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ABSTRAKT

Modifikované slozky nukleovych kyselin  (nukleotidy/nukleosidy/nukleobaze)
vykazuji celou ftadu biologickych vlastnosti, jako jsou antivirové, cytostatické,
antimikrobialni, fungicidni nebo antioxidacni. Velka fada z nich se bézné pouziva v klinické
praxi, napf. jako Iéky proti HIV nebo hepatitidé typu B. Prvnim predpokladem k pochopeni
biologickych vlastnosti je spravné urceni struktury a konformace studovanych latek. BEéhem
mé disertacni prace jsem urcila strukturu vice nez 700 nové pfipravenych potencialné
biologicky aktivnich latek a jejich fyzikdlné-chemické vlastnosti, studovala jsem
konformacéni zmény, tautomerni rovnovahy, nekovalentni interakce, izotopové vymeény,
stabilitu, reaktivitu a polymorfni struktury modifikovanych sloZzek nukleovych kyselin
pomoci NMR spektroskopie.

V synopsi své disertacni prace velmi stru¢né popisuji nékteré své vysledky, které jsou
usporadany v Sesti kratkych podkapitolach. (1) Urcila jsem konfiguraci a konformaci
konformacné uzamceného nukleosidu pomoci 2D NMR experimentd (COSY a ROESY) a DFT
vypoctl. Konformacni analyza je zaloZena na porovnani experimentalnich a vypoctenych
homonuklearnich (H,H) interakénich konstant. (2) Dalsi projekt je zaméfen na vyvoj NMR
metod. Prvni z nich slouZi ke spolehlivéjsSimu pfifazeni NMR signalt v purinech a spociva v
porovnani namérenych a vypoctenych heteronuklearnich (H,C) interakénich konstant. Na
korelaci mezi namérfenymi a vypocCtenymi hodnotami je zaloZena i druhd metoda, kterou
lze pfedpovédét, jaké tautomerni formy purinovych derivatl jsou v roztoku preferovany.
(3) Byla objevena skupina novych nitrosopyrimidinovych derivatl se silnymi
intramolekuldrnimi vodikovymi vazbami, diky kterym vznikaji dva stabilni konformery, které
se liSi pouze orientaci NO skupiny. V této synopsi ukazuji zdsadni vliv substituentl na
rovnovazné slozeni smési rotamer(l, ktery velmi dobfe koresponduje s Hammettovymi
konstantami. V nékterych pfipadech bylo moZné oba rotamery od sebe oddélit. Z
kinetickych dat bylo moZné stanovit rotani bariéry nitroso skupiny, které byly porovnany s
DFT vypocty. (4) V nasledujici kapitole popisuji enzymové Stépeni fosforamidatového
proléciva sledované 3P NMR spektroskopii pfimo v NMR kyveté. Cilem bylo zjistit, zda
budou nové pripravené latky fungovat jako proléciva. Toto méreni je zaloZzeno na tom, Ze
vychozi fosforamidat ma chirdini centrum na atomu fosforu; tyto dva diastereomery je
mozné pozorovat jako dva signaly v 3P NMR spektru. Byla urlena struktura produkt(
tohoto Stépeni. (5) Dale jsem studovala polymorfni krystaly tfech primyslové vyznamnych
latek. Pripravila jsem modelové polymorfni krystaly rekrystalizaci z rdznych rozpoustédel a
vysledné struktury jsem charakterizovala pomoci *C CP-MAS NMR spektroskopie. Riizné
polymorfni formy vykazovaly rdznd NMR spektra. (6) Stabilita 5-aminopyrimidind v DMSO
byla studovana NMR a UV/Vis spektroskopii a bylo potvrzeno, Ze se jednd o reakce
nasledné. 'H NMR spektra poskytla jasny dikaz o uvolnéni amonného kationtu. Byl navrzen
mechanizmus téchto pfemén a sérii chemickych reakci s alloxanem byla potvrzena
struktura produktd.



1 Uvobp

Modifikované slozky nukleovych kyselin (nukleotidy/nukleosidy/nukleobaze) mohou
zasahovat mnoho metabolickych drah, coZ vede k celé fadé biologickych vlastnosti jako
antivirové,? cytostatické,® antimikrobialni,* fungicidni® nebo antioxida¢ni.® Molekuly
nukleot(s)idd mohou byt modifikovany na purinové/pyrimidinové bazi nebo v cukerné
¢asti; nukleotidy mohou byt modifikované i ve fosfatové c¢asti. Jako ptiklad lze uvést
skupinu latek modifikovanou na cukerné i fosfatové ¢asti molekuly. Jedna se o acyklické
nukleosid fosfonaty, které maji misto ribosového kruhu alifaticky retézec a O-P skupinu
nahrazenou O-CH;-P skupinou, cozZ zvysSuje jejich metabolickou stabilitu. Nékteré z nich se
dnes beiné pouzivaji v klinické praxi pod obchodnimi ndzvy Hepsera™, Viread™ a
Vistide™ (obr. 1 zleva doprava).
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Obrazek 1. Struktura adefoviru (1), tenofoviru (2) a cidofoviru (3), které jsou klinicky vyuZivané.

Strukturni rozmanitost modifikovanych slozek nukleovych kyselin mlze vést k
rozdilim v celé radé fyzikalné-chemickych vlastnosti, jako jsou konformace, konfigurace,
tautomerni rovnovahy, protonacéni mista, vodikové vazby, parovani bazi, stejné jako jejich
rlzné interakce s enzymy nebo ionty kovU. Napf. studium tautomernich rovnovah
poskytuje dUlezité informace o reaktivité studovanych derivatd; urcitd tautomerni forma
vychozi latky ovliviuje regioselektivitu alkylace nebo glykosidaénich reakci. Dalsim
prikladem je konformace modifikovanych sloZek nukleovych kyselin, mohou se lisit
orientaci baze vzhledem k ribosovému cyklu nebo konformaci flexibilni cukerné slozky.
Konformace cukerné slozky je ddlezitd pro rozpozndavani latky bunéénymi enzymy. Napf.
bylo zjisténo, Ze derivaty uzamcené v konformaci typu N jsou efektivné vazany
polymerasami,’ zatimco derivaty s S-konformaci jsou rozeznavany thymidin kinasami.2 Z
toho dlvodu je zadouci studovat konformaci cukerné slozky u nové pfipravenych latek.
Stabilita a vlastnosti konformerl mohou byt vyznamné ovlivnény nekovalentnimi
interakcemi, jako jsou vodikové vazby, hydrofobni interakce nebo mw-m stacking.
Intramolekuldrni vodikové vazby snizuji polaritu molekuly, coz vede k lepSimu prichodu
latky pres bunéénou membranu.® Hraji klicovou roli v celé fadé biochemickych procesd,
napf. pfi parovani bazi v duplexech nukleovych kyselin'© atd.

Elektronova distribuce v molekule ovliviiuje jeji chemické vlastnosti a také se odrazi
na chemickych posunech &, spin-spinovych interakénich konstantach J a dalSich NMR
parametrech, ¢imz se NMR spektroskopie stava skvélym ndstrojem pro studium struktury,
reaktivity, molekuldrnich pohybl a mezimolekularnich interakci, a to zejména malych
molekul, jako jsou modifikované slozky nukleovych kyselin.*'13 Tato technika je zaloZena na
tom, Ze atomové jadro s nenulovych spinovym kvantovym ¢islem ma magneticky moment,
a proto je aktivni v NMR spektroskopii. Prirazeni NMR signal( vedouci ke stanoveni



struktury se nejcastéji déld kombinaci 1D (*H, *3C) a 2D (COSY, HSQC, HMBC, ROESY) NMR
experimentd.

Konfigurace a/nebo konformace muzZe byt vyfeSena pomoci analyzy interakénich
konstant J. Z hodnot interakénich konstant "/ je mozné navrhnout, kolik chemickych vazeb
(n) je mezi interagujicimi jadry. BéZné se daji pozorovat interakce pres dvé vazby %/
(geminalni) a pfes tfi vazby 3/ (vicindlni). Hodnoty vicindlnich konstant velmi vyznamné
zavisi na torznich Uhlech mezi jadry, coZ popisuje dobfe zndamd Karplusova kfivka'4*>
sloZzend z cosinovych funkci, coZ naznacuje, Ze pfi torznich Uhlech okolo 90° budou
interakéni konstanty nabyvat hodnot blizkych nule, zatimco u torznich Uhli blizkych 0°
nebo 180° budou interakéni konstanty nabyvat maxima.

