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1 Uvod

V soucasné dobé neustale roste zajem o makrocyklické polyaminy, coZ je dano jejich
biologickymi vlastnostmi a vyznamem v oblasti koordina¢ni chemie. Jejich komplexy
s riznymi ionty kovd nachézeji uplatnéni pfedev§im v mediciné jako kontrastni latky
pro NMR tomografii, v radioterapii a radiodiagnostice, jako latky pisobici proti viru
HIV, ale také pHi transportu iont kovii a atomu kysliku v biologickych systémech atd.’

Vsechny latky pouZivané v klinické medicin€ musi spliiovat celou fadu poZadavkd.
Musi byt dostate€né stabilni in vivo, protoZze velkd ¢ast pouZivanych iontd kovu je
toxickych. Tyto komplexy nemusi byt v daném systému termodynamicky nejstabilnéjsi,
postatuje pouze kinetick4 inertnost.? Podminky in vivo nejsou sice nijak extrémni (pH
ptiblizn¢ 7, teplota kolem 37°C), ale je nutno brat vuvahu mozZnost kysele
katalyzované hydrolyzy diky poklesu pH v nékterych tkanich. Vzhledem k relativné
vysoké koncentraci n&kterych iontd v organismu (naptiklad Na*, K*, Mg*, Ca**, Zn*,
Fe***, Cu®* atd.) je tfeba brat v ivahu moznost pfipadné konkurenéni komplexace.’
Podobn€ je v organismu pfitomno mnoho riznych konkurenénich ligandd (cukrd,

organickych kyselin, aminokyselin, bilkovin; napiiklad transferrin).

1.1 Radiofarmaka

Radiofarmaka jsou léky obsahujici radionuklid, které se pouZzivaji v nuklearni
medicin€ k diagndze a 1€¢be€ riznych onemocnéni. Jedna se pfedevsim o malé organické
¢i anorganické sloufeniny o definovaném sloZeni. Mohou to byt téZ makromolekuly
(naptf. monoklondlni protilatky), které nejsou stechiometricky znacené radionuklidem.
Na zaklad€ jejich medicinské aplikace je lze rozdélit do dvou hlavnich skupin (latky
diagnostické a terapeutické).

Pro diagnostické ucely se pouZivaji molekuly znagené izotopy, jeZ emituji y zafeni
(pro metodu SPECT — ,,Single-photon emission computed tomography*) nebo izotopy
emitujici B* zafeni (pro metodu PET — ,,Possitron emission tomography*). Tyto latky se
pouzivaji ve velmi nizkych koncentracich a nemaji tedy farmakologicky efekt. Cilem
jejich pouziti je detailni popis organti a tkdni a piedev§im testovani jejich
fyziologickych funkci béhem akumulace radioaktivniho indikatoru. Radiodiagnostika

pfedstavuje neinvazivni metodu hodnotici stav onemocnéni a monitorujici efekt 1é¢by.



Terapeutickymi radiofarmaky jsou molekuly navrzené tak, aby dorudily
terapeutickou davku ionizujiciho zafeni do specifického mista onemocnéni. Hlavnimi
prekazkami v radioterapii jsou dostupnost terapeutickych izotopi a techniky pro jejich

specifickou lokalizaci v postizené tkani (napf. nadoru).

1.2 Zobrazovaci metody

1.2.1 Pozitronova emisni tomografie (PET)

Pozitronova emisni tomografie je neinvazivni vySetfovaci zobrazovaci metoda.
Narozdil od jinych zobrazovacich metod, které umozZiuji pouze identifikaci
anatomickych struktur, PET zhodnoti i metabolickou aktivitu bun¢k a s vysokou
ptesnosti upozorni na funkéni zmény organt.

PET pouziva radiofarmaka znacena radionuklidy, které se rozpadaji za vzniku
pozitronu. Pfi positronové anihilaci vznikaji dva kolinearni fotony (fotony, jejichz drahy
leZi na stejné pfimce, ale smér jejich pohybu je opaény) o energii 511keV, coz
umoZiiuje presn&j$i uréeni mista jejich vzniku.®

V soucasné dob& se dava ptednost radionuklidy znaCenym malym peptidiim pted
zna¢enymi proteiny ¢&i protilatkami. Nejlep§im kandidatem pro znaceni peptidi se zda
byt "*F diky jeho vhodnym fyzikalnim a jadernym vlastnostem. Hlavni nevyhodou
peptidi znatenych '®F je jejich pracna a &asové naroéna pkiprava. Problémem je rovnéz
in vivo stabilita a vliv na biologické chovani molekul.* Spolu s '*F je v soutasné dobs
nejpouzivanéj¥im B* emitorem ''C. Daldimi vhodnymi izotopy by mohly byt 3Co, ®Ga
a '""In. Hlavni nevyhodou izotopt *Co a ''®™In je jejich obtizna dostupnost. N&které

z téchto radionuklidt také emituji y zaFeni, které miize ovlivnit méFici vlastnosti PET.’

1.2.2 Jednofotonova emisni pocitaéova tomografie (SPECT)

Tato metoda je zaloZena na detekci y zéfeni vhodnych izotopu, které jsou vpraveny
do téla pacienta. Pocitatové zpracovani umoZiiuje vytvaret dvou- nebo tfirozmérné
obrazy procesi, napf. vmozku. Neni urena pro zobrazovani anatomie.
NejpouZivangj$im radionuklidem pro diagnostické ucely je *™Tc diky jeho optimalnim
jadernym vlastnostem, snadné dostupnosti a nizké cené. Dal§im radionuklidem

vhodnym pro y zobrazovaci techniky je '''In.



1.3 Radioimunoterapie
Pfi radioimunoterapii je tfeba dopravit do cilové oblasti maximalni radia¢ni energii a

omezit pisobeni zafeni pouze na poZadovanou oblast. Vhodné izotopy jsou tedy B~
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nebo o emitory bez (nebo s nizkym) doprovodnym 7y zéafenim.® U 7y zafich lze vyuzit
emise Augerova elektronu. Dosah téchto ¢&astic se vetkanich pohybuje fadové
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1.3.1 Radionuklidy emitujici a zafeni’

PrestoZe o ¢astice vykazuji vysokou in vitro a in vivo cytotoxicitu, je jejich pouZiti,
vzhledem k nebezpe¢nym dcefinym produktim u vétSiny z nich, velmi problematické.
Snad pouze 2''At a 2'?Bi se z tohoto hlediska zdaji byt moZnymi kandidaty. Sloueniny
astatu viak nejsou za podminek in vivo piili§ stabilni.® Izotop 2'*Bi m4 sam o sobg pfilis
kratky polo¢as rozpadu (cca 1 h) a musi se aplikovat ve formé svého prekurzoru, tedy

212pp 8 Pro radioimunoterapii byly téZ navrZeny o emitory s del$im poloasem rozpadu
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1.3.2 Radionuklidy emitujici B~ zareni’

B~ Gastice maji relativné velkou penetraci do tkani, a to je pteduruje pro pouZiti i
u velkych nadori s velkou heterogenitou. I kdyZ jsou B~ zafi¢e heterogenné rozptyleny
v cilové tkani, poskytuji diky této vlastnosti vicemén& homogenni davku zéafeni.’ Vyber
konkrétniho radioizotopu zaleZi na velikosti a umisténi nadoru. Nizkoenergetické B~
emitory (napf. 'I) jsou nejvhodn&jsi pro malé nadory (d=1-2 mm).
Stfedn&energetickymi B~ emitory pouZivanymi v klinické medicin€ pro kostni metastazy
jsou 'Sm a '®Re. Do skupiny vysokoenergetickych B~ emitort patfi napt. *2P, ¥Sr a

%Y. Tyto jsou pouzivany pro lé&bu velkych nadori (d > 1 cm).

1.3.3 Zafite Augerovych elektron(’
Zatice Augerovych elektroni se zdaji byt velmi u¢inné, ale pouze tehdy, pokud se
dany nuklid dostane pfes buné¢nou membranu aZ do bezprostfedni blizkosti jadra.

Vhodnymi emitory Augerovych elektroni se zdaji byt napt. '#™!**™pt 5 125],



1.4 Radionuklidy

1.4.1 Dostupnost radionuklidui

Uréujicimi faktory pouZiti radionuklidd jsou €asto cena a dosaZitelna radiochemicka
a chemicka ¢istota. Idedlnim zplusobem pfipravy jsou radionuklidové generatory (napf.
*Mo/”™Tc generator a 8Ge/*®Ga generator), které jsou zaloZeny na dlouho Zijicim
,rodi¢ovském* izotopu. ,,Rodiovsky*“ izotop se rozpadd na kratce Zijici dcefiny
radionuklid, ktery musi byt lehce oddélitelny od svého prekurzoru bud’ pomoci
iontoménie (nejbéZné&j§i metoda), nebo extrakci rozpoustédlem. Ne&kolik maélo
radionuklidd pouzivanych v zobrazovacich metodach (gama scintigrafie a PET) je

produkovano jadernymi reaktory. Dal§im zplisobem produkce jsou urychlovale a

cyklotrony. Tyto zpisoby pfipravy jsou vak velmi drahé.

1.4.2 Struény prehled nejpouzivanéjsich radioizotopu a jejich vyuziti

Med"

Méd’ poskytuje celou fadu radioizotopt s poloasem rozpadu od 9.8 min do 61.9 h,
které mohou byt pouzity jak k radiodiagnostickym, tak k radioterapeutickym tcelim.
Pouziti radionuklidi médi ma mnoho vyhod oproti jinym radionuklidim. V chemii
meédi dominuji dva oxida¢ni stavy (I a II) oproti oxida¢nim staviim napf. Tc a Re (I-
VII). Méd’ je tfetim nejzastoupenéj$im kovem v lidském téle (po Fe a Zn) a je velmi
dobfe prostudovana po strance biochemie a metabolismu v lidském téle. Velmi dobie
jsou znamy i jeji koordina¢ni a redoxni vlastnosti.

Izotopy *°Cu a ¢'Cu patfi mezi B* emitory. Vyzkum téchto izotopi je ve velmi
ranném stadiu, a tedy nejsou zndma jejich biologicka a klinickd pouziti. Diky snadné
dostupnosti je izotop ®*Cu velmi nad&ny pro pouziti v PET. Jeho kratky polodas
rozpadu (9.74 min) je vhodny pro opakované studie za riznych fyziologickych
podminek. Nejvestrann&j$im izotopem m&di je izotop **Cu diky jeho rozpadovému
schématu, ktery zahrnuje elektronovy zachyt, B~ a B* rozpad a také emisi Augerovych
elektrond. Je vhodny jak pro metodu PET, tak pro radioterapii. Izotop *Cu (B~ emitor)
je vhodny pro radioterapii velkych nador (= 1 cm). Tento izotop je také mozné pouzit

spoleng s izotopem *Cu nebo ®’Cu pro zvyseni terapeutického u&inku. Fyzikalni



vlastnosti izotopu ®’Cu (B~ emitor) jsou velmi vhodné pro pouZiti v oblasti

radioimunoterapie.

Technecium
Technecium je jediny pfechodny kov, ktery nema Zzadny stabilni izotop.
Radiofarmaka zaloZena na **™Tc (y emitor) jsou znaén& vyuZivana pro zobrazovéni

kosti, mozku, srdce, funkce ledvin a rakoviny prsu.ll

Gallium'?

Gallium poskytuje tfi izotopy, které maji vhodné rozpadové charakteristiky pro
vyuZiti v zobrazovacich metodach, jako je gama scintigrafie a PET. Izotop *®Ga neni
zatim pili§ vyuzivan. Izotop ®’Ga byl v roce 1953 jako prvni pouZit pro humanni ugely.
%7Ga znateny citrat se vyuziva k diagnoze n&kterych typii nadorovych onemocnéni jako
je napf. nador plic, maligni melanom a leukémie. Izotop **Ga (f1, =68 min) je
produkovan ®Ge/**Ga generatorem a rozpada se z 89 % B* emisi. Diky jeho snadné
dostupnosti a vhodnému polo&asu rozpadu lezi hlavni zjem ve vyvoji **Ga znagenych

myokardidlnich a mozkovych radiofarmak.

Indium'?
Nejpouzivan&j$im izotopem india je '''In. Tento izotop se rozpada elektronovym
zéchytem nasledovanym emisi 'y fotont. Mnoho latek na bazi !''In se v zobrazovacich

metodach pouZiva dodnes.

Yttrium'
Yttrium poskytuje dva izotopy pouZitelné pro ptipravu radiofarmak. *°Y (B~ emitor)

je vhodny pro radioterapii, izotop **Y (B* emitor) se uplatiiuje v PET.

1.5 Makrocyklické polyaminy

Chemie makrocykld obsahujicich ve své molekule atom dusiku je velice bohata,
pfedev§im z diivodu, Ze neni omezena pouze na jednoduché cykly. Diky trojvaznosti
aminového atomu dusiku mize dochazet bud’ ke tvorbé sloZitych cykld (rozvétvené,

polycyklické), nebo, u nevétvenych makrocykll, k navazani tzv. pendantnich skupin,



které mohou byt schopny koordinace. Diky této vlastnosti mohou vyrazné€ ovliviiovat
selektivitu daného makrocyklického ligandu wi¢i riznym kationtim, rychlost
komplexaci a stabilitu vznikajicich komplexid. Mezi nejbéZné€j$i pendantni skupiny
dusikatych makrocykld patii pfedev§im karboxylové kyseliny (zbytek kyseliny octové,
propionové; jejich derivaty, jako jsou amidy a estery), alkyly obsahujici aminové
funkce, dale alkoholy, fenoly, thioly a oxokyseliny fosforu, pfipadné jejich estery.
Makrocyklické polyaminy vykazuji ohromnou schopnost vazat celou fadu ionti kov,
pfi¢em? ve vétsing pfipadt dochazi pHi této vazbé ke konforma&nim zménam." Oproti
obdobnym necyklickym ligandiim vytvaii makrocykly stabiln€j$i komplexy diky tzv.
makrocyklickému efektu. Makrocyklické ligandy jsou nejéastéji derivaty velmi dobie
znamych cyklickych amini: 1,4,7-triazacyklononan, 1,4,7,10-tetraazacyklododekan

(cyclen) a 1,4,8,11-tetraazacyklotetradekan (cyclam) (Obr. 1).

1.5.1 Derivaty 1,4,7-triazacyklononanu
Derivaty 1,4,7-triazacyklononanu jsou idealni pro komplexaci trojmocného gallia a
india. Komplexy Ga(Ill) a In(Ill) s 1,4,7-triazacyklononan-1,4,7-trioctovou kyselinou

(Hsnota, Obr. 1) se pouZivaji v diagnostice n&kterych nadort.

1.5.2 Derivaty cyclenu

Ligandy odvozené od cyclenu jsou schopny komplexovat v§echny ionty kovu, ale
nejvhodnéjsi jsou pro trojmocné ionty lanthanoidt, které vyZaduji vys$si koordina¢ni
Cisla. Ptikladem takového ligandu mutze byt 1,4,7,10-tetraazacyklododekan-1,4,7,10-
tetraoctova kyselina'* (Hidota, Obr. 1). Komplex paramagnetického iontu Gd(III)
s Hydota a sjejim analogem Hido3a (1,4,7,10-tetraazacyklododekan-1,4,7-trioctova
kyselina, Obr. 1) se pouZivaji pro pkipravu kontrastnich latek v NMR tomografii.'> °
Vys3i selektivitu a vhodnou termodynamickou stabilitu vykazuji komplexy ligandd
s pedantnimi skupinami obsahujicimi fosfor. Velmi dobfe prostudovanymi ligandy

vhodnymi pro ionty lanthanoidi jsou 1,4,7,10-tetraazacyklododekan-1,4,7,10-
tetrakis(methylfosfonova kyselina) (Hgdotp, Obr. 1) a jeji derivaty.'®



1.5.3 Derivaty cyclamu

Cyclam a ligandy od néj odvozené vytvati velmi ochotn€¢ komplexy s ionty
ptechodnych kovi, asto s velmi vysokou termodynamickou a kinetickou stabilitou.
Ligandy s cyclamovym skeletem disponuji makrocyklickou kavitou, jejiz velikost je
optimalni pro ion Cu(Il). Cyclam vytvéii s médi viibec nejstabiln€j§i znamé komplexy
(logK =28.1)"", avsak kinetika komplexace je relativné pomald. Proto se pouZivaji
derivaty s riznymi pendantnimi skupinami, nejéastéji s acetaty, které urychluji kinetiku
komplexace. Ptikladem muiiZe byt 1,4,8,11-tetraazacyklotetradekan-1,4,8,11-tetraoctova
kyselina'* (Hateta, Obr. 1). Daldim ligandem vhodnym pro */¢’Cu je napt. 4-[(1,4,8,11-
tetraazacyklotetradec-1-yl)methyl]benzoova kyselina® (Hcpta, Obr. 1). Z fosforovych
derivati jsou pak dobfe prostudovany napf. Hgtetp'® (1,4,8,11-tetraazacyklotetradekan-
1,4,8,11-tetrakis(methylfosfonova kyselina), Obr.1) a 1,8-H4te2p19 (1,4,8,11-
tetraazacyklotetradekan-1,8-bis(methylfosfonové kyselina), Obr. 1). Derivaty cyclamu
(pfedev$im s methylenfosfonovymi pendantnimi skupinami) se pouZivaji také pro

komplexaci technecia.?’

