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a b s t r a c t   
 

Complexation of Eu(III) ions with H4dota and its bis(phosphonate)-bearing analogs, H8do3aPBP with 

phosphinate spacer and H7dotamBP with carboxamide spacer, was studied by UV–Vis spectrophotometry 

and luminescence life-time measurements. The results show formation of two types of out-of-cage inter- 

mediates. The [EuL]oc intermediate is formed under metal ion excess, whereas [EuL2]oc intermediate is 

formed under ligand excess. At room temperature, their conversion to in-cage complex is comparable 

but the [EuL2]oc transformation into the in-cage complex is significantly faster at elevated temperatures. 

Both bis(phosphonate)-bearing ligands show slower complexation rate than H4dota. Comparison of reac- 

tivity of H8do3aPBP and H7dotamBP show important role of the spacer connecting the bis(phosphonate) 

group with the macrocycle. Presence of phosphinate in H8do3aPBP leads to significantly faster (3–4 orders 

of magnitude) complexation than in case of the amide spacer in H7dotamBP. Both bis(phosphonate)-bear- 

ing ligands show nonlinear dependence of the complexation rate on concentration of hydroxide anions 

due to changes in protonation state of the bis(phosphonate) moiety. 

© 2016 Elsevier Ltd. All rights reserved. 

 
 

 
 

1. Introduction 

 
In modern medicine, lanthanides and related metals (Sc, Y, In) 

are widely used as radiopharmaceuticals – tracers for Positron 

Emission Tomography (PET; 44Sc, 86Y, 110In) and Single-Photon 

Emission Computed Tomography (SPECT; 111In) or agents for 

radiotherapy (90Y, 153Sm, 166Ho, 177Lu) [1–4]. Other Ln(III) com- 

plexes are used as Magnetic Resonance Imaging (MRI) contrasts 

agents (Gd(III) complexes increasing relaxation rate of water pro- 

tons in tissues) [5] or optical imaging probes (Eu(III), Tb(III) and 

Yb(III) complexes as fluorescence probes) [6,7]. 

For in vivo applications, the lanthanide(III) ion must be bound in 

a complex endowed with a high thermodynamic stability and a 

high kinetic inertness to avoid toxic effects or non-specific deposi- 

tion of the unbound metal ion [5]. Two types of ligands dominate 

for complexation of Ln(III) ions – open-chain H5dtpa and macro- 

cyclic H4dota analogues (Scheme 1). The macrocyclic ligands form 

more stable complexes than open-chain ones and, even more 

importantly, complexes of macrocyclic ligands are endowed with 

significant kinetic inertness. On the other hand, macrocyclic 
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ligands suffer from slow complex formation. This is of high impor- 

tance mainly in the field of radiopharmaceuticals. 

Formation of Ln(III)-dota complexes has been previously 

studied by spectrophotometry, potentiometry, luminescence spec- 

troscopy, NMR spectroscopy and EXAFS [8–13]. Some intermedi- 

ates have also been characterized by molecular modeling [14].  

Less attention has been paid to kinetic behavior of other analogs 

bearing amide [15–16], alcohol [17,18] or phosphorus acid pen- 

dant arms [19–22]. The generally accepted mechanism of Ln(III) 

complexation by dota-like ligands is a two-step process. The first 

step is immediate formation of an out-of-cage intermediate with 

metal ion bound by pendant donor groups and with doubly proto- 

nated macrocycle. Later, in the rate-determining step, the interme- 

diate is transformed into the in-cage complex with the metal ion 

bound through four nitrogen atoms of macrocycle and four donor 

atoms of the pendants (commonly N4O4 coordination). 

Recently, we have studied two dota-analogs bearing a bis(phos- 

phonate) group attached to phosphinate or amide pendant arm, 

H8do3aPBP and H7dotamBP, respectively (Scheme 1) [23–26]. The 

bis(phosphonate) group is a strongly complexing moiety. So, it 

could be expected that it would participate on coordination of 

metal ion in the out-of-cage intermediates. H8do3aPBP shows 

significantly faster complexation of lanthanide(III) ions than 

H7dotamBP [26]. The ligands have been intensively studied as 

complexing agents for 177Lu for treatment of bone metastases 
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Spectronic) at room temperature using flash lamp (excitation 

wavelength 395 nm, emission wavelength 615 nm). Experimental 

setup was the same as for spectrophotometric measurements. 

 
3. Results 

 
3.1. Formation of Eu(III)-dota 

 

 
 
 
 
 

Scheme 1. Ligands discussed. 

 
 

[25,27,28] and 177Lu-H7dotamBP has been successfully used in 

patients [29]. To evaluate the role of the spacer between both com- 

plexing units – bis(phosphonate) and macrocycle – we present 

here detailed complexation study of the ligands with Eu(III) ions. 

In practice, complexation of radioisotopes is mostly performed at 

elevated temperatures and with a huge ligand excess. Thus, we 

focused our attention on temperature dependence of the complex- 

The formation of Eu(III) complexes was studied by UV–Vis spec- 

troscopy in the wavelength range 250–320 nm at the temperature 

range 30–70 °C. For H4dota, the experiments were performed at 
pH = 3.5 under metal ion excess as well as under ligand excess. 

As it is shown in Fig. 1, both types of experiments provide a shape 

that is typical for the final in-cage complex formation via an inter- 

mediate out-of-cage complex (indicated in formulas with super- 

script oc) that is transformed into the in-cage complex (indicated 

in formulas with superscript ic) in the rate-determining step. This 

is in full accordance to previously published results [8–22]. 

In the presence of a large metal ion excess or large ligand 

excess, the complex formation proceeds under pseudo-first-order 

conditions and its rate can be expressed as in Eq. (1). 

ation rate and a ligand excess was utilized in the experiments. Fur- 

ther, to obtain directly comparable data with the parent ligand, we 

d EuL ic 

dt 
¼ kobs - ½L]tot or 

d EuL ic 

dt 
¼ kobs - ½Eu]tot ð1Þ 

re-examined formation of Eu(III)-dota complex. Despite formation 

of Ln(III)-dota complexes has been well described [8–22], the pre- 

sent study brings new information about nature and behavior of 

the intermediate out-of-cage species. Europium(III) ion was 

selected as its complex formation can be studied by both absorp- 

tion and luminescence spectroscopy. 

 
2. Material and methods 

 
The ligands were prepared according to previously described 

procedures: H4dota [30], H8do3aPBP [23] and H7dotamBP [24]. A 

stock solution of Eu(III) (c � 0.1 M) was prepared by dissolving 

EuCl3 - xH2O in distilled water. The concentration was determined 

by titration with Na2H2edta using xylenol orange as an indicator. 

Stock  solutions  of  H4dota,  H8do3aPBP  and H7dotamBP (c 0.1 M, 

pH = 4) were prepared by dissolving the ligands in deionized water 

with addition of aq. NaOH to reach desired pH. 

 
2.1. Spectrophotometric measurements 

 
The  measurements  were  carried  out  on  spectrophotometer 

Specord 50 Plus (Analytik Jena AG) at the temperature range 30–
70 ± 0.1 °C maintained by Peltier block and in the pH range 4.5–7.5.  
Constant  pH  was  maintained  by  the  following lanthanide(III) 

non-coordinating buffers (c = 0.4 M): 1,4–dimethylpiperazine 

(pH < 5), acetic acid (pH 5–5.5), MES (pH  5.5–6.5)  and  HEPES  

(pH 6.5–7.5). Formation kinetic of the complexes was follow under 

second  and  pseudo-first  order   conditions  (cEu = 2.5    10-3 2.5 

10-2 M,  cL = 2.5    10-3 – 5.0   10-2 M)  at  pH = 3.5  for  H4dota  and 

H8do3aPBP and at pH = 4.0 for H7dotamBP, respectively, in the 

wavelength range 250–320 nm. The kinetics was studied in 1-cm 

sample cells. The experiments were initiated by the final addition 

of  the  Eu(III)  stock  solution   into   the   cell.   After   mixing   of  

all reagents, the first data were measured after 15 s  (reaction  

dead time). Examples  of  the  spectra  progress  are  shown  in  

Figs. S1 and S2. 

 
2.2. Luminescence measurements 

 
The luminescence lifetime measurements were carried out on 

Luminescence Spectrometer AMINCO Bowman Series 2 (Thermo 

where [L]tot and [Eu]tot are the total concentrations of ligand and 

metal ion, respectively, and kobs is a pseudo-first-order constant.  

At comparable concentrations of metal ion and ligand, the process 

must be treated as bimolecular reaction described using bimolecu- 

lar reaction constant k2f as in Eq. (2). 

d EuL ic 

dt 
¼ k2f - ½L]tot - ½Eu]tot ð2Þ 

Then, kobs is expressed as in Eq. (3) 

kobs  ¼ k2f - ½Eu]tot or kobs  ¼ k2f - ½L]tot ð3Þ 

Taking into account formation of [EuL]oc intermediate with 1:1 

metal-to-ligand stoichiometry only, the dependence of kobs on the 

metal ion or ligand concentrations can be expressed as in Eq. (4) 

[10]. 
 

 

Fig. 1. Complex formation in Eu(III)-dota system performed under ligand excess 

(right, cEu = 2.5 - 10-3 M) or metal ion excess (left, cL = 2.5 - 10-3 M) at pH = 3.5. The 

curves are for guiding eyes only. 

kobs ¼ 
1 þ K

 
k1  - K

*
1  - ½Eu3þ]tot 

* 3þ 
1 - ½Eu ]tot 

or kobs ¼ 
1

 
k1 - K*

1  - ½L]tot 

þ K -½ ] 
* L 
1 tot 

ð4Þ 
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where k1 is a rate constant corresponding to the rate of the out-of- 

cage ? in-cage  complex  transformation  and  K⁄1  is  the  conditional 

stability constant of the [EuL]oc intermediate. 

Table 1 

Activation parameters for formation rate constants of the studied Eu(III)-L systems 

(pH = 3.5 for H4dota and H8do3aPBP; pH = 4.0 for H7dotamBP). 
 

 

Surprisingly, the significant increase of complexation rate was 

observed, especially at higher temperatures, in the ligand excess 

Ligand Rate 

constant 

EA 

[kJ mol-1]  a 

DH# 

[kJ mol-1]  b 

DS# 

[J K-1 mol-1]  b 

compared to the metal ion excess. It implies different complexa- 

tion mechanism comprising other stable intermediates. This could 

be rationalized by formation of [EuL]oc and [EuL2]oc intermediates 

under metal ion and ligand excess, respectively. This hypothesis   

is supported by luminescence life-time measurements (see below). 

In that case, equilibrium between both out-of-cage species must be 

included (Scheme 2) and kobs is expressed as in Eqs. (5) and (6) for 

the metal excess and the ligand excess, respectively: 

k1  - K
*
1  - ½Eu3þ]tot 

 
 

H4dota k1 79.0 ± 0.2 76.4 ± 0.2 -180.5 ± 0.4 

k2 89.4 ± 0.1 86.7 ± 0.1 -176.7 ± 0.2 

H8do3aPBP       k2 90.2 ± 0.2 85.7 ± 0.1 -176.3 ± 0.3 

H7dotamBP      k2 116.9 ± 0.3 114.2 ± 0.2 -168.4 ± 0.2 
 

 

a lnk = lnA - EA/RT. 
b    ln(k/T) = -(DH#/RT) + (DS/R#) + ln(k0/h). 

 
the out-of-cage complex is decreased (Fig. S4). Thus, the hydration 

number of the out-of-cage complex was studied as function of 

kobs  ¼ 
1 þ K* - ½Eu3þ] 

 

tot 

ð5Þ ligand excess (Fig. 2). The results are in good agreement with the 
mechanism proposed above. The [EuL]oc complex bearing 4 water 

molecules is formed in the equimolar mixture, and [EuL2]oc com- 

or kobs ¼ 
k1 - K*

1  - ½L]tot þ k2 - K*
1  - K

*
2 ½L]2

 

1 þ K*
1  - ½L]tot þ K*

1  - K
*
2  - ½L]2

 

ð6Þ plex is formed with hydration number <3 at ligand excess. So, 

effective hydration number can be expressed as in Eq. (9). 

Each of the curves reaches almost immediately a plateau. It 

indicates that thermodynamic stability constants of the out-of-cage 

intermediates (K⁄1, K⁄2) are excessively high and cannot be obtained 

from the fitting. For such high K⁄1 and K⁄2 values (i:e: 1 « K*
1 - ½Eu3þ]tot 

q ¼ ðqEu  - ½EuðH2OÞ8] þ qML  - ½EuL]oc  þ qML2  - ½EuL2]oc Þ=½Eu]tot ð9Þ 

where qEu is hydration number of free aquaion and qML and qML2 are 

hydration  numbers  of  [EuL]oc  and  [EuL2]oc  species, respectively. 

or 1 « ðK*
1  - ½L]tot þ K*

1  - K
*
2  - ½L]

2    
Þ)  , the equation describing experi- 

Taking into account thermodynamic equilibrium of Eu(III) species 
and adopting qEu = 8 and qML = 4 values [9], treatment of the data 

ments performed under the metal ion excess could be simplified  

as Eq. (7). 

kobs ¼ k1 ð7Þ 

For the ligand excess, the above mentioned simplification could 

be also utilized. Moreover, shape of the curves indicates a domi- 

nant role of the [ML2]oc complex and, thus, the rate equation could 

be further simplified as Eq. (8). 

kobs ¼ k2 ð8Þ 

Thus, rate constants k1 and k2 were fitted as an average of the 

plateau values. The results are listed in the Table S1. At low tem- 

peratures, rate constants obtained under the ligand excess are 

comparable to those obtained for the metal ion excess. However, 

they are progressively more different at higher temperatures 

where complexation under the ligand excess is significantly faster 

than complexation under the metal ion excess. Evaluation of acti- 

vation parameters (Table 1, Fig. S3) shows that activation energy is 

higher for transformation of the [EuL2]oc intermediate than that for 

conversion of the [EuL]oc intermediate. 

To get a better insight into the nature of the out-of-cage species, 

the system was studied using luminescence life-time measure- 

ments. The Eu(III) ion is the most appropriate luminescence probe 

in view of its non-degenerate emissive state 5D0. Quenching of the 

Eu(III) luminescence by high-energy O–H vibrations allows assess- 

ment of a number of inner-sphere water molecules, q, from life- 

time measurements. The data were  treated  according  to 

literature [31]. As it has been previously reported for the Eu(III)- 

dota system, the out-of-cage complex bearing  4 water molecules   

is formed immediately after mixing [9]. The intermediate is slowly 

transformed to the in-cage complex with one coordinated water 

molecule. However using ligand excess, a hydration number of 

according Eq. (9) yielded qML2 = 2.8 ± 0.1. The values of stability 

constants of each out-of-cage complex are high (estimated from the  

fitting  as  logK⁄1 > 6  and  logK⁄2      3)  and  the  [EuL2]oc  complex  is 

fully formed at fivefold ligand excess. To confirm presence of these 

two reaction intermediates, UV–Vis spectra of Ce(III)-dota system 

were measured immediately after mixing (Fig. S5A). Fitting the data 

(Fig. S5B) yielded values of stability constants of the out-of-cage 

complexes  (logK⁄1      6  and  logK⁄2      2–3)  which  are  slightly  lower 

than those found for the Eu(III)-dota system. It is in a good agree- 

ment with common trends of complex stabilities in the lanthanide 

series. 

 
3.2. Formation of Eu(III)-do3aPBP and Eu(III)-dotamBP complexes 

 
For bis(phosphonate) bearing ligands, the attention was paid 

mainly to experiments utilizing ligand excess as it is more relevant 

to lanthanide radioisotope complexation. Further, bis(phospho- 

nates) with metal ion excess forms polynuclear species and 

 
 

 
 
 
 

 
Scheme 2. Mechanism of complexation in the Eu(III)-dota system. 

Fig. 2. Eu(III) hydration number in the out-of-cage complexes (measured immedi- 
ately after mixing) determined for various ligand:metal initial ratios (25 °C, 
cEu = 2.5 - 10-3 M);    H4dota    (circles,    pH = 3.5),    H7do3aPBP    (triangles,    pH = 3.5), 

H7dotamBP (squares, pH = 4.0). The line corresponds to the best fit of Eu(III)-dota 

system obtained according to Eq. (9). 
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coordination oligomers [32] and, thus, detailed understanding and 

evaluation of experiments performed with the metal ion excess 

would be extremely difficult. Complexation of H8do3aPBP was 

measure at pH = 3.5 and it shows similar behavior as that of H4dota 

(Fig. 3A). Thus, data were processed as described above. As for H4- 

dota, high stability of the out-of-cage intermediate results in 

almost constant values of kobs for various ligand excesses. A repre- 

sentative experiment performed under metal ion excess showed 

slower complexation if compared with the data for ligand excess  

at the same temperature. The results are summarized in Table S2 

and the calculated activation parameters are listed in Table 1. 

Complexation of Eu(III) ions with H7dotamBP is significantly 

slower than that with other two ligands. To reach reasonable reac- 

tion rates, the experiments had to be performed at pH = 4.0. The 
experiments performed under  the  metal  ion  excess  at  70 °C  
(Fig. 3B)  showed  a  low  complexation  rate  and  the  shape  of the 

curve corresponds to a high stability the [EuL]oc intermediate. 

Under the ligand excess, complexation is accelerated. The curves 

show saturation shape indicating a weak coordination of the sec- 

ond ligand molecule in the [EuL2]oc intermediate (Fig. 3B) and 

value of the second consecutive conditional stability constant 

could be estimated K2 = 2–3 102. The results are summarized in 

Table S3 and the calculated activation parameters are listed in 

Table 1. 

Both bis(phosphonate)-bearing complexes show different 

hydration number characteristics than the H4dota complex. Imme- 

diately after mixing of H8do3aPBP or H7dotamBP with Eu(III) ions, 

there are less than two water molecules in Eu(III) first coordination 

sphere and the initial hydration number remains almost constant 

during the time  of  transformation  into  the  in-cage  complex 

(Figs. S6 and S7). Similarly, dependence of the out-of-cage complex 

hydration number on ligand excess is almost unchanged (q = 1–2) 

along the whole studied range (Fig. 2). The increase of q value for 

Eu(III)-H8do3aPBP system might be ascribed to water molecules 

interacting with bis(phosphonate) groups through hydrogen bonds 

(the second-sphere hydration) as they can also contribute to the 

luminescence quenching [33,34]. For both ligands, formation  of 

the final in-cage complex was  independently  confirmed  by  1H  

and 31P NMR and the spectra are in the full accordance with those 

reported previously [23,24]. 