Dynamické procesy, jako jsou konformacéni zmény, mohou byt studovany
dynamickou NMR spektroskopii (dNMR). Atomy rozdilnych forem molekul (napf.
konformery) maji rizné chemické okoli, a tudiz rizné chemické posuny. V zavislosti na
rychlosti interkonverze mezi obéma formami lze pozorovat bud dvé sady signdll pro
jednotlivé formy, nebo zprimérované spektrum. Energetické bariéry téchto proces(
mohou byt ziskany analyzou tvaru signald z NMR spekter mérenych pfi rlznych teplotach.
Simulovand NMR spektra jsou vypoctena tak, aby tvar signalll odpovidal tém
experimentalné ziskanym. Z téchto simulaci mohou byt ziskany rychlostni konstanty pfi
rGznych teplotach, které mohou byt pouZity jako vstupni data pro Eyringovu rovnici.t®
Eyringova rovnice vychazi z teorie tranzitniho stavu a lze z ni vyjadfit energetickou bariéru
AG? daného procesu. Pomoci dNMR metody Ize studovat dynamické procesy s rychlostni
konstantou v rozmezi od 10 az zhruba 103. Pfikladem vyuZiti dANMR metody je studium
tautomernich a konformacnich rovnovah nebo stanoveni bariér u latek se stéricky
branénou rotaci (atropisomery).

NMR parametry a dalsi fyzikdlné-chemické veliciny ziskané z NMR spekter mohou
byt doplnény DFT vypocty. Teorie funkcionalu hustoty (DFT) je zaloZzena na teorému, Ze
energie je vlastni funkcional elektronové hustoty. DFT metody se pouZivaji pro optimalizaci
geometrie a pro predikci NMR parametrl, jako jsou stinici konstanty nebo interakéni
konstanty.



2 CILE PRACE

Stanoveni struktury a konformacni analyza novych potencialné biologicky aktivnich
modifikovanych sloZzek nukleovych kyselin.

Vyvoj NMR metod — kombinace experimentalnich a vypocétenych dat pro spolehlivé
pfifazeni signald u purinovych derivatl a pro stanoveni struktury preferovanych
tautomernich forem v roztoku.

Stanoveni geometrie a stability intramolekuldrni vodikové vazby u derivatl
5-nitrosopyrimidin se dvéma donory vodikové vazby.

Sledovani enzymového Stépeni proléliva biologicky aktivniho konformacné
uzaméeného karbocyklického nukleotidu pomoci 3P NMR spektroskopie.

Stanoveni a charakterizace polymorfnich forem modelovych Ilatek (zahrnujici
modifikované nukleobdze) pomoci NMR spektroskopie v pevné fazi.

Stanoveni struktury produktl rozkladu 5-aminopyrimidint skladovanych v DMSO
a urceni reakéniho mechanizmu.



3 VYSLEDKY A DISKUSE

3.1 STRUKTURN{ANALYZA — PUBLIKACE I, Il

Chemicka struktura nove pfipravenych latek je velmi ¢asto vyfeSena kombinaci 1D a
2D NMR experimentl. Pokud je to nutné, je urcena konfigurace a/nebo konformace
studovanych latek, coz je zaloZzeno vétSinou na analyze interakénich konstant J. BEhem mé
doktorské prace jsem spolupracovala s kolegy z oddéleni medicinalni chemie na UOCHB AV
CR a uréila jsem strukturu vice ne? 700 latek. V této kapitole uvadim, jako pfiklad,
stanoveni konfigurace a konformace konformacéné uzamcenych nukleosidd 4 a 5 s
potencialni antivirovou aktivitou. Tyto latky byly pfipraveny Michalem Salou a Hubertem
Hrebabeckym z UOCHB AV CR.

Pro urceni stereochemie latky 4 byla zméfena dvé homonukledrni 2D NMR spektra
COSY a ROESY. Krospiky v COSY spektru vyjadruji spin-spinové interakce, obvykle pres dvé
aZ tfi vazby. Pokud jsou ale protony usporadany do tvaru W, lze pozorovat i interakce pres
Ctyfi vazby, diky ¢emuz bylo mozné urcit konfiguraci na atomu C-8. Byl nalezen krospik
mezi H8 a H7endo (obr. 2 vlevo). V ROESY spektru Ize pozorovat interakce pres prostor. V
ROESY spektru byl nalezen krospik mezi atomy H8-H8', coZ prokdzalo urcenou relativni
konfiguraci na atomech C-4 a C-8 (obr. 2 vpravo). Navic byly v ROESY spektru nalezeny
krospiky H4-H6endo a 80H-H7exo, coz jen potvrdilo navrzenou stereochemii. Konfigurace
molekuly byla potvrzena analyzou interakénich konstant a byla zjisténa shoda mezi
experimentalnimi a vypoctenymi hodnotami.

ROESY kontakt NH,
. N
H-87
H Y
OH J
HO N/
Long-range 4/
coupling
H
,,,;I.‘J."\\ NN \.f'u’\\_; ppm _JMI\_ MM Mw /JJ\'— P
1 -—1 2 J | 6.2
%_1 : 1.4 ' - Pee
:1 ******************* 20 R ancdo [ s
1 1.8 [7.e
5J F2.0 B, T
_{; ., H L7.4
f_; ~T7.6
- e F2.4 ! n-ser e
3 2.6 Bl i - , r i 8.0

3.85 3.80 3.75 3.70 3.65 3.60 Ppm 4.0 3.9 3.8 3{'1 3,‘6 3.5 3.4 3.3 Ppm
Obrazek 2. Vyrez COSY (vlevo) a ROESY spektra (vpravo) studované latky 4. Nalezeny krospik H8-H8'
odpovidajici interakci pres 4 vazby (tvar W) jasné urcuje konfiguraci na C-8. Krospiky nalezené v
ROESY spektru jen potvrzuji konformaci a konfiguraci molekuly.



Konformace ribosového kruhu je obvykle studovdna na zakladé konceptu
pseudorotace. V této teorii je konformace ribosového cyklu definovana dvéma parametry,
a sice fazovym uhlem P vypoctenym z torznich Uhll @p-@;, ktery popisuje tvar molekuly
(zkfizeny nebo obadlka), a parametrem @uyax, ktery indikuje maximalni vyklonéni atomi z
roviny.

U latky 5 je flexibilita ribosového kruhu snizena diky pfitomnosti sedmiclenného
kruhu (obr. 3).
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Obrazek 3. Chemicka struktura studované latky 5 a Cislovani cukerné casti (vlevo). Torzni Uhly
cukerné casti @y- @, (vpravo).

Experimentalni hodnoty interakénich konstant ziskané z '*H NMR spektra byly
porovnany s vypoctenymi hodnotami ziskanymi dvéma pfristupy. Nejprve byla DFT vypocty
optimalizovana geometrie molekuly latky 5, byly vytvoreny modely c¢tyf rdznych
pocatecnich geometrii s fazovymi uhly P = 0°, 90°, 180° a 270° a @Duax = 40°. Po optimalizaci
geometrie téchto Ctyr struktur byl nalezen jeden stabilni konformer s torznimi Uhly @p-@s:
-30.8°, 20.5°, -0.8°, -19.5° a 31.5°. Ziskané torzni Uhly byly pouzity jako vstupni data pro
Karplusovu rovnici, kterd popisuje zédvislost hodnot vicindlnich konstant 3/ na hodnotéach
torznich Uhld mezi interagujicimi jadry. Interakéni konstanty u latky s nalezenou geometrii
byly také pocitdny kvantové-chemicky (DFT). Oba teoretické pfistupy poskytly
porovnatelné hodnoty, které byly v souladu s experimentalnimi hodnotami. Z téchto dat
muUZeme shrnout, Ze latka 5 zaujima v roztoku Jizni konformaci s fazovym thlem P = 163°.

Obrazek 4. Pseudorotacni cyklus furanosového kruhu. Stanovena Jizni konformace latky 5 s fazovym
Uhlem P =163° je vyznacena Cervené.



V této kapitole jsou stru¢né popsany vysledky dvou na sobé nezavislych NMR studif,
které jsou zaméreny na vyvoj NMR metod pro spolehlivéjsi pfifazeni NMR signdll a
stanoveni preferovanych tautomernich forem purinovych derivatQ.

Pro pfifazeni 3C NMR signdld se béiné pouzivaji heteronukledrni spin-spinové
interakce pres tfi vazby (3J), které jsou pozorovatelné jako intenzivni krospiky v H,C-HMBC
spektrech (obr. 5 vlevo). Zarovén je mozné v téchto spektrech pozorovat krospiky s nizsi
intenzitou, tedy interakce pres 4-5 vazeb (%, °J), mezi atomy H8 a C6 a H8-C2 (obr. 5
vpravo). V pfipadé, 7e jsou obé polohy 2 a 6 substituovany, pak je pfifazeni 3C NMR
signall zcela odkazané na heteronuklearni interakéni konstanty 4/ a °J. Z HMBC spekter Ize
pouze kvalitativné odhadnout hodnoty téchto konstant, ale obecné se predpokladd, ze
konstanty pfes 4 vazby budou nabyvat vy$sich hodnot neZ ty pres pét vazeb (*/ > °J).
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Obrazek 5. Schematické znazornéni heteronukledrnich H-C spin-spinovych interakci. Interakce pfes
tfi vazby jsou zndzornény vlevo a "long-range" interakce jsou ukazany vpravo.

Heteronuklearni "long-range" interakéni konstanty byly studovany na deseti
purinovych derivatech substituovanych rdznymi substituenty v polohach 2 a 6, které byly
pFipraveny na UOCHB AV CR Lucii Cechovou a Petrem Jansou.

