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1. Introduction

NMDA receptors (N-methyl-D-aspartate) are ligand-gated ion channels permeable to
calcium and play a critical role in excitatory synaptic transmission and synaptic plasticity’.
They possess distinct binding sites for exogenous and endogenous ligands. These include
binding sites for the agonist L-glutamic acid, co-agonist glycine, open channel blockers,
polyamines, and also neurosteroids®.

L-glutamic acid (glutamate) is the major excitatory neurotransmitter in the central
nervous system. However, under many pathological conditions the extracellular glutamate
concentrations may result in over-excitation, which could induce irreversible processes in
neurons including cell death - excitotoxicity>™.

Neurosteroids are compounds synthesized in the nervous tissue from cholesterol
and/or from circulating precursors subsequently modified to neuroactive compounds’.
Without a doubt, a lot of aspects can influence the nature and extent of the neurosteroid
modulation. One of them is a chemical structure of neurosteroid. The most important results
of structure-activity relationship studies can be summarized as follows'*"'?:

e 20-Oxo-pregn-5-en-3B-yl sulfate (PS), an endogenously occurring
neurosteroid, acts as a combined positive and negative modulator of NMDA
receptors™’. Nevertheless, the sulfate group is not essential for potentiation of
the NMDA response, but a negatively charged group at C-3 is required for
activity.

e The hook shaped steroid structures associated with 5p-stereochemistry favors
receptor inhibition; whereas the more planar ring structure of Sa-pregnanes
favors potentiation of NMDA receptors.

e The addition of a ketone group at C-7 or C-11 results in complete loss of
activity, whereas 11B-hydroxy-PS is weak inhibitor.

e Compounds with modifications to the C-17 side chain, such as 20B-hydroxy-
PS and 21-acetoxy-PS, still potentiate the NMDA response. Removal of the
ring D side chain, as in dehydroepiandrosterone sulfate (DHEAS), markedly
attenuated activity.

e 17-Hydroxy-PS, which differs from PS by the presence of a hydroxyl group at
C-17, has activity similar to that of PS.



Structure-activity studies on NDMARs which could allow defining a binding site of
neurosteroids on NMDARSs could facilitate the creation of concept of a molecular template

for design and development of novel therapeutic entities.

2. Synthesis of C-3 and C-7 Substituted Pregnane Derivatives

The first part of the Thesis was focused on the synthesis of C-3 and C-7 substituted
50- and 5B-pregnan-20-one derivatives (Scheme 2 and 3). In both series, three common
methodologies were used to prepare desired products. Firstly, starting compounds 4 and 16
(Scheme 1) were treated with succinic anhydride in pyridine under -catalysis of
4-dimethylaminopyridine to give desired hemisuccinates 5 and 17 in good yields. Secondly,
starting compounds 4 and 16 were treated with sulfur trioxide pyridine complex in
chloroform to afford pyridinium salts of sulfates 6 and 18. And finally, starting compounds 4
and 16 were converted to derivatives 11 and 23 by a sequence of reactions: protection of
3-hydroxy group with tert-butyldimethylsilyl group, hydrolysis of 7-acetoxy group, followed
by reaction of free 7-hydroxy groups with nicotinoyl chloride hydrochloride and finally,
the tert-butyldimethylsilyl group was selectively cleaved to hydroxy derivative 10 and 22.

Those were subsequently transformed to pyridinium salts of sulfates 11 and 23.
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Scheme 2 - Synthesis of compounds 5, 17 and 6, 18.



Reaction conditions: (a) Succinic anhydride, pyridine, 4-dimethylaminopyridine, 140 °C; (b) sulfur trioxide

pyridine complex, CHClIs.
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Scheme 3 - Synthesis of compounds 7-11 and 19-23.
Reaction conditions: (a) tert-butyldimethylsilyl chloride, imidazole, DMF; (b) KOH, EtOH, benzene, 60 °C; (c)
nicotinoyl chloride hydrochloride, 4-dimethylaminopyridine, pyridine; (d) p-toluenesulfonic acid monohydrate,

MeOH, 1t; (e) tetrabutylammonium fluoride, THF, rt; (f) sulfur trioxide pyridine complex, CHCI;.

