes have been relatively well explored. In contrast to this, only two studies have been
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focused on ferrocenylcarboranes.® Typical preparation methods of carboranes include reaction
of alkynes with decaborane-Lewis base adduct. Using this method, | prepared also ferrocenyl-
carboranes. | saw a great tolerance of the reaction to the large functional groups and during

the experiments, relatively unusual rearrangement occurred.

6.3  Organocatalysts

In modern organic synthesis, we can observe the increasing usage of chiral organic
catalysts. These can be used to prepare optically pure substances with high enantioselectivity.
In our group, the organic catalysts based on bis(tetrahydroisoquinoline)-N,N’-dioxides are
prepared through mixed [2+2+2]-cyclotrimerization of hexadecatetrayne with nitriles
catalyzed by CpCo(CO), under microwave heating. This leads to formation of
bis(tetrahydroisoquinolines), which are oxidized to the corresponding N,N'-dioxides in the
next step. They are diastereomers that can be separated by the column chromatography.
Preparation of source hexadecatetrayne is the biggest issue of this synthesis as it takes place
with a low isolated yield of maximum 18%. Therefore, | prepared these catalysts by entirely

different methods using organotin or organolithium compounds.

6.4  (S)-Dapoxetine

(S)-Dapoxetine is clinically used as active substance for the Priligy drug, which is used
in the treatment of premature ejaculation. A number of different synthetic routes leading to
this compound is known. | focused on a method that uses the asymmetric allylation of
benzaldehyde arranged by a chiral organic catalyst as a key step. A chiral homoallylic alcohol
was created through this allylation, which was converted to the target (S)-dapoxetine in six

steps.

7. Aims of the study

1. The first aim of the project was to find a suitable catalytic system and conditions for
reactions of biphenylene with alkynes and for reactions of biphenylene with nitriles. Because
of some reactions of biphenylene with alkynes are known, it was more about finding the most
suitable catalytic system and applying the methodology to more complex compounds. Since
the preparation of 6-substituted phenenthridines through the reaction of biphenylene with
nitriles is not known, my task was to find reaction conditions and catalytic system able to

arrange these reactions.
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2. To prepare a set of ferrocenyl carboranes through reactions of sterically demanding
ferrocenyl alkynes with dimethyl sulphide complex of decaborane and, in this way, to test
suitability of the methodology for the sterically demanding substrates.

3. To develop a new method of preparation of axially chiral catalysts based on bipyridine
N,N-dioxides, which would not involve problematic dimerization of unprotected terminal

diynes.

4. To develop a new preparation method of optically pure (S)-dapoxetine using asymmetric

allylation of benzaldehyde as a key step of the synthesis.

8. Material and methods

Chemicals and solvents were purchased from commercial suppliers Sigma-Aldrich,
s.r.o., Penta, Acros Organics, Lach-Ner, s.r.o., Fluka. Tetrahydrofurane, toluene, and
diethylether was dried by distillation from Na/benzophenone mixture, dichloromethane was
dried over calcium hydride. For thin-layer chromatography (TLC), silica gel plates Merck 60
F254 were used. Flash chromatography was performed using silica gel Merck 60 (particle
5ize0.063-0.100 mm).*H NMR, *C NMR spectra were recorded on Varian UNITY INOVA-
300 or Bruker AVANCE IIl 600. 19F NMR spectra were recorded on Varian UNITY
INOVA-300. High-resolution mass spectroscopic data were measured on LCQ Fleet
spectrometer. Infrared spectroscopy was measured on Nicolet Avatar 370 FTIR, (DRIFT) in
KBr. Specific optical rotation was measured on AUTOMATIC POLARIMETR, Autopol Il
(Rudolph research, Flandres, New Jersey).

9. Results and discussion

9.1 Reaction of biphenylene with alkynes and nitriles.

In the presence of certain transition metal complexes, biphenylene 1 may undergo
oxidative addition forming dibenzometallacyclopentadiene 2, that can react with alkynes to
form phenanthrenes 3 (Scheme 1). The use of strongly basic phosphine ligands and a high

reaction temperature are typical.
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Scheme 1. Reaction of biphenylene with alkynes.

Since the literature describes the reaction of biphenylene with alkynes using Ir and Rh
complexes®, | decided to use [IrCl(cod)], in combination with different phosphine ligands.
With a model reaction, | tested triphenylphosphine and ligands of diphenylphosphinic series.
The [IrCl(cod)], /dppe (dppe = 1,2-bis(diphenylphosphino)ethane) catalytic system has
proven as the most suitable. With this catalytic system, | tested reactions of biphenylene with
various alkynes (Table 2). The reactions with propynylbenzene (input 1) or oct-4-yne (input
5) provided good yields. The reaction with sterically demanding diferrocenyl-alkyne (input 8)
was also successful.

