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Introduction

Acyclic nucleoside phosphonates (ANPs) represent a key class of nucleotide analogs with
a broad spectrum of antiviral and cytostatic activity.! Among ANPs, particularly 9-[2-
(phosphonomethoxy)ethyl]adenine (PMEA, adefovir, Figure 1) is active against DNA and
retroviruses; its prodrug, adefovir dipivoxil, was approved for hepatitis B therapy (Hepsera).
9-(R)-[2-(Phosphonomethoxy)propyl]adenine (PMPA, tenofovir), is a promising anti-HIV
drug, its prodrug Viread was approved for treatment of AIDS and chronic hepatitis B. A third
type of antiviral compounds is represented by 9-(S)-[3-hydroxy-2-(phosphonomethoxy)-
propyl]cytosine (HPMPC, cidofovir, Vistide) which possesses general anti-DNA-viral

activity. Cidofovir was approved for treatment of cytomegalovirus retinitis in AIDS patients.
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Figure 1. Acyclic nucleoside phosphonates.

Acyclic nucleoside phosphonates derived from 2,4-diamino-6-hydroxypyrimidine, where
the alkoxyalkylphosphonate side chain is attached to the oxygen atom at the position 6 of the

pyrimidine moiety, are considered as the second generation of ANPs (Figure 2).>
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Figure 2. “Open-ring” acyclic nucleoside phosphonates.

These compounds can be considered as 2,6-diaminopurine analogues with an open
imidazole ring. 2,4-Diamino-6-[2-(phosphonomethoxy)ethoxy]pyrimidine shows inhibitory
activity against both DNA and retroviruses comparable to adefovir and tenofovir. Further
SAR studies showed that 5-substituted derivatives of 2,4-diamino-6-[2-(phosphonomethoxy)-

ethoxy]pyrimidine markedly inhibited retrovirus replication in cell culture. The 5-methyl



derivative was inhibitory to human immunodeficiency virus and Moloney murine sarcoma
virus-induced cytopathicity in cell culture but also cytostatic to CEM cell cultures. Also the
5-halogen substituted derivatives showed a pronounced antiretroviral activity, comparable to
that of the reference drugs adefovir and tenofovir, but were devoid of any measurable toxicity
in vitro.’

The isomeric compounds depicted in Scheme 1 bearing two phosphonate side chains were
prepared among the products in the SAR studies of “open-ring” ANPs. The symmetrical
0* 0°-dialkylated product was reported to show antiretroviral activity. The aim of my work
was to prepare bisphosphonates bearing two identical or diverse phosphonomethoxyalkoxy
side chains at positions 4 and 6 of the pyrimidine moiety, to develop their regioselective

synthesis and evaluate their biological properties.*
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Scheme 1. Acyclic nucleoside bisphosphonates.

In the second part of my work I focused on the synthesis of acyclic nucleoside
phosphonomethylphosphinates, nonhydrolyzable analogues of acyclic nucleoside
diphosphates, biologically interesting compounds that have not yet received much attention
(Figure 3).” Furthermore, analogues of dUDP and dUTP containing the phosphonomethyl-
phosphinate system were prepared as potential inhibitors of deoxyuridine nucleotido-

hydrolase (dUTPase).®
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Figure 3. Acyclic nucleoside phosphonomethylphosphinates.



Results

Bisphosphonates bearing two chiral 3-hydroxy-2-(phosphonomethoxy)propoxy (HPMPO)
side chains were successfully prepared from 2-amino-4,6-dichloropyrimidine by nucleophilic
aromatic substitution with isopropylideneglycerol and subsequent alkylation with diisopropyl
bromomethylphosphonate (Scheme 2). However, this synthetic strategy was not suitable for
preparation of other bisphosphonates due to low reactivity of 2-amino-4,6-dichloropyrimidine

and its 4,6-difluoro congener.
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Scheme 2. Synthesis of biss-HPMPO derivatives from 2-amino-4,6-dichloropyrimidine.

