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Annotation

Cytokinins (CKs) and their metabolites and derivatives are essential for cell division,
plant growth regulation and development. They are typically found at minute concentrations in
plant tissues containing very complicated biological matrices. Therefore, defined standards
labelled with stable isotopes are required for precise metabolic profiling and quantification of
CKs, as well as in vivo elucidation of CK biosynthesis in various plant species. In this work,
eleven [**N]-labelled C®-purine derivatives were prepared, among them five aromatic (4, 5, 6,
7, 8) and three isoprenoid (9, 10, 11) CKs. Compared to current methods, optimized syntheses
of 6-amino-9H-[**Ns]-purine (adenine, 1) and 6-chloro-9H-[**N4]-purine (6-chloropurine, 3)
were performed to achieve more effective, selective and generally easier approaches. The
chemical identity and purity of prepared compounds were confirmed by physico-chemical
analyses (TLC; HRMS; HPLC-MS; 'H, 3C, >N NMR). The presented approach is applicable

for the synthesis of any other desired [*°N4]-labelled C®-substituted purine derivatives.
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1. Uvod

Cytokininy, rostlinné hormony, jsou organické molekuly aktivni jiz pfi velmi malych
koncentracich (pmol.g? Gerstvé vahy). Z fyziologického hlediska ovliviiuji fadu procesi
Vv pribéhu ristu a vyvoje rostliny. Esencialni roli hraji pti bunééném déleni (zde v soucinnosti
s auxiny), stimulaci fotosyntetickych procesli, zpomalovani starnuti rostlinnych tkani
a Vv neposledni fadé zvySuji resistenci proti stresu (Mok a Mok, 2001; Miller et al., 1955;
Kaminek, 2015).

Z chemického hlediska se jednd o NO-substituované derivaty adeninu. Na zakladé
struktury  postranniho  fetézce se dale d€li naisoprenoidni, reprezentované
isopentenyladeninem,  trans-  acis-zeatinem, aaromatické, ke kterym fadime
benzylaminopurine, ortho-, meta- a para-topolin (Aremu et al., 2012; Strnad et al., 1997).
V rostlinnych buiikach se cytokininy vyskytuji ve formé volnych bazi, ribosidl, nukleotidd,

O-glukosidt a N-glukosidi (Werner a Schmiilling, 2009).

Biologickd aktivita cytokininli je zavisld nejen najejich koncentraci, ale také
na spolecném pomeéru s ostatnimi rostlinnymi hormony. Dulezita je i vySe zminénd chemicka
struktura. Zatimco volné baze a ribosidy vykazuji vysokou biologickou aktivitu, N-glukosidy
a O-glukosidy jsou bud’ zcela biologicky inaktivni nebo funguji jako zasobni formy (Werner
a Schmiilling, 2009). V piipad¢ isoprenoidnich cytokininii hraje roli struktura postranniho
fetézce. Je dokédzano, Ze trans-izomery vykazuji obecné vysSi biologickou aktivitu nez

cis-izomery (Strnad et al., 1997; Mok a Mok, 2001).

V poslednich letech byla pfipravena cela fada novych syntetickych cytokinint a jejich
derivatu se zcela novou biologickou aktivitou (Mik et al., 2011; Zatloukal et al., 2008). Detailné
byla popsana naptiklad silna cytotoxicka aktivita vici lidskym nadorovym buiikam (Dolezal et
al., 2006; Hajduch et al., 1997) nebo pozitivni efekt nalidské fibroblasty, coz vede

k potencialnim aplikacim na poli kosmetiky (Szii¢ova et al., 2009).

Jak bylo zminéno, koncentrace cytokinini ajejich derivati je klicova pro jejich
biologickou aktivitu. Pfi biologickych aplikacich mimo rostlinnou fisi je zaroven kritické
determinovat, zda nejen vychozi molekula, ale také né€ktery z jejich metaboliti nevykazuje
za urcitych koncentraci nezadouci cytotoxicitu. Z téchto dtvodu je zcela nezbytné vyvinout
nastroje pro velmi citlivou a piesnou endogenni kvantifikaci a metabolické profilovani napii¢

biologickymi systémy.



Analyza cytokininii v komplexnich biologickych matricich je slozita diky jejich velmi
nizké koncentraci (pmol.g? &erstvé vahy) a silnému matriénimu efektu. Metody stanoveni
cytokininti se obecné skladaji z pre-koncentrace a purifikace vzorku s naslednou analytickou
koncovkou. Tou je vdne$ni dobé nejcastéji vysokoudinna kapalinova chromatografie
s tandemovou hmotnostni detekci (UHPLC-MS/MS) s vyuzitim techniky izotopového
zied'ovani (Antoniadi et al., 2015; Novak et al., 2008). Metoda izotopového zied'ovani je
zalozena na adici zndmého mnozstvi izotopové znacenych cytokininid do smési S nezndmym
mnozstvim endogennich (neznacenych) cytokinind. Vyslednd determinace mnozstvi
endogennich molekul je realizovana skrze porovnani intenzit signall. Izotopové znacné
molekuly jsou v hmotnostnim spektru jednoduse rozpoznatelné diky rozdilné molekulové
hmot¢. Dulezité je zminit, ze fyzikalné-chemické vlastnosti izotopoveé znaCenych latek jsou
vici neznacenym zcela identické. Mimo jiné l1ze izotopové znacené derivaty cytokinint pouzit
jako interni standardy korigujici iontovou supresi pii kvantifikaci pomoci hmotnostni
spektrometrie (MS). V neposledni fad¢ také pro kontrolu specificity, selektivity a navratnosti
nové¢ vyvijenych analytickych metod. K dnesnimu dni ptispély izotopoveé znacené cytokininy
k celé tadé studii zamétenych na rostlinnou fyziologii (Strik et al., 2011; Aremu et al., 2014),
profilovani cytokininii (Novak et al., 2008; Antoniady et al., 2015; Aremu et al., 2014,
Yokoya et al., 2010), mezidruhové interakce (Krall et al., 2002; Siddique et al., 2015)
a cytokininovy metabolismus a biosyntézu (Kakimoto, 2001; Lindner et al., 2014). Ve vSech

ptipadech autofi pouZili deuterované standardy.

Syntéza neznacenych cytokininovych standardi je k dneSnimu dni velmi dobie popsana
a funkéni (Mik et al., 2011; Plihalova et al., 2016; Tolman et al., 1999). Naopak postupy
vyuZivajici znacené molekuly cytokininli jsou ¢asto nekompletni a s velkym prostorem pro
optimalizaci (viz kapitola 3. Syntéza). Ve vétSiné piipadt pak autofi pouzivaji ke znaceni
nuklidy vodiku a uhliku (?H, 3H, 13C). Jestlize vypustime radioaktivni *H z d@ivodii diskomfortu
anebezpedi pifi praci, tak ani 2H neni idealnim nuklidem ptedev§im kvili rozdilnym
fyzikdlné-chemickym  vlastnostem oproti pfirozenému nuklidu vodiku amozné
hydrogen-deuteriové vyméné v prabéhu manipulace (Kushner et al., 1999). Piihlédneme-li ke
struktuie purinového jadra (obsahuje &tyfi pFirozené se vyskytujici nuklidy dusiku, **Ng) je
volba kompletni substituce téchto nukliddi za stabilni izotopy °N zcela logicka. Pestoze
postupy popisujici dil&i syntézu [*°Ns]-adeninu, [*°*Ns]-trans-zeatinu ¢&i cyklizaci formamidu

na adenin existuji (Horgan et al., 1980; Laxer et al., 2001), kompletni nékolikastupfiova



optimalizovand syntéza z [*°N]-formamidu na koncové [*°Ns]-aromatické a isoprenoidni

cytokininy je zde popsana vibec poprvé.

2. Determinace izotopové ¢istoty

Izotopova &istota, tedy obsah jednotlivych izotopologi [*°*Ns], [°Na], [*°*Ns], [**N2],

[*®*N1] a [*Ns], byla uréena pro kazdou piipravenou molekulu na zdkladé HRMS analyzy.

Majoritni podil [*°Ns] izotopologu anaopak minimalni podil neznaené molekuly je pro

prezentovany pfiistup kriticky. Metodika vypoctu je demonstrovana na obrazku ¢.1. V tomto

piipadé pro 6-amino-9H-[*°Ns]-purine ([**Ns]-adenine, 1). Aplikovéana byla v§ak pro viechny

zde prezentované molekuly.
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Obrazek &. 1 — Celkové spektrum z vysokorozliSovaci hmotnostni analyzy (HRMS) 6-amino-9H-[**Ns]-purinu

obsahujici vSechny izotopology. Informace o procentualnim obsahu kazdého z nich je uvedena v ptislusném boxu.