 
3.3. pH dependence of the formation rate 

 
To get more information about pH influence on complexation 

process, formation rate of all complexes, Eu(III)-dota, Eu(III)- 

do3aPBP and Eu(III)-dotamBP, was studied under ten-fold ligand 

excess at various pH. This ligand excess was chosen to reach the 

complete complexation of Eu(III) ion in the [EuL1]oc or [EuL2]oc 

intermediates. Such conditions allow to follow only rate of conver- 

sion of the intermediates into the final in-cage complex. Results are 

depicted in Figs. 4 and S4. All complexes show higher formation 

rate with increasing pH. The generally  accepted  mechanism [8–

22] suggests that the rate-determining step is deprotonation   of a 

ring nitrogen atom of the out-of-cage complex coupled with transfer 

of Eu(III) ion into the macrocyclic cavity (Scheme S1). In 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Complex formation in Eu(III)-do3aPBP (A; pH = 3.5; the curves are for guiding 

eyes only) and Eu(III)-dotamBP (B; pH = 4; the curves represent best fits according to 

Eq.  (5))  systems  performed  under  ligand  excess  (right,  cEu = 2.5 - 10-3 M)  or  metal 

excess  (left,  cL = 2.5 - 10-3 M). 

Fig. 4. pH dependence of the formation rate constants of Eu(III)-dota (A, 25 °C, full 
symbols     cEu = 2.5 - 10-3 M,     cL = 2.5 - 10-2 M,     open     symbols     cEu = 2.5 - 10-2 M, 
cL = 2.5 - 10-3 M)      and      Eu(III)-do3aPBP      complexes      (25 °C,      cEu = 2.5 - 10-3 M, 
cL = 2.5 - 10-2 M).  The  solid  lines  correspond  to  the  best  fits  obtained  according  to 

Eqs. (10) (A) or 12 (B). 
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OH OH 

» » 

OH OH OH 

Ka 

H7dotam (squares). 

 

such case, the rate constant kobs should show linear dependence on 

concentration  of  hydroxide  ions  [OH-]  and  could  be  expressed  as 

in Eq. (10). 

showed the same trend as it was observed for the Eu(III)-do3aPBP 

(Fig. S8). Due to the low stability constant of the out-of-cage  com- 

plex, the corresponding rate constants cannot be determined. How- 

kobs ¼ k0 þ k1 - ½OH-] ð10Þ 
ever, fitting according to Eq. (12) gave value of dissociation constant 

pKa = 5.9 (Ka = (1.4 ± 0.3) x 10–6 M). 

where OHk0 and OHk1 are rate constants characterizing the OH–- 

independent and OH–-dependent transformation of the diproto- 

nated out-of-cage intermediate into the in-cage complex [10]. This 

model could be successfully used for description of the Eu(III)-dota 

system (Fig. 4A) as it shows linear increase of kobs with [OH–] under 

both ligand or metal ion excesses. At room temperature, formation 

rate under metal ion excess is slightly faster than that under ligand 

excess over the entire studied pH range. However, values of OHk1 are 

almost the same for both processes. The difference is caused by a 

difference in OHk0 values as it is negligible under the ligand excess 

whereas it becomes significant under the metal ion excess. In the 

course of the reaction, proton is transferred from the reaction inter- 

mediate to hydroxide anion. Alternatively, the role of the proton 

scavenger could be played by other Bronsted base (e.g.  buffer) 

and it results in a nonzero OHk0 value [13]. 

Both bis(phosphonate) ligands show a different shape of the pH 

dependence plot than H4dota. This could be rationalized by the fact 

that bis(phosphonates) generally form stable protonated com- 

plexes. Here, fully rigorous determination of the protonation states 

of such out-of-cage intermediates is not possible. However, it can 

be supposed that only one (de)protonation event of such com- 

plexes can happen in the studied pH range (5–7.5) [26,35,36]. Thus, 

the system treatment can be simplified with assumption that the 

out-of-cage species are likely present in two different protonated 

states differing by just one proton, ‘‘X” and ‘‘HX”. Then, overall rate 

constant could be expressed as a sum of contributions from both 

such species. 

kobs - ½X]tot ¼ ðOHkX0 þ OH kX1 - ½OH-]Þ - ½X]þðOHkHX0 þ OHkHX1 - ½OH-]Þ½HX] 

ð11Þ 

where [X]tot is overall concentration of all forms of the out-of-cage 

species and OHkX0, OHkX1, OHkHX1 and OHkHX2  are  rate  constants  for the 

out-of-cage ? in-cage conversion of species with the ‘‘X” and ‘‘HX” 

bis(phosphonate) protonation state, and di- or monoproto- nated 

ring amines, respectively. Using the mass balance and the 

protonation equilibrium equations for the out-of-cage species, Eq. 

(11) could rewritten as 

From practical point of view, a direct comparison of the mea- 

sured reaction rates is interesting. It shows significant differences 

between the ligands with order H4dota H8do3aPBP  H7dotamBP along 

the whole studied pH range (Fig. 5). 

 
4. Discussion 

 
It is generally accepted that complexation of lanthanide(III) ions 

by dota-like ligands is a two-step process. First, ligand immediately 

binds the metal ion by the pendant arms only forming the interme- 

diate out-of-cage complex where the macrocyclic amine groups 

still remain protonated. Such intermediate re-arranges in the 

rate-determining base-catalyzed step in which protons from the 

cycle are removed and metal ion is transferred into the ligand cav- 

ity forming the final in-cage complex (Scheme S1). Thus, there are 

two important parameters influencing the overall complexation 

rate: (i) thermodynamic stability of the intermediate and (ii) rate 

of the out-of-cage ? in-cage complex transformation. In the case 

of Ln(III)-dota complexation, the structure of the out-of-cage inter- 

mediate is mostly described as [Ln(H2dota)(H2O)4]oc (stoichiome- 

try ML1) where two ring nitrogen atoms are protonated and only 

the acetate groups are coordinated. It was detected by spectropho- 

tometry [10,11], NMR [12] and luminescence spectroscopy [9] and 

similar coordination mode was reported for dota-like complexes 

also in the solid state [37,38]. A luminescence lifetime study 

revealed a number of water molecules coordinated to the Eu(III) 

ion in the intermediate is between four and five [9]. The detailed 

studies have been mostly performed using metal ion excess under 

pseudofirst-order reaction conditions and showed formation of the 

ML1 intermediate [8–22]. However, the results presented here 

indicate that composition of intermediate is different when ligand 

excess is used. A number of coordinated water molecules in this 

intermediate drops down (q = 2–3). It could be explained by coor- 

dination of oxygen atoms of the second ligand molecule forming a 

[Ln(H2dota)2(H2O)2–3]oc intermediate (stoichiometry ML2). The 

number of coordinated water molecules indicates that some car- 

boxylate groups of the ligand molecules remain uncoordinated. It 

ð   k   þ k - Kw Þþ  ðOHk þ k -  Kw  Þ ½Hþ] 
 

 

could be ascribed to repulsion of negatively charged carboxylates 
X0 

kobs ¼ 
X1     ½Hþ] HX0 

1 þ ½Hþ ] 

HX1 ½Hþ ]    Ka 
ð12Þ 

what does not allow for coordination of all eight groups. Similar 

where Ka is dissociation constant describing the ‘‘X” and ‘‘HX” equi- 

librium of bis(phosphonate)group  in  the  out-of-cage  complex. 

Results obtained for the Eu(III)-do3aPBP system are shown in Fig. 4B. 

Values of the rate and dissociation constants are listed in Table 2. 

Treatment of the data showed that contribution described by con- 

stant OHkX0 is negligible and, so, it was omitted. Similar experiments 

were performed with the Eu(III)-dotamBP system and results 

 
Table 2 

Kinetic and thermodynamic parameters obtained in Eu(III)-dota and Eu(III)-do3aPBP 

systems. 
 

 

H4dota OHk0 (2.3 ± 0.3)-10–2 [s–1] 

metal excess OHk1 (1.97 ± 0.03)-107 [s–1 M–1] 

H4dota OHk0 (7 ± 9)-10–4 [s–1] 

ligand excess OHk1 (1.90 ± 0.03)-107 [s–1 M–1] 

H8do3aPBP OHkX1 (2.3 ± 0.2)-105 [s–1 M–1] 

ligand excess OHkHX0 (1.1 ± 0.2)-10–3 [s–1 M–1] 

 
 
 
 
 
 
 
 
 

Fig. 5. pH dependence of the formation rate constants of Eu(III) complexes (25 °C, 
OHkHX1 (3.1 ± 1.1)-106 [s–1] c     = 2.5    10-3 M,     c   = 1.25    10-2 M);     H  dota     (circles),     H  do3aPBP     (triangles), 

Ka (6.7 ± 3.1)-10–6 [M] Eu -
BP 

L - 4 7 
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out-of-cage arrangement where a trivalent ion interacts with two 

ligand molecules has been recently reported for solid-state struc- 

ture of dinuclear Sc(III)-dota complex [39]. The structure contains 

two different Sc(III) ions. One is coordinated in the in-cage mode 

(N4O4 coordination sphere) whereas the other metal ion is bound 

in the out-of-cage fashion between a molecule of free macrocy- cle-

diprotonated ligand and molecule of the in-cage complex (O4O0
4  

coordination sphere); acetate groups of the in-cage complex are 

bridging both metal ions. As the negative charge is partially 

reduced by presence of the in-cage-bound metal ion, the  Sc(III)  

ion located out-of-cage is coordinated by all eight carboxylates. 

Each out-of-cage complex (ML1 and ML2) shows different tem- 

perature dependence of the rate of the second reaction step – for- 

mation of the in-cage complex. At room temperature, the ML1 

complex is transformed slightly faster but the difference is not sig- 

nificant. It is in agreement with previous study performed at room 

temperature that reports the same reaction rate under ligand as 

well as under metal ion excesses [13]. The  difference  between 

two species is clearly pronounced at elevated temperatures where 

transformation of ML2 complex is significantly faster. The differ- 

ence is reflected in values of activation energy (79 versus 89 kJ 

mol-1 for  ML1 and ML2,  respectively;  Table  2). 

The studied bis(phosphonate)-bearing ligands, H8do3aPBP and 

H7dotamBP, show different behavior. Exact stoichiometry of the out-

of-cage complexes cannot be estimated from their hydration 

number as it remains almost unchanged in the course of complex- 

ation as well as with increasing ligand excesses. The low hydration 

number of the out-of-cage complexes (q = 1–2) could be rational- 

ized by strong complexation of the bis(phosphonate) group. Bis 

(phosphonates) are known to act as bridging ligands forming 

polynuclear species [35]. So, the coordination sphere  of  Ln(III) 

ion in these out-of-cage complexes is occupied not only by car- 

boxylates but also by phosphonate  groups  originating from  one 

or more ligand molecules. However, the results clearly show differ- 

ent nature of the out-of-cage complexes formed under ligand or 

metal ion excess, respectively. Exact composition of the complexes 

is difficult to determine due to the mentioned high coordination 

ability of bis(phosphonates) as well as due to their ability to form 

stable protonated complexes. Under the metal ion excess, even 

more than two metal ions might be bound to one bis(phosphonate) 

group. On the other hand under ligand excess, coordination of not 

more than two molecules per metal ion could be expected due to 

the high negative charge of the ligand carboxylates and bis(phos- 

phonates). However, formation of polynuclear reaction intermedi- 

ates cannot be excluded even under ligand excess due to a high 

bridging ability of the bis(phosphonate group) [32]. Anyway, the 

high  coordination  ability  of bis(phosphonate) group should result 
in high stability of the ML1 out-of-cage complex. So, the saturation 
character of the curves describing formation of the Eu(III)-dotamBP 

complex  (Fig. 3B)  arises  from  a  low  value  (K⁄2 = 2–3      102)  of  the 

consecutive stability constant describing coordination of the sec- 

ond ligand molecule. 

The lower overall reaction rates observed for both bis(phospho- 

nate)-bearing ligands indicate that presence of additional strongly 

complexing unit on pendant arms is not favorable for future design 

of ligands if faster in-cage complexation is desired. On the other 

hand, the difference between H8do3aPBP and H7dotamBP reaction 

rates points to a high importance of the spacer connecting macro- 

cycle and bis(phosphonate). Complexation of the ligand with 

amide spacer is more than one order of magnitude slower than 

that of the ligand with phosphinate spacer despite the experiments 

were performed at higher pH (3.5 versus 4.0 for H8do3aPBP and H7- 

dotamBP, respectively). It is probably due to a low coordinating 

ability of the amide group in comparison with that of phosphinate. 

More likely, phosphinate better assists the transport of the metal 

ion into the macrocyclic cavity. Furthermore, the non-coordinated 

oxygen atom of phosphinate might assist in transfer of proton(s) 

from the macrocycle to the bulk water. 

In the second complexation step, metal ion is transferred into 

the macrocyclic cavity forming the in-cage complex. The formation 

rate of the process was found to be directly proportional to the OH– 

concentration and it is in agreement with previously reported data 

[9–22]. In the mechanism, deprotonation of ring nitrogen atoms in 

the out-of-cage complex is crucial process in the rate-determining 

step. For H4dota, experiments performed under metal ion excess as 

well as under ligand excess provided similar linear dependence of   

kobs   on  OH-  concentration.   For   both  experiments,   values   of the   

rate   constant   OHk1   are   identical   (1.97     107 s–1 M–1 versus 

1.91      107 s–1 M–1  for  metal  excess  and  ligand  excesses,  respec- 

tively) and they are in a good agreement with those previously 

reported (1.1 107 s–1 M–1 or 7.2 106 s–1 M–1) [9,10]. 

For  H8do3aPBP  and  H7dotamBP,  the  dependence  of  kobs  on  OH- 

concentration is not linear due to different protonation  state  of 

the coordinated bis(phosphonate) group in the out-of-cage com- 

plex.  The  determined  values  of  the   dissociation   constants   

(pKa = 5.2 and 5.9 for H8do3aPBP and H7dotamBP, respectively) are 

in the expected range [35,36]. For H8do3aPBP, rate constants OHkHX1 

(for protonated form of the bis(phosphonate) group) and OHkX1 (for 

deprotonated form of the bis(phosphonate) group) describing 

hydroxide-assisted transfer of the metal ion into the macrocyclic 

cavity were determined. The value is, on the first sight surprisingly, 

higher for the protonated form. However, deprotonated form of bis 

(phosphonate) is stronger complexing agent and, so, it decelerates 

the out-of-cage ? in-cage transfer of metal ion more efficiently  

than its protonated form. It confirms the suggested mechanism 

and shows that presence of too strongly binding side arm slows 

down in-cage complex formation. Analogous effect has been 

observed for complexation of gallium(III) by a NOTA derivative 

bearing a bis(phosphonate) group if compared with that of NOTA 

[40]. 

 
 

5. Conclusion 

 
It is the first work which has tried to thoroughly investigate and 

evaluate complexation under whole range of metal-to-ligand 

ratios. The data obtained under ligand excess are much harder to 

quantitatively interpret than those obtained under metal ion 

excess. Anyway, even only semi-quantitative treatment used here 

allows drawing some conclusions important for design of new 

chelator for radiopharmaceuticals. 

Comparison of H4dota with its monophosphinate and monoa- 

mide analogs bearing bis(phosphonate) group shows decelerating 

effect of the strongly chelating moiety on rate of the rearrange- 

ment of the out-of-cage intermediate to the in-cage complex. The 

rate is strongly dependent on the nature of the spacer connecting 

macrocycle with the bis(phosphonate) group. Better coordination 

ability of the phosphinate spacer results in significantly faster com- 

plexation compared to weakly coordinating amide moiety. 

The work shows presence of different intermediates if complex- 

ation of Eu(III) ions by dota-like ligands is proceeding in the metal 

or ligand excess. Significantly different complexation rates were 

observed when working under these conditions. In radiomedical 

applications, complexation is mostly performed using a huge 

ligand excess (1000-fold or more). Thus, formation of intermedi- 

ates with 1:2 metal-to-ligand ratio could be expected. Therefore, 

the characteristics obtained from the experiments performed 

under ligand excess are more relevant for potential application of 

the ligands in radiopharmacy. 

To improve efficiency of metal radioisotope incorporation into 

chelators, coordinating side group(s) on pendant arms can highly 

accelerate the in-cage complex formation with macrocyclic ligands 
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[41–43]. However, data presented here show that the complexing 

ability of the side groups and nature of the coordinating spacer 

must be properly tuned to get the desired effect. Groups weekly 

binding the particular metal ion seem to be the most suitable for 

design of macrocyclic ligands with fast metal ion complexation. 
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Collect. Czech. Chem. Commun. 70 (2005) 1909. 

[22] L. Burai, R. Király, I. Lázár, E. Brücher, Eur. J. Inorg. Chem. (2001) 813. 
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[26] T. Vitha, V. Kubíček, J. Kotek, P. Hermann, L. Vander Elst, R.N. Muller, I. Lukeš, J. 