Jako priklad je na obr. 6 ukdzan vyifez HMBC spekter latek 6 a 7. Rlzné substituenty
v poloze 6 na purinovém skeletu vyznamné ovliviuji intenzitu krospikd H8-C2 a H8-C6. Z
obrazku je patrné, Ze u latky 6 je H8-C2 krospik vice intenzivni nez u latky 7, kde chybi.
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Obrazek 6. Vyrezy HMBC spekter vybranych latek. Jsou patrné rozdily mezi intenzitami krospik( H8-
C2 a H8-C6. Neni mozné tedy s jistotou Fict, Ze interakéni konstanta H8-C6 (%) je vzdy vy3si ne? ta
pies pét vazeb H8-C2 (°J).



Abychom podpofili toto zjisténi, byly vypocteny interakéni konstanty pomoci DFT a
byly porovnany s experimentalnimi hodnotami ziskanymi z 13C NMR spekter. Napf. u latky
7 byly experimentalné zjistény konstanty 4/ = 1.2 Hz a °/ = 0.4 Hz, coZ odpovida vypoltenym
hodnotdm 4/ = 0.92 Hz a °J = 0.34 Hz. Tyto vysledky také velmi dobfe koresponduji s tim, co
bylo pozorovano v HMBC spektru, Ze krospik H8-C6 je vice intenzivni nez H8-C2. Na druhou
stranu u latky 6 byly vypocteny interakéni konstanty 4/ = 0.32 Hz a >/ = 0.61 Hz. Je jasné
patrné, Ze krospik H8-C6 je méné intenzivni nez H8-C2.

Tautomerni formy purinovych derivatl byly studovany na sérii 24 derivatQ
substituovanych v poloze 6, které byly pfipraveny Michalem Salou a Radimem Nenckou na
UOCHB AV CR.

Pro kazdy atom purinového skeletu latek s pravé jednou moznou tautomerni
formou byla sestrojena korelace mezi experimentdlnimi chemickymi posuny o a
vypoctenymi stinicimi konstantami o. Na obr. 7 je vynesena korelace pro atom C4 (vlevo) a
N-1 (vpravo).
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Obrazek 7. Korelace mezi vypoctenymi stinicimi konstantami o-a namérenymi chemickymi posuny o
atomu uhliku C-4 (vlevo) a atomu dusiku N-1 (vpravo). Cerné ctverecky znazorfuji

tautomery/rotamery, které nejsou pfitomny v roztoku DMSO.

Korelace sestrojené pro kazdy atom purinového skeletu byly linedrni (R? > 0.96
kromé C-6 a N-7) a dle ocekavani, “@” formy hypoxanthinu 8, merkaptopurinu 9 a adeninu
10 (obr. 8) lezely na primce, zatimco ostatni formy jsou zcela mimo tuto linearni zavislost.

V pfipadé 6-azidopurinu 11 se mUZe ustavovat rovnovaha mezi tetrazolem 11a a
rotamery azido-azomethinu 11b, 11c (obr. 7) v zavislosti na externich podminkach.'’
Elektronova energie tetrazolové formy 11a a azido-azomethinové formy 11b v DMSO jsou
velmi blizko sebe. Ze sestrojenych korelaci je jasné, ze na pfimce leZi jen forma 11a a oba
rotamery azido-azomethinového tautomeru 11b a 1lc jsou velmi vzddalené od linearni
korelace. Proto Ize fict, Ze v roztoku se vyskytuje prevazineé tetrazolova forma 11a (obr. 8).
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Obrazek 8. Preferované tautomerni formy stanovené ze sestrojenych korelaci.



3.3 VODIKOVE VAZBY V POLYSUBSTITUOVANYCH 5-NITROSOPYRIMIDINECH
— PUBLIKACE V, VI

5-Nitrosopyrimidiny se pfirozené nevyskytuji, ale vykazuji celou fadu biologickych
aktivit. Nitroso skupina muze tvofit intramolekularni vodikové vazby s vhodnymi donory
vodikovych vazeb v sousednich polohach, napf. s amino skupinami. Pfi tomto usporadani
maji 5-nitrosopyrimidiny podobny tvar jako purinové derivaty a mohly by je tak mimikovat.
Kdy?Z jsou pfitomny dva donory vodikové vazby v sousednich polohach nitroso skupiny,
mohou vznikat dvé vodikové vazby, které se lisi orientaci nitroso skupiny. Tyto molekuly by
mohly mimikovat dva rlzné purinové derivaty a mohly by tak slouzit jako substraty enzymd
dvou metabolickych drah.

Lucie Cechovd (UOCHB AV CR) pfipravila pro tuto studii sérii 32 5-nitroso-
pyrimidinovych derivatl se dvéma donory vodikovych vazeb (obr. 9 vlevo) pomoci nové
mikrovinné syntézy. Diky vzniku dvou vodikovych vazeb vznikly dva konformery, které se
liSily pouze orientaci nitroso skupiny. Oba rotamery byly pfi laboratorni teploté pozorovany
v NMR spektrech jako dvé sady signdld. Relativni koncentrace rotamer( se mohou
pohybovat v rozmezi 32 az 84 % v zavislosti na para substituentech fenylaminové skupiny v
poloze 6 pyrimidinového skeletu (R?). Procentudini zastoupeni rotamerd v roztoku velmi
dobre korelovalo s Hammettovymi konstantami op, jak je patrné na obr. 9 vpravo.
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R2= CH,CO H cyPr CHs 90 - o RP=CH,
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Obrazek 9. Schematické znazornéni studovanych konformacnich rovnovah (vlevo) a zdvislost

pozorovanych koncentraci rotameru A na Hammettovych konstantdch o para substituentu R?
(vpravo).

Zahtatim smési rotamerd by méla nitroso skupina rotovat rychleji, a tak by se méla
v NMR spektrech objevit pouze jedna sada signal(. Presto ale bylo zjiSténo, Ze vodikové
vazby stabilizuji tyto rotamery a jejich interkonverze je pomald i pfi zvySeni teploté; ani pfi
140°C nebylo pozorovano zpridmérovani NH signdll. Z téchto dat je patrné, Ze rotacni
bariéra je neobvykle vysokd. Z analyzy tvaru NMR signalll NH proton( byla odhadnuta
hodnota rotaéni bariéry vyssi nez 20 kcal/mol. Tyto bariéry byly rovnéz vypocteny DFT
metodami a byly zjistény podobné hodnoty.



Byla pfipravena nova série 5-nitrosopyrimidinovych derivatd s alifatickymi
aminovymi zbytky v polohach 4 a 6, tyto latky pfipravili Lucie Cechové a Zlatko Janeba
(UOCHB AV CR). U t&chto latek, stejné jako u téch pFedchozich, byla pozorovana neobvykle
vysokd bariéra rotace nitroso skupiny, rozhodli jsme se zkusit oba rotamery od sebe
oddélit. Velmi nds prekvapilo, Ze bylo moZné oba rotamery separovat kolonovou
chromatografii pfi laboratorni teploté (Lucie Cechovd). Po odpafeni rozpoustédla z
chromatografickych frakci byly ziskdny dva stabilni rotamery. Cistota obou rotamer(i byla
ovéfena NMR spektroskopii v pevné fazi (obr. 10 vlevo) a X-ray analyzou (lvana Cisarova,
Univerzita Karlova v Praze). Navic jsme mohli béhem nékolika mésicl pozorovat pomalou
rekrystalizaci amorfniho rotameru B na stabilni rotamer A v pevné fazi pomoci 3C NMR
spekter. Diky separaci rotamerl mohla byt sledovéna kinetika interkonverze (obr. 10
vpravo), ze které byly stanoveny rotac¢ni bariéry.
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Obrazek 10. Aromaticka oblast **C CP-MAS NMR spekter planérnich rotamerd 12A a 12B (vlevo) a
¢asova zavislost relativnich koncentraci obou rotamerd latky 12 v DMSO (vpravo).

Vlastnosti téchto latek jsou velmi podobné vlastnostem atropisomer( s tim
rozdilem, Ze k separaci atropisomerl dochazi diky stericky branéné rotaci, zatimco nase
rotamery lze separovat diky pevnym intramolekuldarnim vodikovym vazbdm. Tento zasadni
rozdil nas vedl| k navrzeni nového terminu "planamerismus" a definovali jsme "planamery"
(obr. 11) jako malé aromatické molekuly rotamerd s planarni konjugovanou ¢asti, které
jsou izolovatelné jako chemickd individua. MazZeme spekulovat, zda by mohly planamery
hrat dllezitou roli v oborech, které zahrnuji studium slabych a vratnych nekovalentnich
interakci, nebo jako potencialni biologicky aktivni latky ve vyvoji novych I&Civ.