3. Syntéza

Zde prezentovany postup piipravy [°*Na4]-znadenych cytokinini lze obecné rozdélit
na dvé syntetické vétve popisujici pfipravu osmi koncovych produktd, konkrétné péti
aromatickych (4 - 8), respektive tii isoprenoidnich cytokinini (9 - 11). Spole¢né meziprodukty
a vychozi molekuly jsou oznaceny pod Cisly 1 - 3. Konkrétni optimalizace vzhledem k jiz
znamym postuptim jsou uvedeny V sekci kazdé piipravené molekuly. Kompletni reakéni

schéma je uvedeno nize (Schéma ¢. 1).
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3.1 Syntéza meziproduktiu

3.1.1 6-amino-9H-[**Ns]-purin (adenin) (1)

[*°Ns]-adenin hraje v piipadé zde prezentované syntézy naprosto kli¢ovou roli vychozi
molekuly. Jeho pfipravasco nejvysSim procentualnim vytézkem a pomeérem isotopologu
[*°®Ns] je kritickd. Z mnozstvi moznych syntetickych postupli piipravy adeninu se jevila jako
nejjednodussi jiz popsana termicka cyklizace z formamidu za pouziti POCIlz v poméru 1:2
(Ochiai et al., 1968). Po detailni analyze vysokorozliSovaci hmotnostni spektrometrii (HRMS)
aNMR (*H, 3C) viak vysla najevo piitomnost vedlejsiho produktu, [*°Ns]-1H-imidazo-[4,5-
b]-pyrazine-5-aminu, a to v poméru 1:1 k [*°*Ns]-adeninu (Schéma &. 2). Piivodni autofi tento
vedlejsi produkt nepopsali predevsim diky absenci analytickych metod. Studie publikovéana 0
deset let pozdéji vsak jeho pFitomnost jiz zminuje stejné tak jako postup eliminace zalozeny
na stereo specifické eliminaci na soli pikratu (Apene et al., 1978). Tento postup se ovsem

nepodatilo uspokojiveé zreprodukovat.

|
. H,0 15 || o) ” ” —H—o
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s iR, =g

WEH

5K 15NH2

| A
Loty e [

6-amino-9/4-[ "N, Jpurin (1) [°N;]1H-imidazo-[4.5-b]-pyrazin-5-amin

Schéma &. 2 — Predpokladané reakéni schéma cyklizace [**N]-formamidu na [*°*Ns]-adenin (1) soudasné za vzniku
[**Ns]-1H-imidazo-[4,5-b]-pyrazine-5-aminu (Hudson et al., 2012).

Z vySe popsané¢ho vyplyva nutnost vyvinout vysoce selektivni metodu separace
[*°*Ns]-adeninu  a [**Ns]-1H-imidazo-[4,5-b]-pyrazine-5-aminu. Zatimco vychozi podminky
syntézy byly zachovany dle Ochiai et al., 1968, nasledujici purifikacni a separa¢ni kroky byly
vyznamné¢  modifikovany.  Reakce  byla pfesunutado  vysokotlakého  reaktoru

s polytetrafluorethylenovym (PTFE) insertem. Zbylé POCIl3 bylo odstranéno destilaci a reakéni

12



sm¢s prenesena do prostiedi iontoménice v kyselé formé¢ (DOWEX 50, H+) na 48 hodin. Timto
byly eliminovéany zbylé nezreagované intermediaty z procesu cyklizace. Smés [*°Ns]-adeninu
a [*°*Ns]-1H-imidazo-[4,5-b]-pyrazine-5-aminu  byla eluovana 5M NH4OH. V poslednim
purifika¢nim kroku byla Kk rozd€leni zminénych produkti nasazena kolonova chromatografie
za pouziti chloroformu/metanolu/amoniaku v poméru 6:1:0.05 jako mobilni faze. [°Ns]-adenin
byl takto izolovan s vytézkem 32 %, v 98% chromatografické ¢istoté¢ (HPLC-DAD) a izotopové
gistot& 95 % pro [*°Ns] izotopolog.

Jednotlivé frakce obsahujici [**Ns]-adenin a [**Ns]-1H-imidazo-[4,5-b]-pyrazine-
5-amin  byly podrobeny HPLC-DAD aHPLC-DAD-MS pro potvrzeni identity.

Chromatogramy pted a po separaci jsou zobrazeny na obrazku ¢. 2.

60
55

50

Absorbance (AU)

Absorbance (AU)

Absorbance (AU)

. %2
0% 100 1% 200 250 30 3% 400 4%  S00

Reten¢ni ¢as (min) Retencni ¢as (min)
Obrazek & 2 — HPLC-DAD chromatogramy [**Ns]-adeninu (1) a [*°*Ns]-1H-imidazo-[4,5-b]-pyrazine-5-aminu

(1b) pted, respektive po rozdéleni za pomoci kolonové chromatografie.

3.1.2 1,7-dihydro-6H-[**N4]-purin-6-one (hypoxantin) (2)
Syntéza [**Na]-hypoxantinu je zaloZena na jednoduché deaminaci [*°Ns]-adeninu ve
slabé kyselém prostfedi za ucasti soli kyseliny dusi¢né, V tomto ptipadé nebylo nutno nijak

optimalizovat podminky v zavedené literatuie (Kruger et al., 1983).
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3.1.3 6-chloro-9H-[**Na4]-purin (6-chloropurin) (3)

Spole¢né se zminénym [*°Ns]-adeninem je [*Na]-6-chloropurin druha kriticka
molekula zde prezentovaného postupu. Jakozto spolecny akceptor isoprenoidniho, respektive
aromatického fetézce, jeho fyzikalné-chemické vlastnosti pfimo determinuji vlastnosti cilovych
produktu. Z tohoto divodu byla vyvinuta extrémni snaha o optimalizaci reakéniho kroku

za ucelem dosazeni co nejvyssiho vytézku, chromatografické a izotopové Cistoty.

Obecné je reakce zalozena na chloraci hypoxantinu v prostiedi baze a donoru chloru.
Zatimco donorem je témét vzdy POCls, volba vhodné baze, reak¢ni teploty a ¢asu je piredmétem
optimalizace. V literatufe jsou popsany postupy vyuzivajici N,N-dimetylanilin (DMA)
(Bendich et al., 1954; Taddei et al., 2004), zfidka také postupy zcela bez baze (Sariri et al.,
2002).

V prubéhu optimalizace byl posledné zminény postup prvni volbou diky své
instrumentalni nendroCnosti arelativné vysokym vytézkim (53 %). Reprodukce
na [*°N4]-hypoxantinu vedla opakované k velmi slibnym chromatografickym &istotdm (az 97
%), ovsem neuspokojivym vytézkim okolo 10 %. Nasledné pokusy vychazely z podminek
popsanych v literatufe (Horgan et al., 1980; Bendych et al., 1954). Modifikovana byla pouzita
baze (DMA byl nahrazen trietylaminem, TEA), reakéni teplota (plivodni pokojova
teplota byla zvysena na 105 °C) akonecné reakéni doba, ktera byladiky zméné teploty
zkracena z 24 hodin na 4 hodiny. [°N4]-6-chloropurin byl nasledné z reaké&ni smési extrahovéan
procesem kontinualni extrakce za pouziti smési etylacetatu a vody v poméru 1:1. Vysledny
produkt byl takto extrahovan s vytézkem 14 % vzhledem k vychozi latce. Chromatograficka
Cistota dosahovala 85 %. Z divodu zvySeni vytéznosti byla doba kontinualni extrakce
prodlouzena na 48 hodin. Dle ocekavani se vytézek zvedl az na 26 %, chromatograficka
Cistota pak na90 %. Vezmeme-li vavahu dobu trvani celé reakce (vic jak 48 hodin),
instrumentalni ndro€nost vychazejici z kontinudlni extrakce a zminéné vysledky, neni tento
postup stale vhodny pro rutinni a robustni pfipravu findlniho meziproduktu. Z toho divodu

byla soustfedéna veskera pozornost na vyvoj instrumentalné jednoduché a efektivni reakce.

Plvodni podminky ve smyslu reakéni teploty a casu byly zachovany (105 - 130 °C,
4 hodiny). Jako baze byl nejprve vyzkousen 2,6-dimetylpyridin, ov§em bez uspéchu. Diky své
rozsahlé aplikaci byla dalsi volbou N,N-diisopropyletylamin (DIPEA). Reak¢ni smés v poméru
[*°*N4]-hypoxantin:POCI3:DIPEA (1:6:2) byla zpracovéana za definovanych reaké&nich
podminek. Produkt byl nasledné z reak¢ni smési extrahovan diskontinualné do smési tert-butyl
metyl ether:voda (1:1). Vysledna vytéznost tak dosahla 95 %. Chromatograficka cistota takto
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pripraveného [*°N4]-6-chloropurinu byla stanovenana 97 %. Vyse zminény postup tak
pfedstavuje  velmi  jednoduchou aefektivni cestu chlorace [**Na]-hypoxantinu
na [*°*Na4]-6-chloropurin za méné nez 8 hodin. Vysledky optimalizace tohoto reakéniho kroku

vcetné reakcnich a purifikacnich podminek jsou shrnuty v tabulce €. 1.

Tabulka & 1 — Sumarizace optimalizace reakce chlorace [**N4]-hypoxantinu (2) na [**N4]-6-chloropurin (3)
vcetné detailnich reakénich podminek, purifikaéniho postupu, vytézku a chromatografické Cistoty. Konecné

optimalizované podminky jsou zvyraznény tucné.

