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1. Introduction

This dissertation is devoted to synthesis of estrame of the estrogenic human sex
hormones. Total syntheses of natural compoundsirageneral, among the most intriguing
parts of organic chemistry and have served as lamystone of synthetic methodology since
the dawn of organic chemistry until today. Estrdself, due to its rather complex tetracyclic
terpenoid structure, constitutes an attractive @dradlenging synthetic target at the same time.
The attractiveness is strengthened by the fact ¢isione and many of its derivatives
possesses biological activities and have been arncamponent of many pharmaceutical
drugs. Moreover, recent discoveHtsuggest thaentsteroids (non natural enantiomers of
steroids) possesses different and potentially bdmblogical properties, than their natural
equivalents.

In this work | would like to briefly introduce hotihe estrone was first discovered and
isolated and show several total syntheses of thiedme that are, in my humble opinion,
either important from the historical point of view interesting from the synthetic point of
view. Finally, I'd like to present my new diasteselective and enantioselective synthesis of

(x)-methoxyestrone and (-)-methoxyestrone respelstiv



2. Discovery of Estrone

The isolation of estrone (theelin) was first reépdrin 1930 by Edward Albert Doisy.
2} His work began with the study of the mice estroysle He determined that ovarian
follicles precede the appearance of cornified dalkhe vagina and showed that extracts from
sow ovaries, when injected into ovarectomized miesulted in the production of cornified
cells in the vagina. Based on this observationngite to isolate the hormone from liquor
folliculi were made, unfortunately, those efforteerne futile. Later inspired by work of
Aschheim and Zondek in 1927, who had discoveretttigapregnant women urine possesses
the estrogenic activity, the work on isolating tegmone from pregnancy urine bedén.

The methodology, which led to extraction of pustr@ene was based on multiple
extraction steps followed by several recrystal@ai As Doisy said himself, the key step of
the procedure was the first extraction of the uramel the choice of the olive oil as an
extraction agent proved to be essential. The estwas successively extracted from the olive
oil with ethanol and since it was known that estromas insoluble in petrolether, the
extraction with petrolether was used to removerdmains of the olive oil as well as other
non-polar compounds. Distillation of the solventdldwed by recrystalization afforded

estrone crystals.



3. Selected Syntheses of Estrone

3.1 Marker's Synthesis of Estrone

The first synthesis of estrone was reported byketeet al.”! His synthesis began with
dehydrogenation of ergosterol, which is male sexnome, yielding dehydro-neo-ergosterol
(Scheme 3.1.1). Reduction bfwith sodium in amyl alcohol afforded tetrahydrdagidro-
neo-ergosterdl . The reduction proceeded diastereoselectivelylyiglonly the product with
the desiredtransanti-trans configuration. Il was further converted to (+)-estrone by
protection of phenolic group with acetic anhydriddowed by oxidative cleavage of alkyl

side chain by exposure to chromic acid and finallialine deprotection of phenolic group.

Scheme 3.1.1 Marker's synthesis of estrone.

I (+)-estrone

The above mentioned work was later followed by tlsgsis of estrone from
equilenif®” (also a natural hormone) (Scheme 3.1.2), which atiized the stereoselective
reduction of naphthalene scaffold. Both synthesegesl as the proof of connection between

male and female sex hormones for the first time.



Scheme 3.1.2 Synthesis of estrone from equilenin.

equilenin (+)-estrone

3.2  Syntheses Based on Condensation Reactions

Bachmann's and Stevenson's syntfésisuld be considered the first total synthesis of
estrone scaffold in general. The strategy was baseduccessive condensation reactions
(Scheme 3.2.1). TriestelV, which was prepared by condensation of sodium ehlt
anisoethylmalonic estetl with ethyl hydrogenglutarate chloride, was usedaastarting
material. Cyclization ofV in the presence of phosphoric acid followed byadlecxylation
yielded naphthalene derivativ€. Successive esterification, sodium methoxide ieduc
condensation and reaction with methyl iodide gavenanthrene derivatiwél . Following the
Reformansky reaction ofl with methyl bromoacetate, which gave the compouhd the
dehydratation with dry HCI in benzene provided tuassied esteYIll . Finally, the reduction
of VIII with H, catalyzed by Pd/C yielded saturated ebferwhich was converted to estrone
by procedures previously used in his synthesisgaflenin!” In this manner an unseparable
mixture of all possible stereocisomers of estrones whtained, the mixture possessed the

estrogenic activity proving that it contained th¢-éstrone.



Scheme 3.2.1 Bachmann's synthesis of estronesensers
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A different synthetic strategy, which also relied a condensation reaction was
introduced by Windholz and PatchH&t(Scheme 3.2.2). Reaction of vinyltetraloKewith
methylcyclopentadione gave the crucial intermeddéte TsOH catalyzed cyclization and
immediate dehydratation led to tetracyclic compouxidl. The key to the successful
preparation of methoxyestrone diastereoselectiwaly the reduction oXll with potassium
in liquid ammonia. Ananchenko and Tor§bwas well as WendIEf! applied the similar

synthetic strategy and were also able to prepdreresdiastereoselectively.



Scheme 3.2.2 Windholz's synthesis.

Xl (x)-methoxyestrone
(aka. Torgov diene)

An interesting synthetic strategy based on intdaowar condensation of a chiral
imine, which led to optically pure estrone, was Iited by Danishefski and Cdif! The
outline of the synthesis is shown in the Scheme33he chiral imineXIV was obtained by
reaction of triketoneXlll with L-proline. Subsequent cyclization oflV induced with
perchloric acid, hydrolysis and chemoselective gotidon of keto-group on the six-membered
ring afforded the crucial intermediaX®/ in 82 % yield with 86 % ee. Hydrogenation with H
catalyzed by Pd/C proceeded diastereoselectivalingyi after the deprotection of ketal,
exclusively the intermediat¥VIl with the correct configuration. In the next fevest the
pyridine ring was converted to the cyclohexanomg tyielding XVIl , which was cyclized
with TsOH (similarly to the Windholz synthesis) affling dienoneXVIIl . Finally,
isomerization oXVIII by the action of acetyl bromide/acetic anhydridetane, followed by
cleavage of phenolic acetate with potassium catieonamethanol gave enantioenriched (+)-

estrone.



Scheme 3.2.3 Danishefski's enantioselective sgigthe
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3.3  Syntheses Utilizing Diels-Alder Cycloaddition.

In this paragraph | would like to introduce theg8hiara and Ogasaw&fasynthesis
of estrone (Scheme 3.3.1). In addition to beingca axample of synthesis utilizing the Diels-
Alder reaction in total synthesis of natural compdun question, it also serves as an example
of an enantioselective synthesis based on enzymesiclution of an early intermediate
enantiomers. The synthesis started with the DiddleAaddition of cyclopentadiene to the
cyclopentenone giving racemic tricycloketoX&X in 94 % yield, which was reduced to
alcohol XX in almost quantitative, 99 %, yield. In the netdpsthe racemic alcohdX was
exposed to vinyl acetate in the presence of liggyme. This led to selective acetylation of
(+)-XX only, resulting in the formation of a mixture af){XX acetate and unchanged XX.
After separation of (+X acetate and successive hydrolysis the oxidatieldgd optically
pure ketoneXXI in 42 % yield. Methylation oKXl followed by elimination of-BuOH gave
the crucial intermediatXXIl in 65 % yield, whose Diels-Alder reaction with & diene
resulted in the formation of estrone precupsiill in 75 % yield. Retro Diels-Alder reaction
of XXIIl afforded the unsaturated tetracyclic compoxXlV in 71 % yield, which was
isomerized toXXV in 75 % yield by the action of LIHMDS. Finally, emoselective and
stereoselective reduction of the cyclopentene douimnd with H catalyzed by Pd/C



followed by the stereoselective reduction of theml C rings junction double bond with

Et;SiH gave the (+)-methoxyestrone in 36 % yield.

Scheme 3.3.1 Ogasawara's synthesis.
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3.4  Syntheses Based on Cleavage of the Cyclobutdtiag.

A cleavage of a cyclobutane ring, particularly ttyclobutane ring annulated to
aromatic ring, is well known synthetic tool in tegntheses of the compounds with steroid
framework. Therefore it is no surprise, that taahtheses of estrone, based on this reaction,
has been published. The first synthesis of this typs reported by Kametaeti al.in 1976
followed by the work of Griecet al.in 19801 The latter approach is shown in the Scheme

3.4.1. The starting este¢XVIl was prepared by the substitution reactioiX®lI with the



commercially available 2-(4-methoxybenzocyclobutethyl iodide in the presence of LDA.
Interestingly,XXVII was obtained as a single product of the reactio@li % yield despite
the fact, that estexXVI was used as a mixture of diastereomers. Sequédribe ceduction
of the carboxylic group with LiAll mesylation of the newly formed alcohol and the
reduction of the mesylate with LiBH led to formation of intermediatdXVIIl in 90 %
yield. Several common reactions were used to corX¥WIll into XXIX in 84 % vyield.
Finally, reduction of the carboxylic group to alobfollowed by dehydration afforded crucial
intermediateXXX in 71 % and set the stage for the title step. miaércleavage of the
cyclobutane ring in combination with intramolecutarcloaddition afforded the tetracyclic
compoundXXXI diastereoselectively in 78 % yield and after okmtawith Jones' reagent
(x)-methoxyestrone was obtained in 95 % yield.

Scheme 3.4.1 Grieco's synthesis of (x)methoxyestro
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3.5  Pattenden's Radical Cascade Synthesis of Este

Highly inspirative approach to a synthesis of @ttrcompounds was reported by
Pattenderet al'*® His strategy was based on the radical macrocyidizaof an alkene
possessing multiple double bonds, followed by a lmemof radical transannulations. This led
to the formation of the tetracyclic framework frdmear compound in single step. How the
strategy was utilized in the total synthesis ofa® is shown in Scheme 3.5.1. lodXXI|
was used as a suitable starting material. Itsrreat with BuSnH and AIBN started the
radical reaction cascade and after quenching wiltited HCI the tetracyclic intermediate
XXXIIl  was obtained in 12 % yield. It is worth mentionithgt the tetracyclic compound
XXXIII  was obtained with the correttans-anti-trans configuration on ring junctions.
Oxidation ofXXXIIl with CrO; and demethylation with BBigave (z)-estrone in 70 % yield.

Scheme 3.5.1 Pattenden's synthesis of (+)-estrone.
x_OMe x_OMe
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3.6  Syntheses Based on Friedel-Crafts Alkylation.
In the Bryson's®, Daniewski'8” and Hutchinson®¥! syntheses of estrone advanced
intermediate undergoes the Friedel-Crafts readtodurnish the tetracyclic estrone precursor.

The last named work is worth deeper investigatidmre synthesis begun with conversion of

10



starting (+)-camphor to the cyclopentane deriva¥eXIV. Subjection ofXXXIV to MelLi
and quenching the reaction with TMSCI provided ketd XXV in 60 % yield. Oxidation of
the alcohol group INnXXXV to ketone with PDC and subsequent base -catalyzed
intramolecular condensation, which formed the seambered ring, followed by dehydratation
with DBU gave the bicyclic compoundXXVI in 65 % vyield. Exposure oKXXVI to
(NMey),CHOBuU, which provided dimethylamine derivativeXXVIl in 96 % vyield, and
reaction with benzylmagnesium chloride gave theytlic intermediateXXXVIIl in 70 %
yield. Both double bonds conjugated to keto gro@penchemoselectively reduced with Li in
NH; and subsequent ozonolysis of teeodouble bond yielded the crucial intermediate
XXXIX in 40 %. Intramolecular Friedel-Crafts reactionXfX1X in HCI/AcOH furnished
tetracyclicXL and finally, reduction with Kcatalyzed by Pd/C gave (-)-methoxyestrone in
85 % yield.

Scheme 3.6.1 Hutchinson's synthesis of (-)-metésixgne.
Oé % . MelLi 1. PDC
- TMSCI 2.NaOH
H
(+)-camphor XXXV, 60 % XXXVI, 65 %

(NMe,),CHOBuU

(0]

MezN
XXXVII, 96 %

XXXIX, 40 % XL, 85 % (-)-methoxyestrone
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3.7  Synthesis Utilizing Photochemically Induced [4 2] Cycloaddition.

Quinkert's et dt¥ strategy of estrone synthesis was based on a gietically
induced intramolecular cycloaddition, which ledthe tetracyclic estrone precursor (Scheme
3.7.1). The suitable starting materdéLIll was prepared by a base catalyzed reaction of
a,p-unsaturated ketonélLl and cyclopentanone derivatiXIl in 60 % yield. Irradiation of
XL with UV light (A = 340 nm) led to the [4+2] cycloaddition furnisdinetracyclic
compoundXLIV in 60 % yield. The cycloaddition proceeded higtligstereoselectively and
only the formation of thdrans-anti-transdiastereomer was observed. To finalize the (%)-
estrone synthessLIV was treated with (COOHR}o give unsaturatedLV in 60 % yield, in
which the double bond was reduced with ¢dtalyzed by Pd/C and the methoxy group was
demethylated with BBr

Scheme 3.7.1 Quinkert's synthesis of (+)-estrone.
0 0
mSi(Me)3 t-BuONa
+
MeO | ) tBUOH
XLI XLII XLIIl, 60 %

hv
pyridine
mesitol
(COOH),

XLV, 63 % (x)-estrone
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3.8  Syntheses Based on Transition Metal MediatedeRctions.

As the first example | would like to introduce @ois et a?” synthesis of (+)-
methoxyestrone. The key reaction of the syntheais @u-mediated conjugated addition of 2-
methoxybenzylmagnesium chloride to the bicyclicoketXLVI as shown in the Scheme
3.8.1, which yielded tricyclic ketoné€LVII in 85 %. What's worth noticing is that conjugated
addition proceeded highly diastereoselectively turedketone was obtained as ptrans-anti
diastereomer. In the next step the intramolecutadgl-Crafts reaction gave the tetracyclic
intermediateXLVIIl in 77 %, which was converted to (+)-methoxyestraseng several

common transformations.

Scheme 3.8.1 Cohen's synthesis of (+)-methoxym®stro
Ot-Bu
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H MeO 9 o 8
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MeO

XLV, 77 % (+)-methoxyestrone

Another nice enantioselective synthesis of (+)eest, shown in Scheme 3.8.2, was
accomplished by Knochel etat via Torgov diene (Scheme 3.2.2 and 3.3.1). Orte@key
reactions used in a later stage of the synthesis tha Cu-mediatecnti-Sy2™ allylic
substitution. The chirality was introduced in thale steps of the synthesis by means of the
enantioselective organocatalytic Corey-Bakashi-&dt5' (CBS) reduction. The starting
chiral cyclopentenyl iodidell was prepared in the following way. The protectodithe free
alcohol group in racemic cyclopentanone derivalivevith TBSCI and successive iodination
afforded cyclopentenonyl iodide in 75 % yield. The reduction &f with BH3-PhNE% in the
presence of)-MeO-CBS catalyst (5 mol %) led to formation ofrexture of separableis

and trans LI in approximately 1:1 ratio. After the separatidre tdesiredtransLl was

13



obtained in 49 % vyield with excellent enantioselatt of 99 % ee. A simple protection of the
alcohol group irtrans-LI as perfluorobenzoate ester gak in 95 % with unchanged ee of
99 %. The formal synthesis of estrone itself sthntgth preparation of the organozinc
compoundLIll from Dane's diene by treatment with 1 eq oBEt and successively with 2
eg. of EtZn. What followed was the key step; alkylation gtlopentenyl iodide_ll with
organozinc LIl in the presence of CuCN-2LiCl (2.4 eq), which aféa tricyclic
intermediateLIV in nice 66 % vyield with very good enantioseledtivof 97 % ee. The
synthesis was continued with conversion of thededilV to ketonelLV in 45 % yield by
one pot procedure based on the treatmeritl\df successively with-BuLi, B(OMe); and
NaBO;, Subsequent exposure 0¥ to TsOH in benzene led to the ring closure andorah
of the TBS protecting group with TBAF followed byidation of the deprotected alcohol
group with CrQ on Celite furnished Torgov's diene in 61 % yieldhw9 % ee. The diene

can be converted to (+)-methoxyestroene (as showhmei Scheme 3.3.1).

14



Scheme 3.8.2 Knochel's synthesis of (+)-estroaeypsor.
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Another nice example was published bycesky et al. (Scheme 3.8.35% Their
synthesis started from androstane derivatiVé and the strategy of it's conversion to estrone
is based on cleavage of the methyl group on A anstdBoid ring junction. Prior to the
cleavage itself the methyl group in question hadbeofunctionalized to hydroxymethyl by
oxidation with Pb(AcQ) and successive reduction with Zn, which gave atbi1l in 50 %
yield. The key step, removal of GBH group, was done by the treatmentLafll with
stoichiometric amount of TI(N€)s. This led to the cleavage of the hydroxymethylugrand
furnished one-carbon-shorter alcohMlIll in impressive 97 % yield. What followed was the
deprotection of the hydroxy group on the A aromaing with KOH and the Oppenauer
oxidation of that alcohol group provided ketddX in 78 % yield. Synthesis was completed

15



by aromatization of the A ring accomplished by esyre ofLIX to TsOH, which yielded
(+)-estrone almost quantitatively.

Scheme 3.8.3 Kovksy's synthesis of (+)-estrone.