3. Synthesis of 3-Steroid Carboxylic Acids

The second part of the Thesis was focused on the synthesis of 3-steroid carboxylic
acids utilizing palladium catalyzed alkoxycarbonylation of steroid triflates and nonaflates
(Scheme 4). A methodology was firstly examined on cholestane and protected pregnane
derivatives. Then, the methodology was utilized on 50~ and 5B-pregnane skeletons (44 and
46): 3-keto group was converted to enoltriflates or enolnonaflates which undergo the
palladium catalyzed alkoxycarbonylation with carbon monoxide in methanol and DMF to
afford unsaturated methyl esters. Catalytic hydrogenation on palladium catalyst followed by
basic hydrolysis gave desired carboxylic acids (60-62).
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Scheme 4 — Synthesis of Compounds 60-62.

4.  Synthesis of 2-(Steroid-3-yl)propandioic Acid and 2-(Steroid-3-

yl)acetic Acid

The third part of the Thesis was focused on the synthesis of compounds 67 and 70
(Scheme 5): 3-hydroxy group of the starting material 63 was converted to tosylate, 20-keto
group was protected as acetal, and finally Sy2 reaction with sodium salt of dimethyl malonate
gave methyl ester of dicarboxylic acid 66. Basic hydrolysis and deprotection of 20-acetal
group afforded diacid 67 and decarbethoxylation followed by basic hydrolysis and
deprotection of 20-acetal gave monoacid 70.
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Scheme 5 - Synthesis of compounds 67 and 70.



5. Synthesis of Steroid Carboxylic Acids via Wadsworth-Horner-
Emmons Reaction (WHE)

The fourth part of the Thesis was focused on the synthesis of carboxylic acids via
Wadsworth-Horner-Emmons reaction (WHE): 3-ketones 71 and 72 were treated with
intermediates prepared from commercially available triethyl 2-phosphonoacetate (Scheme
6), triethyl 2-phosphonopropionate (Scheme 7), triethyl 2-phosphonobutyrate (Scheme 8),
and triethyl 4-phosphonocrotonate (Scheme 9) with NaH in THF at low temperatures to
afford particular ethyl esters. Those were then treated with potassium hydroxide to give
carboxylic acids except acid 98 which was prepared by acid hydrolysis, because basic
hydrolysis led only to isolation of starting material. The hydrolysis did not afford probably

due to steric reasons.
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Scheme 6 — Synthesis of compounds 89-92.
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Scheme 7 — Synthesis of compounds 93-96.
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Scheme 9 — Synthesis of compounds 101-104.

6. Luche Reduction of Saturated Steroid Ketones

The last part of the Thesis was focused on analysis of steroid alcohols prepared by
sodium borohydride reduction of saturated steroids under the conditions of Luche reduction.
A serie of saturated steroid ketones was reduced by sodium borohydride in a mixture of THF
and methanol under the catalysis of cerium chloride heptahydrate (CeCls;-7H,0), samarium
iodide, and anhydrous cerium chloride. The mixtures of alcohols were firstly analyzed by
'H NMR and then, the exact ratios were determined by HPLC analysis. The results were
compared with results obtained by sodium borohydride reduction in which none catalyst was

used. The influence of neighbouring substituents was also discussed.
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The sodium borohydride reductions under catalysis of Ce®" or Sm>" allow changing of
the ratio of axial/equatorial, pseudoaxial/psedoequatorial, and R/S alcohols. The most
significant changes were observed in case of 7- and 12-ketone steroid (112, 114).
Considerably promising results were also obtained in case of 20-ketone reduction (40) which

Sm’" catalyzed reduction was comparable with results obtained by anhydrous Ce" catalysis.