0
5 15N\>
|\\15N oNH
(0] )
Reakéni podminky s .
* = - oy Vytézek  Chromatograficka
Reaktanty Teplo]ta[ C ?ﬁ]s Purifikaéni postup [%] Sistota [%]

Acetonitril, Ethylbenzen 65 6 a n.d. n.d.
Acetonitril, Ethylbenzen 65 - 80 6 a n.d. n.d.
Acetonitril, Ethylbenzen 100 6 a <10 97
Triethylamin 105 4 b 14 85
Triethylamin 105 4 c 25 <90
2,6-dimethylpyridin 130 4 a n.d. n.d.
N,N-diisopropylethylamin 130 4 d 95 97

* krom zminénych obsazen vzdy [*°N4]-hypoxantin a POCls
a - zadny

b - diskontinualni extrakce do smési ethylacetat:H,O (1:1)

C - kontinualni extrakce diethyletherem (48 hod)

d -diskontinuélni extrakce do smési tert-butyl metyl ether:H,O (1:1)

3.2 Syntéza [*°N4]-aromatickych cytokinind
Jelikoz pfiprava kritickych molekul reakéniho mechanismu byla optimalizovana,
syntéza kone¢nych produktd tak byla provadéna s respektem Kk literatufe bez zasadnéjSich

modifikaci.

Proces syntézy [*°Na]-aromatickych cytokininti je obecné zalozen na reakci
[*°*N4]-6-chloropurinu s piislusnym aminem v prostiedi baze (TEA) v poméru 1:1:2. Reakéni
podminky byly zcela pfevzaty z literatury popisujici ptipravu mono hydroxylovanych derivati
napozici para-, ortho- ameta- (4, 5 6) (Leonard et al, 1975), respektive

6-(3-methoxybenzylamino)-9H-[**N4]-purinu (meta-methoxy topolin, 7)
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a 6-benzylamino-9H-[*°*N4]-purinu (BAP, 8) (Tarkowska et al., 2003; Daly et al., 1956).
Vysledny vytézek respektoval ve vSech ptipadech literaturu, chromatograficka Cistota byla u

v§ech ptipravenych [**Na]-aromatickych cytokinint nad 98 %.

3.3 Syntéza [*°N4]-isoprenoidnich cytokinini
Podobné jako v piipadé [°Ns]-aromatickych cytokinind, tak i isoprenoidni analogy byly

piipraveny dle podminek uvedenych v literatufe, pouze s minoritnimi zménami.

6-[(3-metylbut-2-en-1-y1)]-9H-[°N4]-purin-6-amin  (isopentenyl adenine, 9) byl
syntetizovan zcela dle literatury s vytézkem 40 % a chromatografickou ¢istotou 99 % (Mik et
al.,  2011).  Syntéza 6-[(E)-4-hydroxy-3-metylbut-2-en-1-yl1]-9H-[**N4]-purin-6-aminu
(trans-zeatin, 10) a 6-[(2)-4-hydroxy-3-metylbut-2-en-1-yI]-9H-[**N4]-purin-6-aminu
(cis-zeatin, 11) byla mirné modifikovana vzhledem k ptivodni literatufe (Tolman et al., 1999).
Vstupni reaktanty byly zachovany, avSak TEADbyl nahrazen DIPEA, reakéni
doba byla prodlouzena z ptivodnich 5 hodin na 48 hodin a teplota snizena na 85 °C. Vytézky
vech  syntetizovanych  ["Ns]-isoprenoidnich  cytokinindi  pfesahovaly 40 %

s chromatografickou ¢istotou nad 97 %.
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4. Vysledky a diskuse

Prace popisuje piipravu celkem jedenacti [*°N] znadenych derivati purinu, z toho t¥
intermediat (1, 2, 3), &tyf [°Ns] aromatickych cytokininG (4, 5, 6, 7, 8) atii [**N4]
isoprenoidnich cytokinind (9, 10, 11).

Identita a ¢istota vSech pfipravenych molekul bylaiadné specifikovana za pomoci
chromatografie na tenké vrstvé (TLC), UHPLC-DAD-MS, HRMS a *H, *C, ®*N NMR. N
NMR bylo provadéno pouze v piipadé kritickych intermediata (1, 3) a vybraného koncového
produktu k prokazani struktury (5). V obou pfipadech vysledky odpovidaly literatuie (Laxer et
al., 2001; Seckarova, 2001). Zmé&fené body tani byly v souladu s literaturou popisujici tento
experiment na neznacenych molekulach (Hecht et al., 1970; Shaw et al., 1966). Izotopova
Sistota, tedy celkovy obsah [*°Ns] izotopologu vii¢i ostatnim zbylym izotopologtim, byla pro
[*°Ns]-adenin stanovena na 95 %. U vsech zbylych produktl syntézy je zachovana, jelikoz
purinové jadro, jakozto nositel [°N] nuklidu, zGistava inertni. Obsah neznacéeného isotopologu
[*°*No], respektive [**Ns] byl ve vsech piipadech mensi nez 0.2 %. Kompletni vysledky
fyzikalné-chemického testovani jsou pro kazdou molekulu uvedeny v Priloze 1. Vytézek

reakce, chromatograficka Cistota a vysledek HRMS analyzy pak v tabulce €. 2.

Tabulka ¢. 2 — Vytézek, chromatograficka ¢istota a vysledky analyzy vysoko-rozliSovaci hmotnostni

spektrometrie (HRMS) pro kazdou ptipravenou latku.

Vysoko-rozliovaci hmotnostni spektrometrie (HRMS)

Vytézek  Chromatograficka MS

Latka [%] Sistota [%] [M+H+] Zméiend hmota Teoretickd hmota Molekulovy Pfesnost
[M+H"] [M+H*] vzorec [ppm]

1 32 98 * 140.89 141.0475 141.0475 CsHs™Ns 0.0
2 71 97 ** 141.06 141.0345 141.0345 CsH4®N,O 0.0
3 95 97 *x* 158.81 159.0006 159.0006 CsH3®N,CI 0.0
4 80 98 ** 246.11 246.0924 246.0923 C12HuN"*N,O 0.4
5 78 99 ** 245.99 246.0923 246.0923 C12HuN"*N,O 0.0
6 55 98 ** 246.09 246.0925 246.0923 C12HuN"*N,O 0.8
7 85 99 ** 260.07 260.1080 260.1080 C13H1sN™N,O 0.7
8 41 99 ** 230.00 230.0984 230.0974 C12HuN"*N,O 0.4
9 40 99 ** 207.90 208.1132 208.1131 CioH13N™N,4 0.5
10 40 Q7 HHxx 224.10 224.1082 224.1080 C1oH1sN™N,O 0.9
11 41 96 *H** 224.00 224.1080 224.1080 C1oH1sN™N,O 0.0

* ¢isténo kolonovou chromatografii

** krystalizovano z reakcni smési

falaled diskontinualni extrakce do smési tert-butyl methyl ether:H20 (1:1)

folalaial odpafteni reakéni smési a krystalizace z vody
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Ptestoze syntetické postupy pro vyrobu zde prezentovanych molekul v neznacené forme
existuji (Tarkowska et al., 2003; Mik et al., 2011; Tolman et al., 1999; Baker et al., 1989;
Ochiai et al., 1968; Kruger, 1893; Bendich et al., 1954), musely byt ve vétsiné pripada
optimalizovany ¢i zcela zménény. Hlavnim divodem byla minimalizace post-reakénich
purifikacnich krokti snizujicich celkovy vytézek reakce aobecné pieneseni reakce do

minimalistickych podminek (mg az g mnozstvi vychozich latek).

Je tfeba zminit, ze prace popisujici pfipravu cytokinini znacenych stabilnimi nuklidy
[?H] nebo [*3C] jsou také znamy. Ve vétsiné piipadu se vSak jedna o inkorporaci jednoho
(Lethametal., 1971; Chen, 1981; Nguyen et al., 1971) maximalné dvou téchto nuklidd (Letham
et al., 1971; Chen, 1981), coz vede k hmotnostnimu posunu o 1, respektive 2 m/z. Takové
vlastnosti jsou vS§ak zpochybnitelné pro pfipadné biosyntetické a metabolické studie vyzadujici
znacené interni standardy pro MS (Novak et al., 2008). Také postupy piipravy vicenasobné
stabilng znacenych cytokininGi jsou zndmy. Konkrétné pak syntéza [?Hs]-trans-zeatinu
a [?Ha]-benzylamino  purinu.  Vobou piipadech je vSak vétSinanuklida  [*H]
lokalizovéna na postrannim fetézci, ktery miize byt v pribéhu biosyntézy modifikovan.
V neposledni fadé je vyuziti [?H] nuklidd diskutovano kvali svym rozdilnym fyzikalng-
chemickym vlastnostem oproti pfirozenému nuklidu [*H] a mozné vodik-deuteriové vyméné

(Kushner et al., 1999).