A. Peters, Dalton Trans. (2009) 3204. 

[27] M. Meckel, A. Nauth, J. Timpe, K. Zhernosekov, A.D. Puranik, R. Baum, F. Roesch, 

Cancer Biother. Radiopharm. 30 (2015) 94. 
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Figure S1. Progress of absorption spectra in the course of europium(III) complexation with 

H4dota and time dependence of absorbance at  = 280 nm (inset). A) cL = cM = 2.5∙10−3 M; 

B) cL = 5∙10−3 M, cM = 2.5∙10−3 M. 
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H8do3aPBP and time dependence of absorbance at  = 280 nm (inset). A) cL = cM = 2.5∙10−3 M; 

B) cL = 5∙10−3 M, cM = 2.5∙10−3 M. 
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Figure S3. The Arrhenius type of temperature dependence of formation rate constants 

employed for estimation of activation parameters. A) Eu(III)-dota: metal excess; B) Eu(III)- 

dota: ligand excess; C) Eu(III)-do3aPBP: ligand excess; D) Eu(III)-dotamBP: ligand excess. 
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Figure S4. Time dependence of Eu(III) hydration number (q)in the course of complexation 

with H4dota (at pH = 3.5); cEu = 2.5∙10−3 M, cL = 2.5∙10−3 M (squares), cL = 2.5∙10−2 M 

(circles), cL = 5∙10−2 M (triangles). 
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Figure S5. UV-VIS spectra of Ce(III)-dota out-of cage complexes (A) and dependence of 

absorbance at 297 nm on metal to ligand ratio (B). pH = 3, cM = 2.5∙10−3 M, cL = 0–25∙10−3 

M, the line corresponds to the best fit. 
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Figure S6. Time dependence of Eu(III) hydration number (q) in the course of complexation 

with H8do3aPBP (at pH = 3.5); cEu = 2.5∙10−3 M, cL = 2.5∙10−3 M (squares), cL = 2.5∙10−2 M 

(circles), cL = 5∙10−2 M (triangles). 

 

 
 

Figure S7. Time dependence of Eu(III) hydration number in the course of complexation with 

H7dotamBP (at pH = 4.0); cEu = 2.5∙10−3 M, cL = 2.5∙10−3 M (squares), cL = 2.5∙10−2 M 

(circles), cL = 5∙10−2 M (triangles). 
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Figure S8. pH dependence of the formation rate constants of Eu(III)-dotamBP complex (25 °C, 

cEu = 2.5∙10−3 M, cL = 1.25∙10−2 M). The solid line corresponds to the best fits obtained 

according to Equation 12. 

 

Scheme S1. Suggested mechanism of europium(III) complexation with H4dota. For both 

reaction pathways OHk1 = OHk1’ · Ka. The two constants OHk1’ and Ka cannot be 

individually determined and only rate constant OHk1 is available from the measured data. 
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Table S1. Rate constants obtained for Eu(III)-dota formation (pH = 3.5). 
 

T / K 303.15 313.15 323.15 333.15 338.15 343.15 

k1 [s−1] (4.0±0.1) 
×10−4 

(1.49±0.05) 
×10−3 

(4.4±0.2) 
×10−3 

(9.2±0.3) 
×10−3 

(1.29±0.04) 
×10−2 

(1.51±0.01) 
×10−2 

k2 [s−1] (3.7±0.3) 
×10−4 

(1.3±0.2) 
×10−3 

(4.2±0.2) 
×10−3 

(1.09±0.05) 
×10−2 

(1.6±0.3) 
×10−2 

(2.30±0.03) 
×10−2 

 
Table S2. Rate constants obtained for Eu(III)-do3aPBP formation (pH = 3.5). 

 

T / K 303.15 313.15 323.15 333.15 338.15 343.15 

k2 [s−1] (3.8±0.3) (1.4±0.1) (4.5±0.2) (1.18±0.05) (1.84±0.05) (2.34±0.07) 
 ×10−4 ×10−3 ×10−3 ×10−2 ×10−2 ×10−2 

 
Table S3. Rate constants obtained for Eu(III)-dotamBP formation (pH = 4.0). 

 

T / K 323.15 333.15 338.15 343.15 

k1 [s−1] (1.3±0.7) 
×10−5 

(3±2) 
×10−5 

(9±9) 
×10−5 

(2.0±0.4) 
×10−4 

k2 [s−1] (8.2±0.7) 
×10−4 

(4.2±0.2) 
×10−3 

(7.0±0.9) 
×10−3 

(9.0±0.2) 
×10−3 

K * [M−1] 
2 25±4 25±2 23±6 33±1 
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DOTA analogues with a phosphinate- 
iminodiacetate pendant arm: modification of the 
complex formation rate with a strongly chelating 
pendant† 

Soňa Procházková, Vojtěch Kubíček,   * Zuzana Böhmová, Kateřina Holá, Jan Kotek 

and Petr Hermann 

 
The new ligand H6do3aPida combines the macrocyclic DOTA-like cavity and the open-chain iminodiace- 

tate group connected through a coordinating phosphinate spacer. Its acid–base and coordination pro- 

perties in solution were studied by potentiometry. Thermodynamic coordination characteristics of both 

chelating units are similar to those reported for H4dota and iminodiacetic acid themselves, respectively, 

so, macrocyclic and iminodiacetate units behave independently. The formation kinetics of the Ce( III)– 

H6do3aPida complex was studied by UV-Vis spectrophotometry. Various out-of-cage intermediates were 

identified with 1 : 1, 1 : 2 and 2 : 1 ligand-to-metal ratios. The presence of the strongly coordinating imino- 

diacetate group significantly slows down the metal ion transfer into the macrocyclic cavity and, so, the 

formation of the in-cage complex is two orders of magnitude slower than that reported for the Ce(III)– 

H4dota system. The kinetic inertness of the [Ce(do3aPida)]3– complex towards acid-assisted dissociation is 

comparable to that of the [Ce(dota)]− complex. The coordination modes of the ligand are demonstrated 

in the solid-state structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. 

 

Introduction 

The macrocyclic ligand H4dota (Chart 1) and its analogues are 

used as chelating agents for complexation of various metal 

ions. The most attention has been focused on lanthanide(III) 

complexes as the denticity and size of the cavity in DOTA-like 

ligands are optimal for these ions. The complexes have found 

applications mainly in medical imaging techniques, such as 

Magnetic Resonance Imaging (MRI), Single-Photon Emission 

Computed Tomography (SPECT), Positron Emission 

Tomography (PET) or Optical Imaging (OI), and in 

       radiotherapy.1–7 

The critical point in the applications of DOTA-like com- 

plexes in radiomedicine is their complex formation rate. Slow 

complexation that is typical of macrocyclic ligands becomes 

the limiting factor mainly while working with short living 

radioisotopes. The harsh conditions usually used for the 

lanthanide(III) complexation are often incompatible with bio- 

molecules (e.g. oligopeptides or antibodies) which are used as 

vectors in the agents currently developed and studied for tar- 

geted imaging and therapy. Thus, the improvement of the 
Chart 1 Ligands discussed in the text. complexation rate still attracts a lot of attention. The complexa- 

   tion rate is governed by various factors such as the basicity of 

Department of Inorganic Chemistry, Faculty of Science, Charles University, 

Hlavova 2030, 128 40 Prague 2, Czech Republic. E-mail: kubicek@natur.cuni.cz; 

Fax: +420 221951253; Tel: +420 221951436 

† Electronic supplementary information (ESI) available: NMR spectra, detailed 

description and results of potentiometry, distribution diagrams, tables and 

figures related to solid-state structures, and UV-Vis spectra of the complexes. 

CCDC 1482406 and 1482407. For ESI and crystallographic data in CIF or other 

electronic format see DOI: 10.1039/c7dt01797a 

the macrocycle amino groups, the number and the nature of 

the pendant arms, the symmetry of the complexes, etc. The 

complexation of DOTA-like ligands is commonly described as 

a two-step process.8–14 In the first step, the metal ion is swiftly 

coordinated by the pendant arm oxygen atoms forming an out- 

of-cage complex. In such an intermediate, the macrocycle 

amino groups are protonated and the rate-determining step of 

http://www.rsc.li/dalton
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the complexation is the deprotonation of the ring nitrogen 

atoms and the transfer of the metal ion into the central 

ligand cavity which results in the formation of an in-cage 

complex with the metal ion coordinated by the four nitrogen 

and four oxygen atoms. Recently, we have shown that the 

presence of the phosphonate and/or phosphinate pendants 

increases the complexation rate in comparison with commonly 

used carboxylate arms.15–17 The group attached to the phosphi- 

nate moiety further modifies the complexation rate. The sig- 

nificantly enhanced rate was described for the phosphinates 

bearing another coordinating (donor) group(s).18–20 However, 

the role of another coordinating group in the pendant arm for 

the coordination properties of the ligands is not fully 

understood. 

In this work, we report on the synthesis and characteriz- 

ation of a DOTA-like ligand bearing an iminodiacetate (IDA) 

group attached to the phosphinate pendant arm, H6do3aPida 

(Chart 1). The IDA group was chosen as we expected the for- 

mation of the out-of-cage complexes with well-defined stoi- 

chiometry and sufficient stability so that the results might be 

easily evaluated. In recent years, several DOTA-like ligands 

bearing an iminodiacetate group in the pendant arm have 

been reported as radionuclide carriers,21–25 calcium responsive 

agents26,27 or bone targeting28 and micellar29 luminescent 

probes. However, the effect of the IDA group on the coordi- 

nation properties of the ligands has been studied only briefly. 

Here, we evaluate the formation rate, thermodynamic stability 

and kinetic inertness of metal complexes with the title ligand 

with respect to their potential applications in MRI and 

radiomedicine. 

 

Experimental part 
Materials and methods 

Commercially available chemicals were used as received. 

t-Bu3do3a·HBr (H3do3a = 1,4,7,10-tetraazacyclododecane-1,4,7- 

triacetic acid) was synthesized according to the published pro- 

cedure.30 1H (400 or 300 MHz), 13C (100 or 75 MHz) and 31P 

(162 or 122 MHz) NMR spectra were acquired at 25 °C (unless 

stated otherwise) with Varian Unity Inova-400 and -300 spec- 

trometers, respectively. For the 1H and 13C NMR measure- 

ments in D2O, the methyl signal of t-BuOH was used as an 

internal standard (δ = 1.2 and 31.2 ppm for 1H and 13C NMR, 

respectively). The 31P chemical shifts were measured with 

respect to 1% H3PO4 in D2O as an external reference. ESI-MS 

spectra were recorded on a Bruker Esquire 3000 spectrometer 

equipped with an electrospray ion source and ion-trap detec- 

tion system. 

 

[N,N-Bis(carboxymethyl)aminomethyl]phosphinic acid 

Iminodiacetic acid (5.02 g, 38 mmol) was suspended in water 

(50 ml). The mixture was heated at 40 °C and 50% aq. H3PO2 

(24.82 g, 188 mmol) was added over 10 min. Then, paraformal- 

dehyde (1.25 g, 42 mmol) was added in small portions over 

60 min. The mixture was acidified with conc. aq. HCl (0.5 ml) 

and stirred at 40 °C for 72 h. Then, the solid was filtered off. 

The crude product was dissolved in a minimum amount of 

boiling water. The solution was acidified with conc. aq. HCl 

(0.5 ml). After standing overnight, the white crystalline solid 

was filtered off, washed with ethanol and dried over P2O5, 

affording 2.8 g of the product (35%). 

NMR (in D2O/NaOD, pD ∼ 12): 1H: 3.47 (P–CH2–N, d, 2H, 
2JHP = 10.4 Hz); 4.19 (N–CH2–CO2H, s, 4H); 7.26 (H–P, d, 1H, 
1JHP = 553 Hz); 13C{1H}: 53.7 (P–CH2–N, d, 1JCP = 83 Hz); 57.5 

(N–CH2–CO2H, s); 169.2 (COOH, s); 31P: 11.94 (d, 1JHP = 553 

Hz). MS: (−) 209.5 (M − H)−. Elemental analysis: found (calcu- 

lated for C5H10NO6P) C: 28.44 (28.45), H: 4.60 (4.77), N: 6.54 

(6.63), P: 14.48 (14.67). 
 

10-({Hydroxy[N,N-bis(carboxymethyl)aminomethyl] 

phosphoryl}methyl)-1,4,7,10-tetraazacyclododecane-1,4,7- 

triacetic acid 

tBu3do3a·HBr (3.86 g, 6.5 mmol) was dissolved in a mixture of 

trifluoroacetic acid (40 ml) and chloroform (40 ml) and the 

resulting solution was refluxed for 24 h. Then, volatiles were 

removed under vacuum. The resulting oily residue was dis- 

solved in water (20 ml), mixed with aq. conc. HCl (20 ml) and 

[N,N-bis(carboxymethyl)aminomethyl]phosphinic acid (2.73 g, 

13 mmol) was added. The resulting mixture was heated at 

50 °C and paraformaldehyde (0.58 g, 19 mmol) was added in 

small portions. The reaction mixture was stirred overnight. 

Volatiles were evaporated on a rotary evaporator. The oily 

residue was purified on a strong cation exchanger (Dowex 50, 

H+-form). Impurities were eluted with water and the product 

was eluted with 5% aq. ammonia. The product-containing frac- 

tions were evaporated and purified on a strong anion exchan- 

ger (Dowex 1, acetate form). Impurities were eluted with water 

followed by 2% aq. AcOH. The product was eluted with 6 M 

aq. HCl. Volatiles were evaporated and the oily residue was 

recrystallized from water by the addition of EtOH. The product 

was filtered off, washed with EtOH and dried over P2O5. The 

product (2.32 g, 63%) was obtained as a non-stoichiometric 

hydrate in the form of white powder. 

NMR  (in D2O, pD = 6): 1H: 3.13 (c ̲yc̲̲le̲̲n,̲bs, 4H), 3.16 (P– 

CH̲2–cyclen, d, 2H, 2JHP = 4.9 Hz), 3.25 (cy̲c̲̲le̲n̲̲, bs, 4H), 3.37 

(cyclen–CH̲2–COOH, s, 4H), 3.41 (P–CH ̲2–IDA, d, 2H, 2JHP = 7.3 

Hz), 3.45 (c ̲yc̲l̲e̲n̲,̲bs, 4H), 3.50 (cy̲c̲̲le̲̲n̲, bs, 4H), 3.85 (cyclen– CH̲2–

COOH, s, 2H), 3.92 (IDA–CH̲2–COOH, s, 4H); 13C{1H}: 

48.4 (c̲yc̲l̲e̲n̲,̲s), 49.2 (c ̲y ̲cl̲e̲n̲,̲s), 51.1 (cy̲̲c ̲l̲e ̲n̲, s), 51.7 (cy̲c̲l̲e̲̲n̲, s), 

52.7 (cyclen–C ̲H2–P, d, 1JCP = 98 Hz), 53.7 (IDA–C ̲H2–P, d, 1JCP = 

79 Hz), 55.7 (cyclen–C ̲H2–COOH, s), 56.7 (cyclen–C ̲H2–COOH, 

s), 58.8 (IDA–C̲H2–COOH, s), 171.9 (IDA–CH2–CO̲OH, s), 172.1 

(cyclen–CH2–C̲OOH, s), 179.0 (cyclen–CH2–CO̲OH, s); 31P{1H}: 

24.98 (s). 1H, 13C{1H} and 31P{1H} NMR spectra are shown in 

Fig. S1.† MS: (−) 568.0 (M − H)−. Elemental analysis: found 

(calculated for C20H36N5O12P·3.5H2O) C: 37.93 (37.98), H: 6.50 

(6.85), N: 10.80 (11.07), P: 4.78 (4.90). 
 

Potentiometric titrations 

The methodology of the potentiometric titrations and proces- 

sing of the experimental data were analogous to those pre- 
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viously reported.17,31 For the detailed procedure, see the ESI.† 

Titrations were carried out in a vessel thermostated at 25 ± 

0.1 °C at ionic strength I = 0.1 M (NMe4)Cl. The ligand-to- 

metal ratio was 1 : 1 (and 1 : 2 or 2 : 1 in some cases) with cL = 

4 mM, and the pH range was 1.7–12.0 (or till precipitation of 

the metal hydroxide). The titrations were carried out at least 

three times, each consisting of about 40 points. The water ion 

product, pKw = 13.81, and stability constants of M2/3+–OH− 

systems were taken from ref. 32. The calculated overall proto- 

nation constants βh are concentration constants and are 

defined by βh = [HhL]/([H]h × [L]), and consecutive protonation 

constants are log K(HL) = log β1 and log K(HhL) = log βh − 

log βh−1. The overall stability constants are defined by βhlm = 

[HhLlMm]/([H]h × [L]l × [M]m). The constants (with standard 

deviations) were calculated with the program OPIUM.33 

Throughout the paper, pH means −log[H+]. 

The stability constants of the Ln(III) complexes were 

obtained by the out-of-cell method. The batches (starting 

volume 1 ml) were prepared under an argon stream in tubes 

with ground joints from the ligand, metal ion and HCl/(NMe4) 

Cl stock solutions and water (L : M = 1 : 0.95 molar ratio, 

cL = 0.004 M). Then, the known amount of the (NMe4)OH 

stock solution was added under Ar. The tubes were firmly 

closed with stoppers and the solutions were equilibrated at 

room temperature for 4 weeks (one batch was checked after 

6 weeks and gave the same data). The titrations were performed 

in the pH range of 1.5–3.8 (the final pH values) with around 

20 data points per titration and three titrations per system. 

The solution of the pre-formed Ln(III) complexes (Ln = La, 

Nd, Eu, Gd and Y) was obtained by mixing a known amount of 

the ligand (5% molar excess) and LnCl3 stock solutions in a 

glass ampoule followed by a slow portion-wise addition (2 h) 

of stock (NMe4)OH solution (4 equiv.) under Ar, and the 

ampoule was flame-sealed and left at 80 °C overnight to fully 

form the in-cage complexes of the metal ions. The ampoule 

was opened under Ar and the aliquots of the in-cage- 

[Ln(do3aPida)]3– complex solutions were transferred into the 

titration vessel. Water, HCl and (NMe4)Cl stock solutions (and 

in the case of the Gd(III) complex, also stock solutions of other 

metal chlorides) were added (to reach pH of about 1.8 and I = 

0.1 M (H,NMe4)Cl in the final solution, starting volume 5 mL, 

complex concentration ∼0.004 M) and the in-cell titration was 

performed as above. 

 

Kinetic studies 

The experiments were carried out in the pH range of 3.5–9.0 at 

the temperature 25 ± 0.1 °C maintained by the Peltier block 

employing a spectrophotometer Specord 50 Plus (Analytik Jena 

AG). The kinetics was studied in 1 cm sample cells using the 

following non-coordinating buffers (c = 0.2 M): 1,4-dimethyl- 

piperazine ( pH < 5), acetic acid ( pH 5–5.5), MES ( pH 5.6–6.8; 

MES = 2-(N-morpholino)ethanesulfonic acid), HEPES ( pH 

6.8–8.2; HEPES = 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul- 

fonic acid) and AMPSO ( pH 8.3–9.0; AMPSO = N-(1,1-dimethyl- 

2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic acid). The 

time dependence of absorbance at 314 nm was fitted with the 

general exponential function (eqn (1)) 

A ¼ Af þ ðA0 - Af Þ-e-kobs -t ð1Þ 

where A is absorbance, Af is the final absorbance, A0 is the 

initial absorbance, t is time and kobs is the rate constant of the 

reaction. The data were fitted by means of a least square fitting 

procedure using the Micromath Scientist program version 2.0 

(Salt Lake City, UT, USA). 