7. Conclusions

Within the Thesis I have prepared a serie of C-3 and C-7 substituted pregnane
derivatives and a serie of carboxylic acids of So- and 5B-pregnan-20-one having carboxylic
group joined directly to steroid in position 3 or by spacer of 1-3 carbon atoms. These
compounds were tested at the Department of Cellular Neurophysiology at the Institute of
Physiology, v.v.i.,, Academy of Sciences of the Czech Republic. In general, the results can be
summarized as follows: (i) 5B-H neurosteroids are rather inhibitors, whereas S5o-H
derivatives rather potentiate; (i1) the binding site for steroids on NMDA receptor rather adopt
bulky substituents; (iii) the activity of derivative with two carboxylic acids (67) did not
significantly change in comparison with derivative (70) bearing only one carboxyl group; (iv)
carboxylic acids prepared via WHE reaction in general potentiate, nevertheless the

ambiguous results demand further investigation.



1. Uvod

NMDA receptory (N-methyl-D-aspartate) jsou ligandem aktivované iontové kandly
propustné pro vapenaté ionty, které hraji kliCovou roli v synaptickém pifenosu a jeho
plasticitd'. NMDA receptory maji odli¥né vazebna mista pro exogenni a endogenni ligandy,
mezi které patii vazebna mista pro agonistu — L-glutamovou kyselinu, koagonistu — glycin,
dale napt. Pro blokatory iontového kanalu, polyaminy a také neurosteroidy”.

L-glutamova kyselina (glutamat) je hlavni excita¢ni neurotransmiter centralni nervoveé
soustavy. Za urcitych patologicky podminek vSak vysoka koncentrace extracelularniho
glutamatu muze vést k nadmérné excitaci, jejimz disledkem mohou byt irevesibilni procesy
na neuronech, které mohou vést az k bundéné smrti*®. Literatura tento jev popisuje jako tzv.
excitotoxicitu.

Termin neurosteroidy oznacuje skupinu steroidnich latek syntetizovanych v nervové
tkéni z cholesterolu nebo ze steroidnich prekurzorii z perifernich zdroji’. Charakteristika a
mira ovlivnéni NMDA receptoru neurosteroidem zéavisi na mnoha faktorech. Jednim z nich je
chemickd struktura steroidu. Nésledujici body shrnuji soucasné poznatky strukturné
aktivitnich studii vlivu steroidéi na NMDA receptory '

e 20-Oxo-pregn-5-en-3B-yl sulfat (PS), endogenni neurosteroid, pusobi jako
positivni i negativni modulator NMDA receptoru™’. Sulfatova skupina mize
byt nahrazena jinym, negativné nabitym substituentem v poloze C-3 .

e Neurosteroidy s konfiguraci 5B-H jsou spiSe inhibitory, 50-H neurosteroidy
spiSe potencuji odpovéd NMDA receptoru.

e 11B-hydroxy-PS je slaby inhibitor, zatimco pfitomnost keto skupiny v poloze
C-7 nebo C-11 vede ke kompletni ztraté aktivity.

e Slouceniny s modifikaci 17B-postranniho fetézce jako napt. 20B-hydroxy-PS a
21-acetoxy-PS potencuji odpovéd NMDA receptoru. Odtranéni postranniho
fetézce, jako napf. 17-oxo-androst-5-en-3f3-yl sulfatu (DHEAS), vyrazné
sniZilo aktivitu.

e 17-Hydroxy-PS, ktery se li§i of PS pfitomnosti o-hydroxylové skupiny v
poloze C-17, ma srovnatelnou aktivitu s PS.

Studium vztahi mezi strukturou a aktivitou neuroaktivnich steroidi na NMDA

receptorech by mohlo vést k nalezeni vazebného mista, a tak usnadnit vytvofeni konceptu



molekularniho templatu pro vyvoj novych terapeutickych prostredkii k medikaci chorob

spojenych s excitotoxicitou.