Ve vysledku je zde vibec poprvé prezentovana metodika totalni syntézy celkem osmi
aromatickych, respektive isoprenoidnich cytokininti vzniklych cyklizaci anorganické molekuly
[*®*N]-formamidu. VSechny piipravené derivaty purinu nesou &tyii nuklidy [*°N] ukotvené
navysoce inertnim purinovém jadfe, navic sobsahem [*°N4] izotopologu nad 95 %.
Prezentovany synteticky postup je velice versatilni amize byt aplikovan na piipravu
jakychkoliv dalsich [*°N4]-C8-substituovanych purinovych derivati, o ¢emz svédéi naptiklad
studie popisujici ptipravu [*°Na] glykosidt (Tranova et al., 2018). Své vyuziti jiz nasly také pfi
charakterizaci nové vyvijené analytické metody zaloZzené na imunopurifikaci cytokinind

za pomoci magnetickych mikrocastic (Plackova et al., 2016).
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Cytokinins (CKs) and their metabolites and derivatives are
essential for cell division, plant growth regulation and
development. They are typically found at minute
concentrations in plant tissues containing very complicated
biological matrices. Therefore, defined standards labelled
with stable isotopes are required for precise metabolic
profiling and quantification of CKs, as well as in vivo
elucidation of CK biosynthesis in various plant species. In
this work, 11 [*°N]-labelled Cé6-purine derivatives were
prepared, among them 5 aromatic (4, 5, 6, 7, 8) and 3
isoprenoid (9, 10, 11) CKs. Compared to current methods,
optimized syntheses of 6-amino-9H-["’Ni]-purine (adenine)
and 6-chloro-9H-[15N4]-purir1e (6-chloropurine) ~ were
performed to achieve more effective, selective and generally
easier approaches. The chemical identity and purity of
prepared compounds were confirmed by physico-chemical
analyses (TLC; HRMS; HPLC-MS; 'H, °C, >N NMR). The
presented approach is applicable for the synthesis of any
other desired [*°Ny]-labelled Cé-substituted purine derivatives.
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1. Introduction

Cytokinins (CKs) are naturally occurring substances in plants derived from adenine with either an
aromatic (ARCK) or isoprenoid (ISCK) side chain at the N°-position. CKs can regulate all stages of
plant development and directly affect plant growth processes [1].

Both types of naturally occurring CKs were discovered, quantified and characterized [2-6].
Subsequently, newly prepared CKs and their derivatives were synthesized and tested in several
studies for various biological activities [7,8]. Some of the derivatives exhibit a strong cytotoxic effect
on human cancer cell lines [9,10]. Others contribute to important applications in pharmacology and
cosmetics [11]. As apparent from the number of publications dedicated to various biological effects of
CKs and their derivatives, development of sensitive and robust analytical methods for monitoring
endogenous concentrations of CKs in various biological systems became crucial.

Analysing CKs in complex biological matrices is difficult because they exist in very low
concentrations (pmol g~ ! fresh weight) [12]. Modern analytical procedures for the determination of
CKs consist of sample pre-treatment and subsequent instrumental measurement of individual CK
metabolites [13]. At present, endogenous CK metabolites are generally quantified by mass
spectrometry (MS) using the isotope dilution technique [12]. Isotopically labelled standards are easily
distinguished during MS analysis due to their unique masses. The stable isotope dilution method,
which involves determining the concentration of a non-labelled (endogenous) compound and
comparing it to that of a labelled internal standard, can be very accurate and precise. Therefore,
isotopically labelled CK standards are highly beneficial for controlling selectivity, affinity, recovery
and capacity of newly developed analytical procedures and for correction of ion suppression effects
during MS analysis.

Preparation methods for CK standards containing naturally occurring nuclides are well-established,
documented and functional [7,14,15]. On the contrary, for isotopically labelled CKs, existing preparation
methods are problematic and need optimization. Several approaches were recently developed. Hydrogen
and carbon nuclides (ZH, °H, 13C) are most widely used in the fields of phytohormones and plant
physiology. However, considering the characteristics of the molecules prepared herein, only
preparation methods for CKs labelled with stable isotopes will be described.

Among ARCKs, the ’H and N isotopologues of 6-benzylaminopurine (BAP) have already been
prepared. Deuterium can be incorporated with a catalysed hydrogen—deuterium exchange reaction
[16]. A reaction between 6-chloropurine and the corresponding isotopically labelled [°N;] amine can
be used to achieve a more stable [*°N;]-BAP [17,18]. However, the above-mentioned methods can only
produce the [*°N;] isotopomer, which is insufficient for use as an internal standard for MS.

Considerable efforts were made to prepare an isotopically labelled analogue of trans-zeatin (tZ) since
it was one of the first discovered and frequently occurring ISCKs. However, chemical, spectroscopic and
enzymatic evidence suggest that the zeatin molecule exists as cis- and trans-geometrical isomers [3]. Thus,
a stereospecific synthetic approach had to be developed first to produce a particular geometric isomer.
Synthesis of the trans-isomer was reported in 1966, based on the reaction of the crude amine with 6-
methylthiopurine [19]. However, the first reliable stereospecific method for preparing [*Cg]-tZ was
presented 5 years later [20]. Alternatively, ?H nuclide can be introduced to the tZ side chain as well to
produce [PHs]Z [21]. A few years later, alongside the first attempt to prepare 5N, trans-zeatin [22],
another complex approach has been developed, which gradually combines side chain catalytic
constructions [23]. By using deuterated reduction systems and solvents, isotopically labelled tZ side
chains can be produced for reaction with 6-chloropurine [23].

Currently published approaches for isotopically labelled isopentenyladenine (iP) preparation are
based mainly on side chain isotopic labelling. Introduction of *C nuclide into the iP structure can
proceed via de novo side chain construction using 18CO, as the nuclide donor [24]. Catalytic
reduction of a specific nitrile to an amine using LiAD, with a subsequent reaction of the amine with
6-chloropurine produced twice-deuterated iP at the N® position [25].

Isotopically labelled CK standards contributed in part to several recent studies focused on: plant
physiology [26,27]; CK profiling [12,13,27,28]; interspecies interactions [29,30]; and, finally, CK
biosynthesis and metabolism [31,32]. Interestingly, deuterated CK standards were used in most of the
above-mentioned studies.

Although several approaches to producing isotopically labelled CK standards have been published,
no functional and complete approach for easy and relatively inexpensive production from a simple
precursor exists. Most of the above-mentioned studies used hydrogen nuclides. Without accounting
for radioactive *H due to its inherent dangers and lack of comfort with its use, even “H is a poor
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choice for metabolomic applications because its physico-chemical properties are vastly different from the [ 3 |
naturally occurring hydrogen isotope [33]. The possibility of hydrogen—deuterium exchange during
laboratory and in vivo manipulations present another important disadvantage. These and other
considerations as well as the purine-core structure make use of the N nuclide a reasonable choice.
Despite the existence of previous studies describing ['°Ns] adenine and trans-zeatin preparation [22,34]
as well as formamide cyclization to adenine [35], a significant improvement of continuous and fully
functional synthesis of ’N-core-labelled CKs from ['°N]-formamide is presented herein. Furthermore,
the yields are strongly improved compared to the less effective procedures described above.

2. Material and methods

2.1. General procedures

2.1.1. Equipment

Analytical thin-layer chromatography (TLC) was performed using silica gel ALUGRAM Xtra SIL G/
UVys4 plates (Macherey-Nagel, Diiren, Germany). An ultraviolet (UV) cabinet with adjustable UV
lengths 254/364 nm (Camag, Muttenz, Switzerland) was used for detection. The melting points were
determined on Buichi Melting Point B-540 apparatus and are uncorrected. High-performance liquid
chromatography-UV-diode array—mass spectrometry (HPLC-UV-DAD-MS) experiments were
performed using a Waters 2695 separation module linked with a Waters 2996 photodiode array
detector (PDA; Waters, Milford, MA, USA), followed by a hybrid quadrupole time-of-flight (Q-TOF)
Micro™ mass spectrometer equipped with electrospray ionization interface (Waters MS Technologies,
Manchester, UK). High-resolution mass spectrometry (HRMS) was used to determine the elemental
composition of prepared compounds. HRMS involved an ultra-performance liquid chromatography-—
UV-diode array—mass spectrometry (HPLC-UV-DAD/HPLC-MS) experiment using an Acquity
UPLC H-Class system (Waters, Milford, MA, USA) followed by a hybrid Q-TOF tandem mass
spectrometer Synapt G2-Si equipped with electrospray ionization interface (Waters MS Technologies,
Manchester, UK). Data were processed using MassLynx 4.1 software. NMR spectra were measured by
a JEOL ECA-500 spectrometer operating at 19°C and 500.16 MHz (*H), 125.77MHz (**C) and
50.68 MHz ("°N), respectively. Samples were prepared by dissolving the compounds in DMSO-dé.
Tetramethylsilane (TMS) for 'H and °C, and (**N)-ammonium for *°N, were used as external standards.