Formation kinetics of the in-cage Ce(III) complex was fol- 

lowed in the wavelength region of 270–360 nm using the pH 

range of 3.5–9 and the concentration ranges cCe = 5.0 × 10−4– 

7.5 × 10−3 M and cL = 5.0 × 10−4–5.0 × 10−3 M. The experiments 

were initiated by the addition of the Ce(III) stock solution into 

the cell and the data acquisition started after 15 s dead time. 

The formation of the out-of-cage complex was monitored by 

obtaining UV-Vis spectra in the wavelength region of 

270–360 nm immediately after mixing of the metal ion, ligand 

and stock buffer solutions (cCe = 2.5 × 10−3 M, cL = 0–5 × 10−3 

M, pH 4 and 8). 

Dissociation kinetics of the in-cage [Ce(do3aPida)]3− 

complex (c = 2.5 × 10−3 M) was studied in HClO4 (c = 0.2–3.0 

M). The ionic strength was maintained by the addition of 

NaClO4 (I = 3 M (H/Na)ClO4). 

 
X-ray diffraction studies 

Single crystals of H6do3aPida·4H2O were obtained by a slow 

diffusion of EtOH vapour into an aq. solution of the ligand. 

Single crystals of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O were 

obtained by a slow diffusion of EtOH vapour into an aq. solu- 

tion containing ligand and CuCl2 (5 equiv.) adjusted to pH 4.1 

by the addition of LiOH. 

The diffraction data were collected at 150 K (Cryostream 

Cooler, Oxford Cryosystem) using a Nonius Kappa CCD diffr- 

actometer and Mo-Kα radiation (λ = 0.71073 Å) and analysed 

using the HKL DENZO program package.34 The structures were 

solved by direct methods (SIR92),35 and refined by full-matrix 

least-squares techniques (SHELXL2014).36 In general, all non- 

hydrogen atoms were refined anisotropically. All hydrogen 

atoms were located in the difference map of electron density; 

however, they were fixed in theoretical (C–H) or original 

(N–H, O–H) positions with thermal parameters Ueq(H) = 1.2Ueq(X) 

as their free refinement led to some unrealistic bond lengths. 

In the structure of H6do3aPida·4H2O, one of the water mole- 

cules was found to be disordered in two positions (one of 

them very close to the centre of symmetry) and was best 

refined with restrained occupancy of both positions 50 : 50%. 

In the structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O, the 

chloride anion was best refined disordered over three positions 

very close to each other; the relative occupancies of these posi- 

tions were chosen to obtain comparable thermal parameters of 

all three atomic fragments, and were 50 : 35 : 15%; it was poss- 

ible to use anisotropic refinement for all three positions. One 

of the water molecules lies very close to the centre of symmetry 

and, thus, its occupancy factor was set to 50%. Table S6† con- 
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tains selected crystallographic parameters for the structures 

reported in this paper. Complete data for the structures have 

been deposited with the Cambridge Crystallographic Data 

Centre as CCDC 1482406 and 1482407.† 

 
 

Results and discussion 
Ligand synthesis 

A precursor of the phosphinate pendant arm of the designed 

ligand was prepared by reaction of iminodiacetic acid with 

hypophosphorous acid and paraformaldehyde at 40 °C using a 

modified procedure.37 The resulting [N,N-bis(carboxymethyl) 

aminomethyl]phosphinic acid was consequently reacted with 

H3do3a ( prepared in situ from tBu3do3a) and paraformalde- 

hyde at 50 °C. The title compound was purified by ion 

exchange chromatography, isolated in its hexaprotonated zwit- 

terionic form and finally crystallized from water by addition of 

EtOH. The solid-state structure of the ligand was determined 

by X-ray diffraction (Fig. 1). In the hexaprotonated ligand mole- 

 
 

 

Fig. 1 The molecular structure of H6do3aPida found in the solid-state 

structure of H6do3aPida·4H2O. The hydrogen atoms attached to the 

carbon atoms are not displayed for the clarity reasons. The dashed lines 

represent intramolecular hydrogen bonds. The data were collected at 

150 K. 

cule, two protons are bound to macrocycle nitrogen atoms as it 

is common for other cyclen-based ligands, forming the confor- 

mation of the macrocycle stabilized by intramolecular hydro- 

gen bonds to non-protonated nitrogen atoms (N4–H41⋯N1, 

3.018  Å  and  102°;  N4–H41⋯N7,  2.884  Å  and  114°; 

N10–H101⋯N1, 3.016 Å and 105°; N10–H101⋯N7, 3.000 Å and 

109°, for donor–acceptor distances and bond angles on the 

H-vertex, respectively) and pendant carboxylate oxygen atoms 

(N4–H41⋯O312, 2.685 Å and 107°; N10–H101⋯O412, 2.936 Å 

and 133°). Another proton is bound to the nitrogen atom of 

the IDA group that also forms an intramolecular hydrogen 

bond with one of the IDA acetate moieties (N22–H221⋯O261, 

2.652 Å, 143°). The remaining three protons are bound to the 

carboxylate oxygen atoms – one of the IDA acetate groups 

(O241; involved in strong hydrogen bonding to the macrocycle- 

bound pendant from the neighbouring molecule, see below), 

and two of the acetate pendants (O411 and O511) bound to the 

macrocycle backbone (Fig. 1). Two molecules of H6do3aPida 

are connected to the centrosymmetric head-to-head dimer 

through very short intermolecular hydrogen bonds (dO⋯O = 

2.510 Å) between protonated IDA-carboxylate (O241) and one 

of the non-protonated carboxylate pendants bound to the 

macrocycle from the neighbouring molecule (O311). Such 

hydrogen bonding is reflected by the relatively long C–O bonds 

of both the involved oxygen atoms (1.264 and 1.309 Å for O241 

and O311, respectively) and by the long distance of the related 

hydrogen atom from both oxygen atoms (1.219 and 1.342 Å, 

respectively). 

 

Equilibrium data 

The ligand contains two coordination centres, the DOTA-like 

macrocycle motif and the IDA-phosphinate moiety. To under- 

stand the properties of the ligand, information on how the 

parts communicate with each other is useful. Thus, the solu- 

tion properties of the title ligand were studied by potentiome- 

try. Seven protonation constants were determined (Tables 1 

and S1†). Three protonations take place in the alkaline region 

and they correspond to the protonation of nitrogen atoms. The 

remaining four protonation constants lie in the acidic region 

and they correspond to the protonation of the carboxylate 

groups. The pH dependence of the 1H NMR shifts of the 

acetate CH2 groups (Fig. 2) indicates that the constant 

K3 (log K3 = 8.13) describes the protonation of the amine in the 

 
 

Table 1 Consecutive protonation constants of the discussed ligands and the pre-formed [Ln(do3aPida)]3− complexes (25 °C, I = 0.1 M (NMe4)Cl) 
 

Constant H6do3aPida a H4dota38 H5do3aPPrA 39,42 [Ln(do3aPida)]3− a,b H2ida43 

log K1 12.85 12.93 12.68 7.67–7.95 9.32 

log K2 9.63 9.72 9.44 2.40–2.74 2.60 
log K3 8.13 4.62 5.04 1.51–1.77 — 
log K4 4.40 4.15 4.34 — — 
log K5 3.27 2.29 2.94 — — 
log K6 1.98 1.34 1.54 — — 
log K7 1.58 — — — — 

a For overall equilibrium constants with experimental errors, see the ESI. b Determined for pre-formed complexes with La(III), Nd(III), Eu(III), Gd(III) 
and Y(III) ions. 
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Fig. 2 1H NMR titration of the acetate CH2 groups of H6do3aPida (dia- 

monds and triangles – the DO3A group; squares – IDA group; 25 °C). 
 

 

 

IDA group and constants K1 and K2 correspond to the protona- 

tion of the macrocycle nitrogen atoms. All the protonations are 

reflected in the 31P NMR titration curve (Fig. S2†) as the chemi- 

cal shift gradually changes along the whole pH region of 7–10. 

The values of K1 and K2 are comparable to those of H4dota38 or 

its monophosphinate analogues (e.g. H5do3aPPrA).39 The 

assignment of the constant K3 to the IDA moiety is supported 

also by the measurements of the first protonation constants of 

the pre-formed [Ln(do3aPida)]3− complexes (log K1 = 7.67–7.95, 

Tables 1, 2 and S1†). In these complexes, the metal ion is 

bound in the macrocyclic cavity, and only the IDA group can 

be protonated. The protonation constant of this nitrogen atom 

is very similar (only slightly lower due to the charge effect of 

the central metal ion) to the value of the constant K3 of the 

free H6do3aPida. Compared to iminodiacetic acid itself, the 

constants of its phosphinic derivatives are by more than one 

order lower due to the electron withdrawing effect of the phos- 

phinate group(s).40,41 

The complexation of Cu(II) and Zn(II) ions was studied by 

the standard potentiometric in-cell method at the 1 : 1 and 

1 : 2 ligand-to-metal ratio. Both systems behave similarly and 

an analogous set of stability constants can be calculated 

(Table S2†). Under equimolar conditions, [M(L)] and [M(HL)] 

species are dominant in alkaline and neutral regions, respect- 

ively (Fig. 3A). Values of the stability constants (Table 2) are 

higher by about one order in magnitude than those reported 

for H4dota (Table S3†). It indicates that the metal ions are in 

[M(L)] species coordinated in the macrocyclic cavity. The 

mixture of the protonated species was identified in the acid 

region. Protons are bound to the IDA nitrogen atom or to non- 

coordinated carboxylates. The fact that only one carboxylate 

protonation was found for the Cu(II) complex indicates the 

coordination of two macrocycle carboxylate pendant arms, 

whereas the phosphinic group remains free. Similar coordi- 

nation mode was found in the solid state (see below). 

Surprisingly, high abundance of the dinuclear complexes was 

found in the acid region even in solution with M : L =     

1 : 1 molar ratio. The presence of the dinuclear complexes 

under equimolar conditions could be explained by changes of 

the charge-distribution associated with the coordination of the 

first metal ion. At low pH, the macrocyclic part is protonated 

on nitrogen atoms as well as on carboxylates. So, more than 

two protons dissociate due to the in-cage coordination of the 

metal ion. In the case of divalent ions, complexation leads to a 

decrease of the overall positive charge of the whole complex 

species. Consequently, coordination of the second metal ion 

by the IDA group is facilitated. Under the metal ion excess, 

dinuclear complexes are dominant along the whole pH range 

(Fig. 3B). As one ligand molecule does not saturate the coordi- 

nation sphere of both metal ions in the dinuclear species, 

hydroxido-complexes are formed in the alkaline region. 

The complexation of the Ln(III) ions is slow and, therefore, 

the systems were studied by the out-of-cell method in the 

acidic region. The out-of-cell titrations cannot be performed at 

pH > 5 due to the precipitation of lanthanide(III) hydroxides. 

However, at pH < 5, only protonated complexes [Ln(H3L)], 

[Ln(H2L)]− and [Ln(HL)]2− (although in in-cage binding mode, see 

below) are formed and, thus, full description of the systems 

was enabled only with the knowledge of the values of the first 

protonation constants (corresponding to the formation of 

[Ln(HL)]2−) belonging to the IDA moiety. Therefore, the acid–base 

titration of the pre-formed complex was performed, the proto- 

nation constant of [Ln(L)]3− species was calculated and, conse- 

quently, the stability constant of the [Ln(L)]3− complex was 

derived. As the systems were not studied in metal ion excess 

 

 
 

Table 2 Equilibrium constants of the H6do3aPida complexes (25 °C, I = 0.1 M (NMe4)Cl)a 
 

Equilibriumb Cu(II) Zn(II) La(III) Nd(III) Eu(III) Gd(III) Y(III) 

M + L = [M(L)] 23.75 21.79 22.09 24.02 24.94 25.27 25.39 
[M(HL)] = [M(L)] + H+ 8.40 8.46 7.67c 7.83c 7.83c 7.79c 7.95c 

[M(H2L)] = [M(HL)] + H+ 3.84 3.76 3.20/2.58c 2.94/2.46c 2.95/2.40c 2.60/2.74c 2.40/2.57c 

2.23/1.63c 2.22/1.51c 2.27/1.59c 2.13/1.56c 2.20/1.77c 

  
a For overall stability constants, see the ESI. b Charges of complexes are omitted for clarity reasons. c Determined from titrations of the pre- 
formed complexes. d The systems were studied by the out-of-cell method and, thus, only the 1 : 1 metal-to-ligand ratio was utilized. 

d d d d d 

d d d d d 

d d d d d 

d d d d d 

d d d d d 

 

[M2(H2L)] = [M2(HL)] + H+ 1.59 — 
[M2(L)] + H2O= [M2(L)(OH)] + H+ 9.20 10.17 

[M2(L)(OH)] + H2O= [M2(L)(OH)2]+ H+ 12.05 — 

 

[M(H3L)] = [M(H2L)] + H+ — 2.98 
M + [M(L)] = [M2(L)] 10.96 9.59 

[M2(HL)] = [M2(L)] + H+ 4.00 3.68 
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Fig. 3 Distribution diagrams of the Cu(II)–H6do3aPida system at 1 : 1 (A) and 1 : 2 (B) ligand-to-metal ratios, Gd(III)–H6do3aPida system at 1 : 1 ratio (C) 

and the ternary system Cu(II)-preformed [Gd(do3aPida)]3− at the 1 : 1 ratio (D) (25 °C, I = 0.1 M (NMe4)Cl, cL = 4 mM). 

 

(metal hydroxide precipitation), only stability constants of the 

1 : 1 complexes were obtained (Table 2). The stabilities of the 

complexes are slightly higher than those reported for H4dota 

(Table S3†). The complexes are present in the protonated form 

at pH < 7 (Fig. 3C). Similarly to transition metal ion complexes, 

comparison of the stability constants with those of the 

complexes of the similar ligands (Table S3†) indicates that the 

[Ln(Hndo3aPida)]n−3 complexes (n = 0, 1) are in-cage species 

with the metal ions bound inside the macrocyclic cavity. 

The presence of two different chelating centres allows the 

formation of heterodinuclear complexes. The coordination of 

Cu(II), Zn(II), Ca(II) and Eu(III) ions only by the IDA pendant 

arm was studied using the pre-formed [Gd(do3aPida)]3− 

complex. Lanthanide(III) complexes of the title ligand show a 

high kinetic inertness (see below) and, therefore, the pre- 

formed complex could be considered as an intact unit during 

the course of in-cell potentiometic titrations and the coordi- 

nation behaviour of the IDA-phosphinate moiety can be evalu- 

ated independently. The results are summarized in Table 3. 

The complexes with M : {Gd(L)} 1 : 1 stoichiometry are formed 

under the equimolar conditions (Fig. 2D, S3 and S4†) and the 

complexes with M : {Gd(L)} 1 : 2 stoichiometry are formed 

when the [Gd(do3aPida)]3− complex was used in excess (Fig. S3 

and S4†). The first and the second consecutive stability con- 

stants describing the coordination of the [Gd(do3aPida)]3− unit 

to the Eu(III) ion are comparable, whereas the coordination of 

the second [Gd(do3aPida)]3− unit to Cu(II) or Zn(II) (already 

bound in [M{Gd(do3aPida)}]− species) is more disfavoured due 

to the smaller size and lower positive charge of these ions. As 

the coordination spheres of the metal ions are not saturated, 

hydroxido complex species are formed in the alkaline region. 

The formation of the hydroxido complex in the system with 

 
 

Table 3 Equilibrium constants of the metal ion–[Gd(do3aPida)]3− ternary complexes (25 °C, I = 0.1 M (NMe4)Cl) 
 

Equilibriuma Cu(II) Zn(II) Ca(II) Eu(III) 

M + [Gd(L)] = [M{Gd(L)}] 10.53 8.10 5.19 8.98 
[M{Gd(HL)}] = [M{Gd(L)}] + H+ — — — 2.59 
[M{Gd(L)}] + H2O = [M{Gd(L)}(OH)] + H+ 9.06 b 11.88 b 

[M{Gd(L)}(OH)] + H2O = [M{Gd(L)}(OH)2]+ H+ 11.62 b — b 

[Gd(L)] + [M{Gd(L)}] = [M{Gd(L)}2] 4.87 5.20 — 7.33 
[Gd(HL)] + [M{Gd(L)}] = [M{Gd(HL)}{Gd(L)}] 2.63 2.58 — 3.84 
[M{Gd(HL)}{Gd(L)}] = [M{Gd(L)}2]+ H+ 5.55 5.17 — 4.30 
[M{Gd(L)}2]+ H2O = [M{Gd(L)}2(OH)] + H+ 10.01 10.71 — 10.3 

[M{Gd(L)}2(OH)] + H2O = [M{Gd(L)}2(OH)2]+ H+ — — — 12.4 

a Charges of the complexes are omitted for clarity reasons. b The constant cannot be determined due to the precipitation of metal hydroxide in 
the neutral region when metal excess was used. 
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Ca(II) ions might be explained by the dissociation of the 

proton from the water molecule coordinated to the Gd(III) ion 

that is facilitated by the Ca(II) ion coordinated in the proximity. 

The stability constants are similar to or slightly higher than 

those reported for the parent ligand, H2ida (Table S5†), 

despite the lower basicity of the nitrogen atom in the 

[Gd(do3aPida)]3− complex. It originates from the higher denti- 

city of the IDA-phosphinate coordination site, where the phos- 

phinate group could be coordinated to both metal ions in the 

bridging mode. Thus, the IDA-phosphinate moiety behaves as 

a tetradentate ligand even if the phosphinate group is already 

bound to the metal ion which is located inside the macrocyclic 

cavity. 