2. Syntéza C-3 a C-7 substituovanych pregnanovych derivati

V prvni ¢asti dizerta¢ni prace byla zaméfena na piipravu C-3 a C-7 substituovanych
50~ a 5B-pregnanovych derivati (Obr. 2 a 3). Byly pouzity tfi zakladni reak¢ni sekvence pro
ptipravu zZadanych derivatti. Hemisukcinaty S a 17 byly pfipraveny reakci vychozich latek 4 a
16 (Obr. 1) s anhydridem kyseliny jantarové a 4-dimethylaminopyridinem a pyridiniové soli
sulfath 6 a 18 reakci s komplexem pyridin-oxid sirovy. Pro pfipravu derivati 11 a 23 byla
pouzita nasledujici reakéni sekvence: 3-hydroxy skupiny byly nejprve ochranény jako
tert-butyldimetylsilyl derivaty (TBDMS), 7-acetatové skupiny byly hydrolyzovéany, aby
posléze byly takto pfipravené volné 7-hydroxy skupiny ochranény reakci s nikotinoyl
chloridem hydrochloridem. Volné 3-hydroxylové skupiny, které vznikly Stepenim

chranénych TBDMS derivati, byly pfevedeny na pyridiniové soli sulfatt 11 a 23.
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Obr. 2 — Syntéza latek 5, 17 a 6, 18.
Reakéni podminky: (a) anhydrid kyseliny jantarové, pyridin, 4-dimethylaminopyridin, 140 °C; (b) komplex
pyridin-oxid sirovy, CHCl;.
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Obr. 3 — Syntéza latek 7-11 a 19-23.

Reakéni podminky: (a) fert-butyldimethylsilyl chlorid, imidazol, DMF; (b) KOH, EtOH, benzen, 60 °C; (c)
nikotinoyl chlorid hydrochlorid, 4-dimethylaminopyridin, pyridin; (d) monohydrat kyseliny p-toluensulfonové,
MeOH, rt; (e) tetrabutylammonium fluorid, THF, rt; (f) komplex pyridin-oxid sirovy, CHClIs.

3.  Synteza 3-steroidnich karboxylovych kyselin

Druhé ¢ast dizertacni prace byla zaméfena na ptipravu 3-steroidnich karboxylovych
kyselin pomoci palladiem katalyzované alkoxykarbonylace triflati a nonaflati (Obr. 4).
Zvolend metodika byla nejprve vyzkouSena na cholestanovém a vhodné chranéném
pregnanovém derivatu. Poté byla pouzita pro syntézu 3-karboxylovych kyselin 50- a 5B-
pregnanovych derivati 44 a 46: 3-keto skupina byla transformovana na smés enol triflata a
enol nonaflatd, které jsou velmi dobrou odstupujici skupinou pro palladiem katalyzovanou
alkoxykarbonylaci oxidem uhelnatym ve smési metanol-DMF. Takto pfipravené nenasycené
methyl estery byly katalytickou hydrogenaci a posléze bazickou hydrolyzou pievedeny na
pozadované karboxylové kyseliny (60-62).
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Obr. 4 — Syntéza latek 60-62.

4.  Syntéza 2-(steroid-3-yl)propandiové kyseliny a 2-(steroid-3-
yl)octove kyseliny

Treti Cast dizertacni prace byla zamétfena na piipravu dikarboxylové kyseliny 67 a
kyseliny 70 (Obr. 5). Nejprve byla 3-hydroxylova skupina vychozi latky 63 ochranéna jako
tosylat a 20-keto skupina jako acetal. Reakci takto pfipravené¢ho ochranéného derivatu se
sodnou soli dimethyl-malondtu za refluxu v toluenu byl ziskan dimethyl ester 66. Nasledna
bazicka hydrolyza hydroxidem draselnym ve smési voda-etanol a vhodné kyselé zpracovani
poskytly zadanou dikyselinu 67. Reakce esteru 66 skyanidem draselnym, hydrolyza a

odchranéni 20-keto skupiny vedly ke vzniku monolyseliny 70.
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Obr. 5 — Syntéza latek 67 a 70.