7zs18L ' s uado 05 "y BioBuiysigndiaosjekorsos:

2.1.2. HPLC—UV-DAD and HPLC—MS conditions

Compounds (1 mg) were dissolved in 1 ml of 1% methanol and injected (10 wl) onto a reversed-phase
column (Symmetry C18, 5 um, 150 x 2.1 mm; Waters, Milford, MA, USA) incubated at 25°C. Solvent
A was 15 mM ammonium formate adjusted to pH 4.0. Solvent B was methanol. The following binary
gradient was used at a flow-rate of 200 pl min~ % 0 min, 10% B; 0—24 min linear gradient to 90% B;
25-34 min isocratic elution of 90% B; 35—-45 min linear gradient to 10% B. The flow was introduced to
a DAD detector (scanning range 210-400 nm with 1.2 nm resolution) and then to an electrospray
source (source temperature 120°C, desolvation temperature 300°C, capillary voltage 3 kV, cone voltage
20 V). Nitrogen was used as the cone gas (501 h™!) and the desolvation gas (5001 h™!). Data
acquisition was performed in full-scan mode (50-1000 Da) with a scan time of 0.5s and a collision
energy of 6eV; argon was used as the collision gas (optimized pressure of 5 x 10~> mbar). Analyses
were performed in positive mode (ESI"), therefore protonated molecules [M+H]" were collected in
each MS spectrum. HPLC-UV purity was determined for every prepared compound. The percentage
result was calculated as the representation of the molecular peak area compared to the sum of the
remaining peak areas in the entire HPLC-UV spectrum.

2.1.3. HRMS conditions

Samples were prepared as described above (HPLC—-MS conditions). Samples (5 pl) were injected onto a
reversed-phase column (Symmetry C18, 5pm, 150 mm x 2.1 mm; Waters, Milford, MA, USA)
incubated at 40°C. Solvent A was 15 mM ammonium formate adjusted to pH 4.0. Solvent B was
methanol. The following linear gradient was used at a flow rate of 250 .l min~ % 0 min, 10% B; 0—
15 min, 90% B. The effluent was introduced to a DAD detector (scanning range 210-400 nm with
12nm resolution) and then to an electrospray source (source temperature 150°C, desolvation



temperature 550°C, capillary voltage 1kV, cone voltage 25 V). Nitrogen was used as the cone gas
(501h™ 1) and the desolvation gas (10001 h™Y). Data acquisition was performed in full-scan mode (50—
1000 Da) with a scan time of 0.5s and collision energy of 4 eV; argon was used as the collision gas
(optimized pressure of 5 x 10™> mbar). Analyses were performed in positive mode (ESI"), therefore
protonated molecules [M+H]" were collected in each MS spectrum. For the exact mass determination
experiments, the external calibration was performed using lock spray technology and a mixture of
leucine/encephalin (50 pg wl™1) in an acetonitrile and water (1:1) solution with 0.1% formic acid as a
reference. Accurate masses were calculated and used to determine the elemental composition of the
analytes with a fidelity better than 1.0 ppm.

2.14. (alculating isotopologue abundance

The isotopologue composition of each prepared compound was calculated as described below. HRMS
analysis was performed to obtain the most accurate spectra. Subsequently, every isotopologue was
identified and its presence in proportion to the whole mixture was calculated. For instance, the MS
spectra in figure 1 demonstrate isotopologue enumeration for 6—amino-9H—[15N5]-purine. However, an
isotopologue abundance calculation method was subsequently applied to each synthesized compound.

2.2. Chemicals

["°N]-formamide (99.1% '°N enrichment based on starting materials) was obtained from Cambridge
Isotope Laboratories (Andover, USA). N,N-diisopropylethylamine (DIPEA), tert-butyl methyl ether
(MTBE), 3-methoxybenzylamine, benzylamine, DMSO-d6 and Dowex 50 W were obtained from
Sigma-Aldrich. Phosphorus oxychloride (POCl;) was obtained from Merck Millipore. Lachner
supplied n-propanol and acetic acid (CH3;COOH). Penta supplied ammonium hydroxide solution
(NH4OH), sodium nitrite (NaNO,), triethylamine, methanol and chloroform. Olchemim Ltd
(Olomouc, Czech Republic) supplied 3-methylbut-2-en-1-amine hydrochloride, 4-amino-2-methylbut-2-
en-1-ol hemitrate salt, 2-hydroxy-, 3-hydroxy- and 4-hydroxybenzylamines. Milli-Q water was used
throughout. The other solvents and chemicals used were all of standard p.a. quality.

2.3. Synthesis
2.3.1. 6-amino-9H-["*Ns]-purine (adenine) (1)

['°N;s]-adenine was prepared by cyclization of ['*N]-formamide in the presence of POCls, as previously
described [35]. A reaction mixture containing [**N]-formamide (6.0 ml; 0.15 M) and POCl; (28.2 ml; 0.30
M) was placed into a stainless-steel reactor with a polytetrafluoroethylene (PTFE) tube insert and stirred
for 17 h at 130°C under argon. After cooling, the mixture was transferred to a flask containing Dowex
50 W (H" form, 150 g) and water (200 ml). The contents were extensively washed with water and the
product was eluted using NH,OH (5 M) after 2 days of stirring, as described [22]. Next, the solution
was evaporated to constant weight. Owing to the already-described occurrence of the stereoisomer
1H-imidazo-[4,5-b]pyrazine-5-amine [36], the reaction mixture was finally purified by flash
chromatography on a silica gel column using chloroform/methanol/ammonia (6:1:0.05) as the
mobile phase. Collected fractions were evaporated again to give the final product. Yield: 1.5 g white
crystal (32%). TLC (chloroform/methanol/ammonia 6:1:0.05, v/v/v): one single spot, free of 1H-
imidazo-[4,5-b]pyrazine-5-amine. Melting point 372-375°C. HRMS (ESI"): m/z 141.0475 [M-+H]"
(Caled for [CsHA’Ns+H]" 141.0475). MS (ESI'): m/z 140.89 [M+H]". HPLC-UV purity: 98+%. "*Ns
isotopologue abundance: 95.0%. "H NMR (500 MHz, DMSO-d¢) 6 ppm 6.98 (br. s., 1 H, HN-6) 7.15
(br. s., 1 H, HN-6) 8.00-8.11 (m, 2 H, H-2, H-8) 12.81 (br. s., 1 H, HN-9). '>*C NMR (126 MHz, DMSO-
dg) 8 ppm 119.1 (C-5), 139.5 (C-8), 150.6 (C-4), 152.8 (C-2), 156.1 (C-6). "N NMR (51 MHz, DMSO-dy)
6 ppm 753 (d, J=4.6Hz, 1 N, N-6) 153.3 (s, 1 N, N-9) 223.8 (s, 1 N, N-3) 230.3 (d, J=52Hz, 1 N,
N-1) 236.4 (s, 1 N, N-7).

2.3.2. 1,7-dihydro-6H-[°N,]-purine-6-one (hypoxanthine) (2)

['°N,]-hypoxanthine was prepared by [*’Ns]-adenine deamination in a weak acidic medium containing
nitric salts, as previously described [37]. Sodium nitrite (4.5 g; 0.06 M) was added to the suspension of
[*°N5]-adenine (1.5 g; 0.01 M) and acetic acid (30%; 41 ml; 0.2 M), and the mixture was heated to 40°C
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and stirred for 1h. Next, the reaction mixture was left to crystallize at 4°C. After crystallization, the n
precipitate was filtered off, washed with water (3 x 5 ml) and dried at 60°C to constant weight. Yield:
1.1 g white crystal (71%). TLC (chloroform/methanol/ammonia 6:1:0.05, v/v/v): one single spot, free
of starting compound. HRMS (EST"): m/z 141.0345 [M+H]" (Calcd for [CsH;°N,O-+H]" 141.0345). MS
(EST"): m/z 141.06 [M+H]". HPLC-UV purity: 97+%. "H NMR (500 MHz, DMSO-d6) & ppm 7.81-
8.00 (m, 1 H, H-2) 8.06 (br. s, 1 H, H-8) 12.09 (br. s., 1 H) 12.27 (br. s, 1 H). *C NMR (126 MHz,
DMSO-dg) 6 ppm 115.8 (C-5), 139.1 (C-8), 142.4 (C-2), 144.8 (C-6), 157.5 (C-4).