Planamer A Planamer B

w0y interkonverze H N 20, H

H N 'T' /: | |
planameru
_N N. _N N.
1R %/ RZ 1R %/ R2
N__N N.__N
h PLANAMERISMUS h
NH, NH,
syn- \ / anti-
separace

laboratorni teplota

Obrazek 11. Planarni rotamery byly rozdéleny na kolonové chromatografii pfi laboratorni teploté.
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3.4 ENzYMOVE STEPEN/ POZOROVANE 3P NMR SPEKTROSKOPI[ —
PUBLIKACE Il

Celd fada biologicky aktivnich Iatek je natolik polarni, Ze neni schopna projit pfes
bunéénou membrdnu, proto jsou pfipravovany jejich lipofilnéjsi derivaty (proléciva).
Proléciva modifikovanych nukleosid obsahuji velmi ¢asto fosforamidatovou ¢ast,'® ktera
muze byt v burice jednoduse odstépena intracelularnimi enzymy a uvolni se aktivovany
nukleosid (monofosfat). Enzymové $tépeni Ize pozorovat 3P NMR spektroskopii.?

Tato studie se zabyva sledovanim enzymového stépeni modifikovanych nukleosid(
s aryl-fosforamidatovou ¢asti (obr. 12). Tyto latky pFipravil Hubert Hfebabecky (UOCHB AV
CR) jako potencidlni antivirotika. Pro podobné latky bylo ji? dFive popsano, Ze aktivaci
proléciv zahajuji karboxyesterasy, a sice hydrolyzou na fosforamidatové ¢asti.?® Proto byla
enzymova reakce v burice simulovdna karboxypeptidasou Y,?! kterd vykazuje vysokou
strukturni homologii s katepsinem A, ktery je za tuto reakci zodpovédny v lidském
organismu. Tato reakce byla také provedena chemicky ve vodném triethylaminu a byly
nalezeny stejné produkty (obr. 13). Zjistili jsme, Ze strukturni modifikace studovaného
nukleosidu neni tak zdsadni, aby doslo k inhibici enzymu a zaroven probéhla
predpokladana enzymova reakce. Struktura vzniklych produktl byla urcena in situ diky C-P
spin-spinovym interakcim viditelnym v 3C NMR spektru jako $tépeni signal(.

Karboxypeptidasa Y

9 > Intermediat 14 —_—> Finalni produkt 15
Ovp_ o nebo 3% Et;N/D,0
N/H Dva *'P NMR signaly = chiralni centrum na atomu fosforu Pouze jeden *'P NMR signal = zadné chiralni
0, /tN centrum
N
H3;COOC - NH,

—~ ]
OHOH NN

Vychozi fosforamidatovy derivat 13
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Obrazek 12. Enzymové stépeni (vlevo) a chemicka hydrolyza (vpravo) vychoziho fosforamidatového
derivatu 13 sledované 3P NMR spektroskopii.
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Obrazek 13. Chemicka struktura produkt( enzymoveho Stépeni studovaného fosforamidatového
proléciva.

Informace o polymorfni struktufe farmaceuticky vyznamnych latek jsou klicové pro
patentové fizeni. Struktura polymorfd se studuje nejcastéji difrakénimi metodami, ale NMR
spektroskopie v pevné fazi v kombinaci s vypocty (NMR krystalografie) mdze poskytnout
uzite¢né informace v ptipadech, kdy X-ray data nejsou k dispozici nebo jsou komplikované
disordery v molekule. Napf. ke stanoveni poc¢tu neekvivalentnich molekul v asymetrické
jednotce v krystalu Ize jednoduSe porovnat pocet pozorovanych rezonanci s poctem
neekvivalentnich uhlikovych atomd studované molekuly.

V této praci jsem pfipravila rlzné polymorfni formy tfech pridmyslové dllezitych
latek (obr. 14), a sice methakrylamidu (16), piracetamu (17) a 2-thiobarbiturové kyseliny
(18). Od téchto polymorfnich krystalt byla namérena NMR spektra v pevné fazi (}3C CP-
MAS), coz bude popsano v této kapitole.

o o}

HsC.__CHz  H,Cy_CHj % H H
HN"SO NSO k( N N
o H H

16a 16b 17a, 17b 18a 18b

Obrazek 14. Struktura modelovych molekul: methakrylamid (16), piracetam (17) a kyselina 2-
thiobarbiturova (18).

13C CP-MAS NMR data potvrdila Cistotu vzorkd a tato metoda dobfe fungovala pfi
rozliSeni rlznych polymorfnich forem. Dokazali jsme pfipravit Cisté polymorfni krystaly
methakrylamidu, které dosud jeSté nebyly publikovany. Krystalova struktura Zadané
orthorhombické formy 16b byla ziskdna velmi pomalou rekrystalizaci z horkého vodného
roztoku methakrylamidu a struktura krystalt byla potvrzena X-ray analyzou (lvana Cisarova,
Univerzita Karlova v Praze). Pomoci C CP-MAS NMR spekter byla pozorovana zajimava
pfeména 16b—>16a v pevné fazi (obr. 15). Kinetickd data tohoto procesu vSak nebyla
ziskana, protoZe jeho rychlost zavisela na externich podminkach jako napfr. na rotaci
vzorku.
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Obrazek 15. Cast *C CP-MAS NMR spektra polymorfni formy methakrylamidu 16b v réznych
Casech. Po nékolika dnech se orthorombicka forma 16b (¢ernd) preménila na monoklinickou formu
16a (Cervené).

Geometrie molekuly v obou typech krystall piracetamu (17a a 17b) je stejna, obé
formy se od sebe lisi krystalovym sbalenim, coz indukuje rozdilné stinéni pozorovatelné ve
13C CP-MAS NMR spektrech.

Byly pfipraveny dvé polymorfni formy od kyseliny thiobarbiturové, forma Il (18a)
byla pfipravena rekrystalizaci z absolutniho ethanolu a forma Il (18b) ze suchého
acetonitrilu. Tyto dva polymorfy se lisi tautomerni formou (18a-enol a 18b-keto) a Ize je
jednoznacné rozliit pomoci *C CP-MAS NMR spektroskopie (obr. 16). Sp?-hybridizovany
uhlikovy atom C-5 ve formé 18a je méné stinény (82.75 ppm) nez ten sp3-hybridizovany ve
formé 18b (40.93 ppm). Také ostatni signdly jsou vyznamné posunuty (1.8 — 4.7 ppm).
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Obrazek 16. *C CP-MAS NMR spektra polymorfnich krystald kyseliny 2-thiobarbiturové
rekrystalizované z ethanolu (Cervené) jako forma 18a a z acetonitrilu (Cerné) jako forma 18b.
Cervené spektrum je posunuté asi o 5 ppm pro prehlednost. Jako standard byl pouZit krystalicky

glycin.

3.6 STABILITA 5-AMINOPYRIMIDINU V DMSO — PUBLIKACE VIII

PFi studiu biologickych vlastnosti jsou latky obvykle rozpustény v DMSO a tyto
roztoky jsou velmi ¢asto skladovany v mrazaku dlouhou dobu. V nasi predchozi praci,® kdy
jsme studovali antioxidac¢ni aktivitu 5-aminopyrimidinovych derivat( (pfipravil Petr Jansa,
UOCHB AV CR), jsme po nékolika hodindch pozorovali barevné zmény roztokl latek v



DMSO jiz pfi laboratorni teploté (obr. 17 vlevo). Stejné procesy jsme pozorovaly i u roztok(
uskladnénych v mrazaku (-20°C).

V této kapitole popisuji transformace téchto latek v DMSO studované sledem
chemickych reakci s alloxanem, NMR a UV/Vis spektroskopii, a ndvrh mechanizmu téchto
premén.

R? R* RS

R4 19 OH OH  NH,
20 NH, OH

NH NH,

Nl)ﬁ: 221 NH,  NH, NH,

RzJ\N/ Ré 22 OH OH OH
23 sH OH NH2 . . ! l

24 NH, OCH; OCH,

Obrazek 17. Obecny vzorec studovanych latek (vlevo) a roztoky latek 20, 21, 19 a 23 v DMSO
(vpravo) po nékolika hodindch od rozpusténi. Inned po rozpusténi byly roztoky bezbarvé.

Prabéh téchto pfemén byl pozorovédn 'H NMR a UV/Vis spektroskopii. Pro ilustraci
jsou ukdzany zmény v 'H NMR spektrech latky 20 v ¢ase (obr. 18). NMR signély vychozi
latky (Cervené; 6,37 ppm a 6,46 ppm) prakticky ze spektra vymizely za 7 dni. Druhy den se
objevily signdly fialového meziproduktu 20a (fialove; 8,30; 8,60 a 10,95 ppm). Ve stejnou
dobu (dva dny) byl detekovan amonny kationt (zelené; 7,09 ppm, J = 51 Hz). Za nékolik
mésicu jsme pozorovali NMR signdly konec¢ného produktu 20b (Zluté; 8,9 a 9,0 ppm). Nizka
intenzita téchto signall je zplsobena nizkou rozpustnosti latky 20b v DMSO (precipitovala z
roztoku). Absorpcni spektra potvrdila, Ze se jedna o reakce nasledné (20—20a—20b), byl
nalezen isosbesticky bod pfi 365 nm.
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| |l t A
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Den 0
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Obrézek 18. Vyvoj 'H NMR spekter latky 20 v DMSO v ¢ase. Vychozi latka 20 (Cervené) reagovala v
DMSO na meziprodukt 20a (fialové, fialovy roztok v NMR kyveté). Soucasné se uvolfioval amonny
kation (zelené). Po nékolika mésicich zreagovala latka 20a na konecny produkt 20b (Zluté, Zluty
roztok v NMR kyveté).
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'H NMR spektra poskytla jasny dlkaz, ze ihned po prvni reakci (20->20a) je v
reakéni smési pfitomen amonny kation a byl navrien nasledujici mechanizmus (obr. 19).
Vychozi latka 20 je oxidovana pUsobenim DMSO na pyrimidin-chinon-imin, zatimco se
uvolni amonny kation. Nasledné tento nestabilni meziprodukt kondenzuje s 5-amino
skupinou dalsi molekuly latky 20 za vzniku fialového meziproduktu 20a. Pro porovnani byl v
DMSO rozpustén 2,6-diamino-4-oxo-pyrimidin (latka 20 bez 5-amino skupiny) a nebyly
pozorovany zadné barevné zmény roztoku. Pro oxidaci je tedy pfitomnost amino skupiny v
poloze 5 klicova. Po nékolika mésicich vznikl velmi malo rozpustny koneény produkt 20b.