Alkylation of 4,6-dihydroxy-2-(methylsulfanyl)pyrimidine in DMSO that gives
predominantly O-alkylated regioisomers was finally used for the synthesis of a large number
of bisphosphonates (Scheme 3). Bisphosphonates bearing two identical or diverse chiral
phosphonomethoxyalkoxy chains were prepared as well as 2-substituted bis[2-
(phosphonomethoxy)ethoxy] derivatives. 2-Methylsulfanyl and/or 2-methylsulfonyl group
proved to be suitable leaving groups for introduction of various substituents at position 2 of

the pyrimidine ring.
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Scheme 3. Synthesis of bisphosphonates by alkylation of 4,6-dihydroxy-2-(methylsulfanyl)pyrimidine.



Liphophilic esters of bisphosphonates were prepared to decrease their polarity however

their introduction dramatically decreased their solubility (Figure 4).
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Figure 4. Lipophilic esters of bisphosphonates.

A series of bisphosphonates with phosphonomethoxyalkylsulfanyl side chain was
prepared by alkylation of 2-amino-4,6-disulfanylpyrimidine with the phosphonate bearing
building block. Owing to better nucleophilicity of sulphur compared to oxygen and nitrogen,

the alkylation gives exclusively S-alkylated product (Scheme 4).
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Scheme 4. Synthesis of bisphosphonates from 2-amino-4,6-disulfanylpyrimidine.

In the second part of my work, I prepared a series of 2-[(hydroxy)(phosphonomethyl)-
phosphorylmethoxy]Jethyl purines (A, G) and pyrimidines (C, U, T) as chemically and
enzymatically stable analogues of acyclic nucleoside diphosphates. Alcohols bearing the
phosphonomethylphosphinyl moiety were prepared by Arbuzov reaction of tetraisopropyl
methylenediphosphonite with acetyl alkyl bromides and alkyl iodides and subsequent
deprotection of the acetyl group. Suitably protected heterocyclic bases were coupled with
functionalized alcohols by Mitsunobu reaction and finally deprotected by standard procedures

(Scheme 5).
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Scheme 5. Synthesis of acyclic nucleoside phosphonomethylphosphinates.



In addition, acyclic analogues of dUDP bearing phosphonomethylphosphinylalkyl and
alkoxyalkyl side chains were prepared by above described procedure. dUDP analogues were
converted to their phosphate counterparts by reaction with 1,1'-carbonyldiimidazole and
subsequent reaction with tri-n-butylammonium phosphate. Interestingly, branched phosphates
were isolated as major products unlike the expected linear phosphates that were in minority
(Scheme 6). The detailed *'P NMR studies of the reaction course showed that both branched
and linear phosphates are formed immediately during the reaction. The intramolecular
phosphate migration was not observed. pKa values of phosphonate and phosphinate moiety
were determined by >'P NMR titration studies and are around 2.7 and 1.8, respectively, that
explains reactivity of both phosphonate and phosphinate residue with CDI. In addition, the

thermodynamic stability calculations showed that the branched phosphates are more stable.
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Scheme 6. Synthesis of dUDP and dUTP analogues containing phosphonomethylphosphinyl moiety.

Conclusions

In conclusion, in the SAR studies of “open-ring“ ANPs a series of bisphosphonates
derived from 2-amino-4,6-(dihydroxy)pyrimidine was prepared. Bisphosphonates bearing two
identical or diverse achiral or chiral phosphonoalkoxy chains were prepared either by
nucleophilic aromatic substitution of 2-amino-4,6-dichloropyrimidine or by alkylation of 4,6-
(dihydroxy)-2-(methylsulfanyl)pyrimidine. The second method proved to be the universal
method for regioselective preparation of O-alkylated pyrimidines at positions 4 and 6.
Furthermore, 2-methylsulfanyl function is a versatile leaving group for introduction of various
substituents at position 2 of the pyrimidine moiety. Disulfanylpyrimidine was alkylated in the
same manner to give exclusively S-—alkylated product. Alkoxyalkyl esters of selected
bisphosphonates were prepared to improve their bioavailability. However, introduction of two

lipid esters to bisphosphonates dramatically decreased their solubility. The enantiomerical



purity of selected bisphosphonates was successfully determined by capillary zone
electrophoresis and it was confirmed that optically active phosphonates do not tend to
racemize.

Prepared bisphosphonates and their esters were tested for their cytostatic and antiviral
activity. Antiviral activity of bisphosphonates was not confirmed, compounds do not show
any appreciable biological activity or toxicity.