Table 1. Reaction of biphenylene with alkynes.

R' R?

[IrCl(cod)], (10 mol%)
1D e 2
smree T (0

3

Yield by Isolated
NMR (%) yield (%)

Input  Alkyne Product

1 @%Me 3a 92 83
. O—0 T
3 Me O — O Me 3c 75 57
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5 Pr———Pr 3e 99 80
— — Me

6 Fe 3f ; 53
&>
Ly — O COOMe

7 o 39 58 51
&>
o =

8 Fe Fe 3h 52 42
&> &

Similarly to the reactions of biphenylene with alkynes, 1 was looking for reaction
conditions for yet unpublished reactions of biphenylene with nitriles. | tested a catalyst system
based on rhodium [RhCI(cod)], /dppe for the reaction of biphenylene with benzonitrile. The
reaction was successful, so | applied this methodology to other nitriles. Because the reaction
yields were not always satisfactory, | tested a different catalytic system: [Rh(cod).BF4]/dppe.
It proved to be more effective, so I used it for reaction with other nitriles (Table 2). The
isolated yields of the reactions ranged from 25% (input 5, method B) to 92% (input 1, method
A).

Table 2. Reaction of biphenylene with nitriles.

AorB
B + R-C=N
heating

A: [Rh(cod)Cl], (20 mol-%), dppe (40 mol)
B: [Rh(cod).BF,] (10 mol-%), dppe (10 mol-%)
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Method A*  Method B?

Input  Nitrile Product  Yield (%)°  Yield (%)°
1 @CN 4a 39¢ 92°
2 Me—CN 4b 26 40

3 F3COCN 4c 39 78
4 CIOCN 4d 57 40

CN 4e 80° 25°

6 MeO CN Af 28 27

S U y
8 MeOOCOCN 4h 70
CN .
9 (j 4i 49
S
10 O“‘CN 4j 26
(@)
11 @ACN 4k 28°

# A: [Rh(cod)CI], (20 mol-%), dppe (40 mol-%), 190-200 °C, MW 0.5-6 h.
B: [Rh(cod),BF4] (10 mol-%), dppe (10 mol-%), 190°C, MW, 1 h, or A, 18h.
® Isolated yield.

¢ The reaction took place under thermal conditions, 4-18 h, 180 °C.

9.2  Carboranes

A series of o-carboranes was prepared through reaction of dimethyl sulfide complex of
decaborane with ferrocenyl-alkynes. This methodology showed to be tolerant towards bulky
functional groups such as ferrocennyl. It is worth noting that a relatively unreactive

diferrocenyl acetylene (input 6) provided the corresponding product with a yield of 58%.
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Table 3. Preparation of ferrocenyl carboranes

S Fe Q
@TR 6,9-(Mezs)2-B10H12 % R

Fe C<=C
<= A @)‘ :
6

Input R in FcC=CR (1) Carborane (2) Yield [%]™

1 H 6a 26
%Fe’
H
C)‘—/

2 CHs; Q 6b 21
%Fe’
CHs

O

=
3 COOEt 6C 55
%Fe’
COOEt
oS
4 COCHg3; o 6d 29
%Fe >\—CH3
oS
5 C=CFc 6e 52
Feﬁ
%Fe’@ //
oS
6 C=CFc of 58
%Fe’ Feﬁ
C=C
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7 CeH1sCOOMe COOMe 6g 61

%Fe@g_/p
8 Ph - § @ 6h 60
e
N

<

% Isolated yields.

Course of the reaction with 1-trimethylsilyl-2-ferrocenyl ethyne (Scheme 2) was
unexpected. Instead of the expected formation of carborane, rearrangement of trimethylsilyl
group occurred and the compound 7 was created. This structure was clarified by X-ray

analysis. Later in literature, | found one work describing similar rearrangement.”

v

LS —=—siMe
/R B1O }Jﬂézs Fl 3 B10H12 . 2MeZS‘
C) /q e

STE,
5i

Scheme 2. Rearrangement of the trimethylsilyl group.

9.3 Organocatalysts

9.3.1 Synthesis based on the Stille coupling

Stannylation of commercially available octa-1,7-diyne 8 with tributyltin chloride and
n-butyl lithium was the first step of the synthesis (Scheme 3). Although it is not a selective
reaction and its course is more or less statistical, the desired product 9 can be isolated from

the reaction mixture relatively easily by vacuum distillation.
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BuL| THF
| — “BussnCl
SnBu3 SnBu3 SnBuj

38%

Scheme 3. Stannylation of octadiyne.