0 o o) NH,

e owse e % f ”fﬁN\fi

HzN)\\N NH, -©DMS )\ H, SNTONT N ONH
20 -NH3

Obrazek 19. Navrzeny mechanizmus premén latky 20 prObIhaJICICh v DMSO.

Pro potvrzeni chemické struktury vzniklych produktd byla provedena celd rada
reakci s alloxanem (obr. 20). "Zaviené formy" 20e a 21e byly ziskany reakci s alloxanem a
naslednou spontanni intramolekularni kondenzaci. Ty pak byly hydrolyzou prevedeny na
derivat 19b pomoci NaNO; in HCl. Stejné "zaviené formy" 20b a 21b byly ziskany oxidaci v
DMSO a naslednou intramolekuldrni kondenzaci. Oba produkty byly hydrolyzou
(NaNO2/HCI) prevedeny na latku 19b. UV/Vis spektra konecného produktu 19b ziskaného
riznymi reakénimi cestami se shodovala s namérfenymi hodnotami z literatury.??
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Obrazek 20. Série oxidacné-kondenzacnich reakci 5-aminopyrimidind s alloxanem a DMSO.



4 ZAVERY

Ve své praci jsem se zaméfila na stanoveni struktury modifikovanych sloZzek
nukleovych kyselin, hlavné (ale nejen) na nukleosidové derivaty, které byly pfipraveny
chemiky na UOCHB AV CR, jmenovité skupinami Radima Nencky a Zlatka Janeby za Ucelem
nalezeni novych potencialné biologicky aktivnich latek. BEhem mého doktorského studia
jsem NMR spektroskopii vyresila strukturu vice nez 700 nové pfipravenych latek a v
pfipadé potreby jsem také provedla konformacni analyzu. Spravné vyreSeni struktury je
nezbytné pro studium biologickych Gc¢inkd a strukturné-aktivitni studie.

Béhem mé prace byly vyvinuty dvé nové NMR metody pro prehlednéjsi urceni
struktury purinovych derivatd. Velmi podrobné byly studovany heteronuklearni (H,C) spin-
spinové intrakce, pomoci kterych Ize prifadit NMR signaly kvartérnich uhlikovych atoma.
Druhd metoda umoznuje predikovat preferované tautomerni formy purinovych derivat( v
roztoku. Obé vyvinuté metody jsou zaloZeny na korelaci mezi zméfenymi a vypoctenymi
NMR parametry.

NMR spektroskopii jsem také studovala fyzikalné-chemické vlastnosti, jako jsou
intramolekuldrni interakce, stabilita nebo reaktivita modifikovanych nukleosid(. Jako
nejvyznamnéjsi  vysledek mé disertacni prace bych oznalila objeveni 5-
nitrosopyrimidinovych derivatl s pevnymi vodikovymi vazbami. Bylo pozorovano velmi
zajimavé stereochemické chovani téchto latek. Diky neobvykle pevnym vodikovym vazbam
mohly vzniknout dva stabilni rotamery, které se lisi pouze orientaci nitroso skupiny, coz
bylo pozorovano v NMR spektrech jako dvé sady signdll. Pomér rotamer( v rovnovazném
stavu silné zavisi na povaze substituentl. Procentudini zastoupeni rotameru A muze
nabyvat Siroké $kdly hodnot (32—84 %). Vliv p-substituentll na relativni koncentraci
rotamerl odpovidd Hammettové korelaci, kde jsou substituenty serazeny podle
elektronickych vlastnosti (donory, akceptory). Navic je v nékterych pfripadech mozné
rotamery rozdélit a charakterizovat je jako chemicka individua. Oba rotamery maji rdzné
retencni ¢asy na silikagelové chromatografické koloné a maji vyrazné odlisSnd NMR spektra
(*H, 13C, >N) v roztoku, stejné jako v pevné fazi. Diky tomuto zajimavému chovani jsme je
porovnali s dobfe zndmymi atropisomery, které jsou délitelné diky stericky branéné rotaci.
Nase rotamery byly separovatelné diky pevnym intramolekuldrnim vodikovym vazbam.
Rotacéni bariéry nabyvaji hodnot okolo 23 kcal/mol, coZ vysvétluje, Ze bylo mozné izolovat
Cisté rotamery jiz pfi laboratorni teploté.
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ABSTRACT

Modified nucleic acid components (nucleotides/nucleosides/nucleobases) display a
wide range of biological effects such as antiviral, cytostatic, antimicrobial or antioxidative.
Many of them are successfully used in clinical practice, for instance as anti-HIV drugs or in
Hepatitis B treatment. The first precondition for understanding biological effects is to
evaluate the chemical structure as well as the conformation of the studied compounds
correctly. During my Ph.D. thesis, | determined the structure of more than 700 newly
prepared potentially biologically active compounds and investigated their physico-chemical
properties; for instance, | studied the conformational changes, tautomeric forms, non-
covalent interactions, isotopic exchanges, stability, reactivity and polymorphic structures of
modified nucleic acid components using NMR spectroscopy. The synopsis of my Ph.D. thesis
briefly describes: (1) the investigation of the configuration of locked nucleoside by 2D NMR
experiments (COSY and ROESY). It also shows the conformational analysis of locked
nucleoside exerting antiviral activity, which is based on the comparison of experimental and
calculated homonuclear (H,H) J-coupling constants. (2) Another project focuses on NMR
methods development. The first one serves for unambiguous NMR signal assignment in
purines based on the measurement of heteronuclear coupling constants in combination
with DFT calculations. In the second one, the same approach including correlations between
experimental and calculated data was applied for the development of a new method for
the prediction of preferred tautomeric forms of purine derivatives. (3) From the next
project, where we studied nitrosopyrimidine derivatives with strong intramolecular H-
bonds which stabilized two conformers, | show only the investigation of the composition of
the rotamers mixture and the significant substituent dependence following Hammett-like
correlation. In some cases, it was possible to separate both rotamers from each other. The
kinetics of the rotamer interconversion was measured to determine rotational barriers
around C5-NO single bond. Experimental data were supported by DFT calculations. (4) The
next chapter describes the enzymatic decomposition of phosphoramidate derivatives
monitored by 3P NMR spectroscopy directly in an NMR tube; the study examined whether
newly prepared compounds could work as a prodrug. The monitoring of the reaction is
based on the fact that the starting phosphoramidate has a chiral center at the phosphorus
atom, so that it has two signals in proton decoupled 3P NMR spectra corresponding to two
diastereoisomers. (5) | also measured NMR spectra in solid state, where | studied
polymorphic crystals of three industrially important compounds. Model polymorphic
crystals were prepared by re-crystallization from different solvents and characterized using
CP-MAS NMR spectroscopy. These data were supplemented by DFT calculations. (6) The
compound instability of 5-aminopyrimidine derivatives in DMSO was studied by NMR and
UV/Vis spectroscopy and successive reactions were confirmed, the isosbestic point was
found. 'H NMR spectra provided clear evidence of the presence of ammonium cation and
chemical reactions leading to product structure determination were performed. The
mechanism of these transformations was proposed.



1 INTRODUCTION

Modified nucleic acid components (nucleotides/nucleosides/nucleobases) can
target several types of metabolic pathways leading to a wide range of biological effects such
as antiviral,%? cytostatic,® antimicrobial,* antifungal® or antioxidative.® The molecule of a
nucleot(s)ide can be modified on the purine/pyrimidine skeleton or in the sugar moiety;
nucleotides can also be modified in the phosphate chain. As an example, very important
class of compounds modified in the phosphate chain is the group of acyclic nucleoside
phosphonates, where the ribose ring is replaced by an aliphatic chain and the O-P group is
changed into an O-CH»-P group. These compounds are more stable in cells. Three of them
(adefovir, tenofovir and cidofovir) are used as antivirotics in medicinal practice under the
trade marks Hepsera™, Viread™ and Vistide™, respectively (Fig. 1).

NH, NH, NH,
)i 80 )\/[ ] o1 )j OH
> P‘OH D P\OH 2\ \,‘: Con

1 2

:\OH
Figure 1. The structures of adefovir (1), tenofovir (2) and cidofovir (3), which are used in clinical
practice.