1. KOH
2. (iFOPr)5Al

O:CNCH3
LIX, 78 % (+)-estrone, 99 %

3.9  Syntheses Based on Transition Metal CatalyzedeBctions.

Intramolecular cyclotrimerization of triynes or ¢gttimerization of diyne with alkyne
are widely used reactions in the syntheses of iste@mmpounds with the aromatic B steroid
ring. Nevertheless, Vollhardt et &% reported total synthesis of several steroid comgsu
with the aromatic A ring, including estrone, basedcyclotrimerization of advanced diyne
intermediate with bistimethylsilylacetylene (Sche&®.1). The diyndXa was prepared by
the alkylation of diyne iodide with correspondiniyl$-enolate. This led to the formation of
the mixture of diyneg Xa andLXb with desired.Xa being the major component, obtained
in 42 % yield. Following the smooth protection bétketo group ih.Xa, which yielded ketal
LXl in 95 % vyield the cyclotrimerization reaction oKl with trimethylsilylacetylene
catalyzed by CoCp(CQ@xfforded benzenocyclobutane intermediaXa , which underwent
rearrangement formingXlb, and finally, intramolecular Diels-Alder cycloaddn afforded
LXIl in very nice 81 % total yield. It is worth notignthat the Diels-Alder reaction
proceeded highly diastereoselectively and vyieldked tesiredtrans-anti-trans product.
Treatment ofLXIl with Br, in pyridine at the room temperature led to substh of the
TMS groups forming the mixture afXllla andLXlIllb in 19:79 ratio. Unfortunately, the
desiredLXllla was only formed as a minor product. Exposure efrtfixture ofLXllla and

LXIlIb successively to-BulLi, trimethyl borate, acetic acid ang®} followed by separation

16



of the formed producteXIVa andLXIVb gave the desiretdXIVa, albeit only in 14 %

yield. Finally,LXIVa was converted to estrone by exposure 0'H

Scheme 3.9.1 Vollhardt's synthesis of (+)-estrone
OTMS 0
1. LiNH,
+ J—
S __

LXa, 42 % LXb, 21 %

T
Iy

O/\/ CoCp(CO),

C2H4(OH)2 o (16 mol %)

LXa

TMS———TMS

LXllla Ry =TMS, R, = Br LXIVa, 14 % LXIVb, 56 %

LXIlIb R, =Br, R, = TMS

(x)-estrone
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Taber et aP® published enantioselective synthesis of (+)-meghetrone, in which
the key step was accomplished by the rhodium cadl\C-H activation reaction (Scheme
3.9.2). Diazoketoester of chiral alcohol deriveahir(+)-camphotXV was used as a starting
material. Intramolecular cyclization &XV in the presence of RfAcO), (5 mol %) yielded
the mixture oftrans andcis diastereomers of the cyclopentanone derivati¥®| in 92:8
ratio in combined yield of 61 %. After separatiohdmastereomers the desiré@nsLXVI
was obtained in 58 % yield. TreatmenttdnsLXVI successively with Met/BuOK and
NaOMe gave the cyclopentanone methyles¥VIl in 70 % yield (the reaction proceeds via

linear intermediate_XVla )"’

. Following steps of the synthesis were similarGoeco's

synthesis (Scheme 3.4.1). Alkylation with 2-(4-notybenzocyclobutenyl)ethyl iodide gave
the cyclobutane intermediateXVIll in 55 % vyield and it's decarboxymethylation and
thermolysis accompanied with the cleavage of treobyitane ring gave (+)-methoxyestrone

in 41 % with 91 % ee.

Scheme 3.9.2 Taber's synthesis of (+)-methoxyestr
X
0.0
N Rh,(OAc), H 1. Mel
o 5 mol % *RO t-BuOK
B 2. NaOMe
O O
2-naphtyl
LXV LXVI, 58 %
0O
H
H
OR*
COOMe H
LXVla LXVII, 70 %
(@)
COOMe
£
MeO
LXVIIL 55 % (+)-methoxyestrone, 41 %, 91 % ee
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This work couldn't be considered complete if Irdicpresent at least one synthesis,
which utilizes Pd catalyzed reaction. In this reglewould like to present Tietze's synthesis of
estron&® based on two consecutive Pd catalyzed Heck rea(8oheme 3.9.3). In the first
step the dibromideLXIX underwent the intermolecular Heck reaction withclaral
cyclohexene derivative to yield intermediateXX in 61 %. The second step was
intramolecular Heck reaction catalyzed by Pd catadyown in the Scheme 3.9.3, which led
to cyclization and formation of the tetracyclicreste precursot XXl in impressive 99 %
yield. The very high chemo- and stereoselectivity lfoth steps was achieved after tedious
experimentation with different starting materiab&#ring other halogens instead of bromine)
as well as different Pd catalyst and reaction dooi. The synthesis was continued with
chemoselective reduction of the B ring double band. XXI with H, in the presence of
RhCI(PPh)s to giveLXXIl in 94 % yield. Finally, the reduction of the Cgidouble bond in
LXXIl catalyzed by Pd/C in the presence of the excessydbhexadiene as source of
hydrogen afforded the (+)-estrone preculsdXIll in 76 % vyield. The interesting change of
configuration on C9 can be explained, as claimedhieyauthors, by isomerization af'*?
double bond toA® under the reaction conditions and subsequent kgdi@ion. The

obtainedLXIIl can be converted to estrone in few steps as shrotthie Scheme 3.8.1.
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Scheme 3.9.3 Tietze's synthesis of (+)-estroaeupsor.
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As the last example | would like to describe thga€awaral®’ strategy for
enantioselective synthesis of (+)-methoxyestrondchvhstarted from chiral ketone (-)-
LXXIV . One of the key reactions was a Ru-complex cataly¢Grubb's catalyst 1st
generation) metathesis of diene; however, the ggnhs rather complex and features several
interesting steps. In view of that | decided toadié® it in more detail (Scheme 3.9.4). The
synthesis began with addition of vinylmagnesiumntirae to (-)LXXIV in the presence of
CuBr-MeS and HMPA, which gave diastereoselectively vingtidative LXXV in 93 %
yield. What followed was the reduction of the kepwup in LXXV , benzylation of the
formed alcohol group on the six-membered ring, digmtion of MOM protective group to
free the alcohol on the five-membered ring andotkidation of alcohol on the five-membered
ring with PCC, which gave ketorleXXVI in total yield of 65 %. Treatment of the enolate
formed fromLXXVI with Mel and successively with allylic bromide gagtieneLXXVIIl in
77 % vyield. Surprisingly, the two consecutive aditidns proceeded highly

diastereoselectively and the dido¢XVIl with the desired configuration was obtained as the
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major product. The synthesis was continued withrateption of the benzyl group with DDQ
and oxidation of the formed alcohol with PCC, whiahnished diketon& XXVIIl in 73%
yield. Cleavage of the six-membered ring inducethwieONa led to the formation of diene
LXXIX in 93 % vyield. The obtained diene is an ideal cdate for the intramolecular diene
metathesis reaction, therefore its exposure to &udatalyst (5 mol %) gave the expected
productLXXX in 90 % vyield. Protection of the free keto gron. XXX with (TMSOCH),
and subsequent transformation of the methylcarbgsqup to the aldehyde group by
reduction with LiAlH, and oxidation with PCC sequence formed compduxXl in 92 %
yield. Reaction of aldehydeXXXI with 3-methoxyphenylmagnesium bromide gave the
epimeric mixture of alcohol& XXXIl in 71 %; however, this formation of the epimeric
mixture was not a problem because in the next gtepalcohol group was removed. The
alkoxide prepared frohXXXIl was treated with GSand Mel to give xantate, which upon
reduction with BySnH in the presence of AIBN gave compowXXIll in 83 % yield.
Epoxidation of the double bond EXXXIIl with MCPBA, opening of formed epoxide with
DIBAL and finally, oxidation with PCC, furnished tae LXXXIV in combined yield of
53 %. Conversion of ketoneXXXIV to (+)-methoxyestrone was accomplished using the

same approach as already presented in the Schérfe 3.
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Scheme 3.9.4 Ogasawara's synthesis of (+)-meel$¢Ixy1e utilizing diene metathesis.

1. NaH
ZMgBr Mel / H
CuBr-SMe, 2.t-BUOK o7 J

o) Me oBn
OMOM OMOM /\/Br
(-)-LXXIV LXXV, 93 % LXXVI, 65 % LXXVII, 77 %
(0]
o Grubbs cat.
. / MeONa (5 mol %)
el
0" Me o) 7
MeOOC MeOOC
LXXVIII, 72 % LXXIX, 93 % LXXX, 90 %

LXXXI, 92%

LXXXIIl, 83 % LXXXIV, 54 % (+)-methoxyestrone
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4. Aims of the Work

The main objectives of this work were to develomew enantioselective total
synthesis of methoxyestrone and to prepare itsturadlaenantiomer (-)-methoxyestrone using
the new methodology. In order to accomplish thisplex goal the work had to be divided
into several more specific tasks. The first one t@adevelop a new diastereoselective strategy
of estrone framework synthesis. This task was mdotused on designing the synthetic
strategy so that thgans-anti-transconfiguration at ring junctions could be achievéte
second task was to modify the developed diastelexis® synthesis to achieve
enantioselective synthesis. And finally, to test tlew methodology by the preparation of (-)-

methoxyestrone.
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5. Results and Discussion

5.1 Diastereoselective Synthesis of Estrone Presor.

In this chapter | would like to discuss one of teals of my work the design and
development of a diastereoselective strategy fothggis of the estrone framework. The core
idea for the synthesis was the Pauson-Khand reaclibis cyclocarbonylation reaction
between a double bond, a triple bond and carbonomide is very powerful tool in
synthesizing compounds with the cyclopentanone. Before this work had begun, Pavel
Herrmann (the former member of our group) had dme a synthesis of an estrone
precursor based on the repetitive use ofZBOp,.P*1 % His work utilized the C-O bond
activation in a benzyl ether and various cyclizagi@f dienes and enynes. However, enynes,
possessing both double and triple bond, could datestideal substrate for Pauson-Khand
reaction, therefore | presumed that combining lagthroaches could result in more efficient
synthesis of tetracyclic estrone framework. Thdieitof the strategy | envisioned is shown
in the Figure 5.1.1. The tetracyclic estrone preoud6-ketoestratetraene could be prepared
from a suitable bicyclic enyne using the Pausonsi¢heeaction. The preparation of enyne

could be accomplished using modified methodologyetiged earlier by Pavel Herrmann.

Figure 5.1.1
H
(4 -
O] Br
1 p— N p— /@
MeO COOH
MeO MeO
16-ketoestratetraene enyne

The work had began with the preparation of theesty derivativet (Scheme 5.1.1).
The commercially available 2-bromo-6-methoxybenzamd 1 was used as a starting
material. Its reduction with BHin THF afforded 2-bromo-6-methoxybenzyl alcotibiin
almost quantitative yield. Subsequent protectiorithef hydroxyl group by exposure to KH
followed by the reaction of the formed alcoholatéhvibenzyl bromide furnished benzyl ether
3in 95 % yield. Introduction of a vinyl moiety inthe molecule was achieved by means of
the Suzuki coupling reaction; however, under stesh@uzuki conditiort&” the reaction was

plagued by the formation of debromination produotrf 3 (3-methoxybenzyl)benzyl ether,
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thus lowering the yield of the desired styreneddive4. In order to circumvent this problem
the reaction had to be carried out under modifi@addions. The reaction of phenyl bromide
3 with potassium vinyltrifluoroborate in the preseraf a catalytic amount of Pd(dppfb
mol %) and dppf (2 mol %) along with excess ofttrygamine provided styrengin very nice

98 % vyield (Scheme 5.1.1). The use of an additianabunt of the dppf ligand was necessary
to ensure a good vyield of the coupling. It shouddnioted that without additional dppf ligand
the palladium complex decomposed during the coafsihe reaction and lost its catalytic

activity.
Scheme 5.1.1. Synthesis of styrdne
MeO cooH THF wmeo CH,0H BnBr
1 2,99 %
Br Z O BFSK
Pd(dppf)CI
MeO CH,0Bn dppf - MeO CH,OBn
3,95 % EtsN 4,98 %

As outlined in Scheme 5.1.2 BrCp,, also known as Negishi's reagent, was used for
transformation of styrend into the methoxydien&. In the first step, the reaction of a
stoichiometric amount of BdrCp, with 4 afforded exclusively the benzylzirconium
compound4a, in which the zirconium is inserted into the C-€nbylic bond from the styrene
side. This selectivity could be explained by cooation of the BpZrCp, to the styrene
double bond prior to the oxidative addition to ti®O bond?®® Exposure of the
organozirconium intermediata to 3,4-dichlorobutene in the presence of a catabinount
of the CuCl (10 mol %) provided chlorodieBeThis reaction proceeded by transmetalation
of 4a with CuCl to the organocopper compoudid and the subsequent reaction with 3,4-
dichlorobutene, which proceeded vig2S mechanism. Unfortunately, chlorodiebewas
unstable and easily decomposed, therefore its pagpa was immediately followed, without

any purification, by the reaction with MeONa in DMRvhich provided the stable
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methoxydiene6. The overall yield of the reaction sequence stgrtirom styrened to

methoxydiené was 55 %.

Scheme 5.1.2. Preparation of the methoxyd&ne
Bu,ZrCp, CucCl
ZrC 0 Cu
MeO CH,OBn MeO P2 | 10mol% | ey
OBn
4 4a 4b
\)CI\/ Cl OMe
XN Cl
P MeONa P
DMF
MeO MeO
5 6, 55 %

In the next step, the Negishi's reagent was usetktiate the cyclization reaction ®f
(Scheme 5.1.3). Methoxydiereupon treatment with a stoichiometric amount obBCp,
provided zirconacyclopentane intermediétg which immediately underwent irreversille
elimination of the methoxy group forming organomamwm compound6b. Successive
alkylation of 6b with 2,3-dibromopropene catalyzed by CuCl (10 m¢) furnished
bromodiene 7. The cyclization was highly diastereoselective aondly the trans
diastereoisomer was obtained as the final produet. yield of this one pot sequence was 75
%.
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Scheme 5.1.3. Cyclization of methoxydidhe

OMe
| Bu,ZrCp,

MeO

Br

CuCl
(20 mol %)

Although the BuZrCp, mediated cyclization of methoxydieBgroved to be efficient
in both stereoselectivity and yield, | wanted teoKdfor an alternative method that would
enable cyclization under simpler or catalytic cdiodis. Inspired by the Oppolzer's
cyclization of ene-allylic Grignard%‘}] | decided to try this metallo-ene reaction on my
substrates.

As the first suitable starting material for the g@fzer's cyclization allylmagnesium
chloride8a, prepared by the reaction of chlorodigheith Rieké® Mg was chosen (Scheme
5.1.4). Initially, the metallo-ene reaction was rah 60 °C for 24h. After hydrolysis
inseparable mixture composed I (31 %),11 (31 %),cis-12 (15 %) andrans12 (11 %)
was obtained. Carrying out the reaction at 100 6C2#h gave, after hydrolysis, a mixture
composed of the previously mentioned products. Hewetheir distribution was strongly
shifted towards the cyclized compourais12 (45 %) andrans12 (21 %) as oppose to the
uncyclized dienet0 (< 2 %) andLl (< 2 %).
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Scheme 5.1.4. Oppolzer's magnesio-ene reactibn of

Cl MgCI MgCl
| y
= _9_ = N
Conditions
MeO MeO MeO
5 8a 8b
H+ — | |
 —— + + X
MeO MeO MeO
Conditions : 10 11 12
THF, 60 °C, 24h 31 % 31 % 15 % (cis)
11 % (trans)
THF, 100 °C, 24h <2 % < 2% 45 % (cis)

21 % (trans)

Next the palladium catalyzed variant of the Oppoiz reaction was explor&d! In
this regard, reaction of chlorodiebewith potassium acetate in DMSO provided the stgrti
acetate9 in 82 % vyield (Scheme 5.1.5.). The cyclizationctemn was attempted at two
different conditionsA andB. Under condition®\ acetated was exposed to a catalytic amount
of Pd(OAc} (10 mol %) and PBu(10 mol %) in the presence of an excess oFIkt
Unfortunately, under those conditions only the miamounts of the cyclized products-12
(14 %) andrans-12 (< 1 %) were obtained, the major products wereutih®yclized diene$0
(39 %) andl1 (39 %). Under conditionB Pd(PPh)s (10 mol %) was used as the catalyst in
the presence of an excess ofZft Under those conditions no cyclization was obsey only
the uncyclized compound® (50 %) andl1 (46 %) were formed. From the obtained results it
was clear, that Oppolzer's metallo-ene cyclizationld not provide synthetic advantage over

the zirconocene mediated cyclization reaction.
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Scheme 5.1.5. Palladium catalyzed metallo-enézatmn of9.

Cl OAc
| _ AcOK | _ Et,Zn
DMSO Conditions
MeO MeO AorB
5

9,82%
MeO MeO MeO
10 11 12
A 39 % 39 % 14 % (cis)
B 50 % 46 % 0%

A: Pd(OACc), (10 mol %), PBus (10 mol %), Et,O
B: Pd(PPh3)4 (10 mol %), toluene

The synthesis was continued with dehydrobromimatibbromodiene’, prepared by
cyclization of methoxydien@ with Negishi's reagent (Scheme 5.1.3). Treatmént with
tetrabutylamonium fluoride in DM#! gave enynel3in 95 % yield (Scheme 5.1.6). Using
the described methodology it was possible to peepiae desired enyrE3 in six steps from

the commercially available materials with overadilgt of 36 %.

Scheme 5.1.6. Dehydrobromination of bromodiéne

MeO
7 13,95 %

In the following part of the synthesis severaliwives of the enynd3 bearing
different functional groups on the terminal trigbond were prepared. Several different
synthetic strategies for this functionalization esed.

Attachment of various aryl groups was accomplisigd using the standard

Sonogashira protocol: 1.1 eq. of the correspondiygiodide, 1 mol % of Pd(PRha, 2 mol
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% of Cul, EtN (Scheme 5.1.7.). Reactions under those condifiwoseeded uneventfully
yielding enynes substituted with the phenyl gradand the 4-methoxycarbonylphenyl group
15 in nice 78 % and 80 % vyields respectively. TheyBeinyl substituted enynd6 was
obtained in slightly lower, but still acceptabl& % yield.

Sheme 5.1.7. Arylation of enyd8.

Ar-l
Pd(PPh3),
Cul
Et;N
14, Ar = Ph 79 %
15, Ar = 4-MeCOOPh 80 %
16, Ar = 3-C3HsN 68 %

Next, enynes bearing methyl and trimethylsilylgwe on the triple bond4d 7 and18
respectively) were prepared. | envisioned that tionalization of enyné.3 with the methyl
group could have been done according to the stdnpeocedure for methylation of the
terminal triple bond, which is based on lithiatiohthe acidic hydrogen on the triple bond
with n-BuLi and alkylation of the formed acetylide with MeSurprisingly, this simple
transformation proved to be more troublesome thanginally presumed. After lithiation and
methylation not only the expected enyh&, but also variable amount of the cyclized
compound19 were found in the reaction mixture (Scheme 5.1R@tios in which both
products were formed were highly dependant on i@acbnditions as well as on the amount
of the usea-BulLi.

Scheme 5.1.8. Methylation of enyh@&
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When the starting compourd® was treated with 1.1 eq. afBuLi (excess oh-BuLi
was used to ensure quantitative lithiation of ttxeninal triple bond) at -78 °C and then the
reaction mixture was allowed to warm up to 20 °@feaddition of Mel, tedious separation
of products provided the cyclized alkyh® in 79 % and the methylated enyhéin only 20
% vyields. The formation of the five-membered rirgilcl be explained in the following terms
(Scheme 5.1.9). Lithiation of the propargylic pmsitin 13a by the excess ai-BuLi led to
formation of intermediatel3b, which further underwent the intramolecular cyatian
furnishing the cyclopentane derivati¥8c This would not be surprising, both lithiationtoé
propargylic position in the presence of the exce$sn-BuLi®” and intramolecular
carbolithiation of unsaturated organolithium compdgr® have been observed. However, the
described reactions were stoichiometric. In my cdlse reaction clearly proceeded
catalytically. To explain the catalytic nature bétcyclization following mechanism based on
the fact thatiso-alkyllithiums are stronger bases than propargshiuims®®? could be
suggested. After the tricyclic alkyllithium compalt3c was formed it acted as a base and
intermolecularly lithiated the propargylic positionl3avia H-Li exchange forming new3b

as well asl3d, which after alkylation with Mel gave the tricyclalkynel®.