2.3.3. 6-chloro-9H-["°N,]-purine (6-chloropurine) (3)

[15N4]-6-chloropurine preparation was based on chlorination of [15N4]-hypoxanthine, as previously
described [38]. DIPEA (3.1 ml; 0.02 M) was slowly added to a mixture of [15N4]-hypoxanthine (11g
7.8 mM) and POCl; (44 ml; 0.47 M), and the reaction was stirred under reflux for 4 h at 130°C. POCl;
was then removed by distillation under reduced pressure. The POCls-free solution was subsequently
transferred into a flask containing 15 ml of MTBE and an equal volume of cold water while stirring for
30 min. The water phase was removed and then subjected to extraction using MTBE again a total of 10
times (10 x 15 ml). Organic fractions collected were evaporated to constant weight. Yield: 1.2 g slightly
yellow crystal (95%). TLC (chloroform/methanol/ammonia 6:1:0.05, v/v/v): one single spot, free of
starting compound. Melting point 177°C. HRMS (ESI"): m/z 159.0006 [M-+H]" (Caled for
[CsHEN,CI+H]Y  159.0006). MS (ESI"): m/z 158.81 [M+H]". HPLC-UV purity: 97+ %. 'H
NMR (500 MHz, DMSO-de) 6 ppm 8.63 (s, 1 H, H-8) 8.68 (s, 1 H, H-2) 12.23 (br. s., 1H, HN-9). 13C NMR
(126 MHz, DMSO-de) 6 ppm 129.7 (C-5), 146.7 (C-8), 148.2 (C-6), 152.0 (C-2), 1545 (C-4). N NMR
(51 MHz, DMSO-de) 6 ppm 173.15 (s, 1 N, N-9) 224.4 (s, 1 N, N-7) 251.90 (s, 1 N, N-3) 268.78 (s, 1 N, N-1).
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2.4. Synthesis of ["°N,] aromatic cytokinins

General procedures for preparing non-labelled monohydroxylated 6-benzylaminopurines (4, 5, 6) have
previously been described [18]. Preparation methods for 6-(3-methoxybenzylamino)-9H-purine (7) and
6-benzylamino-9H-purine (8) have also been previously published [6,39]. In general, preparation of
corresponding substituted ARCKs was based on [15N4]-6-chloropurine (100 mg) reaction with the
appropriate amine and triethylamine (molar ratio 1:1:2) in cold (0°C) n-propanol at 100°C for 5 h in
an inert atmosphere (Ar). After cooling, the reaction mixture was left to crystallize at room
temperature for 24 h. Then, the precipitate was filtered out, washed with n-propanol (3 x 5ml) and
water (3 x 5ml) and dried at 60°C to constant weight. Yields and analytical data (TLC; HRMS;
HPLC-MS; 'H, °C NMR) are mentioned in the relevant section below.

24.1. 6—(4—hydroxybenzylamino)-9H—[15N4]—purine (para-topolin, pT) (4)

Yield: 124.1 mg white crystal (80%). TLC (ethyl acetate/methanol/ammonia 34:4:2, v/v/v): one single
spot, free of starting compound. HRMS (ESI"): m/z 246.0924 [M+H]" (Calcd for [C1oH 1 NBN,O+H]"
246.0923). MS (ESI™): m/z 246.11 [M+H]". HPLC-UV purity: 98+ %. '"H NMR (500 MHz, DMSO-d6)
5 ppm 4.52 (br. s., 2 H) 6.62 (m, ] =8.41 Hz, 2 H) 7.11 (m, ] = 8.41 Hz, 2 H) 7.91-8.08 (m, 2 H) 8.13
(t, ]=1521Hz, 1 H) 9.22 (br. s., 1 H) 12.62 (br. s., 1 H). *C NMR (126 MHz, DMSO-d6) 6 ppm 42.95,
115.43, 119.13, 129.15, 130.82, 139.37, 149.85, 152.83, 154.60, 156.63.

2.4.2. 6-(2-hydroxybenzylamino)-9H-["°N,]-purine (ortho-topolin, oT) (5)

Yield: 120.9 mg white crystal (78%). TLC (ethyl acetate/methanol/ammonia 34:4:2, v/v/v): one single
spot, free of starting compound. HRMS (ESI"): m/z 246.0923 [M+H]"* (Caled for [C1oH NN, O+H]*
246.0923). MS (ESIY): m/z 245.99 [M+H]". HPLC-UV purity: 99+ %. 'H NMR (500 MHz, DMSO-d6)
& ppm 4.53 (br. s, 2 H) 6.67 (t, J=7.37Hz, 1 H) 6.75 (d, ]=795Hz, 1 H) 7.01 (t, =749 Hz, 1 H)
7.09 (d, J=7.34Hz, 1 H) 7.99-8.12 (m, 2 H) 8.12-8.20 (m, 1 H) 10.09 (br. s., 1 H) 12.78 (br. s., 1 H).
13C NMR (126 MHz, DMSO-d6) & ppm 116.07, 119.44, 126.27, 128.48, 129.22, 139.69, 149.90, 152.52,
154.44, 155.57. "> N NMR (51 MHz, DMSO-d6) & ppm 153.8, 220.6, 223.4, 235.7.

2.4.3. 6-(3-hydroxybenzylamino)-9H-[ °N,]-purine (meta-topolin, mT) (6)

Yield: 85.4 mg white crystal (55%). TLC (ethyl acetate/methanol/ammonia 34:4:2, v/v/v): one single
spot, free of starting compound. HRMS (ESI*): m/z 246.0925 [M+H]" (Calcd for [C1,H; ;N N,O+H]*



246.0923). MS (ESI*): m/z 246.09 [M+H]*. HPLC-UV purity: 98+ %. '"H NMR (500 MHz, DMSO-d6) &
ppm 3.62 (br. s., 1 H) 4.53 (br. s., 1 H) 6.49 (br. s., 1 H) 6.65 (br. s., 2 H) 6.97 (d, ] = 7.26 Hz, 1 H) 8.06 (br.
s, 2 H) 9.19 (br. s., 1 H) 12.84 (br. s., 1 H). *C NMR (126 MHz, DMSO-d6) 8 ppm 43.15, 113.98, 114.37,
118.23, 129.64, 139.28, 139.35, 142.25, 150.06, 152.86, 154.73, 157.78.

244, 6—(3—methoxybenzylamino)—9H—[15N4]—purine (meta-methoxytopolin, memT) (7)

Yield: 139.4 mg white crystal (85%). TLC (ethyl acetate/methanol/ammonia 34:4:2, v/v/v): one single
spot, free of starting compound. HRMS (ESI*): m/z 260.1080 [M+H]* (Caled for [C13H1sN°NL,O+H]*
260.1080). MS (ESI"): m/z 260.07 [M+H]". HPLC-UV purity: 99+ %. '"H NMR (500 MHz, DMSO-d6)
& ppm 3.65 (s, 3 H, O-CHj3) 4.62 (br. s., 2 H, N-CH,) 6.72 (d, ]=7.1Hz, 1 H, Ca,) 6.84-6.89 (m, 2 H,
Car) 715 (t, J=7.8Hz, 1 H, C,,) 8.02-8.09 (m, 1 H, H-8) 8.13 (d, ] =159 Hz, 1 H, H-2) 12.91-12.99
(br. m, TH, HN-9). '*C NMR (126 MHz, DMSO-d6) & ppm 43.27, 55.41, 112.27, 113.47, 119.84, 129.75,
139.32, 139.40, 142.41, 149.98, 152.83, 154.74, 159.71.

2.4.5. 6-benzylamino-9H-["°N,]-purine (BAP) (8)

Yield: 59.5 mg white crystal (41%). TLC (ethyl acetate/methanol/ammonia 34:4:2, v/v/v): one single
spot, free of starting compound. HRMS (ESI*): m/z 230.0984 [M+H]" (Calcd for [C1oH 1 NPN,O+H]"
230.0974). MS (ESI*): m/z 230.00 [M+H]". HPLC-UV purity: 99+ %. 'H NMR (500 MHz, DMSO-d)
5 ppm 4.65 (br. s, 2 H, N-CH,) 7.11-7.19 (m, 1 H, p-Hya,) 7.23 (t, ] = 7.5Hz, 2 H, 0-Hya,) 7.29 (d, ] =
7.34Hz, 2 H, m-Hpy,) 8.01-8.09 (m, 1 H, H-2) 8.09-8.26 (m, 2 H, H-8, HN-6) 12.81-12.99 (br. m, 1 H,
HN-9). >C NMR (126 MHz, DMSO-de) 8 ppm 43.3 (NH-CH,), 127.0 (Ca,), 127.6 (Ca,), 128.7 (Cay),
139.3 (C-8), 140.7 (C-4), 150.0 (Cn,), 152.8 (C-2), 154.7 (C-6).

2.5. Synthesis of ["°N,] isoprenoid cytokinins

The preparation of 6-[(3-methylbut-2-en-1-y1)]-9H-purine-6-amine (9) has previously been described [7]
and its isotopically labelled analogue was prepared in a similar manner. ['’Ny]-6-chloropurine (50 mg;
0.3mM) was dissolved in n-propanol (830 pl; 11mM), and (3-methylbut-2-en-1-yl)amine
hydrochloride (39 mg; 0.4 mM) was added in the presence of triethylamine (181 wl; 1.3 mM). The
reaction was performed at 100°C for 5h in an inert atmosphere (Ar). After cooling to room
temperature, crystallization was immediately observed in the reaction mixture. The resulting crystal
was filtered out, washed with n-propanol (3 x 2 ml) and water (3 x 2 ml) and dried at 60°C to constant
weight. Melting point 201-204°C.