The values of protonation and stability constants show that 

both coordination sites – DOTA-like macrocycle and IDA-phos- 

phinate – behave similarly to the parent ligands, H4dota and 

H2ida, respectively, and almost independently of each other, 

despite the presence of the very short and mutually shared 

spacer (Tables S3 and S5†). 

Solid-state structure of the Cu(II) complex 

Despite the numerous attempts to crystallize the Cu(II)– 

H6do3aPida system, single-crystals suitable for the X-ray diffrac- 

tion study were obtained only when the ligand was crystallized 

in the presence of a high excess of Cu(II) ions. The indepen- 

dent unit of the formed crystals has the composition 

[Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O, but two asymmetric 

units form a centrosymmetric dimer with the overall formula 

[Cu8(do3aPida)2(OH)2(H2O)8]Cl2·15H2O. The structure of the 

complex dimer is shown in Fig. 4 and coordination distances 

are summarized in Table S7.† Each of the four symmetrically 

independent Cu(II) ions exhibits different ligand coordination 

modes. The Cu1 ion is coordinated in the macrocyclic cavity 

(Fig. S5†) and its coordination mode is analogous to that in 

the Cu(II) complexes of H4dota and related ligands.2 The 

central metal ion is coordinated by four nitrogen atoms of the 

macrocycle and two oxygen atoms of the acetate pendants, 

forming a cis-N4O2 coordination environment. However, one of 

the oxygen atoms is coordinated with a relatively long distance 

(2.49 Å) and, thus, the complex geometry could be alternatively 

viewed also as a deformed square pyramid. In addition, the 

detailed coordination geometry in [Cu(do3aPida)]4− is  some- 

what different from those previously reported in the octahedral 

structures of Cu(II) complexes with H4dota44–47 and related 

ligands,48–50 where the coordination sphere was usually axially 

elongated with the N2O2 equatorial base (typical equatorial 

bond lengths around dCu–N ∼ 2.0–2.1 Å and dCu–O ∼ 1.9–2.0 Å) 
and the remaining two nitrogen atoms of the macrocycle co- 

ordinated in more distant axial positions (dCu–N ∼ 2.3 Å). In 

contrast, all nitrogen atoms in the [Cu(do3aPida)]4− unit are co- 

ordinated with short bond distances in a narrow range of 

2.06 –2.10 Å, and both cis-oxygen atoms of two acetate pen- 

dants are bound in more distant positions (2.22 and 2.49 Å). 

The Cu2 ion is coordinated in the square-planar environment 

with two additional very weak axial interactions (Fig. S6†). The 

nitrogen atom and both IDA carboxylates are coordinated in 

 

 
 

Fig. 4   Molecular structure of the dimeric 

[Cu8(do3aPida)2(OH)2(H2O)8]2+ cation found in the crystal structure of 

[Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O (A; hydrogen atoms attached to the 

carbon atoms are not displayed for the clarity reasons) and the coordi- 

nation environment of the dimeric Cu8 cluster (B; only the copper- 

coordinated atoms are displayed for the clarity reasons) The data were 

collected at 150 K. 
 

 

the equatorial plane, and the fourth equatorial position is 

occupied by a carboxylate of the DO3A-group from the second 

(symmetrically related) ligand molecule. All equatorial dis- 

tances are in a narrow range of 1.9–2.0 Å. The axial positions 

are significantly Jahn–Teller deformed and occupied by a water 

molecule (2.50 Å) and by a phosphinate oxygen atom (2.70 Å). 

The coordination spheres of the two remaining copper(II) ions 

are also very irregular and could be viewed as significantly 

axially elongated octahedrons. The two symmetrically 

associated Cu3 ions are bridged by two hydroxide anions co- 

ordinated in the distances ∼1.98 Å (Fig. S7†). Another two 

coordination sites of each Cu3 ion are occupied by the two 

carboxylate oxygen atoms that are simultaneously coordinated 
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to Cu1. One of them is placed in the equatorial position 

(1.97 Å) and the other one is in the axial position (2.38 Å). The 

fourth equatorial site is occupied by the phosphinate oxygen 

atom (1.93 Å) already bound to Cu2 and the remaining axial 

position is occupied by the water molecule (2.49 Å, bridging to 

Cu4). The Cu4 ion bridges the two ligand molecules (Fig. S8†) 

through the macrocycle acetate pendants coordinated in the 

equatorial plane (1.92 and 1.94 Å). Another equatorial position 

is occupied by the hydroxide anion bridging to two Cu3 ions 

(2.04 Å). The remaining equatorial position (2.01 Å) and both 

axial positions (2.26 and 2.41 Å) are occupied by water mole- 

cules, one of them bridging to the Cu3 ion. The whole mole- 

cule is a complicated Cu8 cluster bridged by carboxylate, phos- 

phinate, hydroxide and water oxygen atoms (Fig. 4). The short- 

est distances are those between Cu3⋯Cu3 (2.95 Å) and 

Cu3⋯Cu4 (3.16 Å) which are bridged by the tricoordinated 

μ3-hydroxido ligand. 

Formation kinetics of the Ce(III) complex 

The formation of the complexes of DOTA-like ligands is mostly 

described as a two-step process.8–17 An out-of-cage 

complex (indicated in formulas below with superscript “oc”) 

is swiftly formed in the first step. In the complex, donor 

atoms of the pendant arms are coordinated and two 

macrocyclic amines are protonated and the protons block 

the macrocyclic cavity. In the next (rate-determining) step, 

nitrogen atoms of the macro- cycle are deprotonated and the 

metal ion is simultaneously transferred into the 

macrocyclic cavity forming the in-cage complex (indicated 

in formulas below with superscript “ic”) where, in the case 

of lanthanide(III) ions, all donor atoms of the ligands are 

coordinated. Recently, we have shown that different types 

of the out-of-cage complexes are formed if ligand or metal 

ion excesses are used in the reaction of lantha- nide(III) ions 

and H4dota.14 With metal ion excess, the out-of- cage 

complex has the structure discussed above where oxygen 

atoms of four acetate pendant arms are bound together with 

some water molecules. However with the ligand excess, two 

ligand molecules are coordinated through their pendant arms 

to the metal ion in the out-of-cage complex. The title ligand, 

H6do3aPida, was designed to stabilize the out-of-cage complex 

through the coordination of the IDA moiety. Therefore, the 

local concentration of the metal ion close to the macrocyclic 

cavity would be increased and the overall complexation reac- 

tion should be possibly faster. On the other hand, too strong 

binding in the out-of-cage mode would decrease the complex 

formation rate. To distinguish between these limits, a set of 

complex formation experiments was performed. 

The formation of the [Ce(do3aPida)]3− complex was studied 

by UV-Vis spectroscopy. Spectra of the in-cage complex and 

out-of-cage complexes are shown in Fig. S9 and S10.† The in- 

cage complex shows similar spectra under all applied experi- 

mental conditions. The spectra are similar to those reported 

for the [Ce(dota)]− complex.13 The change in the maximum 

could be ascribed to the coordination of the phosphinate 

group in the title ligand. In contrast, the spectra of out-of-cage 

complexes are strongly dependent on the applied conditions. 

The spectra obtained under the ligand excess remain 

unchanged along the whole studied pH range and they are 

similar to those reported for the Ce(III)–H4dota system.13 The 

spectra obtained under the ligand excess are pH dependent 

and they indicate the formation of various out-of-cage species 

(see also lower). 

The out-of-cage complexes are formed immediately (during 

the 15 s dead time). The results of potentiometry (see above) 

show that the IDA group is a strongly complexing group and 

the out-of-cage complexes are formed quantitatively even in 

the equimolar mixture along the whole studied pH range. 

Thus, the changes in the UV-Vis spectra describe the 

rearrangement of the out-of-cage species into the in-cage 

product. Such a process is the first order reaction and, so, the 

dependence of the absorbance at 314 nm (λmax of the in-cage 

product) on time was fitted with the general exponential func- 

tion (eqn (1)). The changes of the spectra in the course of the 

reaction and the corresponding fits of the data are shown in 

Fig. S11.† 

As the labelling with a metal radioisotope is commonly 

done with the ligand excess, kinetic experiments were per- 

formed under both the metal and the ligand excesses at pH 

5.9, 6.5, 7.0 and 8.0. The obtained rate constants kobs were 

plotted against the metal-to-ligand or ligand-to-metal ratio 

(Fig. 5). Under the metal ion as well as the ligand excess, the 

curves show a saturation shape. The different mutual shape of 

the curves is a result of the presence of the different reaction 

intermediates. As mentioned above, the IDA group is a strongly 

complexing group and, so, the [ML]oc species is quantitatively 

formed in the equimolar mixture in the studied pH range. So, 

the saturation shape of the curve under the metal ion excess 

indicates the formation of the [M2L]oc complex. Under the 

ligand excess, the reaction rate is progressively decreased to a 

limiting value. It might be rationalized by the formation of the 

[ML2]oc intermediate with a decreased reaction rate of the sub- 

 

 
 

Fig. 5 Complex formation in the Ce(III)–H6do3aPida system performed  

at 25 °C under the Ce(III) ion excess (left part, cL = 5 × 10−4 M) and the 

ligand excess (right part, cCe = 5 × 10−4 M) at pH = 5.9 (diamonds), 6.5 

(circles), 7.0 (triangles) and 8.0 (squares). The highest pH value was not 

used in the experiments employing the metal excess due to the precipi- 

tation of Ce(III) hydroxide. The curves represent the best fit according to 

eqn (2)–(5). 
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sequent in-cage complexation. The presence of multiple reac- 

tion intermediates is also evidenced by the UV-Vis spectra of 

the Ce(III)–H6do3aPida system obtained immediately after 

mixing at pH 4 and 8 (Fig. 6). Keeping constant Ce(III) concen- 

tration at pH 4, the first absorbance maximum is reached at 

300 nm at the 2 : 1 metal-to-ligand ratio (Fig. 6B). With more 

ligand added, the absorbance further increases with gradual 

shifting of the maximum to 314 nm until the ∼1 : 1 metal-to- 

ligand ratio is reached, where the out-of-cage [ML]oc complex 

is fully formed. It indicates the formation of two different 

intermediates with [ML]oc and [M2L]oc stoichiometry. At pH 8, 

the spectra are changing even more dramatically. The intensity 

of the absorption band at 314 nm gradually increases and 

reaches maximum at the ∼1 : 1 metal-to-ligand ratio (Fig. 6C 

and E) that corresponds to the [ML]oc intermediate and the 

spectra are similar to those observed at pH 4. At a higher 

ligand concentration, the absorbance at 314 nm decreases and 

a new band at 291 nm is observed (Fig. 6C and E). These 

changes in the spectra could be ascribed to the formation of 

the [ML2]oc intermediate. Based on these observations, the 

overall system can be described as shown in Scheme 1. 

Due to the high complexing ability of the IDA group, a 

mixed coordination by both the IDA group and macrocycle 

pendant arms is expected for the [ML]oc complex. In the 

 

 
 

 

Fig. 6 UV-Vis spectra of the Ce(III)–H6do3aPida out-of cage complexes at pH 4 (A, cM = 2.5 × 10−3 M, cL = 0–5 × 10−3 M) and the corresponding 

changes of the absorbance at 300 nm (squares) and 314 nm (triangles) with increasing metal-to-ligand ratio (B). UV-Vis spectra of the Ce(III)– 

H6do3aPida out-of cage complexes at pH 8 at low ligand concentrations (C, cM = 2.5 × 10−3 M, cL = 0–2.5 × 10−3 M) and high ligand concentration 

(D, cM = 2.5 × 10−3 M, cL = 2.5–5 × 10−3 M) and the corresponding changes of the absorbance at 314 nm with increasing metal-to-ligand ratio (E). 

The arrows indicate the increasing ligand concentration. 
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Scheme 1 Mechanism of complexation in the  Ce(III)–H6do3aPida 

system. 
 

 

 

[M2L]oc complex, each coordination unit – the IDA group and 

macrocycle acetate arms – binds independently one metal ion. 

In contrast, in the [ML2]oc species, the metal ion is probably 

cannot be rigorously determined from the acquired data. So, 

the value had to be fixed and the same results were obtained 

for all values log KML > 6. Finally, the data were treated with 

the set of eqn (2)–(5) and using fixed log KML = 8 in order to 

fulfil the minimization condition for the overall fit. 

The results are shown in Fig. 5 and summarized in Table 4. 

The conditional stability constant KL2 describing the coordi- 

nation of the second ligand molecule is pH dependent as the 

imino-diacetate group is ( partially) protonated in the studied 

pH range. Its values are comparable to the stability constant 

describing the consecutive coordination of the second ligand 

to form the [Eu(ida)2]− complex (Table S5†). From a relatively 

sharp break in Fig. 5 at the L : M 1 : 2 ratio, one can conclude 

that the conditional stability constant KM2 describing 

the coordination of the second metal ion is high. This 

suggestion is supported also by a break in absorbance at 300 

nm (Fig. 6B). Calculations confirmed that this assumption 

and the values of the conditional stability constant KM2 are 

about one order of 
magnitude higher than those of KL2. However, the values of 

coordinated by two IDA groups originating from two different KM2 were determined with a large error due to a too sharp 
ligand molecules. 

According to the mechanism suggested in Scheme 1, the 

rate of the whole complexation reaction to form the in-cage 

complex can be expressed as a sum of contributions given 

by transformation of all expected out-of-cage intermediates 

(eqn (2)). 

break shown in Fig. 5 mentioned above. 

To get detailed information about the pH dependence of 

the complexation process, the formation reaction was studied 

under pseudo-first order conditions using 10-fold ligand or 

metal ion excess at various pH values. The excess was chosen 

to reach the quantitative formation of the [ML2]oc or [M2L]oc 

d½ML]
ic 

dt 
f k2 -½L]tot -½M]tot ¼ f kML -½ML]

oc
 þ  kL2 -½ML2] 

 
ð2Þ 

complexes, respectively. The results are depicted in Fig. 7. 

Both the series of experiments show a linear increase of the 

þ  kM2 -½M2L] 

where fk2 is a second-order rate constant of the bimolecular 

reaction and can be calculated from the observed pseudo-first- 

order rate constant fkobs by fk2 = fkobs/[M]tot or fk2 = fkobs/[L]tot 

for the metal excess and the ligand excess, respectively. Eqn (2) 

must be combined with metal and ligand mass balance 

equations and with the formula for the stability constants of 

the reaction intermediates (eqn (3)–(5)) 

½ML]    ¼ K ML -½M]-½L] ð3Þ 

½ML2]    ¼ K L2 -½ML]-½L] ð4Þ 

½M2L]    ¼ K M2 -½ML]-½M] ð5Þ 

where KML, KL2 and KM2 are the conditional stability constants 

of the out-of-cage intermediates (see Scheme 1), [L] is the con- 

centration of the free ligand and [M] is the concentration of 

the free metal ion. The constant KML is excessively high and 

formation rate with a higher concentration of OH− ions. It is 
in agreement with the generally accepted mechanism of the 

formation of lanthanide(III) complexes of DOTA-like ligands8–17 

where the rate-determining step is the hydroxide ion-assisted 

deprotonation of the ring nitrogen atoms in the out-of-cage 

complex coupled with the transfer of the Ln(III) ion into the 

macrocyclic cavity. Therefore, the rate constant fkobs could be 

also expressed as general eqn (6) 

 
f kobs ¼  OH k0 þ OHk1 -½OH-] ð6Þ 

where OHk0 and OHk1 are rate constants characterizing the 

OH−-independent and OH−-dependent transformation of the 

out-of-cage intermediate into the final in-cage complex.10 

Under the excess of H6do3aPida, linearity is not maintained 

at pH < 5 (see Fig. 7, inset B). It might be ascribed to an 

additional protonation of the out-of-cage complex or to an 

incomplete coordination of the second ligand molecule. 

However, the data do not allow one to distinguish between 

 
 

 

Table 4 The rate constants of individual pathways for the formation of the [Ce(do3aP ida)]3− complex and the conditional stability constants of the 

corresponding out-of-cage intermediates (25 °C) 
 

pH fkML [M
−1 s−1] fkM2 [M

−2 s−1] fkL2 [M
−2 s−1] KM2 KL2 

 

5.9 (4.1 ± 0.2) × 10−5 (7.9 ± 0.2) × 10−4 (1.5 ± 0.2) × 10−4 (3 ± 1) × 103 (1.8 ± 06) × 103 
6.5 (1.5 ± 0.2) × 10−3 (3.1 ± 0.1) × 10−3 (2.6 ± 0.3) × 10−4 (6 ± 10) × 104 (2.2 ± 0.2) × 103 
7.0 (3.5 ± 0.1) × 10−3 (9.15 ± 0.05) × 10−3 (6 ± 3) × 10−4 (2.1 ± 0.3) × 104 (5 ± 3) × 103 

8.0 (3.4 ± 0.1) × 10−2 — (1.4 ± 2) × 10−3 — (1.2 ± 0.6) × 104 

¼ 
oc 

oc 



Paper Dalton Transactions 

10494 | Dalton Trans., 2017, 46, 10484–10497 This journal is © The Royal Society of Chemistry 2017 

 

 

 

 

 

Fig. 7 The pH dependence of the formation rate constant values in the 

Ce(III)–H6do3aPida system using the metal excess (A, 25 °C, cCe =  5  ×   

10−3 M, cL = 5 × 10−4 M) and the ligand excess (B, 25 °C, cCe = 5 × 10−4 

M, cL = 5 × 10−3 M). The insets show the data obtained in the low-pH 

region. The solid lines correspond to the best fits obtained according  to 

eqn (6). The line in the inset B is a guide for eyes only. 

rearranges faster than [M2L]oc. The differences might be 

ascribed to the different basicity of the macrocycle nitrogen 

atoms of the [ML2]oc and [M2L]oc species as well as differences 

in their structures. The metal ion in the [ML2]oc complex is 

dominantly coordinated by the IDA-groups and only weak 

interaction between the metal ion and macrocycle acetate pen- 

dants could be expected. In contrast, one metal ion in the 

[M2L]oc species is bound to the macrocycle acetate pendants. 

The coordination of pendants to the positively charged metal 

ion leads to a decreased basicity of macrocycle nitrogen atoms. 

These effects result in a bigger slope of kobs dependence on 

pH. 