R./ \,R R/ \.,R
N N [N Nj
r;l——‘\ N N

R R/ R
R=H 1,4,7-triazacyklononan R=R'=H cyclen
R = CH,COOH H,nota R =R"=CH,COOH H,dota
R=CH,COOH,R'=H H,do3a
R =R’ = CH,PO.H, H,dotp

N NC NH HN
(I L
R=R'=H cyclam Hepta
R=R"= CH,COOH Hteta
R=R’=CH,PO;H, Hgtetp
R=CH,PO;H, R'=H  1,8-Hte2p

Obr. 1: Strukturni vzorce vy$e zminénych ligandt



2 Vysledky a diskuze

V této kapitole budou porovnany acidobazické a komplexotvorné vlastnosti
studovanych ligandd s vybranymi strukturné pfibuznymi ligandy. Pro ostatni ligandy
byla vybrana takova data, ktera byla ziskdna za podminek co nejbliZ§ich k titracim

studovanych ligandd, tj. pfi teplot& 25 °C a iontové sile 0.1 mol dm™ (KNO3).

2.1 Acidobazické vlastnosti makrocyklickych polyaminu
Protonizaéni konstanty studovanych ligandd (Obr.2) jsou uvedeny v Tab. 1.

Disociaéni konstanty studovanych ligand a vybranych strukturn€ podobnych ligandti
(Obr. 1 a Obr. 2.) jsou uvedeny v Tab. 2.

Tabulka 1: Protonizaéni konstanty studovanych ligandu
(T=25.0£0.1 °C, I=0.1 mol dm™ KNO3)

Konstanty 1,4-Hgqte2p 1,8-HM%te2p 1,8-H,%%te2p
logB: _ 1147(1) 1162 (1)
logh, 2572(3) 23.642(3) 21.92(2)
loghs 32.282(8) 30.840(6)  22.5(1)
logBs 37.470(9) 37.166 (5) —
logBs  39.77(1)  38.69 (1) —
logPs — 39.54 (8) —

0
Il
() —Pou, ne [ )P () P-ock,
[NH Nj [N Nj [NH Nj OH
NH N N N Q °N HN
U\_Post Hzosp_/‘\/' CH, Cszo_?—/
OH
1,4-H,te2p 1,8-H Me2te2p 1,8-H.F%te2p

Obr. 2: Strukturni vzorce studovanych ligandd



Tabulka 2: Disocia¢ni konstanty studovanych a strukturné blizkych ligandu
(T=25.0+0.1 °C, I= 0.1 mol dm™)

pK, 14-Hite2p 1,8-H,"te2p 1,8-H,**te2p 1,8-Hste2p" cyclam®' Hjteta™ Hstetp®

pKy, — 11.47 11.62 — 1129 1068 134
pK,  25.72 12.17 10.30 26.41 1019 1014 128
pK; 656 7.20 0.6 6.78 161 409 882
pK,  5.19 6.33 — 5.36 191 335 775
pKs  2.30 1.52 — 1.15 — — 625
pKs  — 0.85 — — — — 542

Schéma postupné deprotonizace tetraazamakrocyklickych sloucenin bylo popsano a
prokdzano NMR naptiklad pro ligandy Hidota, Hjteta, Hgdotp a Hgtetp.!* !
U studovanych ligandi probiha deprotonizace obdobnym zptisobem (viz Piiloha).

Prvni dv€ protoniza¢ni konstanty u 1,4-Hste2p a 1,8-Hate2p (pK, = 25.72, respektive
26.41) odpovidaji protonizacim dvou sekundarnich aminovych skupin cyklu. Protoze
k protonizaci dochazi téméf sou€asné, je moZno uréit pouze jejich sumu (pK; + pK).
Skute€nost, Ze se jednd o protonizaci sekundéarnich, nikoliv tercidrnich dusiki cyklu,
byla ov&fena u 1,8-Hgte2p'® na zékladé zmén chemickych posuni fosforu a protoni
pendantniho methylenu v zévislosti na —log[H'] vrozmezi 11.5 aZ 13. Prvni dvé
protonizaéni konstanty azacykli mivaji obvykle vysokou hodnotu (pK,> 12).'%
K jejich stanoveni se pak pouziva , kvantitativni“ NMR titrace (viz Pfiloha).

U 1,8-PI4Mczte2p ma prvni konstanta (pKj;=11.47) vyrazné niZ§i hodnotu nez
konstanta odpovidajici nasledné protonizaci (pK, = 12.17). Toto pfevraceni ,klasické
posloupnosti hodnot protonizaénich konstant bylo jiZ pozorovano u nékterych
makrocyklickych slou€enin a je zdivodiiovano zménami konformace makrocyklu pii
jednotlivych protonizacich.” ?* Takové prevraceni bylo zjidténo i u ligandu 1,8-Hste2p
a je vysvétleno snizenim rigidity skeletu ligandu po prvni deprotonizaci z atoma dusiku,
coZ ma za nasledek labilizaci vodikové vazby (mezi atomy dusiku sekundarnich
aminovych skupin a atomy kysliku pendantnich fosfonatovych skupin; viz Pfiloha) a
tedy i snadn&jsi od3tépeni posledniho protonu.'® P¥evracené hodnoty konstant jsou téz

popsany i u samotného cyclamu.?*® Tento efekt se zda byt charakteristicky pro derivaty



cyclamu pravdépodobné diky uspofadani ethylenovych a methylenovych fetézcli mezi
atomy dusikd v kruhu.'®

Pfi vzajemném porovnani prvnich dvou protoniza¢nich konstant (pK; a pK;) ligandt
s pendantnimi fosfonatovymi skupinami je patrné, Ze nejniZ8i konstanty nélezi ligandiim
1,8-HMte2p a 1,8-H,"te2p. Vobou pripadech je diivodem v&tsi od&erpani
elektronové hustoty z atomu dusiku kruhu zavedenim methylové skupiny, popfipadé

fosfonové monoesterové skupiny. Zavedenim methylové skupiny u 1,8-H

te2p
vznikaji terciarni aminové skupiny, kterym odpovidaji niz$i hodnoty pK, Methylové
skupiny jsou navic stericky naro&n&jdi nez atomy vodiku. V ptipadé 1,8-H,"%te2p se
tvoti slabsi vodikové vazby, coZ ma za nésledek opét snizeni hodnot pK, pro atomy
dusiku sekundéarnich aminovych skupin. Velmi nizka protoniza¢ni konstanta pK; u 1,8-
H,"%te2p (pK3 = 0.6) nalezi bud’ protonizaci fosfonatové skupiny, nebo protonizaci
terciarni aminové skupiny, kterd mé sniZenou bazicitu diky pfitomnosti fosfonové
monoesterové skupiny.

Vsechny ligandy obsahujici pendantni fosfonatové skupiny maji hodnoty pK; a pK;
vy$§i nez samotny cyclam. Naopak je tomu uligandu s pendantnimi acetatovymi
skupinami (Hgteta). Bazicita aminovych skupin klesa v pofadi
aminofosfonova > aminokarboxylova > aminofosfinové. Tento trend je velmi dobie
znam®, vys$§i bazicita aminové skupiny aminofosfonovych skupin je vysvétlena
delokalizaci zaporného néboje skupiny —PO;*". Na bazicitu aminové skupiny
aminofosfinovych kyselin ma také vliv substituent na atomu fosforu. Bazicita stoupa
v pofadi substituentd H < fenyl < methyl < ferc-butyl.”® Vy3si hodnota pK, a pkK;
u ligandid s pendantnimi fosfonatovymi skupinami ve srovnani se samotnym cyclamem
je pravdépodobné dana téz tvorbou vySe zminénych intramolekularnich vodikovych

vazeb.

2.2 Komlexotvorné vlastnosti makrocyklickych polyamini

Z hlediska komplexaénich vlastnosti maji v pfipadé téchto ligandi velky vyznam
komplexy s ionty ptechodnych kovi, nebot’ polyazacykly s pendantnimi skupinami
schopnymi koordinace jsou vybornymi ligandy pravé pro ionty pfechodnych kovi a

také pro ionty lanthanoidi.
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Konstanty stability komplext (logfo;1) studovanych a strukturn€ ptibuznych ligandt
jsou uvedeny v Tab. 3.

Ve vétsiné pfipadli bylo mozné stanovit konstanty stability komplexti studovanych
ligandd ptimou titraci. U systémi s pomalou kinetikou muselo byt pouZito tzv. metody
,out-of-cell“ (viz Ptiloha). V ptipad€ 1,4-Hste2p se jednalo pouze o systém s Ni(Il).
U ligandu 1,4-H4Me2te2p to byly systémy s Cd(II), Cu(Il), Zn(II), Co(II) a Ni(II).
Pomalou kinetiku komplexace vykazoval i systém 1,8-H,*%te2p s Zn(Il). U systémt
ligandd 1,4-HsM*te2p a 1,8-H,"%te2p s Ca(II) muselo byt pouzito nadbytku Ca(Il), aby

vznikl komplex v dostate¢ném zastoupeni.

Tabulka 3: Hodnoty logfo;; komplexd vybranych ligandd
(T'=25.0£0.1 °C, I=0.1 mol dm™)

Ligand  Cu(ll) Zn(I) Ni(Il) Co(I) Cd(I) Pb(I) Ca(Il)

1,4-Hste2p  27.21 2016 2192 — 17.03 12.85 3.45
1,4-HM%e2p 24.03 17.56 1555 1566 15.89 12.79 3.98
1,8-H,F%e2p 19.68  15.59  — — — 1059 1.92

1,8-Hate2p  25.40% 20.35% 21.99”7 19.28”7 17.89 14.96 5.26
cyclam'’ 281 152 222 143 113 109 —
Hieta®2® 21,6 1627 1991 16.56 18.02 1432 8.32
Hgtetp®® 266 176 156 153 167 155 —

Komplexy ligandu 1,8-Hste2p jsou ve srovnani s komplexy ligandu 1,4-Hate2p
stabilngj$i. Vyjimku tvoii komplex s Cu(Il), ktery ma hodnotu logfy zhruba o dva fady
vy$8i neZ je tomu u 1,8-Hste2p. Vys§i stabilita je pravdépodobné dana uspofadanim
pendantnich fosfonatovych skupin. V poloze 8 a 11 jsou dv€ sekundarni aminové
skupiny, které umoziiuji vznik velice stabilniho péticlenného chelatového kruhu.

Slabsi komplexy vytvari 1,4-H M

te2p. Divodem je niZ§i bazicita aminovych skupin
kruhu. Ligand obsahuje pouze terciarni aminové skupiny, které maji niz$i bazicitu a
také niz$i koordina¢ni schopnosti nez sekundarni aminové skupiny. Je znamo, Ze ¢im je

vy33i bazicita aminovych skupin, tim je vysledny komplex stabiln&jsi.*°
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Nejslabsi komplexy ze studovanych liganda vytvati 1,8-H,5%te2p. P¥iginou je opét
nizka bazicita aminovych skupin, nebot' fosfonové monoesterové skupiny vyrazné
snizuji elektronovou hustotu na blizkych atomech dusiku kruhu.

Z Tab.3 je také patrné, Ze vétSina komplextd ligandi obsahujici pendantni
fosfonatové skupiny dosahuje vy3Sich hodnot konstant stability nez jejich analoga
s pendantnimi acetitovymi skupinami. Diivodem je opét niZ§i bazicita aminovych
skupin nesoucich karboxylovou skupinu.

V3sechny vySe uvedené ligandy vytvéfi nejstabiln€j§i komplexy s ionty Cu(ll), coz je
v souladu s Irving-Williamsovou fadou. Dal§im divodem je vhodna velikost
&trnécti€lennych makrocykli pro ionty Cu(Il)." '* 3! Fosfonatové ligandy jsou vyrazn&

selektivné)si pro vazéni ionti Cu(Il) nez ligandy s pendantnimi acetatovymi skupinami.

12



3 Zavér

Porovnanim hodnot odpovidajicich si pK, jednotlivych ligandi je ziejmé, Ze
acidobazické vlastnosti studovanych ligandi se podobaji vlastnostem strukturné
pibuznych ligandd. Vyraznd nizs§i pKs u 1,8-H,"%te2p je vysvétlena pitomnosti
fosfonové monoesterové skupiny. Rozdily v hodnotich pK; a pK, jiZ nejsou tak
vyrazné.

Podle odekavani tvoii 1,4-Hate2p a 1,4-HMte2p stabilni komplexy, zv1asté pak
s Cu(II). Konstanty obou té€chto ligandti dosahuji hodnot srovnatelnych s hodnotami pro
1,8-Hyte2p. Nejslabsi komplexy ze studovanych ligandi tvoti 1,8-H,"%te2p.

Stabilita komplext viech studovanych ligandi sleduje Irving-Williamsovou fadu,

hodnoty konstant se tedy méni v potadi Co(II) < Ni(Il) < Cu(II) > Zn(II).

13
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Divalent metal complexes of macrocyclic ligand 1,4,8,11-tetraazacyclotetradecane-1,8-
bis(methylphosphonic acid)) (1,8-H,te2p, H,L) were investigated in solution and in the solid state. The
majority of transition-metal ions form thermodynamically very stable complexes as a consequence of
high affinity for the nitrogen atoms of the ring. On the other hand, complexes with Mn**, Pb** and
alkaline earth ions interacting mainly with phosphonate oxygen atoms are much weaker than those of
transition-metal ions and are formed only at higher pH. The same tendency is seen in the solid state.
Zinc(n) ion in the octahedral trans-O,0-[Zn(H,L)] complex is fully encapsulated within the macrocycle
(N,O, coordination mode with protonated phosphonate oxygen atoms). The polymeric
{[Pb(H,L)H,0),}-6H,0}, complex has double-protonated secondary amino groups and the central
atom is bound only to the phosphonate oxygen atoms. The phosphonate moieties bridge lead atoms
creating a 3D-polymeric network. The [{(H,0)sMn},(u-H,L)}(H,L)-21H,0 complex contains two
pentaaquamanganese(il) moieties bridged by a ligand molecule protonated on two nitrogen atoms. In
the complex cation, oxygen atoms of the phosphonate groups on the opposite sites of the ring occupy
one coordination site of each metal ion. The second ligand molecule is diprotonated and balances the
positive charge of the complex cation. Complexation of zinc(11) and cadmium(ir) by the ligand shows
large differences in reactivity of differently protonated ligand species similarly to other cyclam-like
complexes. Acid-assisted dissociations of metal(11) complexes occur predominantly through
triprotonated species [M(H;L)]* and take place at pH < 5 (Zn**) and pH < 6 (Cd*").

Introduction

Investigations of highly thermodynamically stable and kinetically
inert complexes (often formed by macrocyclic ligands)'* have
been stimulated by their applications in several areas, such as the
contrast agents (CA) in magnetic resonance imaging (MRI),*®
for labelling of biomolecules with metal radioisotopes for both
diagnostic and therapeutic purposes'®** or for luminescence
optical imaging utilizing some lanthanide(i11) ions which may be
used for determination of a physiological status of tissues (healthy/
diseased, change in pH or concentration of ions or metabolites
etc.)."*' In the above medicinal utilizations, the harmful metal
ion or radioisotope must not be deposited anywhere in body and
the complex must be eliminated off unchanged from body.
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t Electronic supplementary information (ESI) available: Figures of speci-
ation in some M**-H,L, H*-H,L and M*-OH systems, crystal packing
in structure of the Zn(11) and Mn(i1) complexes, disorder simulation in
structure of the Mn(11) complex, figure showing crystal structure of H,L,
examples of dependence of experimental k.., On cz, or ccq, tables with
kinetic experimental data. See DOI: 10.1039/b603251f

In radiotherapy or diagnosis utilizing radioisotopes several
elements are widely used, nowadays mostly technetium, iodine
and fluorine. However, metal radioisotopes offer some advantages
as they exhibit a wide range of physical properties (type of emitted
particles, particle energy). Some of such metal radioisotopes (e.g.
isotopes of Ga, In, Y and lanthanides) are routinely used in
medicine as some suitable ligands for them have been found.'**
However, there is still a high demand to find more convenient
ligands for these and other metal radioisotopes. The other metal
radioisotopes include also clinically used Cu isotopes' (mostly
B-emittors) or less common Bi, Pb and T isotopes™ (a-emittors)
having a great therapeutical potential but with almost no available
suitable ligands. Such investigations are a living field of modern
coordination chemistry.

As mentioned above, these metal complexes may be useful
in medicine (in MRI and nuclear medicine or for luminescence
imaging) if such complexes are highly stable under physiological
conditions. Therefore, the complex with the particular metal ion
must be thermodynamically stable and the ligand as selective
as possible in a class of competing metal ions. However, it is
now commonly recognized that kinetic inertness to dissociation
of such complexes is also very important and is usually decisive
for stability in vivo. Use of metal radioisotopes has raised another
requirement—yvery fast complexation of short-living radioisotopes
to enable to use of the isotopes in the kit form in hospitals.
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From the viewpoint of thermodynamic stability and dissoci-
ation inertness, the macrocyclic ligands are more suitable for
utilization of their metal complexes in medicine than the open-
chain chelators. However, they often exhibit very slow complex
formation kinetics in contrast to fast complexation with open-
chain ligands (eg Hsdtpa and its derivatives). Macrocyclic
ligands are mostly derivatives of two parent compounds—
H,dota and H,teta (Scheme 1), derived from well-known cyclic
amines, 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11-
tetraazacyclotetradecane (cyclam). H,dota forms stable complexes
with a number of common metal ions and is suitable for
most of them, but preferable for lanthanide(inn) ions requiring
high coordination numbers."* H,teta is more appropriate for
transition-metal ions as a larger ring allows planar coordination
of all nitrogen atoms.'"* However, such octadentate ligands do not
usually utilize all donor atoms for binding to transition-metal ions
in mononuclear species and they form polynuclear complexes.