The syntheses of 6-[(E)-4-hydr0xy—3—methy1but—2-er1—1-yl]-9H—[15N4]-purine-6-amir1e (10) and 6-[(Z2)-
4-hydroxy-3-methylbut-2-en-1-y1]-9H-["°N,]-purine-6-amine (11) were based on the original protocols
[15] with slight modifications. These syntheses were generally based on the reaction of [N, ]-6-
chloropurine (50 mg) with the appropriate amine in the presence of DIPEA (molar ratio 1:2:4) and
excess methanol at 85°C for 48 h in an inert atmosphere (Ar) in a pressure tube. The reaction solvents
were then evaporated and replaced with water. The product was then crystallized from water at
reduced temperature for 48 h. Yields and analytical data (TLC; HRMS; HPLC-MS; Y, B3¢ NMR) are
mentioned in the relevant section below.

2.5.1. 6-[(E)-4-hydroxy-3-methylbut-2-en-1-yl]-9H-[°N,]-purine-6-amine (trans-zeatin, tZ) (10)

Yield: 28.2 mg white crystal (40%). TLC (chloroform/methanol 86:14, v/v): one single spot, free of
starting compound. Melting point 198-200°C. HRMS (ESI+): m/z 224.1082 [M+H]" (Caled for
[C1oH1aN"*N4O+H] + 224.1080). MS (ESI+): m/z 224.10 [M+H]". HPLC-UV purity: 974+ %. "H NMR
(500 MHz, DMSO-d6) 6 ppm 1.61 (s, 3 H, CHj) 3.73 (br. s., 2 H, CH,-O) 4.05 (br. s., 2 H, NH-CH,)
4.70 (br. s., 1 H, -OH) 5.47 (br. s.,, 1 H, CH=) 7.66 (br. s., 1 H, HN-CH,) 7.96-8.06 (m, 1 H, H-8) 8.11
(t, ] =14.90 Hz, 1 H, H-2) 12.93 (br. s., 1 H, HN-9). °C NMR (126 MHz, DMSO-ds) 8 ppm 14.1 (CHs),
37.7 (N-CH,), 66.3 (CH»-O), 119.2 (C-5), 121.4 (CH=), 137.6 (C=), 139.0 (C-8), 149.9 (C-4), 152.8 (C-2),
154.6 (C-6).

2.5.2. 6-[(2)-4-hydroxy-3-methylbut-2-en-1-y1]-9H-["°N,]-purine-6-amine (cis-zeatin, Z) (11)

Yield: 29.0 mg white crystal (41%). TLC (chloroform/methanol 86:14, v/v): one single spot, free of
starting compound. HRMS (ESI+): m/z 224.1080 [M+H]" (Calcd for [C10H 13N N,O+H] + 224.1080).

7
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MS (ESI+): m/z 224.00 [M+H]*. HPLC-UV purity: 96+ %. "H NMR (500 MHz, DMSO-d6) 6 ppm 1.64 [l
(s,3 H) 3.98 (s, 2 H) 4.06 (br. 5., 2 H) 4.72 (br. 5., 1 H) 5.29 (br. s., 1 H) 7.59 (br. s., 1 H) 7.98-8.21 (m, 2 H)
12.77-12.94 (br. s., 1 H). °C NMR (126 MHz, DMSO-d6) 8 ppm 21.64, 37.32, 55.31, 60.16, 123.80, 137.98,
139.09, 149.75, 152.69, 154.41.

3. Results and discussion

Eleven [**Ny]-core-labelled purine derivatives were prepared in this work, from which six have not been
prepared previously. Excluding the starting compounds and intermediates (1, 2, 3), five aromatic (4, 5, 6, 7,
8) and three (9, 10, 11) isoprenoid cytokinins were synthesized. The identity and purity of each prepared
compound were verified by TLC, HPLC-UV-DAD/HPLC-MS, HRMS, and 'H, **C and >N NMR.
Melting point data, measured for some of the prepared compounds, were in very good agreement with
previously published data for their unlabelled counterparts, although a little bit lower [40,41], probably
due to isotopic effect. >N NMR analyses were performed only for highly important intermediates (1, 3)
and one aromatic cytokinin, ortho-topolin (5), as an example of the end-product. The "N NMR shifts
obtained for 1 and 3 are in good agreement with literature data [34,42]. When CH}’NO, was used in
literature for shift calibration, then this shift was corrected by 380.5 ppm for comparison with the >N
shift obtained with calibration on liquid '’NHj3. The abundance of major isotopologues is mentioned in
details also only for parent molecule (1) to confirm the presumed transfer of the N nuclide from
commercially available ["’N]-formamide. Isotopologic profiles of the remaining prepared compounds
confirmed theoretical expectations. The abundance of the non-labelled forms of each prepared
compound was less than 0.2% (data not shown). Synthesis of some compounds in their non-labelled
form had previously been described [6,7,15,17,35,37,38]. However, most synthesis procedures were
optimized significantly to synthesize labelled compounds on minimalistic scales. Thus, the number of
purifications and other post-reaction steps were reduced in effort to produce reasonable yields.
Scheme 1 summarizes synthesis work flows and detailed reaction conditions. Table 1 presents the yields
obtained, HPLC-UYV purities and the results of HPLC—-MS and HRMS analyses.

The preparation of pure, fully labelled parent molecule 1 was critical for later synthesis. The reaction
between formamide and POCl; in a 1:2 molar ratio and under defined conditions should give product
(1) [35]. However, after HPLC-UV, mass spectrometry and 'H NMR analyses (data not shown), a
contaminant, 1H-imidazo-[4,5-b]-pyrazine-5-amine (1b) was discovered in a 1:1 ratio with adenine
(1). Authors [35] did not observe the formation of this contaminant. A study published 10 years later
using the same reaction conditions confirmed the production of 1b but also presented a methodology
for its elimination based on stereospecific transformation of 1 to its picrate salts. Using this improved
method, 93% of 1 contained in the reaction mixture should be isolated [36]. Unfortunately, after
several repetitions, we were unable to obtain similar yield. Based on the results of HPLC-MS
analyses (data not shown), 1 was not fully isolated. However, whether the method by [13] applies at
the milligram scale used for our approach is questionable.

Based on this consideration, we decided to focus on developing a more effective, single-stage
separation method while maintaining the starting conditions described by [35]. Reactions were
performed in a stainless-steel reactor with a PTFE tube insert, which led to increased reaction stability
and homogeneity. Subsequently, POCl; was removed by distillation. The reaction mixture was
subjected to ion exchange chromatography performed by Dowex 50 W (H+ form) for 48 h due to the
elimination of unreacted intermediates formed during supposed multistep cyclization of 1 (scheme 2)
[43]. Elimination of these unreacted intermediates is crucial for the flawless course of later steps. Next,
1 and 1b were eluted using 5M NH,;OH as described elsewhere [22]. Finally, the reaction mixture
containing 1 (65.8%) and 1b (31.6%) was subjected to column chromatography using chloroform/
methanol/ammonia (6:1:0.05) as the mobile phase. The final product (1) was isolated with a total
yield of 32% and HPLC-UV purity of 98%.

Fractions containing 1b were collected and subjected to HPLC-UV-DAD/HPLC-MS analysis to
confirm chemical identity. Figure 2 shows HPLC chromatograms of 1 and 1b isolation. Considering
some of the previously published procedures for preparing 1 from simple precursors, relatively low
yields are typical for this approach, due to multistep cyclization with several intermediates [22,35,36].
However, for further preparations of isotopically labelled CKs, high chemical purity and isotopic
enrichment are especially crucial.

Since isotopically labelled CKs were the target products of our synthesis approach, 3 played a crucial
role as the acceptor of aromatic or isoprenoid side chains during nucleophilic substitution at the
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L H H, 5N H 15NH H
2 - 8
o H "*NH, HH H TSNH,

" +—  m C — 3 C —_— N c
A, =" j i e i
H “NHz N 15 15
['5N]-formamide
[e]

15N\r 15 )]\ 15 H
/ H 15NH, </ SNH

— {7 [ ]

(o
'SNH |5NH '5NH2 NHT sy

SNH SNH,

I k
J\ 15y H N 15 \.5N ‘5N 5NH;
—_— —_—
-H,0 'SNH/C\ﬁ,N) 15K ‘SN) ‘SNH

6-amino-9H-['SN,]-purine (1) ['SN,]1H-imidazo-[4,5-b]-pyrazine-5-amine (1b)

Scheme 2. Supposed multistep 6-amino-9H-["*Ns]-purine (1) cydlization from ["*N]-formamide. [**Ns] 1H-imidazo-(4,5-b)-pyrazine-
5-amine (1b) shown in brackets because its cyclization pathway is supposedly similar to that of 1 but is not further investigated
herein [43].

Table 1. Yields and results of physico-chemical analyses performed for each of the prepared compounds.

high resolution mass spectrometry

HPLC measured calculated
purity mass mass molecular fidelity
compound (%) IM+-HIT™ IM4-HI T formula (ppm)

1 32 98° 140.89 141.0475 141.0475 CHENs 0.0
e L o e s e C5H45N40 .............. P
e T o e s ou C5H3 v N4CI ............. 0
S o T e o oo C12H1 1N - N40 ......... o
S B o P o o C12H1 1 e N40 ......... P

Co e T . s o C12H1 1N1 N40 ......... 0w
e e o on o o C13H1 3N‘5N40 ......... 5
T T o HC1‘2‘HH‘N”N4‘()‘ Ve
g w R a e o CwHBN ) N4 ........... e

W w i e o e CwHBN . N40 ......... .
T W T S T o C10H1 3N‘5N4O ......... 0

*Purified by column chromatography.
®(rystallization from reaction mixture.
‘Purified by tert-butyl methyl ether: H,0 extraction.
Yurified by crystallization from H,0.