The structural diversity of modified nucleic acid components (NACs) can lead to
differences in a variety of their properties such as conformation, configuration, tautomeric
equilibria, protonation sites, hydrogen-bonding, base-pairing as well as their interactions
with enzymes or metal ions. For instance, a study of tautomeric equilibria provides essential
information about reactivity of the studied derivative; the tautomeric form of the starting
compound influences the regioselectivity of alkylation and glycosidation reactions. Another
example is the conformation of modified NACs, they can differ in the orientation of the base
with respect to the ribose ring or in the conformation of a flexible sugar moiety. The
conformation of the ribose ring is crucial for the recognition by cellular enzymes. For
instance, it has been found that North-type conformers of a locked nucleoside are
effectively bound by polymerases,” while their South-type counterparts are recognized by
thymidine kinases.® For this reason, it is desirable to study sugar conformation in newly
prepared compounds. The stability and properties of conformers can be significantly
influenced by non-covalent interactions, such as hydrogen bonds, hydrophobic interactions
and m-m stacking. Intramolecular hydrogen bonds decrease the molecular polarity, which
leads to better membrane permeability.? Furthermore, they play a key role in a wide range
of biochemical processes such as base-pairing in duplexes of nucleic acids.°

The electronic distribution in molecules influences chemical properties. It is
reflected in chemical shifts 6, spin-spin couplings Jand other NMR parameters, which makes
nuclear magnetic resonance (NMR) spectroscopy an excellent tool for investigating the
structure, reactivity, molecular motions and intermolecular interactions of the studied
compounds especially small molecules such as NACs.**1> NMR spectroscopy is based on the
fact that atomic nuclei with a non-zero spin quantum number have a magnetic momentum,



so that these nuclei are active in NMR spectroscopy. NMR signal assignment leading to
structure determination of studied compound is usually done by a combination of 1D (*H,
13C) and 2D (COSY, HSQC, HMBC, ROESY) NMR experiments.

Conformation and/or configuration can be elucidated through J-coupling analysis.
From the values of "J-coupling magnitudes, it is possible to assess how many chemical bonds
(n) are between the coupled nuclei. Commonly observed interactions in 'H spectra are
across two bonds 2/ and three bonds 3/ (geminal and vicinal, respectively). 3J-coupling values
significantly depend on the torsion angles between the coupled nuclei. The influence of the
torsion angle @ on the vicinal coupling constant 3/ is described by the empirical Karplus
equation,** which contains the cosine function; it is evident that for a torsion angle close
to 90°, the coupling constant 3/ reaches the lowest value. On the other hand, when the
torsion angle is close to 0° or 180°, the vicinal coupling constant tends to be the largest.

Dynamic processes such as conformational changes can be studied by dynamic NMR
spectroscopy (dNMR). Atoms in different forms of a molecule (e.g. conformers) have
different chemical shifts. Depending on the rate of interconversion between the individual
forms, it is possible to observe separated sets of signals for the individual forms or an
averaged spectrum. Free energy barriers of the motional processes can be extracted from
the line-shape analysis of temperature-dependent NMR spectra; simulated NMR spectra
are calculated to fit the shape of experimental signals. From these simulations, the rate
constant is extracted and used as input for the Eyring equation.'® The Eyring equation is an
expression for the rate constant in the transition-state theory, from which one can calculate
the free-energy barrier AG? of the processes. Using the dNMR method, one can study the
dynamic processes with the rate constant k between 10! and approximately 103 s, For
example, the dNMR method is frequently used to investigate tautomeric or conformational
equilibria or to determine the barriers in compounds with sterically hindered rotation
(atropisomers).

NMR parameters and other physico-chemical quantities obtained from NMR spectra
can be complemented by DFT calculations. The density functional theory (DFT) is based on
the theorem that energy is a unique functional of electron density. DFT methods are used
for geometry optimization and for the prediction of NMR parameters such as chemical
shielding constants or J-coupling constants.



2 AIMS OF THE STUDY

The structure determination and conformational analysis of new potentially biologically
active modified nucleic acid components.

NMR methods development - a combination of experimental and theoretical
approaches for a reliable signal assignment in purine derivatives and for the
determination of the structure of preferred tautomeric forms in solution.

The determination of intramolecular hydrogen bond geometries and stabilities in
5-nitrosopyrimidine derivatives with two hydrogen-bond donors.

The monitoring of the enzymatic decomposition of a prodrug of a biologically active
locked carbocyclic nucleotide by 3'P NMR spectroscopy.

The determination and characterization of polymorphic forms of model compounds
(including modified nucleobases) by solid-state NMR spectroscopy.

The structure determination of decomposition products of 5-aminopyrimidines stored
in DMSO and the determination of the reaction mechanism.



3 RESULTS AND DISCUSSION

3.1 STRUCTURE DETERMINATION — PAPERS |, I|

The chemical structure of newly prepared compounds are often determined by
a combination of 1D and 2D NMR experiments. If necessary, the conformation and/or
configuration of the studied compound may be investigated mainly by J-coupling analysis.
During my doctoral studies | collaborated with synthetic chemists at the IOCB AS CR
and determined the structure of more than 700 compounds. In this chapter, investigation
of the configuration and conformation of conformationally constrained (locked)
nucleosides 4 and 5 with potential antiviral activity will be shown as an example. These
compounds have been prepared by Michal Sala and Hubert Hrebabecky at the IOCB AS CR.

For the stereochemistry determination of compound 4, two homonuclear 2D NMR
spectra, COSY and ROESY, have been measured. Crosspeaks in the COSY spectra usually
correspond to spin-spin interactions across two and three bonds. When hydrogen atoms
are in a W-like arrangement, it is possible to observe long-range couplings. Consequently,
it was possible to confirm the stereochemistry at C-8, because W-like long range coupling
between H-8 and H-7endo was found (Fig. 2 left). In the ROESY spectra, through-space
interactions are observable. A ROESY crosspeak corresponding to H8-H8 interaction in
compound 4 (Fig. 2 right) confirmed the relative configuration at carbon atoms C-8 and C-
4. Furthermore, crosspeaks corresponding to H4-H6endo and 80H-H7exo were found in
ROESY, which further confirmed the stereochemical assignment. This configuration was
confirmed by J-coupling analysis, where the experimental J-coupling values were in
agreement with DFT calculations.
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Figure 2. A part of the COSY (left) and ROESY (right) spectra of compound 4. The W-like shaped long-
range interaction between H8 and H7-endo has clearly determined the configuration at carbon C-8.
The through-space interaction H8-H& has confirmed the configuration at carbon C-4.
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The conformation of the ribose ring is usually investigated using the concept of
pseudorotation. In this theory, the conformation of the ribose ring is defined by two
parameters called phase angle P and maximum puckering amplitude @uax. The phase angle
is calculated from torsion angles @y-@, and describes the shape of the molecule (twist or
envelope). The second parameter @uax indicates the maximum atom displacement.

In compound 5 (Fig. 3), the flexibility of the ribose ring is reduced due to the seven-

membered ring formation.
r/N NH, r/N NH,
H? 8a O N\g/_\<N HQ o 00 N\g/_\<N
7 N=" @j@ N="
— 3, @,
e\ oH " on ©H

Figure 3. The chemical structure of compound 5 and the numbering of the pseudosugar part of the
molecule (left). Torsion angles @y @, (right).

The experimental J-coupling values obtained from the H NMR spectrum were
compared with the values calculated by two different approaches. First, the geometry of
compound 5 was optimized at the DFT level starting from four initial conformations with
phase angles P =0°,90°, 180° and 270° and @wax = 40°. After the geometry optimization of
all four initial geometries, only one conformer was found with the torsion angles @y @
being -30.8°, 20.5°, -0.8°, -19.5° and 31.5°, respectively. The obtained torsion angles were
used as input for the J-couplings calculated by a Karplus-like equation, which describes the
dependence of the vicinal J-coupling values on the torsion angle between the coupled
nuclei. J-couplings in the found geometry were also calculated by the DFT method. Both
theoretical approaches provided similar values, which fit well with the experimentally
obtained J-couplings. It can be concluded from the obtained torsion angles that compound
5is present in a solution in the South conformation (?E) with the phase angle P = 163°.

Figure 4. The pseudorotation cycle of the furanose ring. The determined South conformation of
compound 5 with the phase angle P = 163° (in red).



This chapter briefly describes the results of two independent studies, which focused
on the development of NMR methods for more reliable signal assignment and the
determination of the preferred tautomeric forms of purine derivatives.

For the '3C NMR signal assignment of purine derivatives, the three-bond
heteronuclear couplings visible in H,C-HMBC spectra as high-intensive crosspeaks are
commonly used (Fig. 5 left). Simultaneously, there are sometimes two crosspeaks with
lower intensity corresponding to the four- and five-bond coupling constants (long-range
coupling constants) H8-C6 and H8-C2, respectively (Fig. 5 right). From HMBC, one can only
qualitatively estimate J-couplings from crosspeak intensities, but it is generally expected
that the four-bond H8-C6 crosspeak is always stronger than the five-bond one, specifically
4) > 3. If the purine skeleton is substituted in both positions 2 and 6, C-2 and C-6 13C NMR
signals are assigned using these heteronuclear long-range coupling constants %/ and °J.