R R R m R
—\N/_\N/— N
., J
R— \/ “—R

rR— U¥R

H.dota R=CO;H Hateta
Hgdotp P(O)(OH), Hgtetp
H4dotpp" P(Ph)(O)(OH) Hatetp®h
H4dotpH P(H)O)(OH)

Scheme 1

Many cyclen and cyclam phosphorus acid derivatives (mostly
phosphonic acids Hsdotp and Hjtetp, Scheme 1) and their
complexes have been investigated.'**' The phosphonic acid ligands
are generally highly basic and, therefore, their complexes show
a high thermodynamic stability.'? Stability constants of the
complexes of less basic phosphinic acid derivatives (e.g H,dotp?
and H,tetp®, Scheme 1) are lower but usually comparable with
those of complexes of H,dota and H,teta.?”?

Some time ago, we have started investigations of ligands
containing fewer phosphorus acid arms as such hexadentate
ligands are more suitable for octahedral coordination to the
transition-metal ions. Therefore, we decided to synthesize® 1,8-
bis(phosphonic acid) derivatives of cyclam, namely 1,8-H,te2p
and 1,8-H,te2pMe, (Scheme 2), having just six coordinating
sites. The presence of phosphonic acid groups also overcomes
the undesirable formation of the inner lactam described for an
acetate analogue.® The cis- and trans-isomers of nickel(i1)* and
cobalt(in)* complexes of 1,8-H,te2p (H,L) were isolated in several
differently protonated forms even such as [Ni(H,L)}**, where the

R ) —roxoHy [ ), —PO)OHY

[N N j [NH Nj
(HO),(O)P R
1,8-Hyte2p Hytelp

=H
=Me 1,8-Hte2pMe;

Scheme 2

phosphonic groups are fully protonated and are coordinated only
through the phosphoryl oxygen atom.* Such coordination was
observed for the first time in the solid state. With copper(i1), two
extremely stable isomeric forms of [Cu(H,L)] were isolated.* The
low-temperature kinetic isomer is five-coordinated with one phos-
phonic acid pendant arm uncoordinated. It isomerizes on heating
to the thermodynamic octahedral isomer with trans arrangement
of phosphonic acid moieties. As the complexes were intended as
models for more sophisticated complexes possibly useful in nuclear
medicine, very promising results were obtained from investigation
of acid-assisted decomplexation.** The octahedral complex is one
of the most kinetically inert complexes of copper(i). For both
isomers, the slow decomposition may be a consequence of an
overall positive charge of complex species on the full protonation
of non-coordinated phosphonate oxygen atoms.* We proved that
the complexation of copper(11) by the ligand is highly selective and
we employed the property in an efficient analytical determination
of copper.’* The results show that 1,8-H,te2p is one of the ligands
most suitable for copper(i1) complexation.

As the copper radioisotopes are produced by irradiation of
parent nickel or zinc isotopes,!® nickel(i1) or zinc(il) ions are
the most common chemical impurities in commercial sources
of copper radioisotopes. For this reason, special selectivity for
copper(11) complexation over the zinc(i1) or nickel(11) binding is
required.

In our previous studies, we focused on complexing behaviour of
1,8-H,te2p with transition-metal ions (Cu**, Ni**, Co**).*** Here,
we report on the thermodynamic studies of 1,8-H,te2p complexes
with divalent transition-metal ions as well as with alkaline-earth
ions. Three new crystal structures of the complexes are reported.
In addition, we report on the formation and dissociation kinetics
of zinc(11) and cadmium(11) complexes of the title ligand.

Experimental
Materials

The ligand, 1,8-H,te2p-4H,0 (H,L-4H,0), was synthesized by
the method described elsewhere.?® Analytical grade chemicals
were purchased from Lachema (Czech Republic), Fluka or
Merck and were used as received. For potentiometric titrations,
metal nitrates or MnSQO,-4H,0 (recrystallized from deionized
water) were used and their stock solutions were standardized
by titration with Na,H,edta according to the recommended
procedure.’® The stock solution of nitric acid (~0.03 mol dm™?)
was prepared from recrystallized KNO, on ion-exchange resin
(Dowex 50). Diluted HNO, obtained by this way is more pure
than that prepared from conc. HNO, as the concentrated acid
contains traces of NO,. Carbonate-free KOH stock solution
(~0.2 mol dm~?) was prepared from potassium metal (Aldrich)
under argon atmosphere. The hydroxide solution was standardized
against potassium hydrogen phthalate and the HNO, solution
against the ~0.2 mol dm-* KOH solution. The analytical
grade chemicals employed in the kinetic studies were purchased
from Lachema (ZnCl,, CdCl,-6H,0, KOH, CH,COOH) and
Fluka (2-morpholine-ethanesulfonic acid, MES). The indicators
bromocresol green (Lachema), bromocresol purple (Merck) and
4-(2-pyridylazo)resorcinol (PAR, Lachema) were of the highest
available purity. The freshly prepared solutions of CdCl, and ZnCl,

This journal is @ The Royal Society of Chemistry 2006
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were standardized chelatometrically at pH ~9.2 (ammonia buffer)
against Eriochrom black T.

Potentiometric titrations

The equilibria in ligand : metal systems with all metal ions except
for Co* and Ni** were established in the course of minutes in each
titration point and, thus, they could be studied by conventional
titrations. The titrations were carried out in a thermostatted
vessel at 25.0 + 0.1 °C, at constant ionic strength /(KNO,) =
0.1 mol dm3, using a PHM 240 pH-meter, a 2 ml ABU 900 auto-
matic piston burette and a GK 2401B combined glass electrode (all
Radiometer). The ligand concentration in the titration vessel was
ca. 0.004 mol dm~*. The ligand-to-metal ratio was 1 : 1 in all cases.
The initial volume was ca. 5 ml. The measurements were taken with
a HNO, excess added to the mixture. The mixtures were titrated
with the stock KOH solution in the region of —log[H*] = 1.6-12.0.
Titrations for each system were carried out at least four times. Each
titration consisted of ca. 40 points. Inert atmosphere was provided
by constant passage of argon saturated with water vapour. The
complexation reaction was too slow to be followed by standard
titrations for systems with Co?* and Ni**. These systems were
studied by the “out-of-cell” method. Each titration consisted of
ca. 25 solutions (two parallel titrations), each solution was mixed
separately in the test tube (each sample volume ca. 1 ml) and an
appropriate amount of the KOH solution was added to each test
tube to simulate the common titration. The tubes were tightly
closed and left to equilibrate for two days (Co?*) or three weeks
(Ni**). These equilibration times were determined in separate
preliminary experiments. Then, the potential at each titration
point (tube) was determined with freshly calibrated electrode.

The constants with their standard deviations were calculated
using the OPIUM program package.”” The program minimises
the criterion of the generalised least-squares method using the
calibration function given in eqn (1).

E = E, + Slog[H*] + j,[H*] + j.K../[H*] m

The term E, contains the standard potentials of the electrodes
used and the contributions of inert ions to the liquid-junction
potential. The term S corresponds to the Nernstian slope and
the terms j,[H*] and j,Kw/[H*] = j, x [OH"] are contributions
of the H* and OH~ ions to the liquid-junction potential. It is
clear that j, and j, cause a deviation from a linear dependence
of E and —log[H*] only in strongly acidic and alkaline solutions.
The calibration parameters were determined from titration of the
standard HNO, with the standard KOH solutions before and after
every titration of the ligand/metal ion system to give calibration—
titration pairs used for calculations of stability constants. The
concentration dissociation constants K, of 1,8-H,te2p (H,L) were
taken from the literature.? The stability constants f,,, are defined
as Bun = [HiL,M,.)/(HJ*[L}[M}"). The water ion product pK,
taken for calculations was 13.78. Stability constants of metal
hydroxo complexes included in the calculations were taken from
literature.’*%

Kinetic measurements

All experiments were made at a temperature 25.0 + 0.2 °C. The
ionic strength 0.1 mol dm~* was maintained with KCl. The final

pH of the buffered solution was checked by a pH-meter calibrated
with standard buffers.

The formation kinetics of Cd** and Zn®* complexes were
followed under pseudo-first-order conditions (¢(MCl,) = (1-10) x
10-* moldm~, ¢(H,L) =1 x 10~* mol dm3) in the pH (pH-meter
calibrated with standard buffers) range 3.7-6.8 (Zn**) and 4.6-
7.0 (Cd?**); the indicator technique was used for detection of the
reaction course.! The formation kinetics of the Cu* complex
was followed in the pH range 5.0-7.0 analogously to a published
procedure (stopped-flow measurements).”® The reactions were
performed in slightly buffered solution (0.005 mol dm-? potassium
acetate/acetic acid or MES acid/K*-salt buffers) and the 2 x
10-* mol dm~? solution of indicator (bromocresol green (pH <
5.2) or bromocresol purple (pH > 5.2)) was used for visualization.

The dissociation kinetics of [Zn(L)]> and [Cd(L)F- complexes
(¢ =1 x 10 mol dm=*) were measured in the pH range 3.7-
4.8 (zinc(11) complex) and 4.5-6.1 (cadmium(il) complex) and
in I = 0.1 mol dm~3. The reactions were performed in buffered
solution (0.05 mol dm~* potassium acetate/acetic acid or MES
acid/K*-salt buffers). For both complexes, Cu?* ion (¢(CuCl,) =
1 x 10-* mol dm=, A,, = 310 nm) was used as a ligand
scavenger. For the [Zn(L)}*- complex, 4-(2-pyridylazo)resorcinol
(PAR) (¢(PAR) = 2 x 10~° mol dm™3, ,,, = 498 nm) was also
utilized as a zinc(11) scavenger. It was verified (by checking of
formation kinetics under our experimental conditions) that the
visualisation reaction between the ligand or the metalion and their
scavengers was much faster than dissociation reaction of the stud-
ied complexes (for complexation kinetics of Cu?* ion with H,L,
see also ref. 33). Dissociation kinetics was performed at different
copper(11) concentrations to verify a direct transchelation reaction.
No dependence of &, on cc, was observed (Table S5, ESIT). It
confirms that complex dissociation is the rate-determining step
followed by fast complexation with the scavenger.* Therefore,
the transchelation can be neglected in further treatment of the
experimental data.

The kinetic measurements were carried out on diode-array
spectrophotometer HP 8453A (Hewlett Packard, USA) for slow
kinetics (107,,, > 10 min) and on a Bio Sequential SX-17 stopped-
flow spectrometer (Applied Photophysics, UK) for fast kinetics
(107,, < 10 min). The measured values of absorbance were
corrected for the background analytical signal. Values of k.,
were obtained from experimental data by HP software and Excel*
software with identical results. The dependence of k., on proton
concentration were treated with Excel software.**

Preparation of single crystals

trans-0,0-[Zn(H,L)]. A solution of H,L-4H,O0 (50 mg,
0.11 mmol) in water (5 ml) was mixed with a solution of
Zn(OAc),-2H,0 (24 mg, 0.11 mmol) in water (5 ml) and the
mixture was sealed in a vial. The solution was heated to ca. 90 °C
and held at this temperature overnight. Small colourless prisms
of the product suitable for X-ray structure determination were
formed on the walls of the vial. Yield ~70%.

[{(H,0)sMn},(p-H,L)}(H,L)-21H,0. The ligand hydrate
(50 mg, 0.11 mmol) and MnCO; (12.6 mg, 0.11 mmol) were
added to water (5 ml) and refluxed under argon for 72 h (until
MnCO, completely dissolves). The light yellow solution was then
filtered and concentrated under vacuum to ca. 1 ml; pH of the
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solution was ca. 5.5. On standing for several days, light yellow
single crystals of the product appeared. Yield ~30%.

[Pb(H,L)(H,0),]-6H,0. A solution of H,L-4H,0 (50 mg,
0.11 mmol) in water (5 ml) was mixed with a solution of
Pb(0OAc),-3H,0 (39 mg, 0.11 mmol) in water (5 ml); pH of the
solution was ca. 5. The solution was then evaporated under
vacuum and the white residue was redissolved in water (1.5
ml). Colorless prisms of the product suitable for X-ray structure
determination were formed on standing over several days. Yield
~35%.

Crystallography

Selected crystals were quickly transferred from the mother-liquor
into Fluorolub oil, mounted on glass fibres in random orientation
and cooled to 150(1) K. Diffraction data were collected using a
Nonius Kappa CCD diffractometer (Enraf-Nonius) at 150(1) K
(Cryostream Cooler, Oxford Cryosytem) using Mo-Ka radiation
(A=0.71073 A) and analyzed using the HK L program package.*
The structures were solved by direct methods and refined by full-
matrix least-squares techniques (SIR92 (ref. 45) and SHELXL97
(ref. 46)). Scattering factors for neutral atoms used were included in
the SHELXL97 program. Table 1 gives pertinent crystallographic
data.

In the structure of trans-0,0-[Zn(H,L)], the asymmetric unit
consists of two independent halves of the complex molecule. Zinc
atoms are located on the inversion centres. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were located
in the electron density difference map. Nevertheless, hydrogens

attached to carbon atoms were fixed in theoretical positions.
Hydrogen atoms bound to nitrogen and oxygen atoms were refined
isotropically.

In the structure of {[Pb(H,L)(H,0),]-6H,0},, the metal ion and
two halves of the macrocyclic ligand form the asymmetric unit. All
non-hydrogen atoms except those belonging to two co-crystallized
water molecules were refined anisotropically. All hydrogen atoms
attached to carbon, nitrogen or coordinated oxygen atoms were
located in the electron difference map; however, they were fixed in
theoretical or original positions with thermal parameters U, (H) =
1.2U(C) or 1.3U(N,0) as the free refinement led to unrealistic
bond lengths. Some hydrogen atoms belonging to co-crystallized
water molecules were also found and were treated using AFIX 3
instruction and U (H) = 1.3U,,(O). Two oxygen atoms of water
molecules were found disordered in several positions, and they
were refined isotropically. Overall, the quality of the diffraction
data was rather poor, probably due to a presence of several small
crystallites on the main single crystal. Therefore, no successful
absorption correction could be applied, which lead to a relatively
big peak-and-hole difference (6.6 and —3.2 ¢ A-%); they are located
very close to the lead atom (0.81 and 0.68 A, respectively).

The independent unit of [{(H,0)sMn},(n-H,L)|(H,L)-21H,0
consists of the pentaaquamanganese(11) moiety coordinated by
one oxygen atom of the pendant phosphonate belonging to one
half of the ligand molecule (there is a centre of symmetry lying
inside the macrocycle cavity). The other independent half of
molecule of the ligand is not coordinated and serves as a counter
anion and the macrocyclic part of this uncoordinated ligand
molecule is highly disordered. This disorder was best described by

Table 1 Experimental and refinement data for the X-ray diffraction studies

Parameter trans-0,0-[Zn(H,L)) [Pb(H,L)(H,0),].6H,0 [{(H,0)sMn},(u-H,L)}(H,L)-21H,0
Empirical formula C;HxN,O,P,Zn C,,H,N,0,,P,Pb CuH,sMn,;N; O, P,
M, 451.69 737.64 1441.02

T/K 150(1) 150(1) 150(1)

Crystal dimensions/mm 0.20 x 0.13 x 0.10 0.40 x 0.20 x 0.13 0.20 x 0.13 x 0.10
Shape Prism Prism Prism

Colour Colourless Colourless Pale yellow

Crystal system Triclinic Triclinic Triclinic

Space group P1 (no.2) Pl (no. 2) Pl (no. 2)

a/A 9.4638(7) 10.029(1) 9.7361(3)

b/A 9.5509(6) 10.416(1) 12.2695(4)

c/A 11.1074(8) 14.322(1) 14.0948(4)

a/® 89.068(4) 77.055(2) 87.808(2)

p/° 88.094(3) 73.698(2) 77.378(2)

y/° 60.882(3) 71.776(2) 88.4157(13)

V/A3 876.61(11) 1348.6(2) 1641.5109)

V4 2 2 1

D./gcm? 1.711 1.817 1.458

#/mm-! 1.622 6.444 0.584

F(000) 472 756 772

0 Range of data collection/® 3.05-27.53 3.29-27.65 2.96-27.51

Index ranges, hkl —12t012,-12t0 12, -13 to 14 —12t013,-13t0 13, -18t0 18 —12to12,-15t0 15, -18to 18
Reflections measured 3913 6088 7504

Reflections observed [/ > 2a(1)) 2973 5864 5560

Data, restraints, parameters 3913, 0, 341 6088, 0, 303 7504, 0, 406
Goodness-of-fit on F? 1.039 1.159 1.040

R, R indices [{ > 2a5(D))" 0.0743, 0.0522 0.0473, 0.0453 0.0755, 0.0485

wR, wR' [I > 20(I))* 0.1405, 0.1265 0.1033, 0.1022 0.1224, 0.1080
Maximum shift/esd 0.001 0.001 0.007

Apras.min/€ A 1.199, —0.829 6.576, —3.228 0.983, —0.903

*w=1/[0*(F,?) + (AP} + BP], P = (F,? + 2F.?)/3 (ref. 46) and R, R = | F, — F.| /S| F.|; wR, wR = [ W(F.2 — F2/ S w(F .2 (ref. 46).
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placing of part of macrocycle into two positions with occupancies
approximately 63 : 37. However, both conformations are very
similar (Fig. S5, ESIt). As some C-C distances became too
long during a free refinement they were treated using DFIX
command; however, it lead to very prolate thermal ellipsoids with
large max./min. ratio of anisotropic displacement parameters
(up to 8.5), indicating possibly a more complicated disorder.
Additionally, 10 water molecules of crystallization were found
in the independent unit and the 11th was best refined with
half-occupancy. In the pentaaquamanganese(il) unit, one of the
coordinated water molecules was found to be disordered in two
positions and was refined isotropically with relative occupancies
77 : 23. Other non-hydrogen atoms were refined anisotropically.
The hydrogen atoms belonging to the carbon or nitrogen atoms
of the coordinating ligand molecule or to co-crystallized water
molecules were located in electron difference map, but they were
fixed in theoretical positions with thermal parameters U,(H) =
1.2U4(C) or 1.3U.(N) or kept in the original geometry using
AFIX 3 instruction with U (H) = 1.3U,,(O); the free refinement
lead to unrealistic bond lengths and values of thermal parameters.
The hydrogen atoms of the disordered uncoordinated ligand
molecule were fixed in theoretical positions using the same riding
model.