Scheme 5.1.9. Catalytic cyclization of enyirge

19, 79 %

To avoid the above described cyclization, the wmlatton procedure had to be
modified in the following way. Initially, lithiatio of the acetylene had been carried out at -10
°C and only 0.95 eq. ofi-BuLi was used prior to addition of Mel. Under theodified
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conditions methylation of the triple bond proceedgdoothly and yielded the desired
methylated enyn&7in very nice 91 % isolated yield (Scheme 5.1.10.).

An approach similar to methylation was also apmplfer the preparation of the
trimethylsilyl derivativel8. The lithiation ofL3 with 0.95 eq. of-Buli at -10 °C, followed by
alkylation of formed lithium acetylide with trimettsilyl chloride afforded, after isolation,

enynel8in 86 % vyield.

Scheme 5.1.10. Methylation and silylation of en¥Be

n-BuLi
0.95 eq.

ME3S|C|
or MeO
Mel

17, R = Me 91%
18, R=SiMe;  86%

Out of those several bicyclic enynE3-18 bearing different substituents on the triple
bond the methylated enyd& was particularly important, because it later sérag the crucial
intermediate in the total synthesis of estrone.aBse of that | wanted to look for another and
possibly more efficient pathway for its synthesis.

In this regard, the ' substitution of organotitanium compounds witlerboallene
(in the presence of catalytic amount of CuCl), whaffords directly derivatives with the
triple bond™® provided us with the necessary hint. This readsosimilar to the alkylation of
organozirconium compounds with 2,3-dibromopropengescriber earlier (Scheme 5.1.3).
Based on this similarity | presumed that reactidndiene 6 with Bu,ZrCp, followed by
alkylation with an appropriately substituted allewaild yield enynd 7 directly in one step as
opposed to the above described three step procdédyckzation shown in Scheme 5.1.3,
dehydrobromination in 5.1.6 and methylation in 50).

As a suitable candidate for alkylation 3-bromo-fi2adiene was chosen. There are
several described syntheses of 3-bromo-1,2-butadi#nThe shortest (in terms of reaction
steps) is based on usage of organomercury compStthdsiother relies on the reaction of
trimethylsilylbutyne, prepared by trimethylsilylati of 2-butyn&?, with elemental
bromine!*®! To avoid working with hazardous organomercury fares | opted for the latter

approach. As shown in Scheme 5.1.11 treatment lmityre with n-BuLi and subsequent
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silylation of the formed propargylic lithium with &SiCl provided 1-trimethylsilyl-2-butyne
20in 89 % vyield. In the next step the silylated meayinderwent &' reaction with elemental
bromine forming desired 3-bromo-1,2-butadi@iein 27 % yield. At this point | would like
to note that handling of 3-bromo-1,2-diene was eattlifficult. The major difficulty was
caused by the allene's boiling point. Initiallye treaction of 1-trimethylsilyl-2-butyn20 with
bromine was carried out in GBI, and allene21 was supposed to be isolated from the
reaction mixture by distillation. However, it tucheut that the boiling point of the allene is
similar to that of CHCI, (40 °C) and as a result | was not able to sepahnatallene from the
solvent. In order to circumvent this problem, tleaation had to be carried out in a solvent
with a lower boiling point. As a promising candiga@;HsCl (b.p. 12 °C) was chosen. The
final separation of the £1sCl from the allene was done at 12 °C under atma#ppeessure.
Using this approach | was able to obtain #ieof suitable purity for further synthesis. It
should be also noted, that the allene decomposgdlyaat room temperature (20 °C)
therefore all manipulation had to be done as syl possible. To prevent its decomposition
during long term storage, the allene was store@3 °C (submerged in liquid nitrogen).

Scheme 5.1.11. Synthesis of all@ie
L 1. n-BuLi L Br, Br
T 2. Me,Sicl o \SiMe3 C,HsCl \
20, 89 % 21, 27 %

With bromoallene 21 secured, Negishi's cyclization-alkylation sequenoé
methoxydienes was attempted. Fortunately, as shown below in i8eh&.1.12, the reaction
of diene6 with Negishi's reagent followed by CuCl catalyZ8@ mol %) alkylation of the
organozirconium intermediaBb with 3-bromo-1,2-butadiene proceeded as envisignadg
the expected enyriE’ in very nice 87 % isolated yield, which constitatsignificant shortcut

in the synthesis of enyri& in terms of steps as well as overall yield.
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Scheme 5.1.12. Short synthesis of enyne

OMe
| Bu,ZrCp,

MeO

6b 17,87 %

The synthesis was continued with Pauson-KhandiogacThis reaction is formally
[2+2+1] cycloaddition between alkene, alkyne andboa monooxide to form the
a,p-cyclopentenone ring. | envisioned that compouli8ld 8 possessing both the alkyne and
the alkene moiety, could constitute an ideal caatesl for intramolecular variant of this
reaction. In this particular case the cyclizatiomwd results in the formation of the
a,p-cyclopentenone ring (steroid D ring) as well asrfation of the six-membered (steroid C)
ring thus furnishing compound with the tetracydieroid framework. This would allow to
assembly both C and D steroid rings in one step.

The first tested method was the original procedusdich relied on use of
stoichiometric amount of GCO)to mediate the reactidff! As shown in Scheme 5.1.13 the
enynesl3-18reacted with C4CO) (1.1 eq.) to form the Co-complex28. Following the
decomposition o228 with excess DMSO (5 eq.) at 80 °C, which led tarfation of the
cobaltocyclohexene compound29, the reductive elimination of cobalt gave the
corresponding tetracyclic keton22-27. For enynes bearing hydrog&8, aryl groupsl4-16
or methyl 17 as a substituent on the triple bond the cycloaayladion proceeded with very
good vyields ranging between 84 and 95 % isolateddlyi Only for enynel8 possessing
trimethylsilyl moiety the reaction furnished desireetracyclic product in mediocre yield of
41 %. It is important to note that all the produetere obtained as purgans-anti
diastereoisomers, which was the desired configumhiihe formation of tetracyclic products

with different configuration was not observed.
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Scheme 5.1.13 Pauson-Khand reaction.

1. Cop(CO)s ob ©
2. DMSO Oa H
MeO

22 R=H 95 %
/ 23, R =Ph 92 %
24 R = 4-MeCOOPh 84 %
- 25, R = 3-CsHsN 88 %
R 26, R = Me 88 %
o 27, R = SiMe 41 %
DMSO = 3 0
Co
29

Another commonly applied stoichiometric method Fauson-Khand reaction is based
on the use of Mo(CQJ**! The described reaction conditions are similahedonditions used
in the cobalt mediated reaction. However, whertdmapted cyclocarbonylation of enya8
with Mo(CO) the reaction did not proceed. Not even tracesyofopentenone22 were
detected.

It is worth mentioning that catalytic versionstbé Pauson-Khand reaction had been
reported as well. Perhaps the most successful ati@mg were those based on catalytic use
of rhodium complexes along with either gaseous*€or suitably substituted benzaldehydes
(mainly 2-naphtaldehyde or 4-trifluoromethylbenzdisidé*”) as an alternative source of
CO. Particularly, the later approach seemed temptiisappointingly, cyclocarbonylations
of 13 with catalytic amount of Rh(Bf{cod), (10 mol %) and dppp (20 mol %) in the
presence of 4-trifluoromethylbenzaldehyde or 2-tiagldehyde (2 eq.) did not proceed at all
and the unchanged starting enyiri8was recovered from the reaction mixtures. Thetieas
were attempted several times with variations in rdgction conditions (different solvents,
amount of catalyst and temperature), unfortunatbly, results were the same, the reactions
did not proceed at all.

The last tested method was Negishi's protocol dgclocarbonylation (Scheme
5.1.14)“®! Treatment of the enynds and 18 with stoichiometric amount of BArCp, (1.1
eq.) at -78 °C and subsequent exposura-sftu formed zirconacyclopenten8§ to gaseous
CO at 0 °C led to formation of compounds with tireaacyclohexene ring1, which further
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underwent rearrangement to form spirocompouB@dsand finally, acidic decomposition
afforded desired tetracyclic keton28 or 27. Reaction with enyné&7 proceeded with rather
low yield of 31 %. However, in case of the enynbsdituted with trimethylsilyl groud8 this
protocol proved to be superior to that of classiRalison-Khand and furnished product in nice
58 % vyield. Similarly to classical Pauson-Khand ditans, only the products with desired
trans-anti configuration were obtained and tetracyclic compmtsuwith different configuration

were not formed in this reaction.

Scheme 5.1.14. Negishi's cyclocarbonylation.

1. Bu,ZrCp, o‘ o
o O
MeO

26, R = Me 31 %
l T 27,R=SiMe; 58 %

MeO

R R R

co NGO o
ZtCp, ——= — ‘ .
w"»\ﬁ ZrCp, ZrCp,

30 31 32

\

To continue the synthesis towards the estronedvasrk, methyl in position 13 had to
be introduced (Figure 5.1.2). | expected that ogaje addition could be utilized to
accomplish this transformation. TheB-unsaturated tetracyclic ketor®#2 seemed like an

ideal substrate for this purpose.

Figure 5.1.2.

(-)-methoxyestrone
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Experimentation began with one of the most classapproaches to conjugate
addition, which is based on organolithium cuprafegatment of the tetracyclic keto22
with the stoichiometric amount of the Mé&Cu in EO led to methylation of the position 13
as envisioned (Scheme 5.1.15); however, a produth the undesiredtrans-anti-cis
configuration on rings junction33 was formed in 80 % yield. Sadly, not even tracethe

compound with the desirgthns-anti-trans configuration were obtained.

Scheme 5.1.15. Conjugate addition to ketdae

e‘ O Me,licu e’ o
DOL o [T
MeO

22 33,80 %

MeO

In order to explore the possibility of preparatmiinthe product with the corretitans-
anti-trans configuration, several different commonly applietethods for the conjugate
addition of the methyl group were tested.

When keton€2 was exposed to MeMgBr in the presence of the yiatahmount of
CuOTf (10 mol %) in THF and BFELO product33 was obtained in 5 % yield (Scheme
5.1.16). Switching the catalyst from CuOTf (10 nfdl) to Cul (10 mol %) led to
improvement, in THF as well as inJExt reaction provide®3 in 30 % yield. Surprisingly,
increasing the amount of Cul from catalytic (10 ®@l to stoichiometric (1 eq.) did not lead
to increase of the yield and under stoichiometaoditions keton83 was obtained in 25 %.
Unfortunately, in neither case any product withreot trans-anti-transconfiguration was

obtained.
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Scheme 5.1.16. Conjugate addition under varionditions.
Me

o‘ o MeMgBr 0’ o
DOL DOL
MeO MeO

22 33
Entry catalyst solvent additive 33
1 CuOTf (10 %) THF BF;-ELO (1 eq.) 5%
2 Cul (10 %) THF BF;-E,O (leq) 30%
3 Cul (10 %) Et,O BF;-E,O (leq) 30%
4 Cul (1 eq.) Et,O BF;-ELO (1eq) 25%

Attempts to introduce methyl with M&l/Ni-cat*®, MesAl/Cu-cat®™® or MeZn/Cu-
cat®™ systems under various conditions failed. In altte cases no products of conjugate
addition were obtained and starting material reedintact.

Since the conjugate addition failed to give theodpict with the correct
stereochemistry, | decided to look for an altereatpproach for synthesis of the compound
with the steroid framework. In this regard | turnag attention to 17-methylestratetrae3#e
(figure 5.1.3), which is a known intermediate irtrese synthesis (can be converted to
methoxyestrone diastereoselectively with simple step transformatiorﬁ.z] | presumed that

reduction of 16-keto group in the derivat@ could provide the estrone precur8dr

Figure 5.1.3.

MeO™ 3
26 34, 17-methylestratetraene

The reduction oR6 was attempted using several different methods. fireetested
method, based on the use of mixture @St and BR-EtOP?, is shown in Scheme 5.1.17.
Various different conditions in terms of reacti@miperature, solvent and amount ofSst

and BR-EtO were tested with the following results. The rdotucof 26 resulted in formation
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of mixture of the desired compourdd and saturated compourdb. Unfortunately,34 was
only formed in low yields (5-20 %85 was major product of this reaction (50 - 70 %)slt
worth mentioning that classical Kishner-Wolf reaatior its modificatioR*) proceeded with
similar results as the above mentioned proceduseplarable mixtures &4, 35 and other

unidentified products were obtained wa# being the minor component.

Scheme 5.1.17. Reduction of tb@with E:;SiH.
Me Me H Me

e‘ O Et,siH o‘ o’
+
|O'H' H BF5 Et,0O Oa H Oa H
MeO MeO MeO

26 34, 5-20 % 35, 50-70 %

The most successful method for the reduction khasted was based on aluminum
hydrides, which are known to be capable of redactiba keto group directly to methylene
group®, including a keto group in a conjugate syst&hiTreatment o6 with a solution of
aluminum hydride, freshly prepared from AJGInd LiAlH4, at O °C resulted in formation of
the mixture of the34 and 35. The ratio in which both products were formed vigghly
dependant on the ratio of Algtio LiAIH4 as shown in Scheme 5.1.18. When 4.8 eq. of AICI
and 1.2 eq. of LIAIH were used with respect to the starting ket@6ethe desired 17-
methylestratetraen®4 was obtained in very nice 91 % yield. In this mamhmanaged to

complete the formal total synthesis of (+)-estrone.
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Scheme 5.1.18. Reduction 28 with Al H,.

Me Me H Me

ob O Alcl,
DOLERTTSS S OL DOL
MeO MeO

MeO
26 34 35
Entry  AICIyLiAIH* 34 35
1 0.75/1.5 47 % 40 %
2 4.5/1.5 83 % 13 %
3 6/1.5 87 % 8%
4 4.8/1.2 91 % 5%

* Molar ratios with respect t26

To conclude this chapter | would like to say thamanaged to develop new formal
total synthesis of methoxyestrone that was highastdreoselective (Scheme 5.1.19). The
approach was based on two successive zirconocerthatew reactions followed by
Pauson-Khand cyclocarbonylation and finally, cheshexive reduction of the keto group in
the conjugated system. Using this approach thetdmecursor of estror®4 was obtained in
37 % total yield from commercially available 2-brofh-methoxybenzoic acid. | would like
to emphasize, that the both crucial cyclizationctieas proceeded diastereoselectively
yielding the final producB4 with the trans-anti configuration, which is the correct relative
stereochemistry.

Scheme 5.1.19. Outline of new total synthesis tbas precursoB4.

/@Br ZXBUZZ,GCz Pauson-Khand
MeO COOH
MeO
Me Me

26 34,37 %
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5.2  Enantioselective Synthesis of (-)-Methoxyestne.

In the previous chapter | described the new symhef estrone precursor. The new
strategy was very efficient, in terms of the ovieyald and diastereoselectivity, therefore |
wanted to explore whether it could be modified¢hiave enantioselective synthesis as well. |
presumed that if | could introduce chirality eamythe synthesis, namely if | could prepare
bicyclic diene7 enantioselectively, it could lead to enantiomdyiqaure estrone precurs8d
due to high diastereoselectivity in later stepghlia regard the most obvious choice would be
to attempt to modify the zirconocene mediated egation of methoxydiené itself. Two
different approaches could be utilized; either aorg the cyclization out with a zirconocene
bearing chiral ligands or to attempt to cyclizeiané bearing chiral alkoxy group (Figure
5.2.1).

Figure 5.2.1.

OMe

MeO

OR’

MeO

R" chiral group

The former approach has been explored in the uewivork done by Pavel Herrmann
(former member of our group)! Unfortunately, the cyclization of the methoxydiehevith
the zirconocene bearing chiral ligands failed teeghe product with any optical induction. |
explored the latter approach that was based orzitbenocene mediated cyclization of the
diene bearing chiral ether moiedy (Scheme 5.2.1). Eth&7 was prepared in 78 % yield by
the reaction of chlorodien& with potassium $-1-(1-naphthyl)ethanolate, generated by
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exposure of $-1-(1-naphthyl)ethanol to KH. Cyclization 87 with a stoichiometric amount
of BwZrCp, gave, after quenching the reaction with acid, etguktrans-12 in nice 70 %
yield. However, no chiral induction was observédins-12 was obtained as a racemic

mixture.

Scheme 5.2.1. Zirconocene mediated cyclizatiachohl ether37.
HO

« D
=
KH, DMF OO

MeO MeO
5 37,78 %

1. Bu,ZrCp,
2. H*

MeO

trans-12, 70 %, racemic

Since the zirconocene mediated cyclization of elsghand 37 failed to give chiral
products | decided to look for a different syntbettrategy that would allow preparation of
enantiomerically enriched bromodieiie One of the possibilities could be enantioselectiv
conjugate addition, which is a widely used synthébol in construction of quartery chiral
centers. | envisioned that using this protocoluldde able to prepare the chiral intermediate
shown in the Figure 5.2.2, which could be subsetlyiezonverted to the desired chiral

bromodiener. Aldehyde40, ketone41 or ested3 seemed as suitable starting materials.

Figure 5.2.2.
i O«_R
Conjugate
addltlon
ﬁ S 0 O
MeO MeO

chiral intermediate 40,R=H

41, R = Me
43,R = OMe
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Synthesis began with the preparation of 48e41 and43 according to the described
methodology®*1%% The commercially available 6-methoxytetralone wasd as a starting
material for the preparation of the derivatives. #t®own in Scheme 5.2.2 synthesis of
aldehyde40 started with addition of trimethylsilylcyanide @methoxytetralone catalyzed by
Znl,. It led to the formation of silylated cyanohydrid@in almost quantitative (98 %) yield.
Exposure o838 to POC} in pyridine led to elimination of the trimethylhglilgroup and yielded
conjugated cyanide39 in 75 % vyield, which was subsequently reduced with

diisobutylaluminium hydride to give aldehyd8in 65 % yield.

Scheme 5.2.2. Synthesis of conjugated aldeAgde
O Me3SiO CN
MeO e veo
38,98 %
CN CHO
POCIj DIBAL-H
i
PYIAIN®  Meo B0 Meo
39,75 % 40, 65 %

Preparation of ketondl (Scheme 5.2.3) was based on the addition of MeLi t
cyanohydrine38 and subsequent treatment with HCI. Conjugatedniestd was obtained in
85 % yield.

Scheme 5.2.3. Preparation of conjugated keddne
Me;SiO CN COMe
1. MeLi
MeO 2. HCl MeO
38 41, 85 %

The synthesis of estd3 was accomplished with the following sequence attiens.

Condensation of 6-methoxytetralone with phenylduffirazone afforded hydrazidi in 92
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% yield. Lithiation of42 with n-BuLi and treatment of the formed organolithiytBa with
solid CQ gave crude acid2b, which was subsequently converted to its methigrek3 by
the reaction with diazomethane in 57 % overalld/idt is worth mentioning that synthesis of
the estedd3 was also attempted by direct alkylation of theamaithium compound2awith
methyl chloroformate. However, in this case reactiesulted in formation of a complex
mixture, which did not contain any traces of thedurct. Attempts to prepare aci@b by
hydrolysis of nitrile39 were also futile as the nitrile proved to be rasil to both 10 % NaOH
solution and 10 % HCI solution at 90 °C.