Furthermore, nonhydrolyzable analogues of acyclic nucleoside diphosphates containing
phosphonomethylphosphinyl moiety were prepared by the improved previously described
methods. The phosphorylation of dUDP to dUTP analogues gave mixture of o- and B-
phosphates. The *'P NMR study of the course of the phosphorylation reaction and
measurement of pKa of the phosphonomethylphosphinate moiety showed that both
phosphinate and phosphonate hydroxyl groups react with 1,1'-carbonyldiimidazole and
phosphate to give a mixture of a- and B-phosphate in approx. 2:1 to 10:1 ratio.

All prepared phosphonomethylphosphinates were screened for cytostatic and antiviral
activity and none of the tested compounds exhibited any significant biological activity or
cytotoxicity. dUDP and dUTP analogues were tested for their potency to inhibit
Mycobacterium tuberculosis dUTPase however none of the analogues inhibited the enzyme.

These data indicate that phosphonomethylphosphinyl system is not optimal analogue of
the natural diphosphate in nucleotides. This effect may be due to the differences between the
pKa’s of the phosphonomethylphosphinyl analogue and the normal diphosphate, small
geometric differences between C-P and O-P bonds and differences in metal ion binding

properties.



Uvod

Acyklické fosfonaty nukleosidit (ANP) jsou stabilni nukleotidova analoga s vyznamnymi
biologickymi, zejména protivirovymi a cytostatickymi u&inky.! ANP jsou substratem i
inhibitorem reversnich transkriptas a ptsobi jako terminatory rostouciho polynukleotidového
fetézce. 9-[2-(Fosfonomethoxy)ethyl]adenin (PMEA, adefovir, Obr. 1) inhibuje DNA viry a
retroviry a jeho oralni profarmakum adefovir dipivoxil je zdkladem Iéku proti chronické
hetatitids B (Hepsera'™). 9-(R)-[2-(Fosfonomethoxy)propylJadenin (PMPA, tenofovir) je
velmi aktivni vaci retrovirim, jeho ordlni profarmakum tenofovir disoproxil fumarate bylo
schvaleno pro 1é¢eni AIDS a chronické hepatitidy B (Viread™). Ttetim lékem ze skupiny
fosfonatli nukleosidd je 9-(S)-[3-hydroxy-2-(fosfonomethoxy)propyl]cytosin (HPMPC,
cidofovir, Vistide™), ktery inhibuje viechny DNA viry. Cidofovir byl schvalen pro 1é&eni
cytomegalovirové retinitidy u pacientd s AIDS, nicméné byl mnohokrat Gspésné klinicky

pouzit proti papilomavirovym a poxvirovym infekcim.
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Obr. 1. Acyklické fosfonaty nukleosidu.

Acyklické fosfonaty nukleosidi nové generace jsou odvozeny od 2,4-diamino-6-
hydroxypyrimidinu. Tyto slouceniny mohou byt povazovany za purinové derivaty s

otevienym imidazolovym kruhem (Obr. 2).”
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Obr. 2. Acyklické fosfonaty nukleosidi s otevienym kruhem.



2,4-Diamino-6-[2-(fosfonomethoxy)ethoxy]pyrimidin je uclinny proti DNA virim a
retrovirtim, jeho aktivita je srovnatelna s ¢inkem adefoviru a tenofoviru. Dalsi studie vztaha
mezi strukturou a biologickou aktivitou latek ukazaly, Ze 5-substituované derivaty inhibuji
replikaci retrovir v bunécné kultufe. 5-Methyl derivat inhibuje HIV and MSV (Moloney
murine sarcoma virus) viry a 5-halogen derivaty se vyznacuji vyznamnou protiretrovirovou
aktivitou a nizkou in vitro toxicitou.’

Isomerni latky, zobrazené ve Schématu 1, nesouci dva fosfonatové fetézce byly
pfipraveny v ramci studii acyklickych fosfonati nukleosidi s otevienym kruhem a bylo
uvedeno, 7e symetrickda O*,0%dialkylovana latka méa protiretrovirovy G¢inek. Cilem mé
disertatni prace bylo piipravit sérii bisfosfonati se dvéma stejnymi nebo riznymi
fosfonomethoxyalkylovymi fetézci v poloze 4 a 6 pyrimidinového kruhu, vypracovat jejich
regioselektivni syntézu a vyhodnotit jejich biologické Gginky.*
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Schéma 1. Bisfosfonaty acyklickych analogti nukleosida.