CCDC reference numbers 600826—600828.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b603251f

Results and discussion
Thermodynamic stability of metal complexes

As expected, values of stability constants of alkaline earth metal
ions are low (Table 2); nevertheless, differences in titration curves
of the pure ligand and of ligand-M?* systems are different (Fig.
S1, ESIt) and the constants were determined with satisfactory
precision. Complexation of the metal ions starts in slightly acid
region (—log[H*] 5-6) by formation of low-abundant (~20%)
diprotonated H,LM species (representative distribution diagrams
for Mg** and Ca® systems are shown in Fig. S2, ESIt). Protons
from the species (as well as from the free ligand) are removed
only in highly alkaline solutions and, thus, the species with LM

stoichiometry have a reasonable abundance only in the strong
alkaline region (—log{H*] >10 for Mg* and >12 for Ca*,
Sr** and Ba®). It also corresponds to pK, values related with
deprotonations of the H,LM and HLM species (Table 2, pK, =
10.8-12.1). They are much higher than those corresponding to
deprotonation(s) of the phosphonate moieties (pK, = 5.36 (H,L)
and 6.78 (H,L)) and lower than those assigned to deprotonations
of >NH,* groups (pK, ~13.2 for the H,L/HL species) of the free
ligand. One can attribute deprotonations of the H,LM and HLM
species to the proton dissociations from secondary amino groups
of the macrocycle. Thus, the metal ions would be bound only by
oxygen atoms of the pendant groups in the double-protonated
H,LM species and coordination of nitrogen atoms can occur only
in LM (and possibly also in HLM) species. Among alkaline earth
ions, it is clearly seen that the ligand is selective for Mg?* (unlike
H,teta) as a consequence of a higher affinity of phosphonates to
the small hard cation.

Previously, we have proved®%* for Ni*, Co?*/Co** and Cu?*
ions that only kinetic (cis-O,0 or pentacoordinated, respectively)
isomers are formed at room temperature and all nitrogen atoms
are bound in these complexes. Therefore, cis-O,0 arrangement is
expected for the highly stable complexes (Table 2) of transition-
metal ions (Co*, Ni**, Zn* and Cd**) formed during potentio-
metric titrations. Complexation starts in the acid solutions (Fig. 1
and S2, ESI{) and we assume coordination of the macrocyclic ring
nitrogen atoms even in acid region. This is supported by values
of pK, corresponding to deprotonation of the H,LM and HLM
species (Table 2) as they are much lower than values corresponding
to the last two proton dissociations from the free ligand and
are more comparable with those for proton dissociations from
phosphonate moieties of the free ligand. The acidity of H,LM
species is mostly higher (pX, in the range 4.5-5.6) in comparison
with that of the PO,;H " moieties of the free ligand (5.36, 6.78)
indicating coordination of the pendant group(s) as their acidity
is increased due to the electron-withdrawing effect of the metal
ion when bound. However, the acidity of the HLM species is
lower (pK, in the range 7.2-7.8) than that of the last PO,H-
moiety in the free ligand (pK, corresponding to this proton
dissociation is 6.78). This effect can be attributed to a presence of
an intramolecular hydrogen bond between coordinated pendant
arms (—PO,?>" and -PO,;H") which is possible only in a cis-0,0

Table 2 Stability constants of metal ion complexes with 1,8-H,te2p* (25 °C, I = 0.1 mol dm~* KNO,)

Equilibrium* him  Mg* Ca* Sr** Ba Mn? Co?* Ni** Cu*¢ Zn* Cd* Pb*

log Bum
M+ L=ML 011 8.61(5) 5.26(3) 4.094) 3.90(13) 12.35(3) 19.28(6) 21.99(8) 25.40 20.35(4) 17.89(3) 14.96(3)
H+L+M=HML 111 16.93(6) 16.39(7) 21.22(4) 27.093) 29.30(5) 3245 27.52(2) 25.45(1) 23.97(1)
2H+L+M=H,ML 211 28.35(9) 28.43(5) 28.30(8) 28.0i(11) 31.57(7) 34.07(3) 37.55 31.96(5) 31.04(2) 29.72(4)
3BH+L+M=H;ML 3i1 35.1(1)

PK,
H,ML = HML + H 11.50 11.6 4.48 477 5.10 4.44 5.59 5.75
HML =ML + H 11.67 12.49 8.87 7.81 7.31 7.05 7.17 7.56 9.01
H,ML = ML +2H 19.74 24.21
H;ML = HML +2H 13.9

* Dissociation constants® of 1,8-Hste2p = H,L: pKu. + pKu,. = 26.41; pKu,. = 6.78; pKu,L = 5.36; pKu,. = 1.15. * Charges are omitted for clarity.

< Values for pentacoordinated complex; taken from ref. 33.
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Fig. 1 Distribution diagrams of M?*'—1,8-H,te2p systems (cy = ¢ =
0.004 mol dm~*); M = Zn (a), Cd (b) and Pb (c).

arrangement assumed for these species. Such a hydrogen bond
would stabilize the last proton and it would lead to an increase
in pK, value assigned to the proton dissociation. A difference in
pK, values for the cis-0,0-[Co™ (HL)] complex (6.98) exhibiting

much higher pK, than its zrans-O,0-[Co™(HL)] isomer (2.97) has
been explained by presence of the intramolecular hydrogen bond
in the cis isomer.’ The intramolecular hydrogen bond was found
in the solid-state structures ot the cis-O,0-[Co™(HL)}** and cis-
0,0-[Ni(H,L)I"! complexes. In addition, acid-base titration of
the prepared solid cis-O,0-[Ni(H,L)] complex (employing a high
kinetic inertness of the complex in acid solution) led to identical
dissociation constants for the H,LNi and HLNi species (4.78 and
7.35, respectively).®* It is an indirect proof that structures of the
complex in the solid state and the species present in solution under
equilibrium conditions (this paper) should be identical. Therefore,
we assume cis coordination of the pendant groups in the complexes
of the transition-metal ions. On the other hand, Cu®* forms at
room temperature pentacoordinated species (N,O coordination
mode) and the corresponding pK, value (7.05) was attributed to
deprotonation of the uncoordinated phosphonate.*

A comparison of abundances of various forms of Zn* and
Cd* complexes (relevant to kinetic studies, see below) is shown in
Fig. 1. The highest stability was found for the copper(i1) complex**
(Table 3) and it reflects the usual Irving-Williams trend and
optimal size of the fourteen-membered macrocyclic cavity for
divalent copper.'™"#* The ligand is highly selective for Cu** (but
less than cyclam itself) and the property has been explored in
analytical determination of the ion in the presence of a range of
competing ions.*** In comparison with H,teta, there are much
larger differences in values of stability constants of 1,8-H,te2p
with most of the divalent metal ions studied.

The behaviour of divalent manganese and lead complexes is
just on borderline. Both the metal ions have a higher affinity to
harder oxygen donor atoms. In the H,LM species, they should be
bound to phosphonate moiety(ies) with double-protonated ring
nitrogen atoms. This is supported by pK, values corresponding to
the HLM species (9.01 and 8.87 for Pb* and Mn”', respectively)
and structure of the complexes isolated in the solid state (see
below). The neutral solid complexes (having H,LM stoichiometry)
were isolated in the pH region where the protonated species are
present. Binding of nitrogen atom(s) should be assumed in the ML
species. Such behaviour is a consequence of the high basicity of
the nitrogen atoms in the free ligand and a relatively high donor
ability of the deprotonated phosphonate moiety(ies). Distribution
diagrams for Pb** and Mn*-1,8-H,te2p systems are shown in
Fig. 1 and S2, ESIL,t respectively.

Table 3 Comparison of stability constants (log f1;) of metal complexes of 1,8-H,te2p with those of related ligands

ion 1,8-H te2p Cyclam® H,telp* Hitetp®® H,tetp™ H,teta®" s
Mg* 8.61 — 5.39 — — 1.97
Ca™ 5.26 - 3.07 — — 8.4
Sr 4.09 — — — — 5.82
Ba> 3.90 — — — — 4.1
Mn* 12.35 — 11.81 10.8 — 11.3
Co* 19.28 14.3 — - — 16.6
Ni** 21.99 222 — — — 19.91
Cu 25.40 (pey** 28.1 273 26.6 17.19 21.7
26.50 (trans)** 25.99%

Zn* 20.35 152 21.07 17.6 9.79 16.40
Cd*» 17.89 113 1591 16.7 9.91 18.0
Pb> 14.96 10.9 — 15.5 — 14.3

* pc means kinetic pentacoordinated species. * Thermodynamic trans-0,0 octahedral species.
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To test the chemical model found by potentiometry we carried
out some NMR measurements on magnesium(i1)- and lead(ur)-
H,L systems. Under conditions used for potentiometry (0.004 M,
room temperature), only P NMR spectra could be recorded.
Unfortunately, in all tested pH values from 4 up, only rather
broad nondiagnostic peaks were obtained. It is probably caused
by some equilibria of coordinated-non-coordinated forms of the
ligand and/or by equilibria between different conformation of the
complexes if the ligand is fully bound. Unfortunately, no signal(s)
for "Pb could be detected. At higher concentrations (0.01-0.1 M,
to improve signal-to-noise ratio mainly for *’Pb NMR), the P
NMR spectra above pH ~4 were again broad or gave more
signals (probably the consequence of a presence of more isomeric
species). More important, samples with the higher concentration
of reactants precipitated at pH > 4.5-5 for Pb** and pH > 7
for Mg**. These partial NMR results indirectly prove probable
presence of multiple microscopic equilibria and/or more isomers
(at higher pH where ring nitrogen atoms are coordinated, e.g. as
in the Zn**—cyclam system*) and, thus, coordination of nitrogen
atoms at higher pH. Such a microscopic equilibria (possibly
present only on NMR timescale) cannot be, principally, detected
by normal potentiometry.

Zinc(11), lead(11) and manganese(11) complexes in the solid state

All single-crystals were obtained from solutions having pH 5-
6 containing the protonated species (according to the distri-
bution diagrams, see Fig. 1 and S2, ESIf). The colourless
single crystals of trans-O,0-[Zn(H,L)] complex were grown hy-
drothermally by heating an equimolar Zn®*-1,8-H,te2p mix-
ture at 90 °C. Therefore, the thermodynamic trans-isomer was
obtained. Single crystals of the {[Pb(H,L)(H,0),]-6H,0}, and
[{(H,0)sMn},(u-H,L))(H,L)-21H,0 complexes were obtained by
a slow evaporation of their aqueous solutions. Overall H: L : M
stoichiometry (number of protons) of the neutral complexes in
the solid state corresponds well to distribution diagrams obtained
from potentiometric studies; they were crystallized from solutions
having pH where protonated species are present. However, such
polymeric complexes are hardly expectable in solution and they
should be formed only during crystallization.

trans-0,0-|Zn(H;L)] complex. The diffraction analysis re-
vealed almost regular octahedral coordination sphere of Zn**
cation with trans configuration of the pendant moieties (Fig. 2). In
the crystal structure, two independent centrosymmetric complex
molecules are present; however, the geometries of both molecules
are almost the same and, thus, only one of them is shown in
Fig. 2. Important distances and angles are given in Table 4.
The cyclam ring exhibits the most stable trans-11I arrangement.*
The same configuration of the ring was found in the high-
temperature isomers of the Ni?* (ref. 31) Cu?* (ref. 33) and Co**
(ref. 32) complexes of 1,8-H,te2p. At room temperature, the cis
isomers are formed (see also above).’'** Unfortunately, we were
unable to obtain reproducibly any complex with the expected
cis arrangement in the solid state shortly after mixing and pH
adjustment,

Good quality of crystal data allowed us to refine the positions
of all hydrogen atoms. In each of the independent units, the
acid hydrogen atoms are attached to uncoordinated oxygen atoms
of pendant phosphonate Q12 stabilizing the structure by strong

Table4 Selected geometric parameters of the trans-O,0-{Zn(H,L)]
complex

Molecule A Molecule B

Znl-N1 2.143(4) 2.1534)
Znl-N4 2.116(4) 2.111(4)
Znl-0O11 2.138(3) 2.155(3)
P1-O11 1.493(4) 1.496(4)
P1-012 1.567(3) 1.573(3)
P1-013 1.493(3) 1.490(3)
P1-C8 1.835(5) 1.829(6)
NI1-Zn1-N4 86.1(2) 85.6(2)
NI1-Znl-N1* 180 180

N1-Znl1-N4* 93.9(2) 94.4(2)
NI1-Zn1-0l11 86.7(1) 85.9(1)
N1-Zn1-Ol1* 93.3(1) 94.1(1)
N4-Znl1-N4* 180 180

N4-Zn1-011 92.3(2) 91.7(1)
N4-Zn1-O11“ 87.7(2) 88.3(1)
0O11-Znl1-011* 180 180

¢ Equivalent atoms obtained through the centre of symmetry placed in the
central zinc atom.

Fig. 2 Molecular structure of trans-0,0-[Zn(H,L)] complex with atom
numbering scheme. Hydrogen atoms attached to carbon atoms are omitted
for clarity.

intermolecular hydrogen bonding with unprotonated O13 oxygen
atoms of the neighbouring molecule (d(012-013) = 2.55 A for
both independent molecules). Furthermore, the unprotonated
oxygen atom O13 is involved in hydrogen binding to secondary
amino group (N4, d(013-N4) = 3.11 and 3.29 A for the
independent units). Such intermolecular hydrogen bond network
connects the complex molecules in yz plane forming a layered
structure (Fig. S3, ESI{). As a consequence of the hydrogen bond
network, the complex is almost insoluble in water at neutral pH
and dissolves only after deprotonation of phosphonate groups at
alkaline pH. The octahedron around Zn?* is more regular (bond
lengths 2.11-2.15 A and angles 86-94°; Table 4) compared with
that in the X-ray crystal structure of [Zn(H,teta)]-4H,0.% The
H,teta complex represents the same trans-III conformation of the
ring with two pendant acetate arms uncoordinated and its zinc(ir)
trans-N,O, octahedron is more distorted with two longer Zn-N
bonds (2.25 A).
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{IPb(H,L)(H,0),)-6H,0}, complex. The structure is shownin
Fig. 3 and all important distances and angles are given in Table 5.
The lead(11) ion is coordinated by five oxygen atoms, of which
three belong to phosphonate groups and two to water molecules.
The Pb-O length for one water molecule is rather long pointing to
a very weak coordination (2.99 A), the second water molecule is
coordinated much closer to the metal ion (2.53 A). The negatively
charged phosphonate oxygen atom O11A forms the shortest bond
(2.24 A). The two neighbouring metal ions are connected via
bridging O11B (the O11B-Pb and O11B-Pb* bond distances are
2.32 and 2.49 A, respectively). The metal ions are separated by
3.93 A, suggesting no direct metal-metal interaction. The central
atom metal ion coordination sphere geometry is very irregular; it
could be approximated as an octahedron with one missing vertex

Fig. 3 The polymeric motif found in the solid-state structure of
{{Pb(H,L)H,0),}-6H,0}, complex. The view down to x axis. Uncoor-
dinated water molecules and hydrogen atoms attached to carbon atoms
are omitted for clarity.

Table 5 Selected geometric parameters found in the structure of
{[Pb(H,L)(H,0),]-6H,0},

Pb-Ol1A 2.245(5) Ol11A-Pb-Ol11B 81.2(2)

Pb-O11B 2.318(4) OI1A-Pb-O11B* 84.8(2)

Pb-Ol11B* 2.485(5) OIl1A-Pb-OIC 151.4(2)

Pb-0O1C 2.992(7) Ol11A-Pb-02C 86.4(2)

Pb-02C 2.525(5) O11B-Pb-O11B* 70.2(2)

Pb-Pb* 3.9306(5) O11B-Pb-OIC 72.2(2)

O,-plane-Pb* —0.474(3) O11B-Pb-02C 81.3(2)
Ol1B*-Pb-OIC 76.9(2)

P1A-O11A 1.552(5) O11B"-Pb-02C 151.2(2)

P1A-O12A 1.524(6) OI1C-Pb-02C 99.1(2)

PIA-O13A 1.501(5)

P1A-C8A 1.825(7)

P1B-Ol1B 1.550(5)

P1B-O12B 1.511(5)

P1B-O13B 1.523(5)

P1B-C8B 1.821(7)

* Equivalent atoms obtained through the centre of symmetry placed in the
middle between the lead atoms. ® Distance of Pb** ion from the basal plane
formed by O1C, O2C, O11A and O11B* atoms.

and lead atom lying below the basal O,-plane (Table 5). The basal
plane is formed by two water O1C and O2C oxygen atoms and
by phosphonate O11A and O11B* oxygen atoms with O11B atom
in the apical position. The neighbouring metal units share O11B
and O11B* atoms in their basal and apical positions, respectively.
The irregular arrangement clearly shows that the free electron
pair on lead ion is stereochemically active. The macrocycle is
not coordinated and the secondary amino groups are protonated,
assuring electroneutrality of the system. The structure indicates
that the complex with analogous protonation may be present
as 211 species in solution confirming the results obtained by
potentiometry (see above).