Scheme 5.2.4. Synthesis of the edter
o} NNHSO,Ph
/(Ij HzNNHSOZPh /(Ij n-BulLi
MeO MeO
42,92 %
COOH COOMe

MeO MeO MeO
CICOOMe ><

CN

10 % HCI ><
or
MeO

10 % NaOH

43,57 %

Having the carbonyl compound$, 41 and43 on hand the synthesis was continued
with the enantioselective conjugated addition.idHit it was envisioned that the addition of
vinylboronic acid ester to carbonyl compound8, 41 and 43 under Miyaura-Hayashi
conditions (Rh catalyst withS[-BINAP ligand)® could yield the chiral precursors (Fig.
5.2.2, page 44.).
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The work began with attempts to prepare the désiompounds with the addition of
vinylboronic acid ester to aldehyd® and ketone4l in the presence of various rhodium
catalysts (Rh(acac)(Cg@) Rh(acac)(cod), Rh(acac)(@#CH,)) under various conditions
(Scheme 5.2.2). Unfortunately, in neither case @nyduct of conjugate addition was
obtained. The starting carbonyl compound remainéact during the course of the reaction.
Since | wanted to know why the addition did notqaed, | decided to try addition of different
substrate, namely phenylboronic acid ester,4@ and 41 under the above mentioned
conditions. The results were similar, the unreastading aldehyde or ketone were recovered
from the reaction mixture. There was one exceptidmen4l was exposed to phenylboronic
acid ester in dioxane/water with Rh(acac)g€H,) (10 mol %) §-BINAP (20 mol %) and
K2CGOs (1 eq.) the naphthyl derivativiel was obtained in 40 % yield (no product of conjegat
addition was observed). The attempts to introduicglvgroup by addition of potassium
vinyltrifluoroborate catalyzed by Rh(cod)(BE? to 40 or 41 were also made. However, they
failed as well, no reaction occurred and the stgrthaterial was recovered from the reaction
mixture.

Scheme 5.2.5. Conjugate additions with rhodiuralgat.

"Rh"-cat.
(S)-binap ><
O‘ A, BorC
MeO
40,R=H  A=2""B(OBu), B=# “BF;K
4L,R=Me - _pnh.p(oBu),
OxMe  Rh(acac)(C,H,) Oy Me
(S)-binap
00 w00
MeO Dioxane/H,0O MeO
a1 K,COs (1 eq.) 44, 40 %

The above mentioned procedures not only failddiinishing the chiral products, they
did not even yield expected products of 1,4-addjtitherefore | decided to try different

approach; the conjugated addition of vinylmagnesionmomide catalyzed by copper salts
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(Scheme 5.2.6). Initially, reactions were carriedl ender racemic conditions to see whether it
will be possible to obtain the products of 1,4-&ddi in the first place. After tedious
experimentation some partially successful resukksewobtained. Treatment of aldehyéi@
with vinylmagnesium bromide in the presence of Cu@8 mol %) and HMPA (1 ed}
yielded the desired product of 1,4-additi) albeit only in 5 % yield. The major product of
reaction under the described conditions was alca®l(50 % yield). The addition of
vinylmagnesium bromide to estéB in the presence of CUCN (10 mol %) proceeded with
low yield (10 %) of the 1,4-product8 as well. The most successful, in terms of 1,4-
selectivity, was the addition of vinylmagnesiumoide to keton&ll. When the addition was
catalyzed by CuClI (10 mol %) in the presence of AP eq.) the product of 1,4-additi@”
was obtained in 40 % (ratio a@fs/trans was 1/5). Switching catalyst to CuCN (10 %) and
increasing amount of HMPA to 3 eq. led to improvamef the yield to 60 % (ratio of
cigtrans remained unchanged 1/5). Under the last descrimulitions no product of

1,2-addition was observed.

Scheme 5.2.6. Conjugate addition by copper cdtalys
Ox-R Oy R Ho N
/\MgBr
96 S
MeO MeO MeO
Entry R catalyst additive 1,4-product trans/cis 1,2-product
1 H CuCN (10 mol %) HMPA (3eq) 45 5% 31 46, 50 %

2 Me CuCl (10 mol%) HMPA (leq.) 47,40% 5/1
3 Me CuCN (10 mol %) HMPA (3eq.) 47,60% 5/1
4  MeO CuCN (10 mol %) 48,10 % 1/0

Another suitable method that could provide tharddsproducts of 1,4-addition (either
45, 46 or 47) is the addition of organoaluminum and organozinmpounds catalyzed by
copper salts. | decided to try this approach orsohystrateg0, 41 and43 as well. Addition of
an EpZn in the presence of CuCN (10 mol %) was testest. funfortunately, all three
substrates proved to be resilient towards the destecleophile and in neither case any
reaction was observed. Next, the addition of AJMe&s tested. In this case keto#@ and
ester43 did not react; however, aldehyd® upon treatment with AIMgin the presence of
CuCN (10 %) afforded 1,4-produs® in 20 % vyield (along with small amount of 1,2-puatl
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50 (< 5 %)) (Scheme 5.2.7). Encouraged by this rdsigcided to try the addition of mixture
of vinylmagnesium bromide and Al{lo 41 in the presence of CUCN (10 mol6%) Sadly,
this attempt resulted in formation of a complexctea mixture without any traces of the

desired compoundl.

Scheme 5.2.7. Conjugate addition of AlMe
H
Os_H Os_H HO
A|M63
+
CuCN (10 mol %)
MeO MeO MeO
40 49, 20 % (cis + trans) 50,<5%

From the above presented results, the additioingimagnesium bromide to ketone

41 catalyzed by CuCN (10 mol %) in the presence of AMB eq.) proceeded with the best
1,4-selectivity (60 % yield) (Scheme 5.2.6). Conszyly, this reaction was attempted under
enantioselective conditions. The racemic conditiaese modified by addition of§-BINAP
(20 mol %) (condition®\, Scheme 5.2.8). Under the new conditions addpimteeded with
60 % vyield of producd? (trandcis was 5/1) (the same result as in racemic conditions
Unfortunately, no optical induction occurred. Magh{ferent reaction conditions were tested
(different solvents: THF, DCM, BED, toluene, Me-THF; different copper salts: CuBreé&sM
CuOTf; different temperatures ranging from -78 %20 °C; and the most importantly the
speed of the addition of vinylmagnesium bromide thie reaction mixture). The best result in
terms of optical induction was achieved when treetien was carried out in Me-THF using
CuBr-SMe (10 mol %) and$)-BINAP (10 mol %) as the catalyé?! in this case thd7 was

obtained in 60 % vyield (as a mixturea#/transin 1/5 ratio) with 20 % ee.
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Scheme 5.2.8. Enantioselective conjugate addityocopper catalyst.

Os_Me Os_Me
/\MgBr
A
AorB
MeO (S)-BINAP  MeO

(10 mol %)
A: CuCN (10 mol %), HMPA(3 eq.), -40 °C 47, 60 %, trans/cis 5/1,racemic
B: CuBrSMe, (10 mol %), Me-THF, -40 °C 47, 60 %, trans/cis 5/1, 20 % ee

Since | was not able to find suitable catalytioditions that would enable to prepare
the desired chiral intermediatth with a reasonable enantiomeric excess | attemfited
stoichiometric conjugate addition. Inspired by warkH. Kogen and K. Kod¥!, who had
successfully attached the vinyl group to variougcl@alken-1-yl)carbaldehydes via 1,4-
addition of vinylmagnesium bromide to imines formdm the carbaldehydes by
condensation with chiral aminoacid esters, | detimeuse their approach on my substrdie
(Scheme 5.2.10). According to Koga, the best resultterms of enantioselectivity were
achieved whembutyl ester of (()-t-leucine 61) was used as aminoacid. However, eSfeis
not commercially available so this work had beguithwts preparation (Scheme 5.2.9).
Esterification of ()-t-leucine with 2-methylpropene in the presence of206leum (1 eq9”
yielded51 in nice 91 %. It's worth mentioning that the réattwas carried out in a pressure

reaction tube.

Scheme 5.2.9. Synthesis oj-(-leucinet-butyl ester.
*/COOH \]/ */coo%
NH, NH,
51, 92 %

What followed was the preparation of a chiral ienand the conjugated addition itself.
Condensation of aldehyd® with amine51 in the presence of molecular sieves A4 proceeded
uneventfully, yielding chiral iminé&2. Addition of vinylmagnesium bromide t62 led to
formation of vinyl imine53, which upon treatment with a diluted acid affordbd desired
vinylaldehyde45in 60 % yield (as a mixture @is andtransdiastereomers in 1/8 ratio) with
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very high > 98 % ee. Enantiomeric excess was datedanby chiral GC and absolute
configuration was assessed after synthesis of mgdistrone was completed by comparison
of the prepared methoxyestrone with the naturalpdam

Scheme 5.2.10. Stoichiometric conjugate addition.

et

~ NH,
51 >
O‘ A4 molecular
MeO sieves, MeO

MgBr

Hexane

MeO

53 trans-45, 54 %, > 98 % ee cis-45, 6 %, > 98 % ee

After securing the crucial chiral intermedid®the next step of the synthesis was the
conversion of45 to chiral bromodiend. In this regard several different synthetic sgae
were tested. The first tested approach relied ddlNsatalyzed coupling reaction between
alkyl bromide with propargylic bromide (Scheme 52°®! Bromide 55, required for this
coupling, was prepared fromd5 in 86 % vyield by the reduction o#5 with
diisobutylaluminium hydride and subsequent sulsbituof the hydroxy group in the formed
vinylalcohol54 for bromine by treatment with NBS in the preseat@Ph. With bromide55
the coupling was attempted; unfortunately, the treacwith propargylic bromide catalyzed
by NiCl, (10 mol %)/1,3-butadiene system did not proceedlktthe unreacted starting
material was recovered from the reaction mixture.
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Scheme 5.2.11. Preparation of vinyl bromide 55.

NiCl, (10 mol %) ><
55, 86 % N

Next attempt to prepare the chiral bromodiehdrom 45, based on the copper
catalyzed reaction between organomagnesium comgoamdk,S-unsaturated alkyl halides,
is shown in Scheme 5.2.12. Reaction of bromig® with magnesium gave the
organomagnesium compoub@, which was subsequently exposed to 2,3-dibromagrepn
the presence of CuCl (10 mol %). The reaction wisngpted under several different
conditions; however, only various amoutns of comqubl?, dimer57 and unreacted bromide
55 were obtained after the reaction. Not even traufethe expected bromodiené were

detected.

Scheme 5.2.12. Attempted synthesig ofa organomagnesiusb.

CuCl (10 mol %)

Br
Br

various
conditions

12, 10-50 % 57, 30-80 %
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Since the above described attempts of synthesiziingmodiene 7 via the
organomagnesium compourb failed, we turned our attention towards the orgamo
compoundb9 (Scheme 5.2.13). However, the organozinc comp&@wbuld not be prepared
from bromide55, thus it was necessary to change the starting ideo&b to iodide58. To
prepares8 analogous reactions to above described preparatibromide55 were used. The
reduction of aldehydd5 with LiAIH 4 gave alcohob4 almost quantitatively (99 %) and the
following substitution with NIS in the presence PPh afforded iodide58 in 86 % yield.
Conversion of the iodidé&8 to the corresponding organozid® was accomplished using
Rieke® zinc in the presence of a,Enh (10 mol %). Finally, the CuCl catalyzed (10 ni6)
reaction between59 and 1,2-dibromopropene, which proceeded vi&' Ssubstitution
mechanism, gave the desired chiral bromodiéiea very nice 93 % yield. The presence of
diethyl zinc during the formation of the organozicmmpound59 was necessary in order to
ensure smooth metallation. WithoutFt the yield of bromodieng was in 20-60 % range,
and the reaction was plagued by formatiod®&nd dimei57. Furthermore, it is important to
note that iodidés8 and bromodien& were obtained as puteans diastereomers despite the
fact that starting aldehydts was used as a mixture @b andtrans diastereomers in 1/8 ratio
and the most importantly the bromodiene was obthime optical purity > 98 % ee
(determined by chiral GC), meaning that there waslass of optical purity during the
described transformation.

Scheme 5.2.13. Synthesis of chiral bromodiene 7.

7n /‘»\/Br
Etzo CucCl
ZnEt, (10 mol %)
(20 mol %) 59, 86 % 7,93 %, >98 % ee

With the chiral bromodiené on hand the synthesis was continued with a segueic

reactions developed earlier in the diastereosgkecsiynthesis of the estrone precursor
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(Scheme 5.2.14). Dehydrobromination7fivith TBAF in DMF afforded enynd3in 96 %
yield, subsequent lithiation of the terminal trigdend withn-BuLi followed by methylation

of formed acetylide with Mel gave the methylategresl7 in 92 % yield. The Pauson-Khand
cyclocarbonylation ofl7, which was done by using stoichiometric amountCab(CO)g
yielded 17-methyl-16-ketoestratetrae?@in 91 %. As expected from the previous results,
only the single diastereomer was obtained aftercywization the desiredrans-anti 26.
Finally, subjecting26 to a mixture of AIC{ (4.8 eq.) and LIAIH (1.2 eq.) led to
chemoselective reduction of the keto group, thusishing 17-methylestratetrae3d in 81

% isolated yield with ee > 98 %.

Scheme 5.2.14. Synthesis of chiral 17-methylesthadne34.

n-BulLi
0.95 eq.

Mel

13, 96 %

1. Coy(CO)s G‘ ©
2. DMSO Oa H
MeO

17,92 % 26,91 %

Me

AICl; (4.8 eq.) e‘
LiAIH, (1.2 eq.) Oa H
MeO

34, 81 %, > 98 % ee

The prepared 17-methylestratetraene is a knowoupser of synthesis of estrone.
According to Bartlet and Johnddfh it can be converted to estrone in two steps. Tisesfep
is epoxidation of the double bond and the secordi®a Lewis acid mediated rearrangement,

which includes the shift of the methyl group frowmsftion 17 to 13. (Figure 5.2.3).
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Figure 5.2.3.

3 5 7

MeO

(-)-methoxyestrone 17-methylestratetraene

The epoxidation step was first attempted usingotioeedure suggested by Bartlet and
Johnson which relied on conversion of estratetragheo chlorohydrine withp-TsNChk
followed by reaction with MENOH to yield epoxidé0a(Scheme 5.2.15). The reaction under
the described conditions furnished the desg@dwith 40 % yield (only single diastereomer
was obtained). | also tried epoxidation of estratte34 with m-CPBA in CHCl,.5% In this
case the epoxide was formed in 91 % yield, howdwath diastereomers, the desi&@h as
well as undesire®0b, were formed in 3.5/1 ratio. After separation of tiastereomers the

pure60awas obtained in 71 % isolated yield.

Scheme 5.2.15. Epoxidation ®4.
Me

34
1. p-TsNCl,, DME/H,O; 2. Me4,NOH 40 %
m-CPBA, CH,Cl, 71 % 20 %

The final step of the synthesis of methoxyestrovess the Lewis acid mediated
rearrangement of the epoxid®a At first | attempted the reaction under Bartledisd
Johnson's conditions. As Lewis acid HE,O was used in toluene at 20 °C. Surprisingly, in
my hands, no methoxyestrone was formed under th@sditions. The starting epoxide was
converted to a complex mixture of compounds thatas not able to further identify68)
(Scheme 5.2.16). When the reaction was carriecabt0 °C, the expected estroe was
formed, albeit only in 4 % yield, the major prodoéthe reaction was alcoh6g, which was
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the product of the hydrogen shift from positiono818 (Figure 5.2.3). Switching the solvent
from benzene to toluene led to improvement of tieédyof methoxyestronél, at -20 °C it
was 8 %, at -78 °C the product was obtained in 2%%4all of the above described cases the
major product of the rearrangement was the alc6Bolhe attempts to improve the yield of
methoxyestrone by using different Lewis acids wase made. Bi(OT!"® Cu(BF,),"" and
IrClsl"? were tested; unfortunately, as can be seen frontathie below, in neither case any
methoxyestrone was formed. Nevertheless, optidaliom of prepared methoxyestrone was
[a]o= -150°, while the value reported for the naturgkiethoxyestrone isofp= +159°%
Additionally, absolute configuration was also comieéd by chiral HPLC (the sample of the

prepared methoxyestrone was compared to the pwdtiaymethoxyestrone).

Scheme 5.2.16. Rearrangement of epo&iake

Other
+ unidentified
products
63
Entry Lewis Acid solvent T () 61 62 63

1 BF;-Et,O (4. eq) benzene 20 0% 0% >95 %
2 BF;-Et,O (4. eq) benzene -20 4% 70 % 25%

3 BF;-Et,O (4. eq) toluene -20 8 % 60 % <20%
4 BF;-Et,O (4. eq) toluene -78 25 % 55 % <20%
5 Bi(OTf)s (1 eq.) CH,Cl, -20 0% 0% >95%
6 Cu(BF,)> (1 eq.) MeCN -20 0% 0% >95%
7 IrCl; (1 eq.) CH,Cl, -20 0% 0% >95%

The summary of this synthesis is shown in the 8&hB.2.17. The key step, in which
the chirality was introduced, was the stoichioneetonjugated addition of vinylmagnesium
bromide to chiral imine formed from aldehyd® and (L){-leucinet-butyl ester in 65 %
yield. The enantioselectivity of the addition wascalent, exceeding 98 % ee. Another
challenge of this synthesis posed by conversionirofi aldehyde45 to chiral bromodien&
was solved by conversion of the aldehyde moietyothde and subsequent Cu catalyzed
reaction with 2,3-dibromoprop-1-en, which proceede organozoninc compound. In this
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manner | managed to prepare bromodiériem aldehydet5 in 93 % yield with unchanged
optical purity > 98 % ee. The rest of the synthes&és based on previously developed
diastereoselective synthesis. The bromodiéghewas converted to chiral enyne and
subsequently, with the use of Pauson-Khand regctmnl6-keto-17-methylestratetraene,
which after reduction furnished estrone precur3érin the total yield of 65 %. Finally,
epoxidation of the double bond B¥4 and Lewis acid catalyzed rearrangement of formed
epoxide according to procedure developed by BatidtJohnsdrf gave (-)-methoxyestrone
in 17 % vyield. In conclusion the (-)-methoxyestrowas prepared in 13 steps from the

commercially available 6-methoxytetralone with t@&#&6 yield.

Scheme 5.2.17. Summary of the (-)-methoxyestronthegis.