V druhé ¢asti mé prace jsem se zabyvala syntézou acyklickych fosfonomethylfosfinat
nukleosidii, nehydrolyzovatelnych analogti acyklickych difosfati nukleosidii, biologicky
zajimavych latek s potencialnim protivirovym t&inkem (Obr. 3).° Dale byla syntetizovana
analoga dUDP a dUTP obsahujici fosfonomethylfosfindtovou skupinu jako potencialni
inhibitory deoxyuridin nukleotidohydrolasy (dUTPasy, ref. 6).
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Obr. 3. Acyklické fosfonomethylfosfinaty nukleosidd.



Vysledky

Bisfosfonaty nesouci dva chiralni 3-hydroxy-2-(fosfonomethoxy)propoxylové (HPMPO)
vedlejsi fetézce byly pfipraveny z 2-amino-4,6-dichlorpyrimidinu nukleofilni aromatickou
substituci isopropylidenglycerolem a naslednou alkylaci diisopropyl brommethylfosfonatem
(Schéma 2). Bis-HPMPO derivaty byly uspéSné piipraveny nukleofilni aromatickou
substituci, nicméné tato syntéza nebyla vhodna pro ptipravu dalSich bisfosfonati kviili nizké

reaktivité 2-amino-4,6-dichlorpyrimidinu i jeho 4,6-difluoro analogu.
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Schéma 2. Syntéza bis-HPMPO derivati vychazejici z 2-amino-4,6-dichlorpyrimidinu.

Série bisfosfonatii nesoucich dva stejné nebo rizné fosfonomethoxyalkoxylové fetézce
byla nakonec pfipravena alkylaci 4,6-dihydroxy-2-(methylsulfanyl)pyrimidinu v DMSO,
kterd poskytuje O-alkylovany derivat jako hlavni produkt (Schéma 3). Dale byly pfipraveny
2-substituované derivaty 4,6-bis[2-(fosfonomethoxy)ethoxy]pyrimidinu. Methylsulfanylova
a/nebo methylsulfonylova skupina je vtomto piipadé vhodnd odstupujici skupina pro

zavedeni substituentd do polohy 2 pyrimidinového kruhu.
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Schéma 3. Syntéza bisfosfonatt alkylaci 4,6-dihydroxy-2-(methylsulfanyl)pyrimidinu.



Lipofilni estery vybranych bisfosfonatti byly pfipraveny kvili snizeni polarity a zvysSeni
biologické dostupnosti latek. Bohuzel zavedeni téchto esterti vyrazné snizilo rozpustnost

bisfosfonati (Obr. 4).
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Obr. 4. Lipofilni estery bisfosfonati.

Série Dbisfosfonath s fosfonomethoxyalkylsufanylovym postranim fetézcem byla
pfipravena alkylaci 2-amino-4,6-disulfanylpyrimidinu. Vzhledem k vys$si nukleofilicité siry v
porovnani s kyslikem a dusikem, alkylace disulfanyl derivatu poskytuje vyhradné S-

alkylovany produkt (Schéma 4).
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Schéma 4. Syntéza bisfosfonati odvozenych od 2-amino-4,6-disulfanylpyrimidinu.

V druhé ¢asti mé prace jsem pripravila 2-[(hydroxy)(fosfonomethyl)fosforylmethoxy]-
ethyl puriny (A, G) a pyrimidiny (C, U, T), chemicky a enzymaticky stabilni analoga
acyklickych difostata nukleosidia. Alkoholy nesouci fosfonomethylfosfinylovou skupinu byly
pfipraveny Arbuzovovou reakci tetraisopropyl methylendifosfonitu s acetyl alkyl bromidy a
alkyl jodidy a néslednym odchranénim acetylové skupiny. Vhodné ochranéné heterocyklické

baze byly alkylovany pfipravenymi alkoholy Mitsunobuovou reakci (Schéma 5).
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Schéma 5. Syntéza acyklickych fosfonomethylfosfinati nukleosidu.