Coordination of nitrogen atom(s) in lead(i1) complexes of
(aminomethyl)phosphonic acids is rather rare and it was ob-
served only in several compounds prepared mostly by hy-
drothermal synthesis.*” The four-membered (P)-OPb,O-(P) rings
were found only in three compounds, namely in polymeric
lead(11) (aminoalkyl)phosphonic acid complexes*™<*® having sim-
ilar structural parameters to those of our four-membered ring.

[{(H,0)sMn},(p-H,L)}(H,L)-21H,O complex. The secondary
amino groups are protonated and no ring nitrogen atoms are
coordinated, similarly to the lead(ir) complex (see above). Each
pentaaquamanganese(i) ion is bound to one oxygen atom of
pendant phosphonate groups on the opposite sites of the cycle
and, thus, the ligand bridges two manganese atoms forming
the [{(H,O0)sMn},(u-H,L)P* cation (Fig. 4). The coordination
geometry around Mn** is slightly distorted octahedron (Table 6).

Fig.4 Molecular structure of [{Mn(H,0),},(u-H,L)}** cation with atom
numbering scheme. Hydrogen atoms attached to carbon atoms are omitted
for clarity.

Table 6 Selected geometric parameters found in the structure of
[{(H;0)sMn},(u-H,L)|(H,L)-21H,0

Mn-Ol1 21232)  Ol1-Mn-Ol 172.05(7)
Mn-Ol 2246(2)  O11-Mn-02 99.00(7)
Mn-02 2.146(2)  O11-Mn-03 88.46(7)
Mn-03 2.164(2)  O11-Mn-O4A- 89.35(8)
Mn-O4A*  2.1993)  O11-Mn-O5 94.83(8)
Mn-O5 2.1972)  Ol-Mn-O2 88.92(7)
O1-Mn-03 91.73(7)
P1-Ol1 1.5412)  Ol1-Mn-O4A* 82.70(7)
P1-O12 1.5332)  Ol1-Mn-05 86.36(8)
PI-O13 1.5192)  02-Mn-O3 83.97(8)
PI-C8 1.826(3)  02-Mn-O4A* 170.06(9)
P2-021 1.5242)  02-Mn-O5 85.779)
P2-022 1.5302)  O3-Mn-O4A* 92.91(10)
P2-023 1.5152)  03-Mn-O5 169.60(10)
P2-CI8 1.8202)  O4A*-Mn-O5 98.97(11)

* The most abundant position of O4 atom (77%).
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The dinuclear complex species lie in the direction of z axis. The
electroneutrality of the crystal is assured by uncoordinated double-
deprotonated ligand anion (H,L)*-, which is located in the cavities
along y axis and serves as a counter anion (Fig. S4, ESIt). The
skeleton of the anion is severely disordered (Fig. S5, ESI}) and,
therefore, correct location of protons on the nitrogen atoms cannot
be unambiguously determined; but protonation of secondary
amino groups is expected to be analogous to the previous unit and
is in accordance with the behaviour of the ligand in solution.? The
free space in the packing accommodates solvate water molecules.
Whole structure is stabilized by an extensive network of medium-
to-strong hydrogen bonds between amino groups, coordinated
water molecules, phosphonate oxygen atoms and solvate water
molecules. Both macrocyclic units (of both coordinated and un-
coordinated ligands) are in the same conformation found in most
of the structures of cyclam derivatives with diprotonated ring.* It
should be noted that the [Mn(H,0)s(oxygen donor)J** structure
motif in the solid has been observed several times and no struc-
ture of manganese(11) complexes with (aminomethyl)phosphonate
derivatives contains coordinated nitrogen atom(s) as result of
CCDC search.® Only the manganese(i1) complex of a macro-
cyclic phosphorus acid derivative is a polymeric [Mn(Hqdotp)]
complex (Hzdotp = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrakis(methylphosphonic acid)) where the pendant arms are
bound only through one oxygen atom of a monoprotonated
phosphonate moiety and the ring is also protonated on two
nitrogen atoms.®

Kinetics of formation of zinc(11) and cadmium(ir) complexes

The formation of zinc(11) and cadmium(ir) complexes is relatively
slow at pH in the range 3.7-5 which makes it possible to follow the
reaction using conventional UV-VIS spectroscopy. As there is no
absorbing group or species, indirect indicator method (commonly
employed in chemistry of macrocyclic ligands**4') was used to
visualize course of the reactions. The method is simple but leads to
somewhat less precise results compared with conventional direct
methods.® At pH higher than 5, the stopped-flow technique was
employed as the reactions are noticeably faster.

According to the distribution diagram of the free ligand, three
differently protonated species, H,L, H,L~ and H,L?", are present
in an aqueous solution of the ligand in the pH region 3.7-7 (Fig.
S6, ESIT). Therefore, each of those ligand species can take part
in complexation reaction with Zn** or Cd** ions to form the final
[M(H,L)]""* (n = 0-2) complexes and such particular reactions are
characterized by corresponding second-order rate constants ‘k;;,,
(n = 2-4) as shown in Scheme 3.

The complex formation from the metal ion and the ligand can
be considered as a second-order reaction with the rate law given
in eqn (2):

v = &y[Llat[M** |ix )]

where [L],, is total ligand concentration given by eqn (3) consid-
ering the ligand protonation constants 8, (8, = f,,,) as defined in
the potentiometric section.

(Ll = [HL] + [H,L7] + [H L]
=(BH'] + [HP + [HP)L ] = aL*] 3

"KeaaL
Hql slow M(H2L)]
{{-H* H-H*
Ka Ka14
+H |y +H*
24 L _ +
M+ Hal- Slow [M(HL)]- + 2H
_H* _H*
Ks Ky
+H* +H*
’ ki 2
Hol* — o - ML)

Scheme 3 Formation of 1,8-H,te2p metal complexes (Cu?*, Zn*
and Cd**).

If the concentration of metal ion is much higher than the
concentration of ligand, the eqn (2) could be rewritten into the
pseudo-first order rate law given by eqn (4):

V= kobs [L]lol (4)

where k., is the observed pseudo-first rate constant linearly
dependent on the metal ion concentration defined by eqn (5).

Koy = "ko[M** ] )

The rate law developed from the general Scheme 1 is represented
by eqn (6) (as in this case [M**],,, = [M*]).

v ="k, [HLIIM™] + g [H, L JIM**] + e, [H L JIM™] - (6)

Combining eqns (2), (3) and (6), one obtains eqn (7), which can
be simplified to give eqn (8).
‘kyan [LIM*] = Ty o fu[H L I[M™]
+ Ty B [HPILY IIM**] + Tk, Bo[HY PILY J[M*] 0

ko = "y, Bu[HY + Tk B[H' P + Ky fo[H'P ®)

Therefore, the dependence of the evaluated second-order rate
constant on proton concentration can be expressed by eqn (9).

_ e S H*Y + Tk B [H P + Tk fo[H P ©)
ag

At the first stage, it was proved that the collected data
correspond to a first-order process with respect to the metal
ion. It was shown that the dependence of the pseudo-first order
rate constant (measured at constant pH) is a linear function of
metal ion concentration (according to eqn (5)). Examples of the
experimental data and their analysis are available in the ESI.}
Therefore, a formation of complexes with higher metal-to-ligand
ratio (e.g M,L) can be excluded. In the next step, the obtained
second-order formation rate constants 'k, (see ESI, 1) were treated
as a function of proton concentration (according to eqn (9)),
testing various kinetic models with a set of partial rate constants
in order to obtain the best fit for the experimental data.

The dependence given in eqn (9) was used previously for
description of kinetics of formation of Cu**~H,L complex.* The
set of experimental data for copper(i1) complexation was extended
to the pH region 5.0-7.0 compared with the original paper and
re-fitted by eqn (9) with the same results as those reported in
the original work.*® The values of the particular rate constants
are listed in Table 7 and the fit is included in Fig. 5. The ligand
shows a high kinetic selectivity for complexation of Cu** ion in

%,
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Table 7 Summary of partial rate constants of formation of divalent metal
ions complexes with H,L (25 °C, 0.1 M KCl)

Rate constant/dm® mol~'s~' Cu®* Zn* Cd>

KL 0.17(5) — 0.15(5)
' 1.42) x 10 7.4(1) 9.1(4)

' 20(4) x 100 33(3) x 10*  1.3(2) x 102
Tkon — 1.0x 10 —

kit / kL 8.2(3) x 10° 46 61(20)
Ko/ ki 1.4(3) x 100 44(4) 14(2)

“Taken from ref 33 (25 °C, 0.1 M (K,H)Cl). * Value of 'ku, =
1.0 dm® mol~' s™* was reported for formation of Zn*-cyclam complex,
ref. 65. < Rough estimate. Value of koy/'ky,, ratio is ~300. ¢ Estimated
values using an average value of 'ky,, for Cu?* and Cd* ions.

(a)

5
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10y

10° ¥
1074

10'4

'k, / dm® mol' s

100'! A

10"]
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102

T T T T T T T

104
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'k, / dm* mol' s™*

10°
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Fig. 5 The pH dependence of the second-order rate constant ‘k, for the
formation of complexes of 1,8-H,te2p with divalent metal ions. (a) Fitting
by eqn (9) (full lines) for Cu?* (open squares) and Cd?** (full triangles). (b)
Fitting by eqn (10) (Zn?**, full squares); line A (dashed) represents fitting
by model with participation of H;L - and H,L* species only; line B (full)
represents the final model with rate constants corresponding to H;L~ and
H,L* as well as [Zn(OH)}* (or HL?*") species optimized simultaneously.

acid solutions (pH = 3.7-5.5, Fig. 5) over the other metal ions,
and these experimental conditions have been already employed
in analytical applications.’*** Both other metal ions (Zn**, Cd**)
show a very similar reactivity in the pH region 3.7-5.5, but the
formation of zinc(1) complexes is noticeably accelerated at higher

'
HL —8% e [Zn(H,L)]
1-H* if-H*
Ky Ka11
+H* +H*
"KiaL _
HiL™ [Zn(HL)]
slow
‘ _H+ 1 _H+
Zn?* + Ki Ky
—H* +H* +H*
i
2 H2L 2
B_1o01 HolZ——~=— [2n(L)]
+H* kaH
slow
[Zn(OH)]" + HyLZ

Scheme 4 Formation of zinc(1r) complex of 1,8-H,te2p.

pH (Fig. 5), where the kinetic selectivity of copper(i1) complexation
with respect to that of Zn?* ion disappears.

In the case of Cd?** ion, the experimental data can be sufficiently
fitted by eqn (9) affording the values of rate constants for all
three expected pathways, similarly as it was observed for copper(i1)
complexation (Table 7). In the case of zinc(11) complexation, the fit
according to eqn (9) is in a good agreement with the experimental
data at pH < 5; however, the acceleration at pH > 5.5 cannot
be successfully described by eqn (9). Therefore, an additional
reaction pathway must be taken into account. The acceleration can
be attributed to the reaction of monohydroxo species [Zn(OH)]*
(more correctly [Zn(H,0)s(OH)]* species) as, in general, hydroxo
species are more reactive than aqua ions. The calculated speciation
of metal hydroxo complexes in dependence on pH also supports
this hypothesis, as [Zn(OH)}* is abundant in the pH range 5-
6.8 (0.01-0.8%) (Fig. S11, ESIt). Furthermore, in the case of the
other two metal ions, analogous hydroxo complexes are formed
in appreciable abundance at much higher pH (Fig. S11, ESI{)
and, therefore, their concentration in the pH range used for the
complexations is negligible. Therefore, the reactions compiled
in Scheme 4 were taken into account for zinc(ir) complexation.
According to Scheme 4, the dependence of the evaluated second-
order rate constant on proton concentration can be derived
similarly as in the previous case and is given by eqn (10) where
az =1+ f.0/[H'].

- "k BaH * + "o, B H'P + ki, B [HF + koni o [H']
aLdz,

%,

(10)

However, for the zinc(i1) system, the value of 'k;;,,. could not be
calculated due to numerical difficulties in fitting (the parameter
was negative) but it is assumed to be of the same order of
magnitude as for copper(i1) and cadmium(i1). This parameter is
not important for the fitting and, therefore, it was not included in
the further calculations, but the values of all other rate-constants
can be determined from simultaneous fitting and are given in
Table 7. The best fit is shown in Fig. 5. On the other hand,
the same effect can be ascribed to the acceleration caused by
the reaction of the monoprotonated ligand species, which gives
the same pH-dependence of the rate constants due to the proton
ambiguity. Analogous proton ambiguity and acceleration of
complex formation was observed in a study of formation kinetics
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of lead(n) with N,N',N”,N”-tetrakis(carbamoylmethyl)cyclam
derivatives.® In our case, we suggest that involvement of the
hydroxo species is correct as the effect was observed only for
zinc(11) complexation, where the abundance (Fig. S11, ESI{) of
hydroxo species is the highest among the studied metal ions. The
H,L?* species exhibit a very compact solution structure stabilized
by intramolecular hydrogen bonds and the structure is similar
to that observed for H,L in the solid state (Fig. S12, ESI{).2
The final two dissociation constants of 1,8-H,te2p are very high
(much higher than those for cyclam or Hteta), which leads to
an extremely low concentration of monoprotonated species in
the pH range employed.? In addition, the HL*" species should
have a low abundance even under equilibrium conditions as only
one dissociation constant corresponding to last two dissociation
steps could be determined.?® Thus, we believe that pathway
involving HL*~ species can be omitted. An acceleration of bound-
to-bulk water exchange rates for monohydroxo-aqua complexes
in comparison with aqua complexes was observed.* A relative
acceleration of the pathway involving the [Zn(OH)]* and H,L*
species conforms to the range of accelerations of solvent exchange
observed for the simple hydroxo-aqua species.

Monoprotonated ligand species were used for interpretation of
an increased reactivity of several macrocyclic ligands in reactions
of Zn* ion, such as cyclen (ky, = 1.3 x 10° dm® mol~' s7'),%
cyclam (k. = 7.5 x 10* and 5.0 x 10* dm® mol' s~')*% or
H.dota and H,teta (k. = 1.1 x 10" and 1.6 x 10* dm* mol 's !,
respectively).* The data for these ligands were determined in a
lower-pH region and the mechanism involving hydroxo species was
not considered. To compare the rate constants for these ligands,
we fitted our experimental data taking into account a rate constant
corresponding to the HL*- species instead of 'koy. The value of
such rate constant (2.5 x 10'° dm® mol-' s!) is higher than those
above.

The highest rate found for the phosphonate ligand is in
agreement with a generally accepted model for formation of
complexes of polyazamacrocyclic ligands bearing ligating pendant
arms.“ In the mechanism, (partially) deprotonated pendant
groups are rapidly bound to the metal aqua ion forming an
intermediate complex.**! It is followed by a rate-determining
step involving metal ion transfer into the macrocyclic cavity with
simultaneous proton(s) removal from the protonated ring nitrogen
atom(s) and/or ring conformation rearrangement. Phosphonate
moiety exhibits the highest complex-forming ability (combination
of its highest basicity and higher overall charge) among the ligands
above (no pendant arms for cyclen and cyclam or carboxylate arms
for H,dota and H,teta). Thus, it forms the most stable intermediate
complex, mainly with hard metal ions. In addition, a high hydrogen
bond-forming ability of phosphonate groups assists the removal
of proton(s) from the macrocyclic cavity.

The formation reactions (characterized by the partial formation
constants) for all three metal ions are much slower than water
exchange for the corresponding aqua complexes. The highest
rate observed for Cu* ion compared to the other ions reflects
a generally fast ligand exchange observed for the ion due to Jahn-
Teller effect and the fastest water exchange rate.®* As relative
differences in the formation rates between the ions are higher
than differences in water exchange rate of the aqua ions, a high
affinity of Cu®* ion to nitrogen atoms of the ligand should be taken
into account.**! This ion is probably the most easily transferred

into the macrocyclic cavity in a rate-determining step. Despite
a slower water exchange rate on zinc(ll) aqua ion compared
with cadmium(i1) aqua ion, the title ligand reacts more quickly
with Zn** than Cd* ion. If we accept a mechanism assumed for
complexation of macrocycles with ligating side chains given above,
the difference can be a consequence of a higher stability of a kinetic
intermediate (where only phosphonate group(s) are bound) with
small and hard Zn** ion.

To compare the reactivity of variously protonated species of
1,8-H,te2p, the ratios of the partial rate constants were calculated
(Table 7). In all cases, high values of the ky, /'y, and "k, /Ky
ratios represent the complexation reaction acceleration. It can
be caused by differences in charges of the species and/or easier
structural rearrangement of less protonated ligand forms.* The
highest differences in the "k, /"ky,. and 'ky, /'ky,, ratios for
Cu* ion are similar to those reported for reactivity of various
protonated forms of other cyclam derivatives with the ion.”