3 steps

MeO MeO
40, 48 % 45, 60 %, > 98 % ee

7,93 %, > 98 % ee 34, 65 % 61,17 %
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6. Experimental Section
6.1  General Methods

All solvents unless otherwise stated were usedldained. THF and ED were
distilled from LiAIH,, DCM and E4N from Cah, toluene from sodium benzophenone ketyl.
All other reagents were obtained from commercialrses.'H and**C NMR spectra were
recorded on a Varian UNITY 400H at 400 MHz,*C at 100.6 MHz) and Varian UNITY
300 {H at 300 MHz,*C at 75 MHz as solutions in CDObr GsDg at 25 °C. Chemical shifts
are given inv-scale, coupling constaniisare given in Hz. Melting points (uncorrected) were
determined using a Kofler apparatus. Mass spectee wecorded on a ZAB-SEQ (VG-
Analytical) instrument. Infrared spectra were relsat on a Bruker IFS 55 spectrometer as
THF solutions and are reported in wave numbersciluka 60 silica gel was used for flash
chromatography. TLC was performed on silica geFg{)-coated aluminum sheets (Merck).
All reactions were carried out under an argon apheee using flaskS was prepared by the

previously reported procedufé!
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6.2  Diastereoselective Synthesis Synthetic proceds.

1-[(Benzyloxy)methyl]-2-ethenyl-5-methoxybenzene J4 1-[(Benzyloxy)methyl]-2-bromo-

| 5-methoxybenzen8 (3 mmol, 0.92 g) was added to stirred solution

of PdCh(dppf) (0.015 mmol, 11 mg), dppf (0.06 mmol, 3 nag)d

MeO CHOBn  EtzN ( 15 mmol, 1.5 g) in THF (60 mL). To this solutipotassium
vinyltrifluoroborate (3.6 mmol, 460 mg) was addé@@ °C. The reaction mixture was stirred
at 60 °C for 2 h. Then water (150 mL) was addeda ifixture was extracted with GEl, (3
x 60 mL) and the combined organic fractions weiieddover anhydrous MgSQOVolatiles
were removed under reduced pressure and colummetwography of the residue on silica gel
(1/1 hexane/CkCl,) afforded 0.76 g (98 %) of the title compound asoorless viscous
liquid. *H NMR and**C NMR spectra were in agreement with the previousported>?
Rt (1/1 hexane/CkCly) = 0.6

E-1-Ethenyl-2-[(5-methoxy-5-pent-2-enyl)]-4-methoxybnzene (6)n-BulLi (1.6 M solution
omMe INn hexane, 12.6 mmol, 8 mL) was added to a stis@dtion of
| CpZrCl, (6.3 mmol, 1.84 g) in THF (30 mL) at —78 °C. Afteh
4 (6 mmol, 0.76 g) was added as a solution in THFr(lL), the
reaction mixture was warmed gradually to 20 °C siirded for 3
h. To this solution was added 3,4-dichlorobut-1-€henmol, 1.1 g) and CuCl (0.6 mmol, 60

mg). The reaction mixture was stirred for 4 h. Thexane (50 mL) was added, which caused

MeO

formation of precipitate. The solution was filterddrough Celite. The volatiles from the
filtrate were partially removed under reduced puessand to the residue the fresh hexane (50
mL) was added, which caused formation of additiomadcipitate. The filtration through
Celite and removal of volatiles under reduced presafforded chlorodieng as a yellow oil.
The chlorodienés was dissolved in DMF (30 mL) and to this solutisodium methoxide
(12.3 mmol, 660 mg) was added. The reaction mixtvas stirred at 20 °C for 12 h. Then the
solvent was removed under reduced pressure, tidueewas dissolved in Gigl, (50 mL),
washed with water (3x20 mL), and dried over anhydrMgSQ. Volatiles were removed
under reduced pressure and column chromatographtheofresidue on silica gel (1/1
hexane/CHCl,) afforded 0.38 g (55 %) of the title compound a®mrless viscous liquidH
NMR and**C NMR spectra were in agreement with the previousported>?

Rt (1/1 hexane/CKCl,) = 0.5.
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anti-1-[(3-Bromo-but-3-en-1-yl)]-2-ethenyl-6-methoxy-12,3,4-tetrahydronaphtalene (7).
n-BuLi (3.4 mmol, 2.13 mL of 1.6M solution in hexa)avas added
to a stirred solution of G@rCl, (1.7 mmol, 498 mg) in THF (15 mL)
at -78 °C. After 1 h methoxydieré(1.63 mmol, 377 mg) in THF (1
mL) was added and the reaction mixture was warnmaduglly to 20
°C within 2 h. To this solution 2,3-dibromoprop-&-€£.44 mmol, 490 mg) and CuCl (0.16
mmol, 16 mg) were added and the reaction mixture stared for 2 h. Then solvents were

removed under reduced pressure, the residue waa\dkd in CHCI, (5 mL) and hexanes (20
mL) and filtered through Celite. Volatiles were m®med under reduced pressure and column
chromatography of the residue on silica gel (1/anes/CHCI,) afforded 308 mg (75 %) of
the title compound as a colorless viscous liqdid. NMR and**C NMR spectra were in
agreement with the previously report&d.

Rt (1/1 hexane/CECl,) = 0.6.

Magnesio-metallo-ene reaction.

Chlorodiene5 (0.5 mmol, 118 mg) was added to a suspension ekeRMg (0.6 mmol, 15
mgq) in THF (3 mL) in a pressure tube. The reactiurture was heated while stirring to 60
°C for 24 h. Then HCI (1 %, 20 mL) was added arelribaction mixture was extracted with
Et;,O (3 x 10 mL). The combined organic fractions wdreed over anhydrous MgSO
Volatiles were removed under reduced pressure.Molchromatography of the residue on
silica gel (CHCI,) afforded 88 mg (88 %) of the mixture of produatsa colorless liquid.
According to'H NMR the mixture was composed @§- andtrans-10 (35 %),11 (35 %), and

a mixturecis- andtrans-12 (18 and 12 %).

Characteristic signals afs- andtrans-10: *H NMR (400 MHz, CDCJ) §1.65-1.72 (m, 3H),
5.45-5.52 (m, 2H).

Characteristic signals dfl: *"H NMR (400 MHz, CDCY) 45.79-5.92 (ddt) = 17.2, 10.4, 7.1
Hz, 1H)

Characteristic signals ofans-12: *H NMR (400 MHz, CDCJ) 01.30 (d,J = 6.8 Hz, 3H),
Characteristic signals afs-12: *H NMR (400 MHz, CDCJ) 01.15 (d,J = 6.4 Hz, 3H).

5-(Ethynyl-5-methoxyfen-1-yl)pent-2-en-1-yl acetatg9). To a suspension of anhydrous
oAc AcOK (6 mmol, 588 mg) in DMSO (20 mL) chlorodiee(3
| _ mmol, 708 mg) was added at 20 °C. The reaction urextvas

MeO
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heated to 120 °C and stirred for 15 min at thisperature. Then water (200 mL) was added,
the mixture was extracted with GEl, (3 x 15 mL). The combined organic fractions were
dried over anhydrous MgSOVolatiles were removed under reduced pressuréundo
chromatography of the residue on silica gel {CH) afforded 640 mg (82 %) of the title
compound as a colorless liquid:

'H NMR (400 MHz, CDC}J) 8 2.06 (s, 3H, OOCHj3), 2.29-2.36 (m, 2H, B,), 2.70-2.77 (m,
2H, CHy), 3.80 (s, 3H, 083), 4.50-4.53 (m, 2H, B,0), 5.16-5.21 (m, 1H, CH4,), 5.52-
5.57 (m, 1H, CH=@,), 5.56-5.65 (m, 1H, CH=&), 5.78-5.86 (m, 1H, B=CH), 6.66-6.68
(m, 1H, Ar-H), 6.73-6.76 (m, 1H, Ar-H), 6.84-6.9m(1H, (H=CH,), 7.42-7.45 (m, 1H, Ar-
H);

¥C NMR (100 MHz, CDG) 5 20.96 (CH), 32.83 (CH), 33.43 (CH), 55.16 (OCH), 65.04
(OCHy), 111.83 (CH, Ar), 113.57 (CHzH,), 114.71 (CH, Ar), 124.44 (CH=CH), 126.92
(CH, Ar), 129.14 (C, Ar), 133.77CH=CH,), 135.19 (CH=CH), 140.33 (C, Ar), 159.18 (C,
Ar), 170.79 (COO0);

Rf (CH.Cl,) = 0.7.

Pd-catalyzed metallo-ene reaction.

Conditions A. NeatEt,Zn (5 mmol, 615 mg) was added to the solution eftydiene9 (0.5
mmol, 130 mg), Pd(OAg)(0.05 mmol, 11 mg) and PB0.05 mmol, 10mg) in EO (5 mL)

in a pressure tube. The reaction mixture was dtiate40 ° for 12 h. It was then carefully
guenched with HCI (1 %, 30 mL), extracted with@{3 x 10 mL) and the combined organic
fractions were dried over anhydrous MgSW®olatiles were removed under reduced pressure.
Column chromatography of the residue on silica(ge¢l,Cl,) afforded 92 mg (91 %) of the
mixture of products as a colorless liquid. Accogitn*H NMR the mixture was composed of
cis- andtrans-10 (42 %),11 (43 %), and &is-12 (15 %).

Conditions B. EtZn (1.5 mmol, 1M in toluene 1.5 mL) was added te #olution of
acetyldiene20 (0.5 mmol, 130 mg) and Pd(P$h(0.01 mmol, 11 mg) in toluene (10 mL).
The reaction mixture was stirred at 40 ° for 1dthwas then quenched with HCI (1 %, 30
mL), extracted with ED (3 x 10 mL) and the combined organic fractionsendried over
anhydrous MgS® Volatiles were removed under reduced pressurkin@dochromatography
of the residue on silica gel (Gal,) afforded 95 mg (95 %) of the mixture of produatsa
colorless liquid. According ttH NMR the mixture was composed @$ andtrans-10 (53 %)
and11 (47 %).

59



anti-1-[(But-3-yn-1-yl)-2-vinyl-6-methoxy]-1,2,3,4-tetahydronaphtalene (13).Tetrabutyl-
ammonium fluoride (15.5 mmol, 4.9 g) was addedtitoes! solution
of anti-1-[(3-bromobut-3-en-1-yl)-2-vinyl-6-methoxy]-1,248
tetrahydrona-phtalené (3.1 mmol, 1 g) in DMF (20 mL) and the

reaction mixture was stirred at 60 °C for 2 h. THeNlF was

removed under reduced pressure and water (150 rak)added. The mixture was extracted
with CH,CI, (3 x 15 mL) and the combined organic fractionsewndried over anhydrous
MgSQO. Volatiles were removed under reduced pressurecahimn chromatography of the
residue on silica gel (1/1 hexane/{tHb) afforded 0.7 g (94 %) of the title compound as a
colorless viscous liquid'H NMR and **C NMR spectra were in agreement with the
previously reported daté’

General method for the Sonogashira reaction of 13ith arylhalides.

To a stirred solution 013 (1 mmol, 239 mg), Pd(PBh (0.01 mmol, 11 mg) and Cul (0.02
mmol, 5 mg) in THF (6 mL) and Bt (2 mL) the corresponding substituted phenyl iedid
(2.1 mmol) was added. The reaction was stirredL@h, then it was filtrated through a short
pad of Celite, and volatiles were removed undeuced pressure. Column chromatography

of the residue on silica gel afforded the desinextipcts.

anti-1-[(4-Phenylbut-3-yn-1-yl)-2-vinyl-6-methoxy]-1,23,4-tetrahydronaphtalene  (14).
lodobenzene (1.1 mmol, 224 mg) was used. Column
chromatography of the residue on silica gel (1/1
hexane/CHCIl,) afforded 249 mg (79 %) of the title
compound as a colorless viscous liquid:

'H NMR (400 MHz, CDCJ) 5 1.62-1.7 (m, 1H, 6,), 1.94-2.04 (m, 3H, B, + CH), 2.38-
2.52 (m, 3H, €, + CH), 2.70-2.78 (m, 2H, B,), 2.82-2.90 (m, 1H, B,), 3.77 (s, 3H,
OCHgy), 4.98-5.02 (m, 1H, CH=;), 5.06-5.14 (m, 1H, CH=;), 5.83 (dddJ = 17.6, 10.4,
7.4 Hz, 1H, Gi=CH,), 6.58-6.62 (m, 1H, AH), 6.70-6.75 (m, 1H, AH), 7.10-7.16 (m, 1H,
Ar-H), 7.23-7.29 (m, 3H, AH), 7.36-7.40 (m, 2H, AH);

3C NMR (100 MHz, CDGJ) & 16.80 (CH), 25.72 (CH), 27.13 (CH), 35.03 (CH),
40.99(CH), 41.22 (CH), 55.14 (OGkK1 80.99 (GC), 90.23 (&C), 112.15 (CH, Ar), 113.35
(CH, Ar), 114.36 (C=C), 123.99 (C, Ar), 127.51 (CA), 128.18 (2xCH, Ar), 130.04 (CH,
Ar), 130.88 (C, Ar), 131.53 (2xCH, Ar), 137.98 (&), 142.09 (C=C), 157.45 (COMe, Ar);

MeO
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IR (KBr) v 2955, 2886, 1720, 1442, 1342, 1183, 1060, 1036, 933, 857,

MS-EI (m/z) 316 (85 %) (M), 262 (40 %), 187 (100 %), 171 (20 %), 158 (25 ¥46 (30
%), 128 (25 %), 115 (65 %), 83 (45 %);

HRMS (EI+) calcd. for GH»s0Si 316.1827, found 316.1832.

Rt (1/1 hexane/CKCl,) = 0.6.

anti-1-{[4-(4-Methoxycarbonylphenyl)but-3-yn-1-yl]-2-vinyl-6-methoxy}-1,2,3,4-
tetrahydronaphtalene (15).

COOMe
4-lodomethoxybenzoate (1.1 mmol, 288 mg) was
used. Column chromatography on silica gel

(CH.CI,) afforded 298 mg (80 %) of the title

MeO
compound as a colorless viscous liquid:

'H NMR (400 MHz, CDC}) 5 1.61-1.72 (m, 1H, CH2), 1.96-2.08 (m, 3HHG CH2), 2.34-
2.54 (m, 3H, € + CH,), 2.70-2.78 (m, 2H, B,), 2.82-2.88 (m, 1H, B,), 3.77 (s, 3H,
OCHg), 3.91 (s, 3H, CO0B3;), 4.98-5.04 (m, 1H, CH=R,), 5.06-5.14 (m, 1H, CH=1,),
5.83 (dddJ = 17.5, 10, 7.3 Hz, 1H, l&=CH,), 6.58-6.62 (m, 1H, AH), 6.70-6.76 (m, 1H,
Ar-H), 7.10-7.16 (m, 1H, AH), 7.40-7.46 (m, 2H, 2xAH), 7.92-7.98 (m, 2H, 2xAH);

¥C NMR (100 MHz, CDG)) & 16.80 (CH), 25.85 (CH), 27.21 (CH), 34.68 (CH), 41.01
(CH), 41.31 (CH), 52.12 (COCHj3), 55.13 (OCH), 80.50 (GC), 93.76 (&C), 112.17 (CH,
Ar), 113.38 (CH, Ar), 114.41 (C=C), 128.80 (C, Ai28.86 (C, Ar), 129.38 (2xCH, Ar),
129.92 (CH, Ar), 130.64 (C, Ar), 131.44 (2xCH, At38.03 (C, Ar), 142.03 (C=C), 157.49
(COMe, Ar), 166.63 (COOMe);

IR (KBr) v 2956, 2887, 2170, 1757, 1720, 1441, 1247, 11821 110835, 987, 923, 844;
MS-EI (m/z) 374.2 (100 %) (K), 345 (40 %), 320 (85 %), 261 (50 %), 187 (100 ¥68 (50
%), 146 (30 %), 128 (20 %), 115 (25 %), 91 (15 %);

HRMS (El+) HRMS calcd. for gH2¢05 374.1882, found 374.1878.

Rt (1/1 hexane/CkCly) = 0.65.

anti-1-[(4-(3-Pyridyl)but-3-yn-1-yl)-2-vinyl-6-methoxy]-1,2,3,4-tetrahydronaphtalene

(16). 3- lodopyridine (1.1 mmol, 225 mg) was used.
Column chromatography on silica gel (20/1 L£LH/Et,0)
afforded 215 mg (68 %) of the title compound as a

colorless viscous liquid:
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'H NMR (400 MHz, GDg) & 1.40-1.52 (m, 1H, 8,), 1.70-1.80 (m, 1H, B), 1.85-1.93 (m,
2H, CHy), 2.21-2.32 (m, 3H, B + CH,), 2.46-2.64 (m, 2H, B,), 2.72-2.79 (m, 1H, B)),
3.38 (s, 3H, OE3), 4.92-4.98 (m, 1H, CH=K,), 5.00-5.06 (m, 1H, CH=K,), 5.72 (ddd,] =
17.5, 10.3, 7.5 Hz, 1H,=CH,), 6.52-6.58 (m, 1H, pyH), 6.60-6.62 (m, 1H, AH), 6.70-
6.75 (m, 1H, ArH), 7.00-7.04 (m, 1H, AH), 7.35-7.40 (m, 1H, pyH), 8.32-8.38 (m, 1H,
pyr-H), 8.95 (bs, 1H, pyH);

¥C NMR (100 MHz, GD¢) 8 17.84 (CH), 27.19 (CH), 28.42(CH), 35.90(CH), 42.32
(CH), 42.71 (CH), 55.66 (OCH} 79.5 (GC), 94.97 (&C), 113.63 (CH, Ar), 114.89 (CH,
Ar), 115.37 (C=C), 123.81 (CH, pyr), 122.21 (C, Jpyt31.12 (CH, Ar), 131.56 (C, Ar),
138.89 (C, Ar), 139.02 (CH, pyr), 143.27 (C=C), ¥9(CH, pyr), 153.85 (CH, pyr), 159.25
(C, Ar);

IR (KBr) v 3352, 2951, 2886, 2224, 1769, 1721, 1607, 14403,18483, 1061, 1035, 989,
924, 858, 706;

MS-EI (m/z) 317.1 (100 %) (K}, 263.1 (45 %), 187.1 (90 %), 158 (30 %), 146 Y40 128
(25 %), 115 (45 %), 103 (25 %), 91 (30 %), 77 (26 %

HRMS (El+) HRMS calcd. for &H23NO 317.1780, found 317.1783.