The comparison of the presented results with those for 

H4dota and H5do3aP (Table 5) shows a significant decrease of 

the complexation rate when the IDA group is attached to the 

phosphorus atom of the pendant arm in H6do3aPida. This is 

highly important information for the design of new chelators 

for radiomedical applications. Recently, we have shown that 

the pendant arms containing weakly chelating units such as 

hydroxomethylphosphinate,19 2-carboxyethylphosphinate18 or 

methylene-bis( phosphinate)20 accelerate the in-cage complexa- 

tion of the metal ions. In contrast, the results presented here 

indicate that the presence of a more strongly complexing 

group in the pendant arm is not advantageous for the fast in- 

cage complexation. The complexation rate is governed by two 

   factors – the stability of the out-of-cage intermediates and the 

rate of the into-cage transfer. The low stability of out-of-cage 

these two options, so the nonlinear region was not included in 

the further data treatment. It also means that the constant 
OHk0 has no chemical sense (inset in Fig. 7B). Fitting the data 

acquired at metal ion excess using eqn (6) shows that the con- 

tribution described by the OH−-independent term is negli- 

complexes leads to low abundance of these intermediate 

species and, consequently, to low concentration of the metal 

ion in the vicinity of the macrocyclic cage and, thus, slow in- 

cage complexation. The presented results show that the too 

gible. Thus, only the rate constant for the hydroxide-assisted    

pathway could be determined and values of the OHk1 are (8.6 ± 

0.3) × 104 M−1 s−1 and (1.9 ± 0.2) × 103 M−1 s−1 for the metal 
Table 5 The rate constants of formation and dissociation reactions of 
the discussed Ce(III) complexes (t = 25 °C) 

ion and the ligand excess, respectively. The direct comparison    

of reaction rates shows steeper pH dependence under metal 

ion excess than that under ligand excess (Fig. 8). Thus, the 
 

Ligand 
Formation (half-life 
at pH 7) 

Dissociationa (half-life 
at pH 0) 

[M2L]oc complex shows higher reactivity than the [ML2]oc H do3aPida OHk = 8.6 × 104 M−1 s−1 

complex at pH > 5 whereas, at pH < 5, the [ML2]oc species 
1 

t1/2 = 81s  

 
 

 

 

Fig. 8 pH dependence of the rate constants for the formation of the in-

cage [Ce(do3aPida)]3− complex at 25 °C under the metal excess (full 

triangles, cCe = 5 × 10−3 M, cL = 5 × 10−4 M) and the ligand excess (open 

squares, cCe = 5 ×  10−4 M, cL = 5 ×  10−3 M). 

(This workb) dk1 = 6.9 × 10−4 M−1 s−1 
t1/2 = 23 min 

OHk1 = 1.9 × 103 M−1 s−1 (This work) 
t1/2 = 1 h   
(This workc) 

H5do3aP OHk1 = 9.6 × 105 M −1 s−1 dk1 = 1.22 × 10−3 M−1 s−1 
t1/2 = 7 s  t1/2 = 10 min 
(ref. 17b) (ref. 17) 

H4dota OHk1 = 2.7 × 106 M−1 s−1 dk1 =8  × 10−4 M−1 s−1 

t1/2 = 3 s  dk2 =2  × 10−3 M−2 s−1 
(ref. 13b) t1/2 = 4 min 

(ref. 10) 
OHk1 = 3.5 × 106 M−1 s−1 dk1 = 3.4 × 10−4 M−1 s−1 

t1/2 = 2 s  dk2 = 1.6 × 10−3 M−2 s−1 
(ref. 10d) t1/2 = 6 min 

(ref. 54) 

a dkobs = dk1·[H+] + dk2·[H+]2. b 10-times metal excess. c 10-times ligand 
excess. d 20-times metal excess. 

6 
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high stability of the out-of-cage complexes is also undesirable 

as it leads to a slow transfer of the metal ion into the macro- 

cyclic cavity due to mutual competition of both sites for the 

metal ion. Only literature precedence for such slow complexa- 

tion is the transfer of Cu(II) into the cyclam cavity when tris(2- 

aminoethyl)amine (tren) was used as a pendant arm.51 The in- 

cage transfer rate is dependent on the nature of both out-of- 

cage and in-cage chelation centres and, recently, we have 

shown that the spacer connecting the macrocycle part with 

coordinating groups in the pendants is also very important.14 

Moreover, the protonable groups in the pendant arms might 

assist the proton transfer from the macrocyclic nitrogen atoms 

to the surrounding environment. In the out-of-cage complex, 

the pendants are coordinated to the metal ion.52,53 

Consequently, the formation of highly stable out-of-cage 

complex blocks the pendant-assisted proton transfer and the 

complex formation rate is decreased. Thus, the stability of the 

out-of-cage intermediates must be kept in a narrow range to 
reach the optimal complexation rate for in-cage complexation 

proton concentration is almost linear. However, there is a sig- 

nificant negative intercept on the y-axis. It indicates that the 

kinetically active species is present in two different protona- 

tion states in the studied pH range. There are three protona- 

tion constants of the Ln(III) complexes determined by potentio- 

metry. As the studied pH range is below the range covered by 

potentiometry, {M(H3L)}⇌{M(H4L)}+ is very probably the kineti- 

cally important equilibrium that is described by the dis- 

sociation constant Ka. The less protonated species, {M(H3L)}, 

does not contribute to the overall dissociation. The {M(H4L)}+ 

species might dissociate spontaneously (rate constant dk0) or 

via the proton-assisted pathway (rate constant dk1). The dis- 

sociation rate is then expressed as given by eqn (7) 

v ¼  d kobs -½comp]tot ¼ d k0 -½MðH4LÞ] þ dk1 -½MðH4LÞ]-½Hþ]    ð7Þ 

where [comp]tot is the total concentration of the complex. 

Taking into account the protonation equilibrium suggested 

above, dkobs can be expressed by eqn (8) 

and it should be combined with an appropriate spacer. 

However, the kinetic data are mostly reported for “chemical” 

d kobs ¼ 

dk0 x ½Hþ]=Ka þ dk1 x ½Hþ]
2 =Ka 

 

1 þ ½Hþ]=Ka 

conditions, i.e. for the millimolar concentration range. 

The complexation of radioisotopes is mostly performed at 

concentrations that are several orders of magnitude lower 

(“radiochemical” conditions). Furthermore, various metallic 

impurities originating from the radioisotope production are 

present in the samples. As a result, the above mentioned 

parameters might be of different importance and the for- 

mation of the out-of-cage complexes might become highly 

dominant for the overall complexation rate. Thus, design of 

the pendant arms must be tuned for each metal ion–ligand 

system, and the complexation/labelling ability of such 

ligands should be evaluated under both “chemical” and 

“radiochemical” conditions. 

 

Dissociation kinetics of the Ce(III) complex 

The acid-assisted decomplexation of the [Ce(do3aPida)]3− 

complex was studied in 0.2–3.0 M HClO4 (Fig. 9). The depen- 

dence of the observed reaction rate constant dkobs on the 

 

 
 

 

Fig. 9  Acid-assisted  dissociation  of   the   [Ce(do3aPida)]3−   complex   

(25 °C, I = 3 M (Na/H)ClO4). The curve represents the best fit according   

to eqn (8). 

Fitting of the data according to eqn (8) gave dk1 = (6.9± 0.1)× 

10−4 M−1 s−1 and Ka = 0.36 ± 0.05. The value of dk0 is negligible 

and this indicates very slow spontaneous dissociation of the 

[M(H4L)]+ species. Values of the rate constant dk1 are compar- 

able to those reported for the Ce(III) complexes of H4dota and 

H5do3aP (Table 5). It shows a very high kinetic inertness of the 

studied complex and a negligible role of the IDA-group in the 

dissociation process. 

 

Conclusions 

The title ligand combines the macrocyclic DOTA-like unit with 

the pendant IDA group and the groups are connected through 

a phosphinate spacer. Determined protonation and stability 

constants show that each group behaves as an independent 

chelating unit and their coordinating abilities are similar to 

those reported for each group as an individual molecule. The 

close proximity of the groups in the molecule is important for 

the overall complexation mechanism and significantly influ- 

ences the in-cage complexation rate. In the first step, the metal 

ion is complexed by the IDA group in the out-of-cage mode. 

Several out-of-cage complexes with 2 : 1, 1 : 1 and 1 : 2 ligand- 

to-metal ratios were identified. The strong complexing ability 

of the IDA group blocks the transfer of the metal ion into the 

macrocyclic cavity and, thus, the title ligand shows signifi- 

cantly slower in-cage complexation compared to that of the 

parent H4dota. It is a significant finding as it indicates that 

the coordination ability of the groups in the pendant arms 

must be properly tuned to reach the faster chelation which is 

among the most important properties of ligands for the radio- 

medical applications. The strongly chelating pendant arm 

stabilizes the out-of-cage complexes too much and, thus, a 

suitable chelating group for the faster in-cage complexation 

should have only weak coordination ability. 

ð8Þ 
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Potentiometry - the detailed procedure 

The stock solution of hydrochloric acid (~0.03 M) was prepared from 35 % aqueous solution (puriss, Fluka). 

Commercial (NMe4)Cl (99 %, Fluka) was recrystallized from boiling i-PrOH and the solid salt was dried over P2O5 in 

vacuum to constant weight (this dried form of the salt is extremely hygroscopic). Carbonate-free (NMe4)OH solution 

(~0.2 M) was prepared from (NMe4)Cl using ion exchanger Dowex 1 in the OH–-form (elution with carbonate-free 

water, under argon). The hydroxide solution was standardized against potassium hydrogen phthalate and the HCl 

solution against the ca. 0.2 M (NMe4)OH solution. Stock solutions of the individual metal cations were prepared by 

dissolving hydrates of metal chlorides and the metal ions contents were determined by titration with a standard 

Na2H2edta solution. Analytical concentration of a stock solution of the ligand was determined together with 

refinement of protonation constants using OPIUM software package (see below). The in-cell titrations were carried 

out in a vessel thermostatted at 25.0 ± 0.1 °C, at ionic strength I = 0.1 M ((NMe4)Cl; with pKw = 13.81) and in the 

presence of extra HCl using a PHM 240 pH-meter, a 2-ml ABU 900 automatic piston burette and a GK 2401B 

combined electrode (all Radiometer, Denmark). The in-cell titrations were carried out in pH range 1.7–12.0 with at 

least 40 points per titration and four parallel titrations (cL = 0.004 M, cM = 0.004 M or 0.002 M or 0.008 M). 

The stability constants of the Ln(III) complexes were obtained by the out-of-cell method. The batches (starting 

volume 1 ml) were prepared under Ar stream in tubes with ground joints from ligand, metal ion and HCl/(NMe4)Cl 

stock solutions and water (cL = cM ~ 0.004 M, 5% ligand excess). Then a known amount of (NMe4)OH standard 

solution was added under Ar. The tubes were firmly closed with stoppers and the solutions were equilibrated at room 

temperature for 4 weeks (one batch was checked after 6 weeks and gave the same data). Titrations were performed in 

the pH ranges 1.5–3.8 (final pH values) with around 20 data points per whole titration and three titrations per system. 

The pre-formed Ln(III) complexes in solution were obtained by mixing of the ligand stock solution (5 % 

molar excess) with Ln(III) ion stock solution in a glass ampoule and a slow portion-wise addition (2 h) of standard 

(NMe4)OH solution (just to neutralize the ligand amount) under Ar. The ampoule was flame-sealed and left at 80 °C 

overnight to fully complex the metal ion. The ampoules were opened under Ar and aliquots of the solutions of the 

Ln(III) complexes were transferred into a titration vessel. Water and excess of HCl, metal ion stock solution and 

(NMe4)Cl solutions were added (to reach a pH of about 1.8 and I = 0.1 M (NMe4)Cl in the final solution, starting 

volume 5 ml, the preformed complex concentration ~0.004 M) and the solution was immediately titrated with a 

standard (NMe4)OH solution at 25.0 °C acquiring at least 40 data points per each of three titrations. 

The constants (with standard deviations) were calculated with program OPIUM.1 The program minimizes the 

criterion of the generalized least-squares method using the calibration function 

E = E0 + S  log[H+] + j1  [H+] + j2  Kw / [H+] 

where the additive term E0 contains the standard potentials of the electrodes used and contributions of inert ions to the 

liquid-junction potential, S corresponds to the Nernstian slope, the value of which should be close to the theoretical 

value and the j1[H+] and j2[OH–] terms are the contributions of the H+ and OH– ions to the liquid-junction potential. 

The calibration parameters were determined from titration of standard HCl with standard (NMe4)OH before and after 
 
 

1 
Kývala, M.; Lukeš, I. International Conference, Chemometrics '95; Pardubice, Czech Republic, 1995; p 63; full version of 

"OPIUM” is available (free of charge) on http://www.natur.cuni.cz/~kyvala/opium.html. 

http://www.natur.cuni.cz/~kyvala/opium.html
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each ligand or ligand–metal titration to give pairs of calibration/titration, which was used for calculations of the 

constants. The overall protonation constants βn are concentration constants, defined by βn = [HnL]/([H]n[L]) (they were 

transformed to dissociation constants as pK1 = logβ1 and pKn = logβn – logβn–1). The (concentration) stability constant 

are defined by βhlm = [HhLlMm]/([H]h[L]l[M]m). 
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Figure S1. 1H (A), 13C{1H} (B) and 31P{1H} (C) NMR spectra of H6do3aPida (25 °C, pD = 6). Signals of solvent and 

standards are labeled with crosses. 
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h 6 Table S1. The experimentally determined overall protonation constants log a of H do3aPida and the pre-formed 

[Ln(do3aPida)]3– complexes (25 C, I = 0.1 M (NMe4)Cl). 

h H6do3aPida [La(do3aPida)]3– [Nd(do3aPida)]3– [Eu(do3aPida)]3– [Gd(do3aPida)]3– [Y(do3aPida)]3– 

1 12.85(4) 7.67(2) 7.83(3) 7.83(1) 7.79(2) 7.95(1) 
2 22.48(4) 10.25(3) 10.29(4) 10.23(1) 10.53(2) 10.52(1) 

3 30.61(4) 11.88(3) 11.80(4) 11.82(1) 12.09(2) 12.29(1) 

4 35.01(4) – – – – – 

5 38.28(4) – – – – – 

6 40.26(5) – – – – – 

7 41.85(5) – – – – – 
a 
For the free ligand, h = [HhL] / ([H]h  [L]). For the pre-formed complexes, h = [Hh(ML)] / ([H]h  [ML]). 

 

 
Table S2. The experimentally determined overall stability constants loghlm

a of the H6do3aPida complexes (25 C, 

I = 0.1 M (NMe4)Cl). 
 

Speciesb Cu(II) Zn(II) La(III) Nd(III) Eu(III) Gd(III) Y(III) 

[M(L)] 23.75(3) 21.79(2) 22.09c 24.02c 24.94c 25.27c 25.39c 

[M(HL)] 32.15(2) 30.25(1) 29.76(3) 31.85(3) 32.77(3) 33.06(9) 33.34(5) 

[M(H2L)] 35.99(2) 34.01(2) 32.96(5) 34.79(2) 35.72(2) 35.66(9) 35.74(7) 

[M(H3L)] – 36.99(1) 36.19(2) 37.01(3) 37.99(3) 37.79(11) 37.94(7) 

 

 

 

 

 
a 
hlm = [HhLlMm] / ([H]h  [L]l  [M]m). b Charges are omitted for clarity reasons. c Calculated using the protonation 

constants determined for the pre-formed complexes. d The systems were studied by out-of-cell method and, thus, only 

in 1:1 metal-to-ligand ratio was utilized. 

[M2(L)] 34.71(3) 31.37(1) 

[M2(HL)] 38.71(2) 35.05(1) 

[M2(H2L)] 40.30(3) – 

[M2(L)(OH)] 25.51(3) 21.20(2) 

[M2(L)(OH)2] 13.46(4) – 

 

d d d d d 

d d d d d 

d d d d d 

d d d d d 

d d d d d 
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021 

Table S3. Comparison of the stability constants logK011
a of the discussed complexes. 

Ligand Cu(II) Zn(II) La(III) Nd(III) Eu(III) Gd(III) Y(III) 

H4dota 2  22.3 20.8 22.0 23.7 23.0 24.0 24.0 

H6do3aPida 23.75   21.79 22.09 24.02 24.94 25.27 25.39 

H5do3aPPrA 3 – – 23.1 – 25.3 25.04 24.63 

a  
K011 = [M(L)] / ([L]  [M]). 

 

Table S4. The overall stability constants log of the ternary complexes with pre-formed [Gd(do3aPida)]3– complex 

(25 C, I = 0.1 M (NMe4)Cl). 

Equilibriuma Cu(II) Zn(II) Ca(II) Eu(III) 

M + {Gd(L)} = [M{Gd(L)}] 10.53(1) 8.10(3) 5.19(5) 8.98(2) 

M + {Gd(L)} + H+ = [M{Gd(HL)}] – – – 11.57(3) 

M + {Gd(L)} + H2O = [M{Gd(L)}(OH)] + H+ 1.47(3) – –6.69(5) – 

M + {Gd(L)} + 2H2O = [M{Gd(L)}(OH)2] + 2H+ –10.15(4) – – – 

M + 2{Gd(L)} = [M{Gd(L)}2] 15.40(7)   13.30(7) – 16.31(8) 

M + 2{Gd(L)} + H+ = [M{Gd(HL)}{Gd(L)}]   20.95(4)   18.47(8) – 20.61(2) 

M + 2{Gd(L)} + H2O = [M{Gd(L)}2(OH)] + H+ 5.39(7) 2.59(9) – 6.0(1) 

M + 2{Gd(L)} + 2H2O = [M{Gd(L)}2(OH)2] + 2H+ – – – –6.4(1) 

a 
Charges are omitted for clarity reasons. 