Dissociation kinetics of zinc(11) and cadmium(ir) complexes

The dissociation kinetics of zinc(i) and cadmium(i) complexes
of 1,8-H te2p was studied in the pH ranges 3.7-4.8 (Zn**) and
4.5-6.1 (Cd?*), where the reactions occur with an optimal rate
to be followed by conventional techniques. The dissociation of
the zinc(11) complex was followed by UV-VIS spectroscopy using
scavengers of either released ligand (Cu**) or Zn** (PAR) and the
results of both methods are in a satisfactory agreement. This was
verified from statistical point of view by analysis of experimental
data from pH region 4.12-4.71 where the experimental points
show the highest difference. The dissociation of the cadmium(ir)
complex was determined by the ligand scavenging with Cu?*
ion. The dependences of the pseudo-first-order rate dissociation
constants on pH are given in Fig. 6 and the ‘k,,, are given in ESL.}

-0.5 -

L

-1.04

-1.54

log %,

-2.0 1

25

-3.0 4

35 ——— —— T
3.5 4.0 45 5.0 5.5 8.0 6.5
pH

Fig. 6 The pH dependence of pseudo-first-order rate constants for
dissociation of [M(L)}- complexes; M = Zn?* with Cu?* (open circles, full
line) and PAR (open triangles, dashed line) as scavengers, M = Cd* with
Cu* as scavenger (full squares, full line). The experimental points were
fitted by eqn (16) only (Zn**) or with the additional term corresponding
to [Cd(H,L)J]** species (Cd**) with the parameters listed in Table 8.

For fitting of the experimental data, the following mecha-
nism can be suggested (Scheme 5). Here, the constants K,—K,
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Scheme 5 The proposed reaction scheme for dissociation of [M(L)*"
complexes (M = Zn**, Cd*).

correspond to the protonation equilibrium of the complexes given
by eqns (11)-(13) (charges are omitted).

K, = [M(HL)//M(L)]H] (11)
K, = [M(H,L))//[M(HL)][H] (12)
K, = [M(H;L))/[M(H,L)]H] (13)

The rate law for the proposed reaction mechanism is defined in
eqn (14).

v = ‘k . [complex],,,
= %, [M(HL)] + “,[M(H,L)] + *k,[M(H;L)] (14)

In the given pH regions (3.7-4.8 for zinc(11) complex and 4.5-6.1
for cadmium(i1) complex), only [M(HL)}~ and [M(H,L)] species
are present in a high abundance. The amounts of deprotonated
complexes is negligible (Fig. 1) and the concentration of the
[M(H;L)]* complex should be also very low as value of log K,
for the [M(H,L))* species (Scheme 5) is much lower than that of
log K, for the [M(H,L)] species (¢f. logK; = 1.21 and 1.52 vs.
log K, = 5.15 and 5.27 reported for two isomeric [Cu(H;L)]* and
[Cu(H,L)] complexes;* log K; = 1.15 and log K, = 4.78 for cis-
0,0-[Ni(H;L)]}* and cis-0,0-[Ni(H,L)] complexes*). Therefore,
eqn (15) can be postulated.

v = Kon[complex] = ko ((M(HL)] + [M(H,L)) 15)

By rearrangement of eqns (11)(15), the final rate law can be
obtained (eqn (16)).

k, + ko Ko[H*] + ko Ko Ko[H'P
4 _K 248
ko= TR (16)

Eqn (16) formally corresponds to the equation used for
fitting of acid-assisted dissociation data for the pc-[Cu(H,L)]*
complex.®® An analogous rate law has been described re-
cently for dissociation of the lead(i) complex of N,N',N",N"-
tetrakis(carbamoylmethyl)cyclam.%

The pseudo-first-order rate constants, k., for both divalent
metal complexes were fitted through the experimental points
by the eqn (16). The values of protonation constants, log K, =
4.44 for zinc(11) and log K, = 5.59, for cadmium(ir) complexes,
respectively, were taken from Table 2. The best fits of exper-
imental data are shown in Fig. 6 and the resulting values in
Table 8.

The dissociation pathways with participation of the [M(HL)]-
complex species were not observed (‘k, = 0). In the case of
the zinc(11) complex, two reaction pathways of complex disso-
ciation with two respective rate constants (for the [Zn(H,L)] and
[Zn(H;L)])* species) were resolved (Scheme 5). On the contrary,
in the case of the cadmium(il) complex, the reaction pathways
through triprotonated and, possibly, tetraprotonated species were
identified, probably due to a very slow dissociation of the
diprotonated species as only the upper limit of the corresponding
rate constant °k, could be estimated (Table 8). Involving a
term corresponding to dissociation of the [Cd(H,L)[* species
(“k4K,K,K,[H*P) into eqn (16) led to a slight improvement of
the fitting in the most acid region; the inclusion of this term did
not change values in Table 8. However, only very rough estimate
Yk KKy = 5 x 107 (dm® mol')? s*! could be obtained for the
[Cd(H,L)}** pathway. Comparing the dissociation rate constants
of both metal complexes, decomposition reaction pathways in-
volving the triprotonated species are much more important than
other reaction steps involving the less (M(H,L)]) or, possibly, more
protonated ([Cd(H,L)I**) species under experimental conditions
used in the study. This phenomenon can be demonstrated by the
calculated ratio of the rate constants (“k; K,)/%k, for both pathways
for the zinc(11) complex (1.9 x 10°) while this ratio is even higher
by several orders of magnitude for the cadmium(i) complex. It
can be assumed that both {[M(H,L] species are hardly protonated
and corresponding protonation constant of the [M(H,L)] species
should be in range of log K; = 1-2. Therefore, the concentration of
the triprotonated reaction intermediates is on a trace level under
the experimental conditions used in this study. Their high reactivity
is probably caused by the fact that the third proton can be very
easily transferred to a nitrogen atom leading to fast decomposition
of such complex species. The overall inertness of the complexes
decreases in the order Cu(i1) >» Zn(11) > Cd(1r). This trend is
related to the metal ion size (fitting the macrocyclic cavity) and

Table 8 Summary of partial dissociation rate constants determined (eqn 16) for acid-assisted hydrolysis of [M(L)*" complexes (M = Zn*, Cd**) (25 °C,

0.1 M KCl)
an‘
Rate constant Cu®* PAR scavenger Cu? scavenger Cd*
dk,/s7! 8.5(3) x 10~* 4.6(5) x 10? 3.2(1) x 10°* <3 x 10-%
9k;K;/dm?® mol™' s~ 9.7(1.2) x 10°* 8.9(1.3) 17.6(1.2) 2.48(6) x 10
(“k; K3/%k;)/dm?® mol-! 0.114(6) 1.93) x 10° 5.5(4) x 10° >10

“ Reported?® for pc-[Cu(H,L)J** complex species, f = 25.0 °C, I = 5.0 M (Na,H)CIO,. * Only an upper estimate.
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their affinity to nitrogen or oxygen atoms (strength of the M**-N
and M*-O bonds).

Conclusions

We have studied interactions of divalent metal ions with a
bis(methylphosphonate) cyclam derivative. In the solid state, the
structures of the complexes clearly depend on the relative affinity
of the central ion to different donor atoms of the ligand. The
diprotonated zinc(11) complex is mononuclear with all available
donor atoms coordinated. In both diprotonated manganese(ir)
and lead(11) complexes, the central metal ion binds only oxygen
donors and nitrogen atoms are unbound and protonated. The
determination of stability constants reveals a high preference of
complexation of transition-metal ions, and in particular a high
selectivity to the Cu®* ion. In the complexes with transition metals,
the nitrogen atoms of the macrocycle are coordinated to the metal
ion from the beginning of the complexation in acid solutions. The
ligand has a low affinity to alkaline earth ions, and the nitrogen
atoms are coordinated to the central metal ions only in strongly
alkaline solutions, similarly as it was found for other cyclam
derivatives. The behaviour of lead(11) and manganese(1r) complexes
is somewhere in between the previous groups, with deprotonation
of the amino groups induced by metal in slightly alkaline region.
The kinetics of formation of zinc(11) and cadmium(ir) complexes
follows the common mechanism assumed for complex formation
of macrocycles bearing coordinating pendant arms. It shows
a high difference in reactivity between differently protonated
ligand species. Complexes of Zn** and Cd* ions are rather
unstable in acid-assisted decomplexation in comparison with the
corresponding copper(11) and nickel(11) complexes. The zinc(ir)
complex is much more kinetically inert than the cadmium(ir)
complex (Fig. 6). This inertness is associated with the suitability
of the size and conformation of the macrocycle cavity. The smaller
metal ions such as Cu** or Zn** fit the cavity better than the
larger ones as Cd** ion. The results confirm that 1,8-H,te2p is a
very suitable ligand for selective binding of divalent copper, e.g. in
nuclear medicine applications.
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The title ligand, 1,4,8,11-tetraazacyclotetradecane-1,4-diyl-bis(methylphosphonic acid) (H,te2p'*,
H4L), was prepared by an optimized synthetic approach and its complexing properties towards

10 selected metal ions were studied by means of potentiometry. The ligand forms very stable complex
with copper(11) (logB(CuL) = 27.21), with a high selectivity over binding of other metal ions (i.e.
logB(ZnL) = 20.16, logB(NiL) = 21.92). The crystal structures of two intermediates in the ligand
synthesis and two forms of the nickel(11) complex (obtained by crystallization at various pH) were
determined. From acid solution, the crystals of trans-O,0-[Ni(H;L)]Cl-H,O were isolated. In such

1s complex species, one phosphonate pendant arm is double- and the second arm is monoprotonated.
The isolation of such species demonstrates a high kinetic inertness of the complex. The central
metal ion is surrounded by four in plane nitrogen atoms (in the ring configuration III) and two
oxygen atoms of pendant moieties in the apical positions of octahedral sphere. From neutral
solution, the crystals of {trans-O,0-[Ni(H,L)]};-5H,0 were isolated. The molecular structures of

20 the complex units found in this structure are analogous to the previous one.

Introduction

Most of studies on macrocyclic ligands have been focused on
derivatives bearing additional coordinating pendant groups
which influence both thermodynamic stability and kinetics of
2s the complexation/decomplexation. Among the macrocycles,
1,4,8,11-tetraazacyclotetradecane (cyclam, Chart 1) is one of
the most studied azacycles.* Cyclams (fourteen-membered
tetraamine macrocycles) show ability to complex first-row
transition metal cations, especially copper(il), and the
3 complexes are often highly thermodynamically stable and
kinetically inert.
[m Ho,c/\m/\cozn HzoaP/\m/\PO:;Hz

D

NH HN

U‘ Ho,c\/cho,H HZO;,PVU\/PO:,HZ
cyclam H,teta Hgtetp
[NH Na\”oa’*z Emi\ma“z (NH Ni\Pos“z
NH HN HOP N HN vaoﬁz
Hatelp Hate2p'® Hqe2p'*

Chart 1 Structures of ligands mentioned in the text.

The investigations of the cyclam-derived ligands and their

ss complexes is often motivated by their use in medicine.>* It
was found that cyclam-based anti-HIV agents are even more
active in vivo in the form of complexes with several metal
jons.>* The macrocyclic ligands are used as chelators of the
metal radioisotopes in targeted radiopharmaceuticals.>® For

« the utilizations in nuclear medicine, macrocyclic ligands are
generally preferred to open-chain ligands due to higher
stability and mainly higher inertness of their complexes.
Among metal radioisotopes, the copper radionuclides
(especially **Cu and ¢’Cu) seem to be very perspective. They

« undergo various decays, exhibit promising properties for
application in both scintigraphic imaging (single-photon
imaging and positron emission tomography) as well as in
targeted radiotherapy.” The ligands based on the cyclam
skeleton offer an excellent binding environment for Cu(ir) ion

o as the ion ideally fits the macrocyclic cavity.>® Chelators
utilized for complexation of copper radionuclides are often
based on 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid (Hyteta, Chart 1). However, such ligands have
more donor atoms (8) than it is required by copper(11) ion (5—

ss6) and, therefore, several pendant arms remain non-
coordinated in the copper(i1) complexes.® It was shown, that
such copper(ir) complexes are not optimal for biomedical
applications as they lose the metal ion in vive.'°

The investigations of macrocycles derivatized with four

« methylphosphonic acid (<CH,-PO;H,)"" or methylphosphinic
acid (-CH,-P(R)O,H)'? pendant arms (Chart 1) have started
several years ago. However, similarly to the Hyteta
derivatives, the ligands have more coordinating atoms and the
ligands should be rather considered as derivatives of

es N,N',N’',N'"’-tetramethylcyclam which forms generally
kinetically less inert complexes than cyclam itself."
Therefore, copper(i1) complexes of cyclam derivatives having
a smaller number of pendant arms has been studied. The
studies involved ligands with one carboxylic acid'* or

o pyridine'® pendant arm, or two acetate,'*'7 amine,"’
acetamide'™'® or pyridine'*2° coordinating pendant arms.
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We have already prepared cyclam substituted with only one
pendant arm?' or with two methylphosphonic acid pendant
arms in “trans” (1,8-) positions (H,telp and H,te2p"?, Chart
1).22 Both ligands form extremely stable copper(ir)

s complexes,2"? and the complexation reaction was found to be
very selective for copper(l1) over zinc(i1).2* We prepared the
title ligand, 1,4,8,11-tetraazacyclotetradecan-1,4-diyl-
bis(methylphosphonic acid) (Hste2p'#, H,L, Chart 1), but a
scaling up of synthesis based on the original procedure was

1 complicated by extensive chromatographic separations. So,
we decided to develop another synthesis, based on previously
reported oxalyl-bis(amide) protection.?® Here, we report on
the optimized ligand synthesis and the investigations of
complexing properties of Hyte2p"* towards selected divalent

1s metal ions.

Experimental
Chemicals

Cyclam? and compounds 1-3% were synthesised by
published methods. Paraformaldehyde was filtered from aged
» aqueous solutions of formaldehyde (Lachema) and was dried
in desiccator over conc. H;SO,. All other chemicals were used
as received from commercial sources. Metal ion stock
solutions were prepared by dissolution of recrystallized
M(NOs);xH,;0 in deionized water; the metal content was
25 determined by titration with Na,H,edta solution. A standard
nitric acid solution was prepared by passing of an aqueous
potassium nitrate solution through a Dowex SOW-8 (H*-form)
column. A carbonate-free KOH (~0.2 M) solution was
standardized against potassium hydrogen phthalate and the
3 HNO; (~0.03 M) solution against the KOH solution.

Instrumental Methods

NMR spectra were recorded on a Varian VNMRS300
spectrometer operating at 299.9 ('H), 75.4 ('3C) and 121.4
(*'P) MHz. NMR spectra references: tetramethylsilane for
35 CDCly solutions (8y,6c = 0 ppm) and -BuOH for D,O
solutions (8 = 1.25 ppm, & = 32.0 ppm) as an internal and
85% D;PO, in D,0O (6 = 0.0 ppm) as an external references.
Chemical shifts & are given in ppm and coupling constants J
are reported in Hz. Abbreviations of signal multiplicities: s
« (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m
(multiplet) and br (broad). The ESI-MS spectra were acquired
on a Bruker ESQUIRE 3000 spectrometer with ion-trap
detection in both positive and negative modes. Thin layer
chromatography (TLC) was performed on aluminium sheets
as Silica gel 60 F254 (Merck KGaA, Germany) using 2-
propanol:conc. aq. NH;:water 7:3:3 mixture as mobile phases
with ninhydrin spray or dipping of the sheets in 5% aqueous
solution of CuSO, detection. Elemental analyses were done in
the Institute of Macromolecular Chemistry (Academy of
so Sciences of the Czech Republic, Prague).

Synthesis

Isolation of 1,5,8,12-tetraazabicyclo[10.2.2]hexadecane-13,14-
dione, 1

Due to problematic isolation of 1 as a free base according to
ss ref. 28, we isolated the compound as dihydrochloride salt as it

&

2

2
>

2

I3

]

©
b3

g

105

]

follows. Reaction mixture from the original synthesis?®® (5
mmol scale, 1.00 g of cyclam) was evaporated to dryness, and
re-dissolved in 15 ml of ethanol. Concentrated aq. HCI (1 ml)
was added dropwise and the white precipitate was collected
by filtration and dried in dessiccator (1.36 g, 83 %). (Found C,
439, H, 7.2; Cl, 22.0; N, 17.0. Calc. for 1-2HCI,
Ci:HChN,O,, M = 327.3: C, 44.0; H, 74; Cl, 21.7; N,
17.1%). Colourless needles of 1-:2HCI suitable for X-ray
diffraction were prepared by vapour diffusion of ethanol to aq.
solution of 1-2HCI, acidified by a drop of a diluted aq. HCI.
Isolation of 1,4-dibenzyl-1,4,8,11-tetraazacyclotetradecane, 3
After hydrolysis of 2 in aq. NaOH, extraction of 3 to
chloroform and evaporation,?® the compound was isolated by
crystallization from concentrated aq. HBr (75 %, based on
1-2HCI) as an off-white solid. (Found C, 37.7; H, 6.0; Br,
416, N, 7.2. Calc. for 3'4HBr‘4H20, Cz4H4sBl’4N404, M=
776.3: C, 37.1; H, 6.2; Br, 41.2; N, 7.2%). Colourless plates
of 3-4HBr-2H,0 were formed by slow cooling of hot solution
of 3 in diluted (1:1) aq. HBr.