C®-position. For this reason, we made significant efforts to obtain 3 in maximal yield and purity, and
simultaneously tried to reduce the number of post-reaction steps. The preparation of 3 is generally
based on hypoxanthine chlorination in the presence of the appropriate base and chlorine donor [38].
While phosphorus oxychloride (POCl;) is typically the chlorine donor, choosing a suitable base is a
matter of optimization. Approaches using N,N-dimethylaniline (DMA) [38,44], as well as those in
which the reaction is conducted without the base, are known [45].
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Figure 2. HPLC—UV chromatograms of a non-purified mixture (a) of [*Ns]-adenine (1) and ["°Ns]-1H-imidazo-[4,5-b]-pyrazine-5-
amine (1b). After application of column chromatography separation using chloroform/methanol/ammonia (6 : 1: 0.05) as the mobile
phase, fully separated 1 and 1b were observed as evident from b and ¢, respectively.

Owing to the apparent simplicity and relatively good yields (53%) of the base-less approach, we tried
it several times. However, our attempts at this approach did not lead to the desired product. Therefore,
we increased the reaction temperature from 65°C to 100°C. This temperature increase produced 3 with
sufficient HPLC-UV purity (97%) but less than 10% yield.

Subsequent attempts to synthesize 3 were based on the approach in [22,38] but with some
modifications. DMA was at first replaced with triethylamine (TEA), the temperature was increased
from room temperature to 105°C, the reaction time was reduced from 24 h to 4h, and finally, the
reaction was followed by discontinuous extraction in an ethylacetate: H,O system (1:1). These
attempts produced 3 with a 14% yield, and HPLC-UV purity of 85% with no further purifications.
Reaction conditions were further modified to increase the yield, so a 48 h long continuous extraction
using diethyl ether was introduced. As expected, the yield increased up to 26%, while HPLC-UV
purity remained below 90%.

Considering the results of previous optimization attempts, the duration of the whole method (72 h), and
instrumental difficulties (continuous extraction, several pH adjustments, etc.), we shifted our attention to
developing more efficient, more reliable and simpler methods. Our main goals were to select a
functional base and to avoid time-consuming product extraction. The chlorine donor, POCl;, was
preserved, and reaction conditions, i.e. a temperature of 130°C and a duration of 4 h, were established.
We tried 2,6-dimethylpyridine as a base at first, but with no success. Owing to its wide application in
organic chemistry, N,N-diisopropylethylamine (DIPEA, Htinigs base) was finally used, instead of TEA.
Selection of hypoxanthine: POCl;: DIPEA (1:6:2) at defined reaction conditions, together with
subsequent discontinuous product extraction by tert-butyl methyl ether (MTBE): H,O system (1:1) led
to the desired production of 3 with 95% yield and HPLC-UV purity of 97%. This simple and very
efficient method for preparing 3 with a reaction time shorter than 8h is presented herein. Table 2
summarizes the results of optimization, including the partial results according to the reaction conditions.

The final step in the synthesis of aromatic and isoprenoid CKs was conducted as previously published
in the literature without any major changes. The preparation of 8 was performed either with a non-
substituted ring [39] or accompanied by various monohydroxy- (4, 5, 6) or monomethoxy- (7)
substituents at the phenyl ring [6,39]. Isoprenoid CKs were prepared using previously published
procedures (9) or with slight modifications in which TEA was replaced with DIPEA and the reaction
time was extended up to 48 h (10, 11) [7,15]. Since any significant modifications to the preparation
methods were made to the last reaction step (C°-conjugation), the yields and purities of all newly
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Table 2. Results of the optimization process of 1,7-dihydro-6H-(*N,)-purine-6-one (hypoxanthine, 1) chlorination to 6-chloro-9H- m
(N,)-purine (6-chloropurine, 2).

reaction conditions
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- additional HPLC
reactants® temperature (°C) i purification step yield (%) purity (%)
acetonitrile, ethylbenzene 65 6 a n.d. n.d.

. acetonltnle ethylbe S T . S R S
N acetomtnle ethylbe L T P S S o
o ethylamm S T R R o e
...m ethylamm R 0 R S o S
26d|methyl pyr|d|ne ................... e S R S
N N Nd|| sopropylethyla L 130 ............................. R d ................................ 95 .................. 97 .............

%Induding hypoxanthine and POCl; in all cases.
a, none; b, discontinuous extraction by ethylacetate : H,0 (1:1); ¢, continuous extraction (48 h) by diethyl ether; d, discontinuous
extraction by tert-butyl methyl ether: H,0 (1:1).

synthesized compounds were comparable to those mentioned in the literature [7,15]. The consequences of
isotopic labelling with ’H, 13C and especially 15N used in this work, will be further discussed below.

Generally, CKs labelled with deuterium or **C nuclide are most frequently prepared [16,20,21,23-25].
For '°N labelling, to the best of our knowledge, for aromatic cytokinins only the preparation of [*°N,]-
BAP has been described in the literature [17,18]. The only [*°N,]-labelled cytokinin prepared
previously was trans-zeatin and its riboside, synthesized by Horgan & Scott [22]. Their basic strategy
was similar to ours; however, with very low yield and unreported isotopic purity of the final
products. The prevalence of approaches that use deuterium or *C nuclide to prepare isotopically
labelled CKs is reasonable. Deuterium labelling is relatively inexpensive and can be accomplished
using deuterated catalytic reduction systems [23,25] or catalysed hydrogen-deuterium exchange [16].
The *C nuclide could easily be integrated by using 3¢ reagents [20,23,24].

However, use of *H or *C nuclides has its disadvantages. First, most of the preparation methods
mentioned are based on incorporation of one [20,23,24] or approximately two [20,23] isotopes.
Truthfully, there are some preparation methods for CKs labelled with multiple isotopes. [?Hs]-#Z can be
obtained by using [*Hg]-acetone as a starting compound for the preparation of (E)-4-amino-1,1-[*H,]-2-
[2H3]-methy1but-2-en-1-01, which is subsequently reacted with 6-chloropurine to get the desired ISCK.
Additionally, [?H4]-BAP can be obtained by a hydrogen—deuterium exchange reaction catalysed by
palladium on a carbon-ethylene diamine complex [Pd/C(en)]. In this method, the hydrogen—deuterium
exchange occurs most frequently at C2, C8 (94%) and side chain carbon positions (97%) [16].

It is noteworthy that the preparation methods described are based on integration of approximately
two nuclides into the purine core. If there are more isotopes in the structure, they are typically located
on the side chain. Side chain locations of isotopes could be problematic for further biological
application because, while a purine core is relatively stable during metabolism, side chains are often
being transformed. Therefore, for biological application, the weights of compounds prepared with side
chain isotopes are displaced by an approximate two-unit weight shift. This shift casts doubt on the
reliability of these compounds for use as internal standards in MS [12].

Moreover, use of *H nuclides can introduce further complications due to their different physico-
chemical properties compared to naturally occurring nuclides. Specifically, the literature explains that
some deuterated forms of drugs demonstrate different transport processes, increased resistance to
metabolic change, or even changes to the entire pathway of its metabolism [33]. Moreover, use of



deuterated internal standards can cause unstable retention times associated with the number of [ 13 |
deuterium atoms used. The so-called deuterium isotope effect can lead to the worst accuracy and
precision for a quantification method [46].

The method presented herein provides full purine-core-labelled CKs with a stable '°N nuclide that is
free of side effects and that produces target compounds with high yield efficiency and high chemical
purities. High abundance of the most enriched isotopologue, with the non-labelled form present at
under 0.05% abundance, is further guaranteed by "N nuclide stability as well as full purine-core
cyclization at the beginning of the whole approach using simple [°N]-formamide as the starting
compound. Thus, space for incorporation of natural nitrogen isotopes is minimized.

Since every prepared adenine derivative contains at least four '’N atoms at the stable purine-core
positions, they are fully useful for MS applications [47]. Moreover, this preparation method is
applicable for the preparation of any other desired ['’N]-labelled Cé-substituted purine derivatives.
Although the applications of some compounds discussed or presented in this paper have already
been published [47], a preparation method for these compounds is presented here for the very first time.

4. Conclusion

In summary, 11 [*°N,]-core-labelled purine derivatives were synthesized, including five ARCKs (4, 5, 6, 7
and 8) and three ISCKs (9, 10 and 11). Effective modifications of previously published procedures led to
enhanced selectivity of product preparation for 1 and more effective overall synthesis of 3. According to
the results of the analyses performed, the identity of all 11 compounds was confirmed and their purity
proved sufficient for further applications. Moreover, the approaches presented are applicable for
synthesizing any other desired ['°N]-labelled Cé6-substituted purine derivatives.
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