6R6q 6R6
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H2 N 4N
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Figure 5. A schematic representation of heteronuclear H-C spin-spin interactions. Three-bond
correlations (left) and long-range couplings (right) visible as crosspeaks in HMBC spectra.

Heteronuclear long-range coupling constants were studied on ten purine derivatives
(prepared by Lucie Cechovd and Petr Jansa at the IOCB AS CR) substituted with various
substituents in positions 2 and 6.

As an example, Fig. 6 shows the H-8 regions of the HMBC spectra of compounds 6
and 7. Based on different substituents in position 6 of the purine skeleton, the intensities
of crosspeaks H8-C2 and H8-C6 differ significantly. In compound 6, the H8-C2 crosspeak is
more intensive than H8-C6; in compound 7, the H8-C2 crosspeak is missing in the spectrum.

Cl (6]
6 6
a0 \H "l e
H2N2N4 H2N2N4N
6 7
J_us ppm J H8 ppm
— s
— = - s —~— 5 F110
=
130
120
_i
L |
_ b a 130
c6 140
e T DT 150
d B —
] e €4 150
S —— S o S — w0 [ - C6
T T T T T T T T T T T
8.40 830 820 8.10 800 ppm 9.10 9.00 8.90 8.80 8.70 ppm

Figure 6. The H-8 region of the HMBC spectra of selected compounds. There are significant
differences between the intensities of crosspeaks H8-C2 and H8-C6. The H8-C6 (%)) is not always
stronger than the H8-C2 (°J).



To corroborate this finding, long-range coupling constants were calculated using the
DFT method and compared with the values obtained from hydrogen-coupled 3C NMR
spectra. The experimental values in compound 7, for instance, are as follows: 4/ = 1.2 Hz
and °J = 0.4 Hz; they are in agreement with the calculated values: 4/ = 0.92 Hz and °J =
0.34 Hz. These results correspond to the fact that the H8-C6 crosspeak in HMBC is more
intensive than H8-C2. On the other hand, in compound 6, the calculated long-range
coupling constants were: 4/ = 0.32 Hz and >/ = 0.61 Hz. This is evident in HMBC, where the
H8-C6 crosspeak is less intensive than the H8-C2 one.

The tautomeric forms of purine derivatives were studied on a series of 24 6-
substituted purines prepared by Michal Sala and Radim Nencka at the I0CB AS CR.

For every atom of the purine skeleton of compounds with one possible tautomeric
form only, the correlation between experimentally obtained chemical shifts ¢ and
calculated shielding constants o was constructed. As an example, the correlations of the
carbon atom C-4 and the nitrogen atom N-1 are shown in Fig. 7.
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Figure 7. The correlations between the calculated shielding constants oand the measured chemical
shifts o of the carbon atom C-4 (left) and the nitrogen atom N-1 (right). The black squares represent
the tautomers/rotamers, which are not present in DMSO solution.

The correlations constructed for every atom of purine skeleton were linear (R*>0.96
except C-6 and N-7). As expected, the “a” forms of compounds 8-10 (Fig. 8) fit well with the
correlation, whereas the other forms are far from the linear correlation. 6-Azidopurine (11)
can exist in equilibrium between tetrazole 11a and azido-azomethine forms 11b and 11c
(Fig. 7) depending on external conditions.!” In DMSO, the electronic energies of tetrazole
form 11a and azido-azomethine form 11b are close to each other. From the constructed
correlations, it is evident that both azido-azomethine forms 11b and 11c are very far from
the linear correlation (see, e.g. carbon C-4 in Fig. 7). It is clear that the tetrazole form 11ais
highly predominant in the DMSO solution (Fig. 8).
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Figure 8. The “a” forms are preferred in the DMSO solution.



3.3 HYDROGEN BONDS IN POLYSUBSTITUTED 5-NITROSOPYRIMIDINES —
PAPERS V, VI

5-Nitrosopyrimidines are not naturally occurring but they display a wide range of
biological activities. The nitroso group can form intramolecular hydrogen bonds (H-bonds)
with suitable H-bond donors in the neighboring positions e.g. amino groups. In this
arrangement, the shape of 5-nitrosopyrimidines is similar to purine derivatives and they
might work as purine mimics. When two H-bond donors are attached to both carbon atoms
in the neighboring positions, two H-bonds can be formed differing in the geometry of the
NO group. Therefore, these molecules mimic two different purine derivatives and might be
substrates for enzymes of two metabolic pathways.

For this work, a series of 32 5-nitrosopyrimidine derivatives with two competing H-
bond donors has been prepared (Fig. 9 left) by Lucie Cechova at the IOCB AS CR using a new
microwave-assisted synthesis. The two possible H-bonding arrangements give rise to the
two conformers differing only in the nitroso group orientation (rotamers) were observed in
the NMR spectra as two sets of signhals at room temperature. The relative concentration of
rotamer A ranged from 32 to 84 % strongly depending on the para substituent R! of the
phenylamino group at position 6; the percentage correlated well with Hammett coefficients
or, see Fig. 9 right.
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Figure 9. A schematic representation of the studied conformational equilibria (left) and the
dependence of the observed rotamer ratio of the studied compounds on the Hammett constant op
for the substituent in the para position of the phenylamino group R? (right).

After the rotamers mixture heating, the nitroso group should rotate faster and only
one set of signals should be observed in the NMR spectra. However, the intramolecular H-
bonds stabilize the two rotamers and their interconversion is slow even at elevated
temperatures. No NH signal averaging was detected even at 140 °C. It is clear from these
data that the rotational barrier is unusually high. It was determined from the NMR line-
shape analysis of the NH protons that the rotational barrier is higher than 20 kcal/mol. The
rotational barriers of the nitroso group were also calculated by DFT methods and similar
values (higher than 20 kcal/mol) were found.



A new series of 5-nitrosopyrimidine derivatives with aliphatic amine residues in
positions 4 and 6 was prepared by Lucie Cechova and Zlatko Janeba at the IOCB AS CR. In
these compounds, like in previously described derivatives, the rotational barrier of the
nitroso group was unusually high. We thus tried to separate the two rotamers from each
other. Also here, there were two H-bond donors, two H-bonds were formed and the two
stable rotamers were present in solution; the rotamer ratio was significantly substituent-
dependent. To our surprise, it was possible to separate the two rotamers using column
chromatography at room temperature. After the solvent evaporation from the
chromatographic fractions, the two stable rotamers were obtained. The purity of both
rotamers was confirmed by solid-state NMR spectroscopy (Fig. 10 left) and by X-ray analysis
(lvana Cisarova). Furthermore, we could observe slow re-crystallization of amorphous
rotamer B into the stable rotamer A in solid-state 13C NMR spectra within several months.
Rotamer separation made it possible to measure the kinetics of their interconversion
(Fig. 10 right) and to determine rotational barriers.
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Figure 10. The aromatic region of the **C CP-MAS NMR spectra of planar rotamers 12A and 12B (left)
and the time dependence of the relative concentrations of both rotamers of compound 12 in DMSO
(right).

The properties of these compounds are close to atropisomers; the main difference
is that atropisomer separation is mediated by sterically hindered rotation in contrast to our
rotamers, which are separable through strong intramolecular hydrogen bonding. Therefore,
we distinguished them from relatively common atropisomers. We have suggested the term
“planamerism”, defining “planamers” as small aromatic molecule rotamers with a planar
conjugated moiety that are isolable as chemical species. It may be speculated that
planamers might play an important role in disciplines involving the study of weak and
reversible non-covalent interactions or as potential biologically active compounds in the
development of novel drug-like molecules.
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Figure 11. Planar rotamers have been separated by column chromatography at room temperature.
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3.4 ENZYMATIC DECOMPOSITION MONITORED BY P NMR SPECTROSCOPY
— PAPER ||

Many biologically active compounds are too polar to pass across the cell membrane,
therefore, more lipophilic derivatives (prodrugs) are often prepared. Frequently used
prodrugs of modified nucleosides contain a phosphoramidate moiety,*® which can be easily
cleaved by cellular enzymes, while activated nucleoside (monophosphate) is released. The
enzymatic cleavage can be monitored by 3P NMR spectroscopy.*?

This study deals with the monitoring of the enzymatic decomposition of modified
nucleosides with an aryl phosphoramidate moiety (Fig. 12), which have been prepared by
Hubert Hfebabecky at the IOCB AS CR as potential antivirotics. It has been described for
similar compounds that prodrug activation is initiated by the carboxyesterase-mediated
hydrolysis of the phosphoramidate group.?° Thus, the enzymatic degradation was simulated
using carboxypeptidase Y,?* which possesses high structural homology to cathepsin A, an
enzyme responsible for this conversion in humans. Chemical hydrolysis of the studied
compounds in aqueous triethylamine solutions was also studied to confirm the chemical
structure of intermediates and final products (Fig. 13). It was found that the structural
modification of the studied nucleoside derivatives is not significant enough to inhibit the
enzyme and that the supposed metabolic reaction works well. The structure of the products
was determined in situ due to C-P spin-spin interactions visible in 3C NMR spectra as a line
splitting.
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Figure 12. The enzymatic decomposition (left) and chemical hydrolysis (right) of the starting
phosphoramidate derivative 13 monitored by 3P NMR spectroscopy.
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Figure 13. The proposed pathway of the enzymatic decomposmon of the studied phosphoram|date
prodrug.