Rf (20/1 CHCI/Et,0) = 0.25.

anti-1-[(Pent-3-yn-1-yl)-2-vinyl-6-methoxy]-1,2,3,4-teahydronaphtalene an).
— me Alkylation of 13 with Mel. n-BuLi (1.13 mmol, 0.7 mL of

1.6M solution in hexanes) was added to a stirréatisn of 13

(1 mmol, 240 mg) in THF (5 mL) at -78 °C. The reawct
mixture was warmed gradually to -30 °C and stifi@dl h at
this temperature, than it was cooled again to <8dllowed by the addition of Mel (dried
with anhydrous MgS@prior to use)(1.5 mmol, 213 mg). Mixture was wadne 20 °C and
stirred for 5 h. Then water (100 mL) and HCI (10 B6mL) were added, the mixture was
extracted with CECl,; (3 x 15 mL), and the combined organic fractiongewndried over
anhydrous MgS®@ Volatiles were removed under reduced pressuegiasidue was dissolved
in toluene (5 mL), and the solvent was evaporatedeu reduced pressure (repeated 2x) to
remove residual Mel. Column chromatography of thesidue on silica gel (1/1
hexane/CHCI,) afforded 230 mg (91 %) of the title compound aslk@rless viscous liquid.
Alkylation of 6 with 3-bromobuta-1,2-diene (21).n-BuLi (3.4 mmol, 2.13 mL of 1.6M
solution in hexanes) was added to a stirred saluifoCpZrCl, (1.7 mmol, 498 mg) in THF
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(15 mL) at -78 °C. After 1 h methoxydiebg1.63 mmol, 377 mg) in THF (1 mL) was added
and the reaction mixture was warmed gradually to°@0within 2 h. To this solution 3-
bromobuta-1,2-dien2l (2.44 mmol, 325 mg) and CuCl (0.16 mmol, 16 mgjenedded and
the reaction mixture was stirred for 2 h. Then entg were removed under reduced pressure,
the residue was dissolved in ¢, (5 mL) and hexanes (20 mL) and filtered througltee
Volatiles were removed under reduced pressure aluehe chromatography of the residue on
silica gel (1/1 hexanes/GBl,) afforded 358 mg (87 %) of the title compound abrless
viscous liquid:

'H NMR (400 MHz, CDC}) 5 1.61-1.7 (dJ = 6 Hz, 1H, &), 1.79 (t,J = 2.4 Hz, 3 H, EC-
CHj3), 1.8-1.9 (m, 2H, 65), 1.91-2.00 (m, 1H, B), 2.08-2.16 (m, 2H, B,), 2.38-2.46 (m,
1H, CH), 2.66-2.80 (m, 3H, 2xK5), 3.77 (s, 3H, O83), 4.96-5.02 (m, 1H, CH=K,), 5.04-
5.10 (m, 1H, CH=@,), 5.82 (dddJ = 17.4, 10.4, 7.6 Hz, 1H,Kx=CH2), 5.98-6.02 (m, 1H,
Ar-H), 6.10-6.14 (m, 1H, AH), 7.08-7.12 (m, 1H, AH);

3C NMR (100 MHz, CDGJ) & 3.49 (CH), 16.03 (CH), 25.67 (CH), 27.08 (CH), 35.38
(CHy), 40.88 (CH), 41.20 (CH), 55.11 (OGK75.78 (GC), 79.17 (&C), 112.07 (CH, Ar),
113.26 (CH, Ar), 114.21 (C=C), 130.01 (CH, Ar), 19® (C, Ar), 137.89 (CAr), 142.15
(C=C), 157.39 (COMe, Ar) ;

IR (KBr) v 2953, 2885, 1721, 1442, 1183, 1062, 1035, 988, 923;

MS-EI (m/2) 254.2 (35 %) (M), 225 (40 %), 200 (50 %), 187.1 (100 %), 185.1¢55 159.1
(25 %), 115 (25 %);

HRMS (El+) calcd. for @H20 254.1671, found 254.1677.

Rt (1/1 hexanes/CHLl,) = 0.65.

anti-1-[(4-Trimethylsilylbut-3-yn-1-yl)-2-vinyl-6-methoxy]-1,2,3,4-tetrahydronaphtalene
(18).n-BuLi (1.65 mmol, 1.03 ml of 1.6M solution in hexes) was added to a stirred solution
— SiMe; of 13 (1.5 mmol, 359 mg) in ED (10 mL) at -78 °C. After 1 h
\ AN TMSCI (3 mmol, 327 mg) was added and the reactiotiure
MeO OG was allowed to warm gradually to 20 °C and keptfdr at this
temperature. Then volatiles were removed under cesiu pressure and column
chromatography of the residue on silica gel (1/4ane/CHCI,) afforded 401 mg (86 %) of
the title compound as a colorless viscous liquid:
'H NMR (400 MHz, CDCJ) 5 0.14 (s, 9H, -Si(83)3), 1.60-1.70 (m, 1H, B,), 1.84-2.00 (m,
3H, CH, + CH), 2.18-2.26 (m, 2H, B,), 2.4-2.5 (m, 1H, @), 2.68-2.82 (m, 3 H, 2xi,),
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3.76 (s, 3H, O€l3), 4.96-5.01 (m, 1H, CH=M,), 5.03-5.10 (m, 1H, CH=8), 5.81 (ddd,) =
17.4, 10.2, 7.6 Hz, 1H, ©=CH,), 6.57-6.6 (m, 1H. AH), 6.68-6.74 (m, 1H, AH), 7.06-
7.10 (m, 1H, ArH);

13C NMR (100 MHz, CDG)) & 0.14 (Si(CH3)3), 17.35 (CH} 25.55 (CH), 27.02 (CH),
35.09 (CH), 40.92 (CH), 40.96 (CH), 55.12 (OCH3), 84.84(), 107.51 (€C), 112.12
(CH, Ar), 113.30 (CH,Ar), 114.27 (C=C), 130.021 (CAt), 130.92 (C, Ar), 137.91 (C, Ar),
142.02 (C=C), 157.43 (C, Ar);

IR (KBr) v 2954, 2886, 1720, 1439, 1275, 1180, 1061, 1035, 8BB

MS-EI (m/z) 312 (50 %) (M), 297 (30 %), 200 (65 %), 187 (100 %), 73 (55 %);

HRMS (El+) calcd. for GH»s0Si 312.1909, found 312.1917.

Rt (1/1 hexane/CKCl,) = 0.7.

trans-anti-cis-2-(Prop-1-yn-1-yl)-7-methoxy-3-methyl-2,3,3a,4,5t8hexahydro-1H-
Me cyclopen-tala]naftalene (19)n-BuLi (1.1 mmol, 0.68 mL of

H // 1.6M solution in hexanes) was added to a stirréatisn of 13
g 4 (1 mmol, 239 mg) in THF (3 mL) at -78 °C. The réaut
Oa H mixture was warmed gradually to 20 °C and stirred ¥ h at
MeO

this temperature, then it was cooled again to & &ftlowed by
the addition of Mel (dried with anhydrous Mg$@rior to use) (1.5 mmol, 213 mg). After
that it was warmed to 20 °C and stirred for 5 hwas quenched with water (100 mL) and HCI
(10 %, 5 mL), extracted with GEI, (3 x 15 mL), and the combined organic fractionseve
dried over anhydrous MgSOVolatiles were removed under reduced pressueerdkidue
was dissolved in toluene (5 mL), and the solvens waaporated under reduced pressure
(repeated 2x) to remove residual Mel. Column chtography of the residue on silica gel
(1/1 hexane/CKLCl,) afforded 200 mg (79 %) of the title compound asokrless viscous
liquid:
'H NMR (400 MHz, CDCJ) & 1.09-1.14 (dJ = 7 Hz, 3H, G&is), 1.25-1.35 (m, 1H, B),
1.40-1.48 (m, 1H, 8,), 1.60-1.75 (m, 2H, B + CH,), 1.79-1.81 (m, 3H, €C-CHj3), 2.04-
2.09 (m, 1H, ®©,), 2.37-2.45 (m, 1H, B), 2.65-2.73 (m, 1H, B,), 2.89-2.96 (m, 2H, B,),
3.03-3.12 (m, 1H, B-C=C), 3.79 (s, 3H, 085), 6.66-6.68 (m, 1H, AH), 6.68-6.70 (m, 1H,
Ar-H) 6.96-7.0 (m, 1H, AH);
¥C NMR (100 MHz, CDG) & 3.52 (G=C-CH3), 15.22 (CH), 26.56 (CH), 30.22 (CH),
33.44 CH-C=C), 37.71 (CH), 41.06 (CH), 45.30 (CH), 49.72 (CH), 55.22 (OfH’7.67
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(C=C), 81.71 (&C), 111.15 (CH, Ar), 113.67 (CH, Ar), 126.60 (CHr)A133.27 (C, Ar),
137.89 (C, Ar), 157.63 (C, Ar);
Rt (1/1 CHCly/hexane) = 0.4.

3-Bromobuta-1,2-diene (21)A solution of Bp (15.5 mmol, 2.5 g) in chloroethane (10 ml)
Br was dropwise added to stirred solution of 1-tringtsitylbut-2-yne (16.2 mmol, 2
ve 9% in chloroethane (30 ml) at -78 °C. Reaction wasest for 1h at -78 °C.

Then silica gel (2 g) was added at -78 °C and tispension was filtrated through silica gel (5

g). Chloroethane was allowed to evaporate at rcmmperature and the residue was further

purified by distillation under reduced pressureattord product 0.5 g (24 %) as a colorless

liquid:

'H NMR (300 MHz, CDCY) 5 2.26 (t, J = 3.3 Hz, 3H,163), 4.79 (q, J = 3.3 Hz, 2H, C+G);

13C NMR (75 MHz, CDCJ) 5 37.94 (CH), 80.54 (=CH), 87.42(=CBrMe), 204.53(=C=).

General method for the Pauson-Khand reaction.

To a solution of enynek3-18(1 mmol) in toluene (5 mL) GECO) (1.3 mmol, 445 mg) was
added and the reaction mixture was stirred at 2@f@ h. Then DMSO (5 mmol, 354L,
390 mg) was added and the reaction mixture waggtat 80 °C for 5h. It was quenched with
HCI (1 %, 100 mL), extracted with GBI, (3 x 15 mL), combined organic fractions were
dried over anhydrous MgSQand volatiles were removed under reduced pres§iokimn

chromatography of the residue on silica gel affdrdesired products.

(¥)-3-Methoxy-16-ketoestra-1,3,5(10),13(17)-tetraen(22).
Enyne 13 (1 mmol, 239 mg) was used. Column

chromatography of the residue on silica gel (50/1
e‘ © CH.Cly/MeOH) followed by recrystalization (MeOH) afforded

MeO Oa H 254 mg (95 %) of the title compound as a colortegstals.
m.p. 114-115 °C;

'H NMR (400 MHz, CDCJ) 5 1.18-1.30 (m, 1H, B), 1.36-1.48 (m, 1H, B,), 1.52-1.66 (m,

1H, CH,), 1.96-2.04 (m, 1H, B,), 2.12-2.22 (m, 1H, B,), 2.44-2.74 (m, 5H, 2x& +

2xCH,), 2.82-2.90 (m, 2H, B,), 2.98-3.04 (m, 1H, B,), 3.78 (s, 3H, OH3), 5.89 (s, 1H,

C=CH), 6.61-6.65 (m, 1H, AH), 6.71-6.77 (m, 1H, AH), 7.19-7.25 (m, 1H, AH);

13C NMR (100 MHz, CDG)) & 28.47 (CH), 30.11 (CH), 30.63 (CH), 31.58 (CH), 40.65
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(CHyp), 41.75 (CH), 47.16 (CH), 48.06 (CH), 55.19 (OfHL12.04 (CH, Ar), 113.72 (CH,
Ar), 126.91 (CH, Ar), 127.04 (C=C), 130.50 (C, AtR7.86 (C, Ar), 157.72 (C, Ar), 183.15
(C=C), 208.81 (C=0);

IR (KBr) v 3014, 2952, 2933, 2865, 2854, 2836, 1699,1674, 16498, 1449, 1434, 1278,
1256, 1198, 1145, 1045, 1027, 863, 845;

MS-EI (m/z) 268 (100 %) (W), 239 (10 %), 211 (10 %), 173 (35 %), 159 (15 %7 (30
%), 115 (20 %), 91 (15 %);

HRMS (EI+) calcd. for GgH200, 268.1463, found 268.1459.

R (50/1 CHCI,/MeOH) = 0.3.

(¥)-3-Methoxy-17-phenyl-16-ketoestra-1,3,5(10),13()-tetraene (23).Enyne14 (1 mmol,
315 mg) was used. Column chromatography of thelueson
O silica gel (100/1 ChLCl,/MeOH) followed by recrystalization
(MeOH) afforded 315 mg (92 %) of the title compoussl a
o colorless solid:

=0
SOL
MeO m.p. 178-181 °C;

'H NMR (400 MHz, CDCJ) 5 1.25-1.50 (m, 2H, B + CH,), 1.55-1.72 (m, 1H, B,), 2.01-
2.10 (m, 1H, E1y), 2.25-2.35 (m, 1H, B,), 2.46-2.57 (m, 1H, B), 2.62-2.95 (m, 6H, 3xE&,
+ CH), 3.18-3.27 (m, 1H, B,), 3.79 (s, 3H, O83), 6.63-6.67 (m, 1H, AH), 6.71-6.77 (m,
1H, Ar-H), 7.19-7.24 (m, 1H, AH), 7.27-7.37 (m, 3H, 3xPH), 7.38-7.46 (m, 2H, 2xPH);
¥C NMR (100 MHz, CDGJ)) & 28.55 (CH), 28.94 (CH), 30.09 (CH), 31.50 (CH), 40.14
(CHyp), 41.95 (CH), 45.60 (CH), 48.08 (CH), 55.16 (OfHL12.00 (CH, Ar), 113.70 (CH,
Ar), 126.84 (CH, Ar), 127.67 (CH, Ph), 128.28 (2x(Ph), 129.23 (2xCH, Ph), 130.61 (C,
Ar), 131.32 (C=C), 137.87 (C, Ar), 157.70 (C, Aty,6.03 (C=C), 206.42 (C=0);

IR (KBr) v 3054, 2925, 2856, 2836, 1696, 1608, 1499, 1443,1B534, 1137, 1043, 698;
MS-EI (m/z) 344.1 (100 %) (K}, 173 (60 %), 147 (80 %), 128 (30 %), 115 (50 %d),(25
%), 69 (40 %), 57 (50 %), 43 (55 %);

HRMS (El+) calcd. For &H»40, 344.1776, found 344.1780.

Rf (100/1 CHCI,/MeOH) = 0.5.
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(x)-3-Methoxy-17-(4-methoxycarbonylphenyl)-16-ketogtra-1,3,5(10),13(17)-tetraene

cooMe (24). Enyne 15 (1 mmol, 373 mg) was used. Column
D chromatography of the residue on silica gel (100/1
CH.Cl,/MeOH) followed by recrystalization (MeOH)
ob o afforded 336 mg (84 %) of the title compound as a
Oa ! colorless solid:

MeO m.p. 182-185 °C,;

'H NMR (400 MHz, CDCJ) & 1.28-1.50 (m, 2H, B + CH,), 1.60-1.72 (m, 1H, B,), 2.02-

2.10 (m, 1H, @1,), 2.28-2.36 (m, 1H, B,), 2.48-2.61 (m, 1H, B), 2.64-2.84 (m, 4H, B +

2xCHy), 2.84-2.92 (m, 2H, B,), 3.15-3.22 (m, 1H, B,), 3.78 (s, 3H, 083), 3.93 (s, 3H,

COO(Hs), 6.62-6.66 (m, 1H, AH), 6.71-6.77 (m, 1H, AH), 7.18-7.24 (m, 1H, AH),

7.36-7.42 (m, 2H, 2xAH), 8.04-8.12 (m, 2H, 2x AH);

3C NMR (100 MHz, CDGJ) 5 28.58 (CH), 29.05 (CH), 30.08 (CH), 31.52 (CH), 40.15

(CHy), 41.94 (CH), 45.81 (CH), 48.15 (CH), 52.12 (CCH), 55.19 (OCH), 112.05 (CH,

Ar), 113.74 (CH, Ar), 126.84 (CH, Ar), 129.27 (2xCHIr), 129.54 (2xCH, Ar), 130.42 (C,

Ar), 136.11 (C, Ar), 136.63 (C=C), 137.82 (C, AtK7.76 (C, Ar), 166.86 (COO), 177.33

(C=C), 205.77 (C=0);

IR (KBr) v 3001, 2930, 2857, 1719, 1695, 1607, 1497, 14335,12808, 1031, 927, 776,

706;

MS-EI (m/z) 402 (45 %) (M), 344 (5 %), 256 (5 %), 173 (30 %), 147 (35 %),(80 %), 83

(45 %), 69 (65 %), 55 (90 %), 43 (100 %);

HRMS (El+) calcd. for GsH2604 402.1831, found 402.1838.

Rf (100/1 CHCI,/MeOH) = 0.3.

(x)-3-Methoxy-17-(3-pyridyl)-16toestra-1,3,5(10),137)-tetraene (25)Enynel6 (1 mmol,
TN\ 316 mg) was used. Column chromatography of thelueson
=N silica gel (50/1 CHCI,/MeOH) followed by recrystalization

ob o (MeOH/petrolether) afforded 302 mg (88 %) of théet

O H compound as a colorless solid:
MeO

m.p. 48-51 °C;
'H NMR (400 MHz, GDg) 3 0.61-0.72 (m, 1H, B), 0.87-0.99 (m, 1H, B,), 1.05-1.17 (m,
1H, CHy), 1.42-1.50 (m, 1H, B,), 1.77-1.90 (m, 3H, 2xKE,+CH), 2.10-2.20 (m, 2H,
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CH+CH,), 2.27-2.37 (m, 1H, B,), 2.52-2.59 (m, 2H, B,), 2.75-2.84 (m, 1H, B,), 3.41 (s,
3H, OCH3), 6.64-6.68 (m, 1H, AH), 6.76-6.80 (m, 1H, AH), 6.88-6.98 (bs, 1H, pyib),
6.98-7.03 (m, 1H, AH), 7.72-7.79 (m, 1H, pyH), 8.50-9.00 (bd, 2H, 2xpy);

13C NMR (100 MHz, GDg) & 29.29 (CH), 29.47 (CH), 30.87 (CH), 32.11 (CH), 40.62
(CHy), 42.57 (CH), 46.18 (CH), 48.31 (CH), 55.46 (Of;HL13.00 (CH, Ar), 114.76 (CH,
Ar), 127.75 (CH, Ar), 131.51 (C, Ar), 134.79 (C=Q)37.26 (CH, pyr), 138.56 (C, Ar),
159.15 (C, Ar), 176.39 (C=C), 204.81 (C=0);

IR (KBr) v 3031, 2951, 2921, 2858, 1702, 1692, 1608, 1501414452, 1237, 1141, 1043,
927, 808, 713;

MS-EI (m/z) 345 (100 %) (M), 316 (10 %), 175 (45 %), 159 (10 %), 147 (35 YB (5 %);
HRMS (El+) calcd. for GH30:N 345.1729, found 345.1729.

Rr (50/1 CHCIly/MeOH) = 0.4.