Intermolecular [2+2+2] cyclotrimerization of diyne 9 with (R)-tetrahydrofuran
carbonitrile or benzonitrile was the next step of synthesis (Scheme 4). Thus, the

corresponding stannane 11 or 12 was formed.

NC’O ©/CN

j Xy Y0 0 N
=N CpCo(CO) f f CpCo(CO), | _N
SnBu3 SnBu3 SnBu3
11 9 12

36% 60%

Scheme 4. [2+2+2] cyclotrimerization of diynylstannane 9 with nitriles.

These stannanes were converted to aryl iodides 13, 14 by electrophilic substitution
with elemental iodine (Scheme 5).

| XN R L | XN R
N —_— _N
SnBuj I
11, R = (R)-tetrahydrofurane-2-yl 13, R = (R)-tetrahydrofurane-2-yl
12, R = phenyl 14, R = phenyl
>95%

Scheme 5. lodination of aryl stannanes.

Bipyridine precursor 15 was prepared through reaction of iodide 14 with stannane 11
under the conditions of the Stille Cross-Coupling reaction with the isolated yield of 78%. This
is already known substance, from which a pair of axially chiral N,N-dioxides is prepared
through oxidation using MCPBA in our group.
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N

X o X Pd(PPhs), 9

| + B ———
_N N Cul, CsF Z >N
SnBU3 | A |
11 14
15
78%

Scheme 6. Stille Cross-Coupling.

9.3.2 Synthesis based on the ortho-lithiation of pyridine ring.

This process starts with [2+2+2] cyclotrimerization of commercially available octa-
1,7-diyne 8 with (R)-tetrahydrofuran carbonitrile to tetrahydroisoquinoline 16 with the
isolated yield of 45% (Scheme 7). In the next step, this substance was almost quantitatively
oxidized to the corresponding N-oxide 17.

O CpCo(CO), “
+ try
[/ o” N N

RR,R
8%

Scheme 7. Synthesis based on direct lithiation.
A mixture of diastereoisomeric catalysts R,Ra,R and R,S,R, which were separated by

column chromatography, were obtained by oxidative dimerization of this N-oxide 17 using

lithium tetramethylpiperidine.
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9.4  Preparation of (S)-dapoxetine

New synthesis of (S)-dapoxetine started with asymmetric alkylation of benzaldehyde
by pinacol allylboronate catalyzed by Brensted acid (S)-TRIP-PA ((S)-3,3'-bis(2,4,6-
triisopropylphenyl)-1,1'-binaphtyl-2,2"-diyl metaphosphoric acid). In this way, a chiral
alcohol 18 with an optical purity of 97% ee was formed. This reaction was followed by
Williamson etherification by benzyl bromide, the reaction with chlorosulfonyl isocyanate
(keeping the configuration — Syi mechanism). The desired (S)-dapoxetine 19 was obtained
through other steps, such as oxidative cleavage of the double bond, deprotection of the Cbhz

group, the Eschweiler-Clarke amination and Mitsunobu etherification, with optical purity of

85% ee.
Bn O
(@] -~ I
o éJ§< OH o CI—S$-NCO
>0 ©)\/\ NaH w o)
(S)-TRIP-PA 18 BnBr Na,CO;
99 %, 97 % ee 76 %, 96-97 % ee
1. 1.
HN™ ~OBn HN™ ~OBn NH,
1) NalOy,
B ——— —_— R
2) NaBH, Ho HCHO
85 %, 91 % ee 64 %, 89 % ee 81 %

NMe, NMe;
1-naftol
OH — » O
PPh,,

DEAD 19
81 %, 86 % ee 55 %, 85 % ee

Scheme 8. Synthesis of (S)-dapoxetine

10. Conclusion
1. A new catalyst system for the reaction of biphenylene with alkynes was found and with its
use, cycloaddition reactions with sterically demanding and otherwise nonreactive alkynes

(e.g. diferrocenyl acetylene) were performed.
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2. A series of ferrocenyl ortho-carboranes was prepared through reactions of dimethyl sulfide
complex of decaborane with ferrocenyl alkynes. In one case, somewhat unusual course of

reaction was observed.

3. Two new synthetic approaches of preparation of axially chiral catalysts based on
bipyridine-N,N-dioxide were tested. The first method is based on the chemistry of organotin
compounds, the second method uses a method of ortho-lithiation.

4. Chiral (S)-dapoxetine was prepared by seven-step synthesis with the total yield of 15% and
of optical purity 85% ee. A key step in the asymmetric allylation of benzaldehyde, which took
place quantitatively and with high optical purity 97% ee.
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