The information about the polymorphic structure of pharmaceutically important
compounds is crucial for granting licenses obtained from regulatory authorities. The
structure of polymorphs is usually studied by diffraction methods, but solid-state NMR
spectroscopy in combination with calculations (NMR crystallography) can provide very
useful information in the cases, where X-ray data are not available or where they are
complicated by a disorder in the molecule. For example, to determine the number of non-
equivalent molecules in asymmetric units in crystal, it is sufficient simply to compare the
number of observed resonances with the number of non-equivalent carbon atoms of the
studied molecule.

In this work, different polymorphic forms of three industrially important compounds
(Fig. 14) were prepared, including methacrylamide (16), piracetam (17) and 2-thiobarbituric
acid (18). From these polymorphic crystals, NMR spectra in solid state (*3C CP-MAS) were
recorded. The polymorphic structure differences visible in the NMR spectra of the studied
compounds will be shown.
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16a 16b 17a, 17b 18a 18b

Figure 14. The chemical structure of model molecules: methacrylamide (16), piracetam (17) and 2-
thiobarbituric acid (18).

The CP-MAS NMR data confirmed sample purity and the good performance of the
technique in polymorphic discrimination. Pure polymorphic crystals of methacrylamide,
which had not been published, were prepared. The crystal structure of the desired
orthorhombic form 16b obtained from very slow re-crystallization from warm aqueous
methacrylamide solution was confirmed by X-ray analysis done by Ivana Cisafova at Charles
University in Prague. An interesting 16b—>16a transformation in solid state was detected
using CP-MAS NMR spectra (Fig. 15). The kinetic data of this process were not obtained,
because the rate of this transformation depended on external conditions such as sample
spinning.

12



13

Day 14 A

122.78 122.10

N N

140 138 136 134 132 130 128 126 124 122 ppm
Figure 15. A part of the *C CP-MAS NMR spectra of methacrylamide polymorphic form 16b at
various times. After several days, the orthorhombic form 16b (in black) was transformed into the
monoclinic form 16a (in red).

The molecular geometry in both types of piracetam crystals (17a and 17b) is the
same, but the crystal packing is different, which induces different shielding as visible in 3C
CP-MAS NMR spectra. Two polymorphic forms, Il (18a) and Il (18b), of 2-thiobarbituric acid
have been prepared by re-crystallization from absolute ethanol and dry acetonitrile,
respectively. These two polymorphs contain two different tautomeric forms (18a-enol and
18b-keto) and they are unambiguously distinguishable in *3C CP-NMR spectra (Fig. 16). The
sp?-hybridized carbon atom C-5 in form 18a is less shielded (82.75 ppm) than the sp3-
hybridized carbon C-5 in form 18b (40.93 ppm). Also other signals are significantly shifted
(1.8-4.7 ppm).
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Figure 16. The solid-state 3C NMR spectra of polymorphic crystals of 2-thiobarbituric acid re-
crystallized from ethanol (red) as form 18a and from acetonitrile (black) as form 18b. The red
spectrum is offset by ~5 ppm for clarity. Crystalline glycine was used as a standard.

For biological activity investigation, studied compounds are usually dissolved in
DMSO and these solutions are very often stored in a freezer for a long time. In our previous
work,® studying antioxidative activities in a series of 5-aminopyrimidines prepared by Petr
Jansa at the IOCB AS CR (Fig. 17 left), color changes in DMSO solutions were observed after
several hours at room temperature (Fig. 17 right) as well as in a freezer.



This chapter will describe the chemical transformation of these compounds in
DMSO studied by a series of chemical reactions with alloxan, and by NMR spectroscopy, and
the proposed mechanism.
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NH 2 2
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23 sH OH NH2
24 NH, OCH;  OCH;

Figure 17. The general formula of studied compounds (left) and the DMSO solutions of compounds

20, 21, 19, 23 several hours after preparation (right). The solutions were colorless immediately after
dissolution.

The kinetics of these transformations was monitored by *H NMR spectroscopy and
by UV/Vis spectrometry. For illustration, the time-response changes in the 'H NMR spectra
of compound 20 are displayed in Fig. 18. The NMR signals of the starting compound (in red;
6.37 and 6.46 ppm) practically disappeared from the reaction mixture by day 7. The signals
of the purple intermediate product 20a (in purple; 8.30, 8.60 and 10.95 ppm) appeared
within only one day of incubation. On day 2, the signal of an ammonium cation was detected
(in green; 7.09 ppm, /=51 Hz). In several months, it was possible to observe the NMR signals
of the final product 20b (in yellow, 8.9 and 9.0 ppm). The low intensity of these signals was
caused by the low solubility of compound 20b in DMSO (it precipitated from the solution).
The absorption spectra confirmed the successive reactions (20—20a—>20b), the isosbestic
point at 365 nm was found.

Day 87

Day 10

Figure 18. The time evolution of the 'H NMR spectra of compound 20 in DMSO. The starting
compound 20 (in red) reacted in DMSO to generate the intermediate product 20a (in purple, the
purple solution in the NMR tube). Simultaneously, the ammonium cation escaped (in green).
Consequently, several months later, compound 20a was converted into the final product 20b (in
yellow, the yellow solution in the NMR tube).
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IH NMR spectra have provided clear evidence that an ammonium cation is present
in the solution after the first reaction (20->20a) and the following mechanism has been
proposed (Fig. 19). The starting compound 20 is oxidized by DMSO to pyrimidine-quinone-
imine, while an ammonium cation is released. Subsequently, this unstable intermediate
condenses with the 5-amino group of another molecule and purple intermediate 20a arises.
For comparison, 2,6-diamino-4-oxo-pyrimidine (compound 20 without the 5-amino group)
was dissolved in DMSO and no changes were observed. Obviously, the 5-amino group is
crucial for the oxidation reactions. Several months later, the less soluble final product 20b
was obtained.

o) o) NH2

)\ _D_MS' 2\ )\ )\ )\

2
NH
20 s

Figure 19. The proposed mechanism of the transformatlons of compound 20 in DMSO.

A series of chemical reactions was used to confirm the structure of the products (Fig.
20). The “close-forms” 20e and 21e, obtained from the reaction with alloxan and the
subsequent spontaneous intramolecular condensation, were transformed into 19b by a
reaction with NaNO; in HCl. In the same way, the “close-forms” 20b and 21b, obtained from
DMSO oxidation and subsequent condensation, were also converted into 19b. The UV/Vis
spectra of the final product 19b obtained in different ways were in agreement with
previously published data.??
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Figure 20. A series of the oxidation-condensation reactions of 5-aminopyrimidines with
alloxan and with DMSO.



4 CONCLUSIONS

This work has focused on the structure determination of modified nucleic acid
components, mainly (but not only) nucleoside derivatives, which have been prepared by
synthetic chemists from the IOCB AS CR, namely the groups of Radim Nencka and Zlatko
Janeba, with the aim to find novel potentially biologically active compounds. During my
Ph.D. studies, | solved the chemical structure of more than 700 newly prepared compounds
by using NMR spectroscopy and, if necessary, complemented with conformational analysis.
The correct structure assignment is a crucial step for the study of biological effects and
structure-activity relationship.

In this work, two new NMR methods have been developed to help with the structure
determination of purine derivatives; quaternary carbon atom NMR signal assignment by
heteronuclear (C-H) long-range coupling constants as well as preferred tautomeric forms
have been studied in detail. These methods are based on the correlation between
measured and DFT-calculated NMR parameters.

Using NMR spectroscopy, physico-chemical properties such as the intramolecular
interactions, isotopic exchanges, stability or reactivity of modified nucleosides were
studied. The most significant result published in this work is the discovery of 5-
nitrosopyrimidine derivatives with strong intramolecular hydrogen bonds. In these
compounds, interesting stereochemical behavior was observed. Thanks to unusually strong
intramolecular H-bonds, two stable rotamers differing in nitroso group orientation were
found and observed as two sets of NMR signals. The rotamer ratio in equilibrium strongly
depends on the nature of substituents; the percentage of one rotamer can be tuned in a
wide range of values (32-84 %). The influence of p-substituents on relative rotamer
concentration corresponds to Hammett correlation, where the substituents are aligned
according to their electronic properties (donors, acceptors). Furthermore, in some cases, it
was possible to separate the rotamers from each other and characterize them as individual
chemical species. They exhibited different retention factors in silica-gel chromatography
and significantly different NMR spectra (*H, 3C, N) in solution as well as in solid state.
Because of their interesting stereochemical behavior, they were compared with well-known
atropisomers, which are separable via sterically hindered rotation. Our rotamers are
stabilized by the strong intramolecular hydrogen bond. The rotational barriers are around
23 kcal/mol, which explains that pure rotamers can be isolated at room temperature.
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