Synthesis of 8,11-dibenzyl-1,4-bis(diethoxyphosphoryl
methyl)-1,4,8,11-tetraazacyclotetradecane, 4

Compound 3-4HBr-4H,0 (5.45 g, 7.0 mmol) was dissolved in
water (100 ml) and NaOH (5 g) was added. Free base 3 was
extracted by CHCIl; (3x50 ml), extracts were combined and
dried over Na,SO,. Mixture was filtered and the solvent was
evaporated. The macrocycle was dissolved in triethyl
phosphite (11.6 g, 74 mmol, 10 equiv.). Paraformaldehyde
(1.10 g, 37 mmol, 5 equiv.) was added and the mixture was
stirred at 75 °C for 4 d in a closed flask. Reaction mixture was
poured onto column of strong cation exchanger (Dowex 50,
100 ml, H*-form). The non-cyclic compounds were eluted by
EtOH:water (3:1, 500 ml) mixture. The product 4 was
collected by EtOH:conc. aq. NH; (5:1, 250 ml) mixture. After
evaporation, the product was isolated as a brownish oil. TLC
(ninhydrine) brown spot, R; = 0.9; 8(CDCl;) 1.31 (12 H, m,
CHs), 1.62 (4 H, p, *Juy 6.8, CHyCH,CHy), 2.59 (4 H, t, *Juy
6.8, NCH,CH,CH;N), 2.62 (4 H, s, NCH,CH;N), 2.70 (4 H, t,
3Jun 6.8, NCH,CH,CH,N), 2.79 (4 H, s, NCH,CH,N), 2.95 (4
H, d, 2Jpy 10.0, CH,P), 3.48 (4 H, s, CH,Ph), 4.12 (8 H, m,
OCH;) and 7.2-7.6 (10 H, m, arom); 6(CDCl;) 17.0 (4 C,
CH;), 25.0 (2 C, CH,CH,CH,), 51.0 (2 C, d, 'Jpc 628, CH,P),
51.2 (2 C, PhCH,;NCH,), 52.4 (2 C, PhCH,;NCH,), 53.2 (2 C,
d, e 352, PCH,NCH,), 54.1 2 C, d, *Jpc 352,
PCH;NCH,), 60.3 (2 C, PhCH,), 63.3 (4 C, d, pc 148,
OCH,), 128.3 (2 C, arom), 129.3 (4 C, arom), 130.5 (4 C,
arom), 140.0 (2 C, arom CCH,); 8p(CDCl5) 31.1 (br s).
Synthesis of 8,11-dibenzyl-1,4,8,11-tetraazacyclotetradecane-
1,4-diyl-bis(methylphosphonic acid), 5

The matter obtained above was dissolved in diluted aq. HCI
(1:1, 70 ml) and the mixture was heated under reflux for 24 h.
The volatiles were evaporated and the residue was dissolved
in a small amount of water and poured onto column of strong
cation exchanger (Dowex 50, 100 ml, H -form). The column
was washed by water till neutrality of the eluate and the
product 5 was collected with 5% aq. HCI. Fractions
containing the product were evaporated, re-dissolved in water
and chromatographed on column of weak cation exchanger
(Amberlite CG50, 50 ml, H'-form) with 3% aq. HCl as a
mobile phase. Fractions containing pure product (TLC check)
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were combined, and the product was crystallized from hot
water with few drops of conc. aq. HCl. The white
hydrochloride salt was collected by filtration and dried in air
(1.66 g, 33%, based on 3-4HBr-4H,0). (Found C, 43.3; H, 7.0;
sCl, 152; N, 7.7, P, 86. Calc. for 5-3HCI-2H,0,
C,6H4sCIsNOgP,, M = 714.0: C, 43.7; H, 6.9; Cl, 14.9; N,
7.8; P, 8.7%), TLC (ninhydrine) purple spot, Ry = 0.6;
8(D,0/NaOD, pD = 13.8) 1.68 (4 H, br, CH,CH,CH,), 2.53
(8 H, br+s, CH,CH,CH, + NCH,CH;N), 2.64 (4 H, d, Zpy
10 10.7, CH,P), 2.75 (4 H, br, CH,CH,CH,), 2.86 (4 H, s,
NCH,CH,N), 3.49 (4 H, s, CH,Ph), 7.16 (4 H, m, arom) and
7.32 (6 H, m, arom); 8:(D,0/NaOD, pD = 13.8) 21.2 (2 C,
CCC), 45.4 (2 C, CCC), 49.8 (2 C, CCC(), 52.7 (2 C, NCCN),
53.2 (2 C, NCCN), 57.0 2 C, d, "Jep 142, CP), 614 (2 C,
1s CPh), 129.9 (2 C, arom), 130.8 (4 C, arom), 132.1 (4 C,
arom), 139.4 (2 C, arom); &(D,O/NaOD, pD = 13.8) 16.7 (t,
2Jn 11.8); m/z (ESI) +569.4 ([M+H]", CyHyN,O6P;"
requires 569.3), -567.3 ([M-H]", C,sH4N4O¢P,” requires
567.3).
» Attempt of synthesis of 1,4-bis(diethoxyphosphorylmethyl)-
1,4,8,11-tetraazacyclotetradecane, 6
Compound 4 (0.32 g) was dissolved in EtOH (10 ml) in
double-necked flask (50 ml) under argon. To the solution, a
10% Pd/C catalyst (0.20 g) was added. The flask was flushed
2s with hydrogen, and the mixture was stirred under hydrogen
atmosphere for 12 h. New portion of catalyst (0.20 g) was
added and the mixture was stirred for further 24 h. After that
time, a sample of the mixture was filtered off, evaporated to
dryness and analyzed by NMR. According to 'H NMR,
30 complete debenzylation occurred, but three major peaks
appeared in the >'P NMR spectrum at 29.5 (15 %), 31.3 (65
%) and 31.8 (20 %) ppm. Trial of deesterification of the
product mixture in dry HBr/AcOH solution (30% w/w) led to
a more complicated mixture (5 peaks in >'P NMR spectrum at
s 11.1 (15 %), 11.6 (15 %), 11.9 (40 %), 12.9 (20 %) and 14.0
(10 %) ppm).
Synthesis of 1,4,8,11-tetraazacyclotetradecane-1,4-diyl-
bis(methylphosphonic acid) , H,te2p'* (H,L)
Compound 5-3HCI-2H,0 (1.40 g, 2.1 mmol) was dissolved in
40 mixture of water (15 ml) and AcOH (10 ml) in double-necked
flask (50 ml) under argon. To the solution, a 10% Pd/C
catalyst (0.15 g) was added. The flask was flushed with
hydrogen and the mixture was stirred under hydrogen
atmosphere for 24 h. The catalyst was filtered off and the
4s solution was evaporated to dryness. The residue was dissolved
in a small amount of water and poured onto column of strong
cation exchanger (Dowex 50, 100 ml, H'-form). The column
was washed by water till neutrality of the eluate and the
product Hyte2p'* was collected by 5% aq. ammonia. Fractions
so containing the product were evaporated to dryness. The
residue was re-dissolved in water and chromatographed on
column of weak cation exchanger (Amberlite CG50, 50 ml,
H*-form) with water. The product was crystallized from conc.
aqueous solution by a slow addition of acetone. The white
ss solid Hyte2p"*4H,0 was collected by filtration and dried in
air (0.52 g, 54 %). The characteristics were identical to those
rt:ported.25
Preparation of trans-0,0-[Ni(H;L)|CI'-H,0
Ligand (50 mg of H4te2p"4~4H20, 0.11 mmol) was dissolved

« with equimolar amount of NiCly'6H,0 (26 mg) in water (2 ml)
and the solution was heated in a closed vial at 100 °C
overnight. The complex formation was evident from colour
change (green to violet) and MS (m/z (ESI) +445.2 ((M+H]",

C|2H29N4Ni06pz* requires 445.1 ), —443.0 ([M—H]—,
6 C1,Hy7NyNiOgP,™  requires 443.1)). The solution was
concentrated to ~0.5 ml. Violet plates of trans-O,0-

[Ni(H;L)]JCI-H,0 were formed by a slow vapour diffusion of

acetone and analyzed by X-ray crystallography.

Preparation of {trans-0,0-[Ni(H;L)}};'SH,0
n Ligand (50 mg of Hyte2p'*-4H,0, 0.11 mmol) was dissolved
in water (2 ml) and mixed with excess of freshly prepared
Ni(OH), (prepared from 52 mg of NiCl,:6H,O by addition of
diluted aqueous NaOH and centrifugation). The solution was
stirred overnight at room temperature and unreacted Ni(OH),
was filtered off. The complex formation was evident from
colour of the solution (violet) and MS (m/z (ESI) +445.2
([M+H]+, C|2H29N4Ni06pz+ requires 4451), —443.0 ([M—H]_,
C1;H27NgNiOgP,™ requires 443.1)). The single crystals —
violet-blue plates — of {trans-O,0-[Ni(H,L)]};-5H,O were
w formed by a slow vapour diffusion of acetone.

=
&

Crystallography

Selected crystals were mounted on a glass fibre in random
orientation and cooled to 150(1) K. The diffraction data were
collected employing a Nonius Kappa CCD diffractometer
(Enraf-Nonius) using Mo-Ka (A = 0.71073 A) at 150(1) K
(Cryostream Cooler Oxford Cryosystem) and analyzed using
the HKL DENZO program package.?® The structures were
solved by direct methods and refined by full-matrix least-
squares techniques (SIR92 (ref.2’) and SHELXL97 (ref")).
» The used scattering factors for neutral atoms were included in
the SHELXL97 program.

In the structure of 1-2HCI, all non-hydrogen atoms were
refined anisotropically. The hydrogen atoms attached to
carbon and nitrogen atoms were located in the electron density
difference map; however, the hydrogen atoms attached to
carbon atoms were fixed in theoretical positions using Uq(H)
=1.2U(C).

In the structure of 3-4HBr-2H,0, an independent unit is
formed by one half of the amine molecule (the molecule lays

o
13

©
b3

1o on crystallographic double-fold axis), two bromide anions and

one solvate water molecule. The bromide anions occupy three
positions (one with full and two with crystallographic half
occupancies). Most of hydrogen atoms were located in the
electron density difference map; however, due to presence of

105 @ heavy atom, all hydrogen atoms were fixed in theoretical

(C-H, N-H) or original (O-H) positions using U,(H) =
1.2U,(X). Due to a high absorption coefficient, absorption
correction (Gaussian integration)’! with scaling factors T, =
0.2902 and T,,, = 0.7003 was applied.

e In the structure of frans-O,0-[Ni(H;L)]CI-H,O, all non-

hydrogen atoms were refined anisotropically. The hydrogen
atoms were located in the electron density difference map;
however, due to presence of a heavy atom, all hydrogen atoms
were fixed in theoretical (C-H, N-H) or original (O-H)

ns positions using Uq(H) = 1.2U,(X).

In the structure of {trans-O,0-[Ni(H,L)]}s-5H,0, three
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complex molecules and five water solvate molecules form the
structurally independent unit. All non-hydrogen atoms were
refined anisotropically (except of those belonging to the
disordered phosphonate) and the hydrogen atoms attached to

s carbon and nitrogen atoms were fixed in theoretical positions
using Ugg(H) = 1.2U(X). One phosphonate pendant group
was best refined as disordered in two positions (with the
common carbon and nickel-coordinated oxygen atoms). A
low-quality of crystal data and a high number of refined

10 parameters led to high uncertainties; therefore, some atoms
have relatively high thermal parameters and, so, the hydrogen
atoms of water solvate molecules could not be located in the
electron density map.

Crystal data

1s 1:22HCL,  Cy,HCIhNO,, M = 327.25, monoclinic, a =
9.6533(3), b = 15.5059(4), ¢ = 103121(2) A, B =
93.5297(16)°, U = 1540.62(7) A®, space group P2,/c (no. 14),
Z = 4, 3533 reflections measured, 2869 unique, the final wR,
=0.0798 (all data). CCDC-XXXX.

» 3-4HBr-2H,0, C,4HyyBryN,O,, M = 740.27, monoclinic, a =
7.27000(10), b = 20.5765(4), ¢ = 20.0208(4) A, B =
99.6839(13)°, U = 2952.26(9) A®, space group C2/c (no. 15),
Z = 4, 3408 reflections measured, 2854 unique, the final wR,
=0.0659 (all data). CCDC-XXXX.

2 trans-0,0-[Ni(H;L)]Cl'H;O, C|2H3|C|N4NiO7P2, M= 4995],
orthorhombic, a = 7.9420(2), b = 9.4016(3), c = 27.8565(8) A,
U = 2079.98(10) A, space group P2,2,2, (no. 19), Z = 4,
4739 reflections measured, 4236 unique, the final wR, =
0.0872 (all data). CCDC-XXXX.

30 {trans-O,O-[Ni(HzL)]}3'5H20, C36H94N|2Ni3013p6, M =
1425.18, hexagonal, a = 15.2662(1), c = 43.2280(4) A, U =
8724.84(11) A3, space group P6, (no. 169), Z = 6, 13307
reflections measured, 9407 unique, the final wR, = 0.1673 (all
data). CCDC-XXXX.

35 Potentiometric titrations

Equilibrium in systems of the ligand in free form (protonation
study) and with Ca(11), Cu(11), Zn(11), Cd(11) and Pb(11) were
established fast and, thus, they could be studied by
conventional titrations. Titrations were carried out in a
« thermostatted vessel at 25.0+0.1 °C, at constant ionic strength
I(KNOs) = 0.1 M, using a PHM 240 pH-meter, a 2 ml ABU
900 automatic piston burette and a GK 2401B combined
electrode (all Radiometer). The concentration of the ligand
was approximately 0.004 M. The ligand-to-metal ratio was 1:1
asin all cases and the initial volume was about 5 ml. The
measurements were taken with an addition of excess of HNO,
to the mixture. The starting value of —log[H'] was typically
1.65 (the Cu(1) system) or 1.8 (other systems). The mixtures
were titrated with the solution of KOH till —log[H"] of about
o 12.5. Titrations of each system were carried out at least four
times. Each titration consisted of about 40 points (with
approximately the same number of data points in both acid
and alkaline regions). An inert atmosphere was ensured by a
constant passage of argon saturated with water vapour.
s The complexation reaction was too slow to be followed by
standard titrations in the Ni(11) system. Thus, this system was
studied by the “out-of-cell” method. Three titrations were

done, each consists from 30 points (i.e. from 30 solutions
mixed separately in test tubes). Initial volume of the samples
« was about 1 ml. The tubes were left firmly closed for 1 h, then
an appropriate amount of the KOH solution was added and the
tubes were tightly closed. The potential was then determined
with freshly calibrated electrode after 3 weeks.
The water ion product was taken from literature
ss (PK,, = 13.78).32 The constants with their standard deviations
were calculated with the OPIUM program package.> The
program minimises the criterion of the generalised least-
squares method using the calibration function
E = Ey + Sxlog[H"] + /ix[H"] + jxKw/[H'],
= where the additive term E, contains the standard potentials of
the electrodes used and the contributions of inert ions to the
liquid-junction potential. Term S corresponds to the Nernstian
slope and the j;x[H'] and j,x[OH"] terms are contributions of
the H" and OH" ions to the liquid-junction potential. They
s cause a deviation from a linear dependence between E and
~log[H"] only in strongly acidic or strongly alkaline solutions.
The calibration parameters were determined from titration of
the standard HNO; with the standard KOH solutions before
and after every titration of ligand (ligand/metal ion system) to
w give calibration-titration pairs used for calculations of the
constants. The protonation constants B, are defined as
concentration constants f, = [H,LJ/((HI"X[L]). The
concentration stability constants p,, are defined by the
equation B, = [HyLM,J/([H]"X[L)'’X[M]™). In the definitions,
ss the charges of the species are omitted for clarity.

NMR titrations

The *'P NMR titration experiments for determination of the
highest protonation constants of the ligand (-log[H']
11.6-13.5) were carried out by recommended method** under
% the conditions of potentiometric titrations (H,0, 0.1 M KNO;,
25.0 °C, 0.004 M ligand); however, with no control of ionic
strength at the last points above —log[H'] 13. A coaxial
capillary with D,O was used for a lock. Protonation constant
was calculated with OPIUM from the dependence of 8 on —
ss log[H"].

Results and Discussion

Syntheses

Originally, Hste2p"* was prepared via thiophosphonyl-
bis(amide) protection of 1,4-positions of the cyclam ring,?
wo but scaling up the synthesis was complicated due to extensive
chromatographic purifications. Thus, we proposed a new
synthetic pathway, employing known oxalyl-bis(amide)- and
bis(benzyl)-protected cyclams 1, 2 and 3.2 However, in the
original article, the authors isolated the oxalylcyclam 1 by
s simple crystallization which did not work in our hands.
Therefore, we decided to isolate the compound 1 in the form
of dihydrochloride which precipitated easily from ethanol
solution of 1 on addition of conc. aq. HCl. The
dibenzylcyclam 3 was isolated after crystallization from conc.
o aq. HBr acid as 3-4HBr-4H,0. Originally, we tried the
crystallization from conc. aq. HCI, but the hydrochloride
precipitated in an extremely fine form and, thus, was hardly
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filterable. The dibenzylcyclam 3 reacted with triethyl
phosphite and  paraformaldehyde forming  protected
intermediate 4 in a quantitative yield (according to >'P NMR).
After removal of excess formaldehyde and phosphite, the

s protecting benzyl groups as well as phosphonate ethyl ester
groups were cleaved. First, we tried reductive debenzylation
of the ester 4 in presence of Pd/C. This procedure led to a
complicated mixture of products instead of pure compound 6.
Further hydrolysis of ester moieties (HBr/AcOH) resulted in

10 inseparable mixture of products. Therefore, the ester groups
were hydrolyzed first to obtain acid § and benzyl groups were
removed in the last step to obtain H,te2p"* in an overall
moderate yield.