 

Table S5. Comparison of the consecutive stability constants log011 and logK a of the ternary complexes of 

[Gd(do3aPida)]3– with those of the complexes of H2ida.2 
 

Cu2+ Zn2+ Ca2+ Eu3+ 

Speciesb    
[Gd(do3aPida)] H2ida [Gd(do3aPida)] H2ida [Gd(do3aPida)] H2ida [Gd(do3aPida)] H2ida 

 

[M(X)] 10.53 10.6 8.10 7.03 5.19 2.59 8.98 6.2 

[M(X)2] 4.87 5.7 5.20 5.4 – – 7.33 4.5 

a 
K011 = [M(X)] / ([X]  [M]) and K021 = [M(X)2] / ([X]  [M(X)]), where X = [Gd(do3aPida)]3– or X = ida2–. b Charges 

are omitted for clarity reasons. 

 

 

 

 

 

 
 

2 A. E. Martell, R. M. Smith, Critical Stability Constants, Plenum Press, New York, 1974–1989, vol. 1–6; 

NIST Standard Reference Database 46 (Critically Selected Stability Constants of Metal Complexes) , version 

5.0, 1994. 

3 
M. Försterová, I. Svobodová, P. Lubal, P. Táborský, J. Kotek, P. Hermann, I. Lukeš Dalton Trans., 2007, 

535–549. 
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Figure S2. 31P NMR titration of H6do3aPida. 
 

 

 
 

Figure S3. Distribution diagram of Cu(II)–[Gd(Hndo3aPida)]n–3 system (25 C, I = 0.1 M (NMe4)Cl, cGdL = 4 mM , 

cM = 4 mM (A) cM = 2 mM (B)). Charges are omitted for clarity reasons. 
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Figure S4. Distribution diagram of Eu(III)–[Gd(Hndo3aPida)]n–3 system (25 C, I = 0.1 M (NMe4)Cl, cGdL = 4 mM, 

cM = 4 mM (A) cM = 2 mM (B)). Charges are omitted for clarity reasons. 
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Table S6. Experimental data of the reported crystal structures. 
 

Compound H6do3aPida·4H2O [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O 

Formula C20H36N5O12P·4H2O C20H39Cu4N5O17PCl·7.5H2O 

Mr 641.57 1077.26 
Colour colorless blue 

Shape prism prism 

Dimensions (mm) 0.35×0.13×0.10 0.30×0.25×0.21 

Crystal system triclinic triclinic 

Space group P–1 P–1 

a (Å) 9.5462(4) 12.0847(5) 

b (Å) 10.7017(7) 12.4493(5) 
c (Å) 16.0510(10) 12.9847(5) 

 () 100.877(2) 85.606(2) 

 () 95.356(4) 78.603(2) 

 () 112.760(3) 86.931(2) 

V (Å3) 1459.66(15) 1907.87(13) 
Z 2 2 

Dc (g·cm–3) 1.460 1.875 

 (mm–1) 0.176 2.407 

F(000) 684 1106 

Reflections unique; observed (Io > 2(I)) 5679; 3638 7764; 8790 
Parameters 388 523 

G-o-f on F2 1.057 1.125 

R; R’ (all data) 0.0728; 0.1119 0.0404; 0.0489 
wR; wR’ (all data) 0.2071; 0.2370 0.0977; 0.1042 

Difference max; min (e Å–3) 1.329; 0.474 1.675; 1.146 

 
Table S7. The coordination distances found in the crystal structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. 

 

Bond Distance [Å] Bond Distance [Å] 

Cu1–N1 2.066(3) Cu2–O241 1.946(3) 

Cu1–N4 2.101(3) Cu2–O261 1.951(3) 

Cu1–N7 2.059(3) Cu2–N22 2.018(3) 

Cu1–N10 2.089(3) Cu2–O412a 1.930(3) 

Cu1–O311 2.489(2) Cu2–O1C 2.497(4) 

Cu1–O511 2.216(3) Cu2–O11 2.697(3) 

Bond Distance [Å] Bond Distance [Å] 

Cu3–O11 1.927(2) Cu4–O512a 1.919(3) 

Cu3–O311 1.972(2) Cu4–O312 1.939(3) 

Cu3–O2C 1.977(2) Cu4–O5C 2.005(3) 

Cu3–O2Cb 1.976(2) Cu4–O2Cb 2.042(2) 

Cu3–O511 2.376(2) Cu4–O3C 2.268(3) 

Cu3–O3C 2.491(3) Cu4–O4C 2.412(3) 

a 
Symmetrically-associated ligand molecule. b Symmetrically-associated hydroxido ligand. 
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Figure S5. The coordination mode of the Cu1 ion in the crystal structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. The 

hydrogen atoms attached to the carbon atoms are not displayed for the clarity reasons. 
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Figure S6. The coordination mode of the Cu2 ion in the crystal structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. The 

hydrogen atoms attached to the carbon atoms are not displayed for the clarity reasons. 
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Figure S7. The coordination mode of the Cu3 ion in the crystal structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. The 

hydrogen atoms attached to the carbon atoms are not displayed for the clarity reasons. 
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Figure S8. The coordination mode of the Cu4 ion in the crystal structure of [Cu4(do3aPida)(OH)(H2O)4]Cl·7.5H2O. The 

hydrogen atoms attached to the carbon atoms are not displayed for the clarity reasons. 
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Figure S9. UV-Vis spectra at the beginning of measurement, corresponding to the out-of-cage complex (blue), and at 

the end of measurement, corresponding to the in-cage complex (red), performed under the 10-fold metal excess 

(pH = 6.5, cCe = 5.0∙10−3 M, cL = 5.0∙10−4 M, 25 °C). The increasing absorbance at short wavelengths results from the 

Ce(III) ion excess. Similar spectra were observed along the whole studied pH range. 

Figure S10. UV-Vis spectra at the beginning of measurement, corresponding to the out-of-cage complex (A, the 

spectra change with pH), and at the end of measurement, corresponding to the in-cage complex (B, pH = 6.5, similar 

spectra were observed along the whole studied pH range), performed under the 10-fold ligand excess 

(cCe = 5.0∙10−4 M, cL = 5.0∙10−3 M, 25 °C). 
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Figure S11. Changes of absorption spectra in the course of complexation (left, pH = 6, 25 °C) and time dependences 

of absorbance at 314 nm (right). The curves represent the best fit according to Equation 1. A: cCe = 5.0∙10−4 M, 

cL = 5.0∙10−4 M; B: cCe = 5.0∙10−4 M, cL = 5.0∙10−3 M; C: cCe = 5.0∙10−3 M, cL = 5.0∙10−4 M. 
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Lanthanide(III) complexes of monophosphinate/ 
monophosphonate DOTA-analogues: effects of 
the substituents on the formation rate and 
radiolabelling yield† 

Soňa Procházková,  a Vojtěch Kubíček,  *a Jan Kotek,  a Adrienn Vágner,‡b 
Johannes Notni c and Petr Hermann a 

 
H4dota and its analogues are routinely used for complexation of lanthanide radioisotopes in nuclear 

medicine. Many of the radioisotopes have short half-lives and, thus, the complexation rate plays an impor- 

tant role. Notwithstanding that, the relationship between ligand structures and complexation rates is not 

well understood. Here we report a complexation study of H4dota and its analogues bearing one phospho- 

nate or phosphinate pendant arm. The substituents on the phosphinate group were non-coordinating 

(–H) or contained another coordinating group (–CH2N(CH2COOH)2, –CH2PO2H2 or –CH2NH2). The 

basicity of ligands, stability of reaction intermediates, formation rates of CeIII complexes, and 177LuIII radio- 

labelling were studied. The complexation rates and labelling yields do not show any correlation with 

ligand basicity. In contrast, the additional chelating group attached to the pendant arm plays an important 

role. A decreased complexation rate and lower labelling yield were found for compounds bearing an 

additional amino group, whereas improved properties were found for the compound bearing a geminal 

bis( phosphinate) pendant arm. It indicates that the introduction of chelating pendant arms with acidic 

coordinating groups might be a promising strategy to improve radiolabelling of macrocyclic carriers with 

metal radioisotopes. 

 

Introduction 

Macrocyclic ligands are used as metal ion carriers in various 

medical imaging techniques such as Magnetic Resonance 

Imaging (MRI), Single-Photon Emission Computed 

Tomography (SPECT), Positron Emission Tomography (PET) or 

Optical Imaging (OI), and in radiotherapy.1–7 

For a long time, significant interest has been focused on 

their lanthanide(III) complexes as GdIII ions are dominantly 

used in MRI contrast agents and several lanthanide radio- 

isotopes such as 153Sm, 166Ho, or 177Lu are used in nuclear 

medicine. In these applications, the metal ions must be bound 

in a thermodynamically stable and kinetically inert complex to 

prevent toxicity of free metal ions or nonspecific deposition in 

tissues. The octadentate macrocyclic ligand H4dota (Chart 1) 

and its analogues are ligands that are ideal for producing 

stable lanthanide(III) complexes for biomedical applications. 

One of the most important parameters in the development 

of metal-based radiopharmaceuticals is the complex formation 

rate. The complex formation rate is the limiting factor mainly 

for the short living radioisotopes. Thus, radiolabelling is often 

   performed at a high temperature to accelerate complexation 
aDepartment of Inorganic Chemistry, Faculty of Science, Charles University, 

Hlavova 2030, 128 43 Prague 2, Czech Republic. E-mail: kubicek@natur.cuni.cz; 

Fax: +420 221951253; Tel: +420 221951436 
bDepartment of Inorganic and Analytical Chemistry, University of Debrecen, 

Debrecen, Egyetem tér 1, H-4032, Hungary 
cLehrstuhl für Pharmazeutische Radiochemie, Technische Universität München, 

Walther-Meissner-Strasse 3, D-85748 Garching, Germany 

† Electronic supplementary information (ESI) available: Crystal packing of EuIII- 

do3aPH, molecular structure of do3a-lactame, experimental data of crystal struc- 

tures, overall protonation constants, absorption spectra of CeIII complexes, for- 

mation rate constants. CCDC 1846694–1846696. For ESI and crystallographic 

data in CIF or other electronic format see DOI: 10.1039/c8dt02608d 

‡ Present address: Scanomed Ltd, Debrecen, Hungary. 

and achieve high labelling yields. However, many of the newly 

developed radiopharmaceuticals are conjugates with bio- 

molecules to ensure desired biodistribution. The biomolecules 

are often sensitive compounds (e.g. oligopeptides or anti- 

bodies) and, thus, labelling cannot be performed under harsh 

conditions. Therefore, development of new chelators enabling 

fast and efficient complexation under mild conditions is still 

in the centre of interest. 

Formation of the dota-like complexes proceeds in two 

steps.8–15 In the first step, the metal ion is coordinated by the 

pendant arm oxygen atoms forming an out-of-cage complex, 

http://www.rsc.li/dalton
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Chart 1 Structures of the studied ligands. 

300 MHz), 13C (100 or 75 MHz) and 31P (162 or 122 MHz) NMR 

spectra were acquired at 25 °C (unless stated otherwise) with 

Varian Unity Inova-400 and -300 spectrometers, respectively. 

For the 1H and 13C NMR measurements in D2O, the methyl 

signals of tBuOH were used as an internal standard (δ = 1.2 

and 31.2 ppm for 1H and 13C NMR, respectively). The 31P 

chemical shifts were measured with respect to 1% H3PO4 in 

D2O as an external reference. ESI-MS spectra were recorded on 

a Bruker Esquire 3000 spectrometer equipped with an electro- 

spray ion source and an ion-trap detection system. 177LuIII for 

radiolabelling was obtained from Isotope Technologies 

Garching (Garching, Germany) as a 177LuIII chloride solution 

in 0.05 M HCl. Elemental analyses were performed at the 

Institute of Organic Chemistry and Biochemistry (Prague, 

Czech Republic). 

Synthesis 

Synthesis of H4do3aPH. tBu3do3a (3.00 g, 5.0 mmol) was dis- 

   solved in CF3COOH (30 ml) and CHCl3 (30 ml). The solution 

was refluxed for 6 h and then evaporated. The residue  – 

whereas the macrocycle amino groups are protonated. The 

rate-determining step of the complexation is deprotonation of 

the ring nitrogen atoms and simultaneous formation of the in- 

cage complex with the metal ion coordinated by four nitrogen 

and four oxygen atoms. The complexation rate could be modi- 

fied by the introduction of pendant arms bearing various co- 

ordinating groups such as amides, amines, phenols, thiols, pyri- 

dines, and phosphonic or phosphinic acids. We have shown 

that the phosphonate and/or phosphinate pendants may 

change the complexation rate in positive as well as in negative 

ways.16–21 The improvement was observed mainly for phosphi- 

nate derivatives bearing an additional coordinating group in 

the pendant arm. However, recently, we have shown that the 

introduction of a strongly complexing pendant such as bis 

( phosphonate) or imino-diacetate groups leads to a decrease 

of the in-cage complex formation rate due to an excessive stabi- 

lization of the out-of-cage intermediate.15,22 To better under- 

stand the effect of the pendant arm structure on the complexa- 

tion rate, we present here a comparative complex formation 

and radiolabelling study on the series of monophospho(i)nate 

dota-analogues (Chart 1). In order to find the relationship 

between the ligand structure and complexation rate, we show a 

comparison of the ligand basicity, stability of out-of-cage com- 

plexes, formation rates of CeIII in-cage complexes under 

“chemical” conditions and formation of 177LuIII complexes 

under “radiochemical” (low concentration) conditions. 

 

Experimental part 
Materials and methods 

Commercially available chemicals were used as received. 

tBu3do3a·HBr (H3do3a = 1,4,7,10-tetraazacyclododecane-1,4,7- 

triacetic acid) (ref. 23), H4dota (ref. 24), H5do3aP (ref. 25), 

H6do3aPIDA (ref. 22) and H4do3aPAM (ref. 26) were synthesized 

according to the published procedures. The 1H (400 or 

H3do3a, intermediate 1 – was dissolved in 6 M aq. HCl 

(100 ml), 50% aq. H3PO2 (2.78 g, 21 mmol) was added and the 

solution was heated to 60 °C. Paraformaldehyde (0.126 g, 

4.2 mmol) was added portion-wise for 1 h. The mixture was 

stirred for 2 d at 60 °C. Volatiles were evaporated and the 

residue was purified on a strong cation exchange resin (Dowex 

50, H+-form). Impurities were eluted with water, and the 

product was eluted with 10% aq. pyridine. The crude product 

was purified on a strong anion exchange resin (Amberlite IRA, 

acetate-form). Impurities were eluted with water and 2% aq. 

acetic acid, and the product was eluted with 20% aq. acetic 

acid. The fractions containing the pure product were evapor- 

ated and the residue was co-evaporated with water three times. 

The obtained colourless oil was dissolved in a minimum 

amount of water and the product was crystallized by the 

addition of EtOH. The white crystalline powder was filtered 

and dried under vacuum over P2O5 (1.66 g, 83% based on 

paraformaldehyde). 

NMR (D2O + NaOD, pD ≥ 12): 1H: 2.2–2.6 (cy̲c̲̲l ̲e ̲, 16H), 2.71 

(N–CH̲2–P, bs, 2H), 2.95 (N–CH ̲2–COOH, bs, 6H), 6.37 (P–H,̲d, 
1JPH = 522 Hz); 13C{1H}: 60.1 (cy̲c̲l̲e̲̲, s, 2C), 61.0 (cy̲̲c̲le̲̲, s, 2C), 

62.0 (c̲y̲c̲l̲e,̲s, 4C), 64.1 (N–C ̲H2–P, d, 1JCP = 88 Hz, 1C), 64.8 (N– 

C ̲H2–COOH, s, 2C), 65.7 (N–C ̲H2–COOH, s, 1C), 183.5 (CH2– 

CO̲OH, s, 2C), 183.8 (CH2–C̲OOH, s, 1C) 31P: 20.5 (d, 1JPH = 525 

Hz);  MS-ESI:  (−)  439.1  (M  −  H)−;  EA:  calculated  for 

C15H29N4O8·3H2O (Mr = 478.4): C, 37.7; H, 7.4; N, 11.7; found 

C, 37.5; H, 7.5; N, 12.0. 

Late fractions of the ion exchange workup contained DO3A 

lactam and its structure was determined by X-ray diffraction 

analysis (Fig. S3†). 

Synthesis of 4. Cyclen 2 (2.40 g, 14 mmol) and methylene- 

bis( phosphinic acid) 3 (1.00 g, 7.0 mmol) were dissolved in 

6 M aq. HCl (50 ml) and the mixture was heated to 40 °C. 

Paraformaldehyde (0.10 g, 3.3 mmol) was added portion-wise 

for 1 h. The mixture was stirred for 2 d at 40 °C. Volatiles were 

evaporated and the residue was purified on a strong cation 
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exchange resin (Dowex 50, H+-form). Impurities were eluted 

with water and the product was eluted with 5% aq. ammonia. 

The crude product was purified on a strong anion exchange 

resin (Amberlite IRA, OH−-form). Impurities were eluted with 

water and the product was eluted with 6 M aq. HCl. 

Evaporation yielded a colourless residue that was dried under 

vacuum at 80 °C. The product was obtained as a white powder 

(1.08 g, 73% based on paraformaldehyde). 

NMR (D2O + NaOD, pD ≥ 12): 1H δ 2.04 (P–CH̲2–P, t, 2H, 
2JHP  =  17  Hz);  2.61  (cy̲̲c ̲l̲e ̲,  m,  4H);  2.65  (cy̲̲cl̲̲e ̲,  m,  4H);  2.76 

(c ̲y̲c ̲l ̲e̲, m, 8H); 2.76 (N–CH̲2–P, d, 2H, 2JHP = 8 Hz); 7.15 (P–H, d, 

1H, 1JHP = 530 Hz); 13C{1H} δ 35.8 (P–C̲H2–P, dd, 1JCP = 77 Hz, 
1JCP = 74 Hz, 1C); 44.3 (c ̲y ̲c ̲l̲e ̲, s, 2C); 45.2 (cy̲c̲̲l̲e,̲s, 2C); 45.7 

(c̲yc̲̲l ̲e ̲, s, 2C); 53.1 (C̲H2–N–CH2–P, d, 3JCP = 7 Hz, 2C); 56.3 (N– 

CH̲2–P, d, 1JCP = 109 Hz, 1C); 31P  δ 19.4 (P̲–H, dtd, 2P, 1JPH = 

530 Hz, 2JPH = 17 Hz, 2JPP = 6 Hz); 32.6 (P–CH2–N, m, 2P); 

MS-ESI: (−) 327.5 [M − H+]−; EA: calculated for 

C10H26N4O4P2·2.5H2O·2HCl (Mr = 446.2): C, 26.9; H, 7.5; N, 

12.6; found C, 26.7; H, 7.7; N, 12.4. 