Dale byla pripravena acycklickd analoga dUDP obsahujici fosfonomethylfosfinyl-
alkylovou a alkoxylovou skupinu vyse popsanou metodou. Tyto latky byly pievedeny reakci
s 1,1'-karbonyldiimidazolem (CDI) a naslednou reakci s tri-n-butylammonium fosfatem na
analoga dUTP, nicméné rozvétvené fosfaty byly izolovany jako hlavni produkt (Schéma 6).
3P NMR studie priabéhu reakce ukazala, ze v reakci vznikd smés obou, tj. rozvétveného a
linedrniho, fosfatu. Intramolekularni migrace fosfatu nebyla pozorovana. Hodnoty pKa
fosfonatové a fosfinatové skupiny byly stanoveny pomoci *'P NMR spektroskopie, tyto
hodnoty jsou 2.7 a 1.8 a jasn¢ ukazuji, ze ob¢ skupiny mohou reagovat s CDI a tri-n-

butylammonium fosfatem.
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Schéma 6. Syntéza analogi dUDP and dUTP obsahujicich fosfonomethylfosfinatovou skupinu.

Zavér

V ramci rozséhlé studie acyklickych fosfonatli nukleosidi s otevienym imidazolovym
kruhem byla pfipravena série bisfosfonatd strukturné odvozena od 2-amino-4,6-(dihydroxy)-
pyrimidinu. Bisfosfonaty nesouci dva stejné nebo rizné fosfonoalkoxylové fetézce byly
piipraveny nukleofilni aromatickou substituci 2-amino-4,6-dichlorpyrimidinu nebo alkylaci
4,6-dihydroxy-2-(methylsufanyl)pyrimidinu. Druhd metoda se ukézala jako univerzalni pro
ptipravu Siroké Skaly rtzné substituovanych pyrimidinovych derivatl. Methylsufanylova
skupina je vhodna odstupujici skupina pro zavedeni substituentii do polohy 2 pyrimidinového
kruhu. Lipofilni estery bisfosfonati byly pfipraveny pro zvyseni biologické dostupnosti latek,
avSak tyto estery vyrazné¢ sniZily jejich rozpustnost. Enantiomerni distota vybranych
bisfosfonat byla stanovena pomoci kapilarni zénové elektroforézy a bylo potvrzeno, ze pii
ptiprave opticky aktivnich fosfonatl nedochazi k racemizaci.

Ptipravené bisfosfonaty a jejich estery byly podrobeny testovani na cytostatickou a

protivirovou aktivitu, nicméné protivirova aktivita bisfosfonatti nebyla prokézéna.



V druhé casti mé prace byla pripravena acyklickd analoga difosfati nukleosidi
s purinovymi a pyrimidinovymi bazemi a dale analoga dUDP a dUTP nesouci
fosfonomethylfosfinatovou skupinu. Reakce analogh dUDP s CDI a tri-n-butylammonium
fosfatem poskytla ptfednostné rozvétvené fosfaty misto ocekavanych linedrnich analogt
dUTP. *'P NMR studie pribéhu fosforylaéni reakce a stanoveni pKa fosfonomethyl-
fosfinatové skupiny ukazaly, Ze fosfonatova i fosfinatova hydroxylova skupina reaguje s CDI
a tri-n-butylammonium fosfatem za vzniku smési rozveétveného a linedrniho fosfatu.

VSechny pfipravené fosfonomethylfosfinaty byly podrobeny testovani na cytostatickou a
protivirovou aktivitu, avSak zaména fosfonatu za fosfonomethylfosfinatovou skupinu vedla ke
ztraté biologické aktivity latek. Analoga dUDP a dUTP neinhibuji dUTPasu Mycobacteria
tuberculosis.

Ziskana data ukazuji, Ze fosfonomethylfosfinatovy systém neni vhodnym analogem
ptirozeného difosfatu v nukleotidech. To mize byt zptisobeno rozdilem mezi pKa difosfonatu
a ptirozeného fosfatu, geometrickymi rozdily mezi C—P a C-O vazbou a rozdily ve schopnosti

komplexovat ionty kovi.
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