(¥)-3-Methoxy-17-methyl-16-ketoestra-1,3,5(10),13()-tetraene (26).Enynel7 (1 mmol,
Me 253 mg) was used. Column chromatography of thelueson
o‘ o Silica gel (100/1 CkCl/MeOH) followed by recrystalization
Oa H (MeOH) afforded 247 mg (88 %) of the title compoussl a
MeO colorless solid:
m.p. >220 °C decomposition;
'H NMR (400 MHz, CDC) 8 1.10-1.20 (m, 1H, CH), 1.30-1.42 (m, 1 HH£}, 1.50-1.64 (m,
1 H, CHy), 1.72 (s, 3H, E3), 1.96-2.04 (m, 1H, B,), 2.08-2.18 (m, 1H, B,), 2.32-2.44 (m,
1H, CH), 2.44-2.52 (m, 1H, B,), 2.58-2.74 (m, 3H, B + 2xCH,), 2.82-2.88 (m, 2H, B,),
2.98-3.08 (m, 1H, 8,), 3.78 (s, 3H, 083), 6.62-6.64 (m, 1H, AH), 6.72-6.76 (m, 1H, Ar-
H), 7.21-2.25 (m, 1H, AH);
3C NMR (100 MHz, CDGJ) d 7.68 (CH), 28.25 (CH), 28.52 (CH), 30.13 (CH), 31.22
(CHyp), 39.48 (CH), 42.10 (CH), 45.67 (CH), 47.92 (CH), 55.19 (OfHL.11.99 (CH, Ar),
113.70 (CH, Ar), 126.88 (CH, Ar), 130.79 (C, Argdl15(C=C), 137.98 (C, Ar), 157.67 (C,
Ar), 174.17 (C=C), 208.87 (C=0);
IR (KBr) v3013, 2936, 2858, 1690, 1694, 1607, 1498, 1447412648, 1042, 866, 819,
789;
MS-El (m/z) 282.2 (100 %) (K), 253.1 (25 %), 219 (20 %), 173.1 (75 %), 159.3 {8),
147.1 (90 %), 115.1 (25 %);
HRMS (El+) calcd. for GH,20, 282.1620, found 282.1617.
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Rs (50/1 CHCI,/MeOH) = 0.4.

(¥)-3-Methoxy-17-trimethylsilyl-16-ketoestra-1,3,510),13(17)-tetraene (27).Enynel8 (1
SiMe; mmol, 312 mg) was used. Column chromatography ef th
e‘ o residue on silica gel (Ci€l,) afforded 139 mg (41 %) of the
Oe H title compound as a colorless viscous liquid:

MeO 'H NMR (400 MHz, CDCJ) & 0.23 (s, 9H, 3xSifs3), 1.20-

1.27 (m, 1H, CH), 1.35-1.46 (m, 1HHG), 1.53-1.64 (m, 1H, B,), 1.95-2.00 (m, 1H, B,),

2.07-2.15 (m, 1H, 8y), 2.40-2.75 (m, 5H, 2x@ + 2x(H,), 2.82-2.87 (m, 2H, B,), 3.15-

3.23 (m, 1H, E1,), 3.78 (s, 3H, OH3), 6.62-6.64 (m, 1H, Ar-H), 6.70-6.76 (m, 1H, Ar;H)

7.20-7.24 (m, 1H, Ar-H);

¥C MR (100 MHz, CDGJ) & -0.33 (SiCH), 28.81 (CH), 30.14 (CH), 31.22 (CH), 31.87

(CHy), 41.04 (CH), 41.85 (CH), 48.39 (CH), 48.92 (CH), 55.19 (Of5H.11.96 (CH, Ar),

113.69 (CH, Ar), 126.74 (CH, Ar), 130.80 (C, Argal56 (C=C), 137.88 (C, Ar), 157.69 (C,

Ar), 189.96 (C=C), 212.12 (C=0);

IR (KBr) v 2948, 2912, 2858, 2833, 1686, 1591, 1499, 14499,1P746, 1198, 1140, 1044,

841;

MS-EI (m/z) 340.2 (100 %) (K), 325.2 (90 %), 174.1 (45 %), 147.1 (35 %), 116 ¢B), 73

(70 %);

HRMS (El+) calcd. for gH»50,Si 340.1859, found 340.1859;

Rf (CH.Cl,) = 0.2.

General method for cyclocarbonylation with CpZrBu , (Negishi protocol).

n-BuLi (2.1 mmol, 1.36 mL of 1.6M solution in hexa)evas added to a stirred solution of
CpxZrCl, (1.05 mmol, 306 mg) in THF (10 mL) at -78 °C. Afteh enynel7 or 18 (1 mmol)

in THF (1 mL) was added and the reaction mixture warmed gradually to 20 °C within 2 h
followed by CO bubbling through the reaction miguior 20 min at 20 °C. Then it was
guenched with HCI (1%, 30 mL), extracted with £ (3 x 15 mL), the combined organic
fractions were dried over anhydrous MgS@nd volatiles were removed under reduced

pressure. Column chromatography of the residuelica gel afforded desired products.

(x)-3-Methoxy-17-methyl-16-ketoestra-1,3,5(10),13()-tetraene (26).Enynel7 (1 mmol,

253 mg) was used. Column chromatography of thedwesion silica gel (100/1
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CH.Cl,/MeOH) afforded 87 mg (31 %) of the title compowsda colorless solid.

(x)-3-Methoxy-17-trimethylsilyl-16-ketoestra-1,3,510),13(17)-tetraene (27)Enyne 18 (1
mmol, 312 mg) was used. Column chromatography efrésidue on silica gel (GBl,)

afforded 196 mg (58 %) of the title compound aslartess viscous liquid.

Stoichiometric conjugated addition with MeCulL.i.

rac-3-Methoxy-8a,98,138, 148-1,3,5(10)-estratrien-16-one (33MeLi (1.3 mmol, 0.81 mL
of 1.6 M solution in EO) was added to a suspension of Cul (0.65 mmol,MgRBin E;O (1
mL) at O °C and mixture was stirred at this tempemfor 10 min. This solution was added
to a stirred solution of ketorz2 (0.5 mmol, 133 mg) in D (5 mL) at 0 °C. The reaction
mixture was warmed to 20 °C and stirred for 2h.nater (50 mL) and HCI (10 %, 2 mL)
were added, the mixture was extracted with,Clkl(3 x 15 mL), and the combined organic
fractions were dried over anhydrous MgSW®olatiles were removed under reduced pressure.
Column chromatography of the residue on silica(§@0/1 CHCIl,/MeOH) afforded 113 mg
(80 %) of the title compound as a colorless solile spectral characteristics were in
agreement with the previously reported diffa.

Rf (50/1 CHCI,/MeOH) = 0.3.

(x)-3-Methoxy-17-methylestra-1,3,5(10),13(17)-tetene (34).To solution of LiAlH, (0.6
Me mmol, 23 mg) in BO (2 mL) AICkL (2.4 mmol, 319 mg) was
e‘ added at 20 °C. The resulting suspension wasdétiorel5 min at
Oa b 20 °C and then it was left to stand for 10 min wllgy the
MeO insolubilities to sediment. The solution was sefettaand added
dropwise to a solution @26 (0.5 mmol, 140 mg) in ED (8 mL) at -10 °C. The reaction
mixture was stirred at 20 °C for 30 min and themids quenched with HCI (5 %, 3 mL).
Water (100 mL) was added and mixture was extragiéid CH,Cl, (3 x 15 mL), dried over
anhydrous MgS@ and volatiles were removed under reduced pres3ime filtration over a
short pad of silica gel (5 g) in GBI, afforded 126 mg of titte compound (95 %) as coksle
solid. Spectral characteristics were in agreematht tive previously reported ddtd!
Rf (2/1 CHCly/hexane) = 0.6.
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6.3. Enantioselective Synthesis of Methoxyestrong@hetic Procedures

(S)-1-Ethynyl-2-(5-(1-(2-naftyl)ethoxy)-pent-3-en-1-1)-4-methoxybenzene (37)KH (1.6
o mmol, 213 mg of 30 % wt. suspension in mineral vigs
| _ washed with hexane (3 x 5 mL), then DMF (5mL) was
OO added. To this suspensiorSHl-(2-naphthyl)-ethan-1-ol
(1.5 mmol, 258 mg) was added at 20 °C. After styrihe
suspension for 1 h, chlorodieBg1 mmol, 236 mg) was added and stirring continieedh.

MeO

Then water (100 mL) was added and the reactionur@xtvas extracted with GBI, (3 x 15
mL), the combined organic fractions were dried oaehydrous MgS® Volatiles were
removed under reduced pressure. Column chromatograp the residue on silica gel
(CH.CI,) afforded 290 mg (78 %) of the title compound aslarless liquid:

'H NMR (400 MHz, CDCJ) 8 1.53 (d,J = 6.4 Hz, 3H, @l3), 2.27-2.35 (m, 2H, B,), 2.70-
2.75 (m, 2H, @), 3.76-3.91 (m, 2H, OBy), 3.79 (s, 3H, 083), 4.6 (gq,J = 6.4 Hz, 1H,
OCH), 5.16-5.20 (m, 1H, CH=4,), 5.50-5.58 (m, 1H, CH=R,), 5.58-5.74 (m, 2H,
CH=CH), 6.67-6.69 (m, 1H, AH), 6.79-6.77 (m, 1H, AH), 6.88 (ddJ = 17.6, 11.2 Hz, 1H,
CH=CH,), 7.42-7.52 (m, 4H, AH + 3xNaphH) 7.72-7.74 (m, 1H, Naph}, 7.80-7.87 (m,
3H, 3xNaphH);

3C NMR (100 MHz, CDGJ) & 24.09 (CH), 33.00 (CH), 33.53 (CH), 55.19 (OCH), 69.17
(OCHy), 77.16 (OCH), 111.75 (CH, Ar), 113.49 (CeH,), 114.75 (CH, Ar), 124.26, 125.14,
125.70, 126.05, 126.89 (Ar, H), 127.15, 127.69,.827128.33, 129.18 (C, Ar), 133.01,
133.23, 133.28, 133.8€H=CH2), 140.66 (C, Ar), 141.28, 159.18 (C, Ar);

Rf (CH.Cl,) = 0.7.

1-Cyano-1-trimethylsilyloxy-6-methoxy-1,2,3,4-tetrdiydronaphthalene (38). 6-Methoxy-
NC_ OTMs tetralone (30 mmol, 5.28 g) and Z1§0.6 mmol, 0.2 g) were dissolved
/@é in DME (15 mL). The reaction mixture was heated6® °C and
MeO TMSCI (35 mmol, 4.6 mL) was added, reaction wasresdi for 2h.
Then 5% NaHC®@solution (100 mL) was added and the reaction mextuas extracted with
CH.CI, (3x30 mL). The combined organic fractions wereedrover anhydrous MgSO
Volatiles were removed under reduced pressuredid yi.87 g (98 %) of the title compound
as viscous liquid that was used for next step withéurther purification. Spectral

characteristics were in agreement with the preWjoreported dat&!
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1-Cyano-6-methoxy-3,4-dihydronaphthalene (39RPOCk (22 mmol, 3.34 g) was added to a
CN stirred solution of38 (7.2 mmol, 2g) in pyridine (10 mL). The reaction
mixture was refluxed overnight and then quenchedfally with H,O (100
MeO mL). The reaction mixture was extracted with £ (3x30 mL), the
combined organic fractions were washed with 5% KBOl mL), and dried over anhydrous
MgSQ,. Volatiles were removed under reduced pressure angbtalization from
ether/petrolether yielded 1.05 g (75 %) of theetitompound as yellow crystals. Spectral
characteristics were in agreement with the prewjoreported dat&>!
'H NMR (300 MHz, CDC}) & 2.42-2.53 (m2H, CH,), 2.78-2.86 (m, 2 H, Ar,), 3.80 (s,
3H, OHy), 6.70-6.83 (M, 3 H, 2AH + C=CH), 7.38-7.42 (m, 1H, AH);
¥C NMR (75 MHz, CDC}) 5 23.51 (CH), 26.54 (CH), 55.29 (OCH), 111.54 (Ar), 113.77
(Ar), 114.20 (Ar), 117.28 (C=C), 121.76 (Ar), 126.0Ar), 136.02 (Ar), 140.81 (C=C),
160.10 (Ar).

1-Formyl-6-methoxy-3,4-dihydronaphthalene (40)DIBAL-H (8.1 mmol, 8.1 mL of 1 M
CHO solution in hexanes) was added to a stirred solwidB9 (5.4 mmol, 1 g)
O‘ in ELO (30 mL) at -60 °C. The reaction mixture was atoto warm
MeO gradually to 20 °C and kept for 1 h at this tempesa Then HO (100
mL) was added, the reaction mixture was extractéh \CH,Cl, (3x15 mL), and the
combined organic fractions were dried over anhyslfdgSQ. Volatiles were removed under
reduced pressure and column chromatography ofa$idue on silica gel (Ci€l,) yielded
0.65 g (65 %) of the title compound as colorleszous liquid. Spectral characteristics were
in agreement with the previously reported d4a.
'H NMR (300 MHz, CDCY) 8 2.52-5.60 (m2H, CH,), 2.74-2.82 (m, 2 H, Ar,), 3.80 (s,
3H, OH3), 6.70-6.80 (m, 2H, AH + C=CH ), 6.84-6.90 (m, 1H, AH), 8.12-8.20 (m, 1H,
Ar-H), 9.63 (s, 1H, €0O);
¥C NMR (75 MHz, CDCJ) & 24.17 (CH), 27.37 (ArCH), 55.13 (OCH), 110.99 (Ar),
113.78 (Ar), 122.29 (Ar), 127.12 (Ar), 137.66 (A)37.73 (C=CH), 150.57 (C=CH) 159.31
(Ar), 192.72 (CHO).
Rf (CH.Cl,) = 0.5.
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Methyl (3,4-dihydro-6-methoxynaphth-1-yl)ketone (4). MeLi (35.5 mmol, 22.2 mL of 1.6
come M solution in hexanes) was added to a stirred mwiudf 38 (28 mmol,
7.7 g) in DME (15 mL) at 0 °C. The reaction mixtusas allowed to
MeO O‘ warm gradually to 20 °C and kept for 24 h at tlemperature. Then
water was added (100 mL) and the reaction mixtume extracted with C¥Cl, (3%x15 mL).
Volatiles were removed from the combined organactions under reduced pressure, 10%
HCI (40 mL) was added to the residue, and mixtuae vefluxed for 3 h. The reaction mixture
was extracted with C}Cl, (3x30 mL), the combined organic fractions wereedriover
anhydrous MgS@ Volatiles were removed under reduced pressureceysdalization of the
residue from MeOH yielded 4.85 g (85 %) of theetitbmpound as yellow crystals. Spectral
characteristics were in agreement with the preWoreported dat&”!
'H NMR (300 MHz, CDC}) & 2.35-2.47 (m5H, CH3 + CH,), 2.65-2.75 (m, 2 H, B,), 3.80
(s, 3H, O®43), 6.67-6.77 (m, 2H, AH +C=CH ), 6.85-6.93 (m, 1H, AH), 7.63-7.70 (m,
1H, Ar-H);
13C NMR (75 MHz, CDCY) 5 23.88 CHs3), 27.94 CH.), 28.18 CHy), 55.46 (QCH3), 111.26
(Ar), 113.91 (Ar), 124.06 (Ar), 128.22 (Ar), 137.4€=CH), 138.64 (C=CH), 138.92 (Ar),

159.14 (Ar), 199.83 (C=0).

1-Benzenesulfonylhydrazo-6-methoxy-3,4-dihydronaphialene (42) 35% HCI (3 mL) was

NNSO,Ph added to a stirred solution of 6-methoxytetralotte fomol, 8 g) and

benzenesulphonyl hydrazide (50 mmol, 8.6 g) in kitsoethanol
MeO (100 mL). The reaction mixture was refluxed for ,2en HO (30

mL) was added, and mixture was allowed to cool Bldas 0 °C. At this temperature formed
crystals were filtered off and dried under redupegssure at 50 °C to yield 13.8 g (92 %) of
title compound as white crystal§pectral characteristics were in agreement with the
previously reported dat&’

1-Carboxymethyl-3,4-dihydro-6-methoxynaphthalene (38). n-BuLi (15.15 mmol, 9.5 mL
coomMe of 1.6 M solution in hexanes) was added to a stirselution of
O‘ hydrazone42 (6.06 mmol, 2 g) in THF (40 mL) at -78 °C. Thectan
MeO mixture was stirred at this temperature for 1 lenthit was allowed to
warm gradually to 20 °C and kept at this tempegatumtil the release of nitrogen ceased
(approx. 0.5 h). It was cooled to -78 °C again sokitd CQ (36 mmol, 1.6 g) was added. The

reaction mixture was allowed to warm gradually @°Z during 1h, then 5% JCO; solution
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(20 mL) was added, and reaction mixture was exchetith CHCl, (30 mL). This organic
fraction was discarded, the aqueous phase wadiadidiith 35% HCI (10 mL), and extracted
with CH.CI, (3x30 mL). The combined organic fractions weredrover anhydrous MgSO
and volatiles were removed under reduced pressuyeeld crude carboxylic acid (Spectral
characteristics were in agreement with the preWoreported dat&.”"), which was dissolved
in THF (15 mL) and freshly prepared diazomethans mabbled through this solution at -5
°C. (Diazomethane was prepared in a following v28f% KOH solution (5 mL) was added to
a stirred solution of diazalt (3.8 mmol, 0.81 g)atOH (20 mL), argon was bubbled through
this solution and formed diazomethane was carrighl &argon to the reaction mixture). Then
CH3;COOH (0.05 mL) was added to dispose of excess atadnethane. Volatiles were
removed under reduced pressure and column chromagtog of the residue on silica gel
(CH.CIy) yielded 0.76 g (57 %) of the title compound agsaous liquid:

mp 4-5 °C,;

'H NMR (300 MHz, CDC}) 8 2.32-2.45 (m2H, CH,), 2.70-2.78 (m, 2H, B,), 3.81 (s, 3H,
OCHg), 3.84 (s, 3H, 083), 6.68-6.80 (m, 2H, AH + C=CH ), 7.00-7.08 (m, 1H, AH),
7.74-7.78 (m, 1H, AH);

¥C NMR (75 MHz, CDC}) & 23.41 (CH), 27.97 (CH), 51.70 (OCH), 55.21 (OCH)),
111.10 (Ar), 113.65 (Ar), 123.89 (C=C), 127.31 (AtB0.28 (Ar), 137.28 (C=C), 138.09
(Ar), 158.88 (Ar), 167.14 (COOMe).;RL/1 CHCI,) = 0.6.