5. Synteza steroidnich karboxylovych kyselin Wadsworth-Horner-
Emmons reakci (WHE)

Ctvrta ¢ast dizertaéni prace byla zaméfena na piipravu steroidnich karboxylovych
kyselin Wadsworth-Horner-Emmons reakci. Piislusné ethyl estery byly piipraveny reakci 3-
keto derivati 71 a 72 s intermedidty generovanymi z komecné dostupnych WHE c¢inidel
hydridem sodnym v THF za nizké teploty. Byla pouzita nasledujici WHE ¢inidla: triethyl-2-
fosfonoacetat (Obr. 6), triethyl-2-fosfonopropionat (Obr. 7), triethyl-2-fosfonobutyrat (Obr.
8) a triethyl-4-fosfonokrotonat (Obr. 9). Takto pfipravené ethyl estery byly nasledné
hydrolyzovany hydroxidem draselnym ve smési etanol-voda za vzniku Zzadanych
karboxylovych kyselin. Vyjimkou je kyselina 98, kterd byla ptipravena kyselou hydrolyzou,
jelikoz ethyl ester nepodléhal bazicky katalyzované hydrolyze, pravdépodobné ze sterickych

duvodu.
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Obr. 6 — Syntéza latek 89-92.
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Obr. 7 — Syntéza latek 93-96.
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Obr. 8 — Syntéza latky 98.
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Obr. 9 — Syntéza latek 101-104.

6. Luchova redukce nasycenych steroidnich ketonti

V posledni ¢asti mé dizertacni prace jsem se zaméfila na studium podminek vzniku
alkoholli tzv. Lucheovou redukci tetrahydridoboritanem sodnym za katalyzy heptahydratu
chloridu ceritého, iodidu samaritého a bezvodého chloridu ceritého ve smési metanol-THF.
Vzniklé smési axialnich/ekvatoridlnich, psedoaxidlnach/pseudoekvatorialnich, resp. R/S
alkohold byly nejprve analyzovany pomoci 'H NMR spekter a pesny pomér izomerd byl
poté uréen pomoci HPLC analyzy. Vysledky byly porovnany spoméry alkoholt
piipravenych béznou redukci tetrahydridoboritanem sodnym. Taktéz byl studovan vliv

sousednich funk¢nich skupin na pomér vzniklych alkoholt.
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Redukce nasycenych ketontl za katalyzy Ce®™ nebo Sm®" umoziiuje zménit pomér
vznikajicich alkoholii. Nejvyraznéjsi zmény byly zjiStetny v piipadé redukce
7- a 12-keto steroid (112, 114). Velmi zajimavé vysledky byly taktéz zjistény v piipadé
redukce 20-ketonu (40) za katalyzy Sm’", které jsou srovnatelné s vysledky zjisténymi pfi

pouziti bezvodého chloridu ceritého.

7.  Zavér

V ramci dizertacni prace “Syntéza neurosteroidii: modulatorit NMDA receptoru” byly
ptipraveny série C-3 a C-7 substituovanych 5o~ a 5B-pregnanovych derivati a série
karboxylovych kyselin 50~ a 5B-pregnan-20-onu s karboxylovou skupinou navazanou na
steroid pfimo v poloze 3 nebo navazanou pomoci spojovaciho mistku tvofeného 1-3
uhlikovymi atomy. Tyto latky byly testovany na Oddéleni bunééné neurofyziologie na
Fyziologickém ustavu Akademie véd CR. Vysledky lze shrnout do nékolika bodi: (i) obecnd
lze ftici, ze aktivita vySe uvedenych latek je fizena konfiguraci na uhliku C5. 5B-H
neurosteroidy jsou spise inhibitory NMDA receptoru, Sa-H neurosteroidy spise potencuji,
(i1) vazebné misto pro steroid na NDMA receptoru pravdépodobné vyzaduje derivaty s
prostorové objemné&jSimi substituenty; (iii) aktivita derivatu se dvéma karboxylovymi
skupinami (67) se vyrazn¢ nelisila od aktivity derivatu (70) s jednou karboxylovou skupinou;
(iv) téméf vSechny steroidni karboxylové kyseliny pfipravené WHE reakci potencuji
odpovédi NMDA receptoru, vyjimkou jsou kyseliny 95, 96 a 98. Vysvétlit nejednotné
vysledky aktivit této skupiny latek, ptedevSim vSak zajimavou aktivitu latky 104 bude

vyzadovat dal$i vyzkum.
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