Crystal structures

15 Crystal structure of 1:22HCI
Compound 1-2HCI crystallized in the form of colourless
needles. Independent unit of the crystal structure is formed by
one macrocyclic molecule and two chloride counter-ions. Six-
membered cycle (Fig. 1) formed by oxalyl group bounded to

0 macrocycle nitrogen atoms N1 and N4 is perpendicular to the
plane of the rest of the macrocycle. The crystal structure is
stabilized by intermolecular hydrogen bond network between
protonated amino groups, chloride anions (dy..cj ~3.0-3.1 A)
and oxygen atoms belonging to the neighbouring molecule

25 (dy--ou ~2.8-2.9 A).

Fig. 1 Molecular structure of the H,1*' dication found in the crystal
structure of 1:2HCI. Hydrogen atoms on carbon atoms are omitted for the
sake of clarity. Thermal ellipsoids show 50 % probability level.

30 Crystal structure of 3-4HBr-2H,0
In the structure of 3-4HBr-2H,O, all amino groups are
protonated. The macrocycle is in the most common
rectangular conformation (3,4,3,4)-A with all amino groups
laying in the comers of the rectangle (Fig. 2).2 Whole

3s structure is stabilized by intermolecular hydrogen bonds
between protonated amino groups, bromide anions (dy...5; ~3.2
A) and oxygen atom of solvate water molecule (dy..q ~2.7 A).
There are also contacts between solvate water hydrogen atoms

>
&

2

“
@

and the bromides (do...g ~3.3-3.4 A).

Fig. 2 Molecular structure of the H,3*' tetracation found in the crystal
structure of 3-4HBr-2H,0. Hydrogen atoms on carbon atoms are omitted
for the sake of clarity. Thermal ellipsoids show 50 % probability level.

Crystal structure of frans-0,0-[Ni(H;L)]|CI-H,0

The independent unit is formed by a complex molecule, a
chloride anion and a solvate water molecule. Coordination
sphere of Ni(11) ion is octahedral, with four macrocycle
nitrogen atoms in the equatorial plane and two apically
coordinated oxygen atoms of the phosphonate pendant arms
(Fig. 3). Coordination bond lengths have common values for
these types, with slightly longer bonds (by ~0.06 A) between
central ion and the tertiary amino groups comparing to the
secondary ones (Table 1). The macrocycle is in the most
stable configuration Ill,35 which is the most common
configuration found for Ni(i1) complexes with cyclam-like
ligands.*® The geometries around phosphorus atoms are
roughly tetrahedral. One phosphonate is monoprotonated, and
the other is double-protonated on the non-coordinated oxygen
atoms. The isolation of such species points to a high inertness
of the complex, as the second protonation step of the
coordinated phosphonate group proceeds typically with pK,
~1.2373% Gimilar over-protonated species were isolated also
in the case of Ni(11) complexes of Hyte2p'*.> The orientation
of phosphonate pendant arms above and below the
macrocyclic plane is fixed by intramolecular hydrogen bonds
between hydrogen atom of secondary amino group (hydrogen
atoms attached to N8 and N11) and uncoordinated oxygen
atom of the phosphonates (023 and O12, respectively) with
intermediate lengths (dy..0 ~2.9 A). The complex molecules
are connected to infinite chains via a very short intermolecular
hydrogen bond between one —OH group of double-protonated
phosphonate (O12) and non-protonated oxygen atom of the
second phosphonate pendant of neighbouring molecule (023%)
with 012023 separation of 2.41 A. Similar short hydrogen
bonds connecting the neighbouring units were observed also
in the structures of trans-O,0-[Co(Hte2p'*)]-6H,0 (ref>®)
and  trans-0,0-[Cu(H,te2p'*)]2H,0 (ref.?®) complexes.
Further hydrogen bond network is formed between protonated
phosphonates, the water solvate and the chloride anion.
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Fig. 3 Molecular structure of the complex units found in the crystal structure of trans-O,0-[Ni(H;L)]CI-H,O, showing hydrogen bond system (dashed).
Hydrogen atoms attached to carbon atoms are omitted for the sake of clarity. Thermal ellipsoids show 50 % probability level.

Table 1 Selected geometric parameters of the nickel(1r) coordination spheres in the crystal structures of trans-O,0-[Ni(H;L)]CI-H,O and {trans-O,0-
s [Nl(HzL)])}SHzO

trans-0,0-[Ni(H:L)]CI-H;0 {trans-0,0-[Ni(HsL)])3'5H,0
distances (A)
molecule A molecule B molecule C
Nil-N1 2.130(3) 2.14(1) 2.13(1) 2.16(1)
Nil-N4 2.136(3) 2.09(1) 2.10(1) 2.13(1)
Nil-N8 2.076(3) 2.06(1) 2.06(1) 2.07(1)
Nil-N11 2.076(3) 2.08(1) 2.07(1) 2.08(1)
Nil-011 2.106(2) 2.14(1) 2.14(1) 2.09(1)
Nil-021 2.119(2) 2.09(1) 2.09(1) 2.10(1)
angles (°)
NI-Nil-N4 86.5(1) 86.6(4) 88.5(3) 86.1(5)
NI-Nil-N8 175.4(1) 1767(5)  173.1(5)  174.7(4)
NI1-Nil-N11 94.1(1) 95.7(4) 93.8(5) 94.6(5)
NI1-Nil-O11 86.1(1) 86.7(5) 85.3(5) 94.6(5)
NI-Nil-021 91.8(1) 91.3(5) 93.1(5) 93.1(4)
N4-Nil-N8 94.5(1) 91.9(5) 91.6(5) 93.3(5)
N4-Nil-N11 175.5(1) 1729(6)  1749(5)  176.8(5)
N4-Ni1-O11 94.1(1) 95.1(6) 93.3(5) 90.1(4)
N4-Ni1-021 85.7(1) 84.7(6) 86.2(5) 86.3(4)
N8-Nil-N11 85.3(1) 86.1(3) 86.8(3) 86.3(5)
N8-Nil-O11 89.3(1) 90.5(5) 87.9(4) 86.3(5)
N8-Nil1-021 92.7(1) 91.4(4) 93.8(3) 92.2(4)
NI11-Ni1-O11 93.3(1) 91.7(4) 91.5(4) 93.2(4)
N11-Ni1-021 89.9(1) 88.5(5) 89.0(5) 90.5(5)
O11-Ni1-021 176.3(1) 178.1(5) 178.3(4) 176.3(4)
Crystal structure of {trans-0,0-[Ni(H;L)]};'5H,0 The first two dissociation constant of the azacycle amino
The independent unit is formed by three complex molecules  groups having phosphonic acid pendants arms are usually very
and five solvate water molecules. Coordination spheres of all high (pK, ~13),%° ie. the values lay out of the region of
w nickel(l) ions are very similar to each other and to the . potentiometric titrations and, thus, they cannot be determined
previous complex, with four macrocycle nitrogen atoms in by this method. Therefore, *'P NMR titration was employed to
equatorial (with configuration III) and two phosphonate obtain the values of logf,, and logf,,. However, only the
oxygen atoms in axial positions. Coordination bond lengths value of logﬁu constant could be fitted. This fact can be

have common values for these types, with slightly longer attributed to lower precision of data due to non-constant ionic
1s bonds (by ~0.06 A) between central ion and the tertiary amino 4 strength at —log[H'] >12.5 and/or a relatively low number of
groups comparing to the secondary ones (Table 1). In a  data points (comparing to potentiometry). In addition, such

summary, a low quality of the diffraction data led to high  behaviour can point to a “reverse order” of protonation
uncertainties of atom positions and high anisotropic (dissociation) constants.?? The presence of strong hydrogen
displacement  parameters.  However, the  complex bonds in the system is evidenced from appearance of '"H NMR
» stereochemistry was unambiguously determined. as spectra at different solution pH. The signals are broad in pH
Ligand protonation region 3-13 (where the macrocyclic amine groups bind just
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two protons). The corresponding overall protonation constant
logfB;, is higher than that observed for cyclam and acetate
analogues, as it is typical for aminomethylphosphonic
acids.>>*>* The third and fourth protons are attached to an

dissociation constants (pK,’s 6.56 and 5.19) typical for such
dissociation 34243

The final values of protonation (dissociation) constants
were obtained from simultaneous fitting of both *'P NMR and

s oxygen atom of phosphonate moieties, with the values of the 1w potentiometry data and are compiled in Table 2.
Table 2 Protonation” constants of Hate2p'* and dissociation® constants of Hste2p"* and related ligands (Chart 1;25.0 °C, (KNOs) = 0.1 M),
logﬁ,, ‘ PK- b
h_ Hate2p'! Equilibrium © Hate2p** Cyclam *! Hstelp * Hitela ' Hate2p'® 2 Hgtetp *° Hateta *
1 - HLe H +L - 11.29 12.49 12.18 - - 10.58
2 25.723)° H,L &> H +HL 25.72¢ 10.19 11.76 10.87 26.41¢ 25.28 10.17
3 32.28(1) H;L o H + HL 6.56 1.61 6.05 3.01 6.78 8.85 4.09
4 37470) HLlL o H +HL 5.19 1.91 242 < 536 7.68 335
5 39.77(1) HsL & H' + HL 230 - - <2 1.15 6.23 -
6 - HeL © H' + HsL - - 2167 - - 533 -

“ By = [HiLY/([H])*X[L)). * K. = ((H]X[Ha.\L]¥/[H.L]. € Charges of species are omitted for clarity reason. ¢ Values in italics correspond to the

protonation/dissociation over two steps.

Stability of complex species

15 In all studied systems, the ligand forms 1:1 complex species
which can be additionally mono- and double-protonated. In
the systems with Pb(), triple-protonated species was also
detected in a low abundance at —log[H*] 4-7. The results are
compiled in Table 3.

2 In the case of calcium(i), the value of logfy, is low,
pointing to a very low abundance of the complex species in
solution. The initially formed diprotonated complex
[Ca(H,L)] probably loses protons from nitrogen atoms of the
macrocycle, as can be seen from the pK,’s of 12.12 and 11.92.

»s Thus, the metal ion is probably coordinated only by the
oxygen atoms of the phosphonate pendant moiety in double-
protonated complex, and macrocyclic part starts to coordinate
only after the full deprotonation in very alkaline solutions.
Similar coordination behaviour was found also for Hyte2p'*

w0 (ref.**) and Hytelp (ref.?").

In the case of lead(i) complexation, the value of logfy,, is
much higher than that found for Ca(i1), and the abundances of
complex species are also higher. Free lead(i) ion is not
present in the equimolar mixture above pH ~8. The

35 complexation starts with formation of triprotonated complex
(Pb(Hs;L)]*, which have maximal abundance at pH ~5.
According to its pK, (5.29), it loses proton probably from the
phosphonate pendant arm. The second pK, (6.39) is also
comparable to the values corresponding to phosphonate

« moieties, but the last one is much higher (10.20). It suggests
two possible explanations. In the first case, two oxygen atoms
(one of each pendant arm) are protonated as well as one
nitrogen atom of the macrocycle in the triple-protonated
complexes. In such case, at least other nitrogen atoms of the

s macrocycle should be involved in metal coordination in the
[Pb(H,L)] species; but such species exists even at pH below 5,
and such coordination of the macrocycle nitrogen atom would
be very unusual. The second possibility suggests that the
metal ion is bound only by pendant arms in the triple-

so protonated complex and two macrocycle nitrogen atoms are
still protonated. In this case, due to a higher affinity of Pb(11)
for nitrogen coordination (comparing to the Ca(i1) complex),
the pK, value corresponding to [Pb(H,L)] species would be

lowered by several orders of magnitude compared to those of
ss the free ligand. Furthermore, as the X-ray diffraction study of

the solid phase formed from Pb(11)-Hte2p'? system at pH ~6

revealed Pb(11) coordination by only phosphonate groups and
protonation of two nitrogen atoms.* So, the second
alternative of proton locations seems to be correct.

o In the systems with transition metal ions (Ni(i1), Cu(lr),
Zn(u1) and Cd(1)), the high values of the logfBy,, and the
values of the pK, clearly show that all four nitrogen atoms are
coordinated in all complex species, and the coordination
sphere is probably closed by at least one of phosphonate

es pendant arm. The protonation of these complexes takes place
on the non-coordinated phosphonate oxygen atoms (see also
above for the crystal structure of Ni(i1) complex). The first
protonation occurs with pK,’s slightly higher (6.81 for Cu(1),

6.88 for Zn(11) and 7.80 for Cd(11)) or slightly lower (6.14 for
w0 Ni(11)) than the corresponding pK, value of the free ligand
(6.56). The second protonations occur with lower pK,’s
comparing to that of the free ligand. The similar drop of pK,
values of phosphonate pendant arm upon coordination was
observed also for analogous complexes of Hyte2p'® (refs?>*%)
and Htelp (ref.?").

The highest stability was found for the Cu(ir) complex, as it
commonly reflects the Irving-Williams trend and, in addition,
the optimal size of the cyclam ring for this cation. The
complexation of Cu(ll) starts in acidic region and the metal
w ion is fully encapsulated in the complex below pH ~3 (Fig. 4).

The selectivity of the ligand for Cu(ir) is very high as the

difference between corresponding stability constants is about

seven and five orders of magnitude for Cu/Zn and Cu/Ni

pairs, respectively. These facts are very promising for a
ss potential analytical or radiopharmaceutical use.
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Table 3 Stability constants of complexes of Hate2p' with selected metal
ions (25.0 °C, I(KKNO) = 0.1 M),

Cation h i m logBhum pK.*
Ni() 01 1 21.92(6) Z
11 1 28.06(6) 6.14
2 1 1 33.18(3) 5.12
Cu(in) o1 1 27.21(3) -
1 1 1 34.02(3) 6.81
2 1 1 38.93(2) 491
Zn(1t) 01 1 20.16(3) -
11 1 27.04(1) 6.88
21 1 31.47(4) 443
Cd(m) 01 1 17.03(2) -
111 24.83(1) 7.80
2 1 1 29.75(3) 492
Pb(1) 01 1 12.85(4) -
11 1 23.05(3) 10.20
21 1 29.44(3) 6.39
31 1 34.73(9) 529
Ca(lr) 01 1 3.42(5) -
11 1 15.34(9) 11.92
21 1 27.46(5) 12.12

* Buim = (HLMWJ(HIXL]X[M]™), * Ko = ((HIX[M(Ha 1 L)]YIMCH,L)].

[CuHL)I

abundance of Cu®* (%)
8 8

g

s Fig. 4 Distribution diagram for the Cu(i1)-Hate2p'* system (ci. = cc, =
0.004 m).

From the comparison of stability constants determined for
the title ligand and the related compounds (Table 4), it is
clear, that the cyclam skeleton substituted by several (few)

10 pendant arms based on phosphorus acid is a good choice as
the ligands have a high selectivity of copper(il) complexation.
In the H,te2p'* case, the complexation of copper(i) is more
selective comparing to its 1,8-isomer® and the
monophosphonate  derivative H,telp.2' Furthermore, the

1s complexation reaction is relatively fast (similarly to the 1,8-
isomer) in slightly acid solutions, and much faster than that of
the monophosphonate ligand, Hytelp,2' and cyclam* itself; it
points to an acceleration effect of more phosphonate pendant
arms. The concentration of free Cu(u) ion in the Cu(i)-

» Hyte2p'* system (expressed as pCu = —log[Cu(11)] calculated
for an equimolar ligand-Cu(i) mixture) is about one order of
magnitude lower than that for the 1,8-isomer and more close
to values for other ligands with coordinating pendant arms
(Table 4). However the lower pCu values for the phosphorus-

25 containing ligands are mainly given by the very high overall
basicity of the ligands. The kinetics of complex formation and
dissociation is under study.

Table 4 Comparison of stability constants (logfu;) of the [M(L)]
complex species formed with Hste2p'* and related ligands.

ligand\ion Ni(i) Zn(n) Cd(n) Pb(n) Ca() Cu(m) pCu®
Hite2p™ 2192 20.16 17.03 12.85 345 2721 94
Hate2p®® 2199 2035 1789 1496 526 2540 8.1
Hatelp© - 2103 1591 - 307 2734 101
cyclam ¢ 222 152 113 109 - 281 119
Hateta 1991 1662 1825 143 842 2174 9.1
Hjtetp - 1767 1677 155/ - 2599¢ 84

“ Calculated for —log[H'] = 7.4 and ¢, = cm = 0.004 M. * ref. ®45 < ref?'. ¢
ref ¥ © ref ¥/ ref *® £ ref #*

2

Conclusions

The title ligand, Hyte2p'*, forms extremely stable complex
with Cu(i) (logB(CuL) = 27.21) with a high selectivity of
complexation over other metal ions (i.e. logB(ZnL) = 20.16,
logB(NiL) = 21.92). The complexation of copper(ir) proceeds
relatively fast as it could be determined by conventional
potentiometric titration. It makes the ligand promising as the
parent chelator for possible radiopharmaceutical applications.
« The ligand forms octahedral frans-O,0 Ni(11) complexes with
the most stable macrocycle configuration III. From acid
solution, the crystals of trans-O,0-[Ni(H;L)]CI-H,O were
isolated with mono- and double-protonated phosphonate
pendant arms. The isolation of such species points to a high
4s inertness of the complex. From neutral solutions, the crystals
of {trans-O,0-[Ni(H,L)]}5s-SH,O were isolated where each
pendant arm is monoprotonated.
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