(1R,2R)-1-Formyl-6-methoxy-3,4-dihydro-2-vinylnaphthalene(45).
Catalytic conjugated addition. A solution of vinylmagnesium bromide (1.1 mmol, hl of

H. O 0.1M solution in THF) was added slowly with syringamp to the
=X Solution 0f40(1 mmol, 188 mg), CuCN (0.1 mmol, 9 mg) and HMPA
(3 mmol, 537 mg) in THF (5 mL) at -78 °C during 3Then it was
allowed to warm up to 0 °C during 12 h. The reactmixture was quenched with,& (50

mL) and extracted with Ci€l, (3x15 mL). The combined organic fractions weredrover
anhydrous MgS@ volatiles were removed under reduced pressure, aobimn
chromatography of the residue on silica gel {Ckfhexane 1/1) yielded 10 mg (5 %) of the
title compound as a mixture of cis and trans is@neg/1 ratio as a colorless viscous liquid.
Stoichiometric conjugated addition. (L)-t-Leucinet-butyl ester (5.67 mmol, 1.06 g) was
added to a solution of0 (5.32 mmol, 1 g) in hexane (15 mL) at 20 °C. Ta tholution
molecular sieves A4 (1 g) were added and the @aatixture was stirred overnight. Then it
was left to stand without stirring for 10 min fdret molecular sieves to sediment. The solution
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over the sieves was transferred via cannula tohandiask and volatiles were removed under
reduced pressure to yield a crude aldimine that wgssl for the next step without further
purification. Vinylmagnesium bromide (17 mmol, 1Z.mf 1 M solution in THF) was added
to the stirred solution of the crude aldimine inAH K60 mL) at -40 °C over a period of 2 h.
The reaction mixture was then allowed to worm up2® °C and kept at this temperature for
3 h then diluted HCI (1 %, 100 mL) was added aredrthixture was extracted with GEl,
(3x60 mL). The combined organic fractions were dire/er anhydrous MgSQ volatiles
were removed under reduced pressure and colummelwography of the residue on silica gel
(1/1 CHCly/hexane) yielded 0.7 g (61 %, ee > 98 %) of tHe tbmpound as a mixture of
trans/cisisomers in 8/1 ratio.Ees were determinated by @&e-Chiral 3 column, 30m x
0.25mm, oven: 70° C for 0 min, then 0.5° C/min # XC): tss= 176.0 min, {gor= 176.6
min. Recrystalization from MeOH yielded 0.55 g bé tpuretransisomer as a white crystal.
Transisomer:

mp 46-47 °C,

[a]p=-9° (CHCE, c=0.5);

'H NMR (400 MHz, CDCY) & 1.63-1.75 (m, 1H, BH), 1.94-2.04 (m, 1H, CH), 2.78-2.88
(m, 3H, ArCH, + CH,=CHCH), 3.44 (dd,J = 7.6, 3.2 Hz, 1H, Ar@), 3.79 (s, 3H, 08,),
5.05-5.10 (m, 1H, CH=R,), 5.08-5.14 (m, 1H, CH=6),), 5.84 (dddJ = 17.6, 10.6, 7.4 Hz,
1H, CH=CH,), 6.68-6.74 (m, 1H, AH), 6.75-6.80 (m, 1H, AH), 6.98-7.02 (m, 1H, AH),
9.47 (d,J = 3.2 Hz, 1H, EIO);

3C NMR (100 MHz, CDG)) 8 26.643 (CHy), 27.98 (CH), 37.90 (CH), 55.21 (OC}), 56.22
(ArCH), 112.54 (Ar), 114.41 (Ar), 115.40 (C=C), 182 (Ar), 130.42 (Ar), 138.75 (Ar),
139.83 (C=C), 18.68 (Ar), 201.06 (C=0).

IR (KBr) v 3082, 3008, 2962, 2939, 2859, 2804, 2714, 17192,16807, 1499, 1257, 1004,
919, 839, 919;

MS-EI (m/z) 216.1 (15 %) (V), 187.1 (100 %), 159.1 (25 %), 146.1 (25 %), 1280 %),
115.1 (15 %);

HRMS (El+) calcd. for @H160, 216.1150, found 216.1152.

EA calcd. for G4H1602: C, 77.74 %, H, 7.47 %, found: C, 74.84 %, H, ™49these values
correspond to 2x{zH;10,+MeOH.

R¢ (1/1 CHCly/hexane) = 0.4.

Characteristic signals afsisomer:

'H NMR (400 MHz, CDCY) 5 3.61-3.66 (dd, 1H, Ar-8), 5.98-6.08 (ddd, J = 17.5, 10.5, 7.2,
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1H, CH=CHy), 9.62 (d, J = 2.1, 1H, 190).

(1R,2R)-1-lodomethyl-6-methoxy-2-vinyl-1,2,3,4-tetrahydrmaphthalene (58). A

I suspension of LiAl (0.8 mmol, 30 mg) in THF (2 mL) was added to
;X the stirred solution 045 (2 mmol, 432 mg) in THF (10 mL) at -78 °C.
The reaction mixture was allowed to warm to 20 A@ atirred for 2 h.

MeO
Then 5% HCI (2 mL) and # (50 mL) were added and the mixture was extracigd

CH.Cl, (3x30 mL). The combined organic fractions wereedrover anhydrous MgS@nd
volatiles were removed under reduced pressure rd$idue was dissolved in THF (10 mL),
PPh (2.2 mmol, 576 mg) was added, and the solution eeaded to -40 °C. A solution of
NIS (2.2 mmol, 492 mg) in THF (5 mL) was added4 <C and the reaction mixture was
allowed to warm to 20 °C and stirred for 30 minemt40O (20 mL) was added and mixture
was extracted with Cil, (3x20 mL) and the combined organic fractions wanied over
anhydrous MgS@® Volatiles were removed under reduced pressure aotmn
chromatography of the residue on silica gel (1/1,Clkihexane) yielded 560 mg (86 %) of
the title compound as a colorless viscous liquid:

[a]p= +58° (CHC}, ¢ = 0.5);

'H NMR (400 MHz, CDC}) & 1.68-1.78 (m, 1H, BH), 1.87-1.96 (m, 1H, CH), 2.60-2.68
(m, 2H, H,), 2.70-2.78 (m, 2H, B,), 3.50-3.62 (m, 2H, Ar8 + CH,=CHCH), 3.79 (s, 3H,
OCHj5), 5.08 (ddJ = 10.4, 1.7 Hz, 1H, CH=8H), 5.18 (ddJ = 17.2, 1.7 Hz, 1H, CH=CHj),
5.76 (dddJ =17.2, 10.4, 7.3 Hz, 1H,K=CH2), 6.60-6.62 (m, 1H, AH), 6.70-6.78 (m, 1H,
Ar-H), 7.07-7.12 (m, 1H, AH);

3C NMR (100 MHz, CDGJ) & 15.45 (CH), 26.03 (CH), 27.92 (CH), 42.66 (ArCH),
42.87(CHI), 55.13 (OCH), 112.57 (Ar), 113.43 (Ar), 115.45 (C=C), 129.1&r)( 129.25
(Ar), 138.45 (Ar), 141.08 (C=C), 157.95 (Ar).

Rt (1/1 CHCly/hexane) = 0.5.

(1R,2R)-1-(3-Brom-but-3-en-1-yl)-6-methoxy-2-vinyl-1,2,3}-tetrahydronaphthalene (7).
A solution of58 (1 mmol, 328 mg) in THF (2 mL) was added to a
suspension of Rieke zinc (4 mmol, 260 mg) in THAMEB). To this

mixture EtZn (0.05 mmol, 0.05 mL of 1M solution in tolueneasv

added, the reaction was heated to 40 °C, anddttréhis temperature
for 30 min. Then the reaction mixture was cooled ttC, 2,3-dibromoprop-1-ene (3 mmoaol,
600 mg) and CuCl (3 mmol, 300 mg) were added, éned at room temperature overnight.
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Then it was diluted with C¥Cl, (50 mL) and filtered. To the clear solution dildit&% HCI
(50 mL) was added, extracted with &H, (3x30 mL), and the combined organic fractions
were dried over anhydrous Mg&OVolatiles were removed under reduced pressure and
column chromatography of the residue on silica(Gél.Cl./hexane 1/1) yielded 295 mg (93
%) of the title compound as a colorless viscouslitiq Spectral characteristics were in
agreement with the previously reported difta.

'H NMR (400 MHz, CDC}) & 1.62-1.69 (m, 1H, BH), 1.93-1.99 (m, 3H, B, + CHH),
2.34-2.47 (m, 3H, 8 + CHy), 2.69-2.78 (m, 3H, B, + CH), 3.77 (s, 3H, O83), 5.00 (ddd,)
=10.3, 1.8, 0.9 Hz, 1H, CH#g), 5.07 (ddd,J) = 17.2, 1.8, 1.2 Hz, 1H, CH#g), 5.38 (dt,J
=1.7, 0.5 Hz, 1H, CBr=CH), 5.55 (dtJ = 1.7, 0.5 Hz, 1H, CBr=@gH), 5.79 (ddd,J = 17.2,
10.3, 7.8 Hz, 1H, B8=CH,), 6.58-6.62 (m, 1H, Ar-H), 6.70-6.75 (m, 1H, ArsH).08-7.11
(m, 1H, Ar-H);

3C NMR (100 MHz, CDGJ) & 26.10 (CH), 27.4 (CH), 33.77 (CH), 38.24 (CH), 40.71
(CH), 41.25 (CH), 55.14 (OCH{ 112.26 (Ar), 113.25 (Ar), 114.41 (Ci@H,), 116.48(
CBr=CH,), 129.73 (Ar), 130.86 (Ar), 134.81CBr=CH,) 138.05 (Ar), 142.09 GH=CHy),
157.41 (Ar).

Rf (1/1 CHCly/hexane) = 0.5.

(1R,2R)-1-(Pent-3-yn-1-yl)-6-methoxy-2-vinyl-1,2,3,4-testhydronaphtalene  (17). The
compound was prepared from chiraR(2R)-7 in the exactly same
fashion as in the racemic synthesi8. was subjected to
dehydrobromination with TBAF, which afforded chirahynel3
and subsequent methylation of terminal triple bbypdhe action oh-BuLi and Mel furnished
chiral 17.

[a]p= +31° (CHC}, c = 0.5).

(-)-3-Methoxy-17-methyl-16-ketoestra-1,3,5(10),13()-tetraecne (26). To a solution of
chiral enyne7 (6 mmol, 1.51 g) in toluene (120 mL) &GO
o‘ o (7.8 mmol, 2.66 g) was added and the reaction mextuas
O H stirred at 20 °C for 4 h. Then DMSO (60 mmol, 4.2)rvas
added and the reaction mixture was stirred at 8@f@2 h. 1%
HCI (300 mL) was added, the reaction mixture wasaexed with CHCI, (3x75 mL), and the
combined organic fractions were dried over anhyslfdgSQ. Volatiles were removed under

MeO

reduced pressure and column chromatography of #mdue on silica gel (10/1
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CH.CI,/AcOEt) followed by recrystalization (MeOH) vyieldetl53 g (91 %) of the title
compound as white crystals:
[a]p= +165° (CHCY, ¢ = 0.5).

(-)-3-Methoxy-17-methylestra-1,3,5(10),13(17)-tetene (34).
To solution of LiAIH, (0.3 mmol, 12 mg) in EO (1 mL) AICk (1.2
g‘ mmol, 160 mg) was added at 20 °C. The resultingpension was
Oa H stirred for 15 min at 20 °C and then it was leftstand for 10 min
allowing the insolubilities to sediment. The sadutiwas separated
and added dropwise to a solution2§f (0.25 mmol, 70 mg) in ED (3 mL) at -10 °C. The
reaction mixture was stirred at 20 °C for 30 miml &inen it was quenched with HCI (5 %, 1
mL). Water (100 mL) was added and mixture was ekawith CHCI, (3 x 5 mL), dried

over anhydrous MgS{) and volatiles were removed under reduced pressiife

MeO

chromatography on silica gel (20 g) in &b afforded 58 mg of title compound (81 %) as
colorless solid. Spectral characteristics were gneament with the previously reported
datal®?

[0]p= +80° (CHC}, ¢ = 0.5).

(-)-3-Methoxy-17-methyl-13,17-epoxyestra-1,3,5(1QB(17)-tetraene (60a and 60b).
Solution of MCPBA (1.1 mmol, 270 mg of 70 % cont)CH,CI, (3
mL) was added to solution &4 (1 mmol, 267 mg) in CkCl, at 0
°C. Reaction was stirred at this temperature fon®® and then 5%
K>CQO; solution (20 mL) was added and mixture was exadetith

CH.Cl, (3x10 mL), combined organic fractions were drieckroanhydrous MgSQand
volatiles were removed under reduced pressure fillreion of the residue over a short pad
of silica gel (5 g) in CLCI/EtOAc (10/1) followed by crystalization from dry,B afforded
142 mg (51 %) of puré0aas white crystals, evaporation of volatiles undeluced pressure
from mother liquor afforded 110 mg (40 %) of mix¢wf60a60bin 1/1 ratio.

60a

[a]p= +74 ° (CHC}, ¢ = 0.5). Spectral characteristics were in agezdrwith the previously
reported dat&?1"®!
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(-)-Methoxyestrone (61).Freshly distilled BEELO (1 mmol, 0.125 mL) was added to a
solution of60a (0.25 mmol, 70 mg) in toluene (4 mL) at -78 °CeTh
reaction mixture was stirred at this temperature3fd min and then

it was allowed to warm up gradually over the perdd h to 0 °C.

Then HO (20 mL) was added and the reaction mixture was
extracted with ChLCl, (3x10 mL), combined organic fractions were driagtroanhydrous
MgSQ,, and volaties were removed under reduced pressiteeparative TLC
chromatography of the residue on silica gel (1/l@#xane/ChLCI,/AcOEL) yielded 17 mg
(25 %) of the title compound as white crystals. (@ characteristics were in agreement
with the previously reported datg.

[a]p=-150° (CHC4, ¢ = 0.5);

'H NMR (400 MHz, CDCJ) 5 0.92 (s, 3 H, €3), 1.40-1.67 (m, 8H), 1.96-2.00 (m, 2H,
CHH), 2.01-2.10 (m, 2H, 2xCH)), 2.14-2.18 (m, 1H, BH), 2.16 (ddd, = 10.3, 6.5, 3.8 Hz,
1H, CH), 2.39-2.44 (m, 1H, CH), 2.48-2.52 (m, 1H, CH), 2.90-2.93 (m, 2H, Ar8,), 3.79

(s, 3H, O®43), 6.64-6.68 (m, 1H, AH), 6.70-6.78 (m, 1H AH), 7.18-7.21 (m, 1H, AH);

3C NMR (100 MHz, CDGJ) 3 13.84 (CH), 21.58 (CH), 25.93 (CH), 26.55 (CH), 29.66
(CHp), 31.58 (CH), 35.87 (CH), 38.38 (CH), 43.99 (CH), 48.01 (CH), 50.42 (C3.A
(OCH), 111.56 (Ar), 113.88 (Ar), 126.27 (Ar), 132.02rJA137.74 (Ar), 157.59 (Ar), 220.10
(C=0).

R (10/10/1 hexane/CiI,/AcOEL) = 0.2.
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7. Conclusion

The project described in this dissertation waseutatten to design and develop new
total synthesis of (-)-methoxyestrone. Since thiitkel summary of each part of the work is
included at the end of subchapters 5.1 and 5.2 owiy briefly conclude the most important
points of the work.

New formal total synthesis of estrone has beerldped. The synthesis was based on
2 zirconocene mediated reactions and Pauson-Khrairiolecular cyclocarbonylation. The
synthesis was highly diastereoselective and fuedsthe desired estrone precursor with
correcttrans-antirelative stereochemistry.

In the following part of the work early steps bktdiastereoselective synthesis were
modified in order to achieve enantioselective tataithesis of estrone. The key step of the
modified synthesis, in which the chirality was oduced, was conjugated addition of
vinylmagnesium bromide to chiral imine, which prd®d the crucial chiral intermediate with
ee > 98 %.

Finally, it was shown that using the described hodblogy it was possible to
synthesize (-)-methoxyestone in 13 steps from comialy available materials with 3 %

overall yield.
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8. Abstracts

8.1 English Abstract

The new diastereoselective synthesis of an estpsaeursor and enantioselective
synthesis of (-)-methoxyestrone are described is work. The diastereoselective synthesis
was based on two BarCp,—mediated cyclization reactions followed by a Padikband
cyclocarbonylation. The sequence of reactions gikldl6-keto-17-methylestratetraene,
compound with the tetracyclic steroid frameworkthvexcellent diastereoselectivity. The
synthesis was finished with chemoselective redactd the keto group in 16-keto-17-
methylestratetraene to furnish 17-methylestrategahich is a known precursor of estrone.
The enantioselective synthesis was based on agatejaddition of vinylmagnesium bromide
to aldimine formed from 1-formyl-3,4-dihydro-6-mettynaphthalene and.)t-leucine t-
butyl ester, which afforded the crucial chiral mbediate — 1-formyl-3,4-dihydro-6-methoxy-
2-vinyl-naphthalene — with very high ee > 98 %. tRar transformations led to the
construction of alkyl side chain containing tripkond and finally, the Pauson-Khand
cyclocarbonylation followed by chemoselective rddut of carbonyl group gave estrone
precursor, which was converted to (-)-methoxyestraccording the previously reported

procedure.

8.2  Czech Abstract

Tato prace popisuje novou diastereoselektivni gynigrekurzoru estronu a novou
enantioselektivni syntézu (-)-methoxyestronu. Restselektivni syntéza byla zaloZzena na
dvou cykliz&nich reakcich  zprostdkovanych BpZrCp, a Pauson-Khandév
cyklokarbonylaci. Timto postupem byl diastereosiNek pripraven 17-methyl-16-
ketoestratetraen, jehoz chemoselektivni redukc@nénim kroku syntézy poskytla znamy
prekurzor estronu — 17-methylestratetraenc¢dilym krokem enantioselektivni syntézy byla
konjugovand adice vinylmagnesiumbromidu na aldipfipraveny z 1-formyl-3,4-dihydo-6-
methoxynaftalenu &butyl-esteru I()-t-leucinu, ktera poskytla Kiovy chiralni intermediat —
1-formyl-3,4-dihydro-6-methoxy-2-vinylnaftalen —wgnikajici enantioselektivitiou > 98 %
ee. Nasledné transformace vedly k vyard bicyklického enynu, ktery bykgveden Pauson-
Khandovou cyklokarbonylaci na tetracyklicky ket@hemoselektivni redukci keto skupiny
ve vzniklém intermediatu byl ziskan 17-methylestiaen, ktery byl f@veden na (-)-

methoxyestron publikovanym postupem.
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9. List of Abbreviations

Ac
AIBN

aka

Bn
Bu
calcd
cat
Cp

DDQ
DMAP
DMF
EI-MS
ESI-MS

MOM
NMO
NMR

acetyl

azoisobutylonitril

also known as

broad

benzyl

butyl

calculated

catalyst

cyclopentadienyl

dublet

chemical shift
2,3-dichloro-5,6-dicyanobenzoquinone
dimethylaminopyridine
N,N-dimethylformamid

electron impact mass spectrometry
electrospray ionization mass spectrometry
equivalent

ethyl

fast atom bombardment

hour

hexamethylphosphotriamide

high resolution mass spectrometry
high pressure liquid chromatography
ISO-

infrared spectroscopy

coupling constant

multiplet

melting point

methyl

methoxymethyl
N-methylmorpholineN-oxide

nuclear magnetic resonance
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PCC

pyridinium chlorochromate
phenyl

propyl

pyridine

quartet

room temperature

singlet

triplet

tert-

tert-butyldimethyilsilyl chloride
tetrahydrofuran

thin layer chromatography
trimethylsilyl

tosyl

ultraviolet
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