Synthesis of H5do3aPPIN. Hydrochloride of 4 (0.50 g, 

1.1 mmol), chloroacetic acid (0.21 g, 22 mmol) and LiOH 

(2.35 g, 56 mmol) were dissolved in water (100 ml). The 

mixture was heated at 70 °C for 6 h. Volatiles were evaporated 

and the resulting oil was purified on a strong cation exchange 

resin (Dowex 50, H+-form). Impurities were eluted with water. 

The product was eluted with 10% aq. pyridine and was further 

purified on a weak cation exchange resin (Amberlite CG50, H+- 

form) by elution with water. Volatiles were evaporated and the 

residue was slowly added dropwise into anhydrous EtOH. The 

precipitate was filtered off and dried under vacuum over P2O5. 

The product was obtained as a white crystalline powder 

(0.32 g, 49% based on 4). 

NMR (D2O + NaOD, pD ≥ 12): 1H: 2.33 (P–CH ̲2–P, t, 2H, 2JPH 

= 17 Hz), 3.21 (c ̲y ̲c ̲le̲,̲bs, 8H), 3.4–3.7 (c ̲y ̲c ̲l ̲e,̲8H), 3.53 (N–CH ̲2–     

P, d, 2H, 2JPH = 6 Hz), 3.78 (N–C̲H2–COOH, s, 4H), 4.00 (N– 

CH̲2–COOH, s, 2H), 7.16 (P–H̲, d, 1JPH = 552 Hz), 13C{1H}: 38.9 

(P–CH̲2–P, t, 1JCP = 94 Hz, 1C), 47.2 (cy̲̲cl̲e̲,̲s, 2C), 50.3 (c ̲y ̲cl̲̲e ̲, s,     

2C), 51.0 (cy̲c̲̲le̲,̲s, 2C), 52.6 (c̲y̲c ̲l ̲e ̲, s, 2C), 53.7 (N–C̲H2–P, d, 1JCP 

= 104 Hz, 1C), 56.1 (N–C̲H2–COOH, s, 2C), 56.5 (N–

C ̲H2– 

COOH, s, 1C), 178.1 (CH2–CO̲OH, s, 2C), 182.2 (CH2–CO̲OH, s, 

1C), 31P: 20.5 (P̲–H, dtd, 1JPH = 556 Hz, 2JPH = 18 Hz, 2JPP = 

4 Hz), 23.1 (CH2–P–̲CH2, bs); MS-ESI: (−) 501.3 (M − H)−; EA: 

calculated for C16H32N4O10P2·2H2O (Mr = 583.4): C, 35.7; 

H, 6.7; N, 10.4; found C, 35.6; H, 6.9; N, 10.1. 

X-ray diffraction studies 

Single-crystals of (H6do3aPH)Cl2·THF·3H2O were grown by 

vapour diffusion of THF into a solution of H4do3aPH in 6 M 

aq. HCl. A solution of the EuIII–H4do3aPH complex was pre- 

pared by mixing equimolar amounts of EuCl3 and H4do3aPH 

in water followed by pH adjustment with NaOH solution (final 

pH ≈ 5). From this solution, the single-crystals of composition 

Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O were grown by vapour 

diffusion of EtOH. 

The diffraction data were collected at 150 K (Cryostream 

Cooler, Oxford Cryosystem) using a Nonius Kappa CCD diffr- 

actometer and Mo-Kα radiation (λ = 0.71073 Å) and were 

analysed using the HKL DENZO software package.27 The 

structures were solved by direct methods (SIR92)28 and refined 

by full-matrix least-squares techniques (SHELXL2014).29 All 

non-hydrogen atoms were refined anisotropically. Almost all 

hydrogen atoms were localized in a difference density map; 

however, those bound to the carbon atoms were placed 

in theoretical positions with thermal parameters Ueq(H) = 

1.2Ueq(C) to keep the number of refinement parameters low. 

Hydrogen atoms bound to heteroatoms (O, N) were usually 

fully refined. 

In the crystal structure of (H6do3aPH)Cl2·THF·3H2O, the 

THF molecule was found to be disordered in two positions, 

sharing the oxygen atom, which is involved as an acceptor in 

the hydrogen bond with one of the protonated carboxylate 

moieties. The occupancy of both positions was refined as 

55 : 45%. In the crystal structure of Na[Eu(do3aPH) 

(H2O)]·2NaCl·7.125H2O, no disorder was found. Two of NaI 

ions are placed in general positions and other two indepen- 

dent NaI ions occupy special positions with 50% occupancies. 

A large electronic maximum present in specially occupied posi- 

tions (with an occupancy factor of 0.5) was best interpreted as 

0.125 of water molecules to keep its thermal parameter com- 

parable to other water molecules of crystallization. Except for 

this low-occupied water molecule, all hydrogen atoms were 

found in the difference density map. Table S1† contains 

selected crystallographic parameters for the structures 

reported in this paper. Complete data for the structures have 

been deposited at the Cambridge Crystallographic Data Centre 

as CCDC 1846694–1846696.† 

Potentiometric titrations 

Methodology of the potentiometric titrations and processing 

of the experimental data were analogous to those previously 

reported.18,30 Titrations were carried out in a vessel thermo- 

statted at 25 ± 0.1 °C at an ionic strength I = 0.1 M (NMe4)Cl, 

and the pH range used was 1.7–12.0. The titrations were 

carried out at least three times, each consisting of about 40 

points. The water ion product ( pKw = 13.81) was taken from 

the literature.31 The calculated overall protonation constants βh 

are concentration constants and are defined by βh = [HhL]/ 

([H]h·[L]), and consecutive protonation constants are log K(HL) 

= log β1 and log K(HhL) = log βh − log βh−1. The constants (with 

standard deviations) were calculated with the OPIUM software 

package.32 

Formation kinetics studies 

The experiments were carried out in the pH range 3.5–7.5 

employing a Specord 50 Plus spectrophotometer (Analytik Jena 

AG). The temperature was 25 ± 0.1 °C maintained using a 

Peltier block. The kinetics was studied in 1 cm sample cells 

using the following non-coordinating buffers (c = 0.2 M): 1,4- 

dimethylpiperazine ( pH 3.5–5.1), MES ( pH 5.4–6.8; MES = 2- 

(N-morpholino)ethanesulfonic acid), and HEPES ( pH 6.8–7.5; 

HEPES = 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 

acid). Constant ionic strength was maintained by adding a cal- 
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culated amount of KCl (final concentration was 0.5 M). 

Formation of the in-cage CeIII complex was followed in the 

wavelength region 270–360 nm employing CeIII : ligand molar 

ratios of 1 : 10 (cCe = 4.0 × 10−4 M, cL = 4.0 × 10−3 M) and 10 : 1 

(cCe = 4.0 × 10−3 M, cL = 4.0 × 10−4 M). Examples of time 

changes of spectra are shown in Fig. S7.† The experiments 

were initiated by the addition of a CeIII stock solution into the 

cell and the data acquisition started after 15 s dead time. Time 

changes of absorbance at the wavelength of the absorption 

band maximum (312–316 nm) were fitted with the general 

exponential function (eqn (1)): 

At ¼ Af þ ðA0 - Af Þ - e -kobs -t ð1Þ 

where At is the absorbance at time t, Af is the final absorbance, 

A0 is the initial absorbance and kobs is the rate constant of the 

reaction. The data were fitted by means of a least-squares 

fitting procedure using the Micromath Scientist program 

version 2.0 (Salt Lake City, UT, USA). 

Stability of out-of-cage complexes 

The formation of the out-of-cage complex was studied by 

UV-Vis spectroscopy in the wavelength region 270–360 nm at 

pH ≈ 0.5–5 and 10 : 1, 1 : 1 and 1 : 10 metal-to-ligand ratios 

(cCe = 4.0× 10−4 or 4.0 × 10−3 M, cL = 4.0 × 10−4 or 4.0 × 10−3 

M). 

The spectra were recorded immediately after mixing of the 

stock solutions. Examples of spectra are shown in Fig. S5.† 

Examples of absorbance measured at the wavelength of the 

absorption band maximum (298–305 nm) as a function of pH 

are shown in Fig. S6.† 

Labelling with 177Lu 

10 MBq of 177LuIII in 0.04 M aq. HCl (1.8–3.4 μL) were trans- 

ferred into Eppendorf vials containing stock solutions of the 

ligand (ranging from 0.01 nmol to 0.2 nmol) and 90 μL of aq. 

NH4OAc (1 M, pH 6.6). Radiolabelling was performed for 

30 min, while the temperature was maintained at 95 °C by 

placing the closed Eppendorf vials into a thermostated water 

bath. Radiolabeling as a function of pH (ranging from 2 to 6.6) 

was studied using 0.1 nmol of the respective chelators and the 

pH of the reaction solutions was adjusted with 1 M aq. HCl 

(monitored with a Seven-Easy pH-meter Mettler-Toledo). The 

177LuIII incorporation was evaluated by radio-TLC (stationary 

phase: silica impregnated glass fibre sheets (ITLC® by 

Agilent); mobile phase: 0.1 M aq. trisodium citrate solution, 

pH 8) where labelled chelators stay close to the origin (Rf = 0.2) 

and non-incorporated 177LuIII moves with the solvent front 

(Rf > 0.8). 

 

Results and discussion 
Ligand synthesis 

H4dota (ref. 24), H5do3aPOH (ref. 25), H6do3aPIDA (ref. 22) and 

H4do3aPAM (ref. 26) were prepared according to the published 

procedures. H4do3aPH and H5do3aPPIN were synthesized by a 

Mannich-type reaction (Scheme 1). H4do3aPH was synthesized 

 

 
 

Scheme 1 Synthesis of H4do3aPH and H5do3aPPIN: (i) H3PO2, para- 

formaldehyde, 6 M aq. HCl, 60 °C; (ii) paraformaldehyde, 6 M aq. HCl, 

40 °C; and (iii) ClCH2CO2H, LiOH, H2O, 70 °C. 
 

 
in 83% yield by the reaction of H3do3a (1) with paraformalde- 

hyde and hypophosphorous acid in 6 M aq. HCl. The amount 

of formaldehyde used was sub-molar with respect to H3do3a, 

because in the presence of an equimolar (or higher) amount, 

hydroxymethylation of the P–H bond in the H4do3aPH mole- 

cule was observed by 31P NMR spectroscopy. When old batches 

of H3do3a were used (especially when stored in a semi-solid 

form obtained by evaporation from acid media after deesteri- 

fication), some amount of lactam H2do3alac was isolated as a 

late fraction of the ion exchange workup of the reaction 

mixture. To minimize the lactam formation, a deesterification 

of tBu3do3a to H3do3a was performed immediately before the 

synthesis of H4do3aPH. The lactam by-product was separated 

from the reaction mixture by ion exchange chromatography 

and isolated in the form of dihydrochloride (H4do3alac) 

Cl2·2H2O, and the identity of this compound was confirmed by 

X-ray diffraction analysis (Fig. S3†). 

Ligand H5do3aPPIN was synthesized in two steps. First, 

cyclen (2) was treated with methylene-bis( phosphinic acid) (3) 

and paraformaldehyde. Cyclen and methylene-bis( phosphinic 

acid) were used in excess to avoid the formation of multiply 

substituted products and hydroxymethylation of the P–H bond 

of the intermediate 4. The excess of reagents was easily 

removed using an ion exchange resin. The monosubstituted 

product 4 was isolated in 73% yield. Subsequently, the cyclen 

secondary amino groups were alkylated using chloroacetic 

acid. The compound H5do3aPPIN was obtained in 49% yield 

(related to 4). 

 
X-ray diffraction studies 

(H6do3aPH)Cl2·THF·3H2O. The hexaprotonated ligand mole- 

cule adopts the most common conformation of cyclen deriva- 

tives with all the pendant arms pointing to the same side of 

the macrocyclic plane.33 Two macrocycle nitrogen atoms 



Dalton Transactions Paper 

Dalton Trans., 2018, 47, 13006–13015 | 13011 This journal is © The Royal Society of Chemistry 2018 

 

 

 

 

 
 

Fig. 1 Molecular structure of the  (H6do3aPH)2+  cation  found  in  the  

crystal structure of (H6do3aPH)Cl2·THF·3H2O. Carbon-bound hydrogen 

atoms are omitted for clarity. 
 

 

 

 
(those bearing mutually trans acetate groups) as well as all four 

pendant arms are protonated (Fig. 1). The macrocycle ring con- 

formation is stabilized by medium–strong intramolecular 

hydrogen bonds between protonated and non-protonated 

amino groups (dN⋯N ≈ 2.88–2.97 Å). All protons belonging to 

the pendant arms are involved in strong hydrogen binding to 

water molecules of crystallization (dO⋯O ≈ 2.51–2.58 Å) and to 

a molecule of THF (dO⋯O = 2.62 Å), and all protons belonging 

to the water molecules serve as sources of hydrogen bridges to 

chloride counter anions (dO⋯Cl ≈ 3.01–3.18 Å). 

Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O. To confirm the 

suggested molecular structures of the studied complexes, we 

attempted to prepare several representative LnIII complexes for 

determination of their crystal structures, and we were success- 

ful only in the case of the EuIII–H4do3aPH complex. The EuIII 

ion is in-cage complexed by four nitrogen and four oxygen 

atoms forming mutually parallel N4 and O4-planes, and its 

coordination sphere is completed to nona-coordination by an 

apically bound water molecule (Fig. 2). The same sign of the 

twist angles of N–C–C–N macrocyclic chelate rings and of 

N⋯NQ⋯OQ⋯O pendant torsions (where NQ and OQ are cen- 

troids of the N4 and O4-planes) reveals a twisted-square-anti- 

prismatic geometry of the complex species (TSA, i.e. formation 

of the Δδδδδ/Λλλλλ enantiomeric pair).34 The value of the 

N⋯NQ⋯OQ⋯O torsion (25.6–27.8°) and separation of the N4 

and O4-planes (2.52 Å) are in the range typical of the TSA 

species.35,36 The “opening” angles (trans-O–Eu–O angles) are 

134.6 and 139.5° and they are in agreement with the presence 

of the apically coordinated water molecule but at a relatively 

long coordination distance (2.56 Å), as the smaller opening 

angle is just at the border value of ≈135° needed to preserve 

enough space for the apical coordination.35,36 Other coordi- 

nation bond lengths (Eu–N ≈ 2.62–2.73 Å; Eu–O ≈ 2.32–2.42 Å) 

are in the range common for the related compounds. 

The [Eu(do3aPH)(H2O)]− units form a 2-D coordination 

polymer interconnected by NaI cations bound to oxygen atoms 

of carboxylate and phosphinate pendant arms (Fig. S1†). Some 

of the water molecules of crystallization fill the coordination 

spheres of the NaI ions. The water molecule coordinated to the 

central EuIII ion serves as a coordination bridge to one of the 

NaI ions (dNa–O = 2.41 Å, dEu⋯Na = 3.77 Å). To this NaI ion, one 

of the charge-compensating chloride anions is coordinated. 

The other chloride anion and uncoordinated water molecules 

are present in the space between the layers formed by the 2-D 

coordination polymer (Fig. S2†). 

 

Ligand protonation constants 

Ligand protonation constants were determined by potentio- 

metry. Since dota-like ligands form weak complexes with alkali 

metal ions, such as NaI and KI, which influences their protona- 

tion constant values, the potentiometric measurements were 

performed in the presence of non-coordinating tetramethyl- 

ammonium cations. The results are summarized in Tables 1 

and S2.† All ligands show the protonation scheme typical of 

dota-like compounds. The values of log K(HL) and log K(H2L) 

are found in the alkaline region and correspond to the proto- 

nation of the macrocycle nitrogen atoms. The basicities of the 

macrocycles mostly follow the common order phosphinate < 

carboxylate < phosphonate.37 However, the phosphinate 

derivatives bearing an additional functional group with 

an electron-donating character show increased basicity 

(log K(HL) + log K(H2L)) comparable with that of H4dota 

(Table 1). The third protonation process (log K(H3L)) corres- 

ponds to the protonation of the phosphonate pendant group 

in H5do3aPOH or the protonation of the pendant amino group 

in H4do3aPAM and H6do3aPIDA and occurs in the neutral or 

weakly alkaline region. The remaining constants correspond to 

 
 

 

Fig. 2 Molecular structure of the [Eu(do3aPH)(H2O)]− complex  found  in  the  crystal  structure  of  Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O.  Carbon- 

bound hydrogen atoms are omitted for clarity. 
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Table 1 Protonation constants of the studied ligands (I = 0.1 M NMe4Cl, 25 °C). The values of overall protonation constants log β and standard devi- 

ations are given in Table S2 
 

 
H4dotaa H5do3aPOH b H4do3aPH H5do3aPPIN H4do3aPAM H6do3aPIDA c 

log K(HL) 12.9 13.83 12.43 12.46 13.29 12.85 
log K(H2L) 9.72 10.35 9.10 9.40 9.56 9.63 
log K(H3L) 4.62 6.54d 4.33 4.55 8.45e 8.13e 
log K(H4L) 4.15 4.34 2.78 3.42 4.11 4.40 
log K(H5L) 2.29 3.09 1.45 2.06 1.86 3.27 
log K(H6L) 1.34 1.63 — — 0.98 1.98 
log K(H7L) — — — — — 1.58 

log K1 + log K2 22.30 24.18 21.53 21.86 22.85 22.48 

a Ref. 38. b Ref. 18. c Ref. 22. d The constant corresponds to the protonation of the phosphonate group. e The constant corresponds to the proto- 
nation of the pendant amino group. 

 

 

the subsequent protonation of oxygen atoms of carboxylate, 

phosphonate or phosphinate groups. 

 
Stabilities of CeIII out-of-cage complexes 

The complexation of LnIII ions by dota-like ligands proceeds in 

two steps. An out-of-cage intermediate is formed in the very 

fast first step, whereafter it slowly rearranges to the in-cage 

complex during the second step, which is furthermore associ- 

ated with the removal of protons from two protonated ring 

amino groups. In terms of the overall complexation reaction, 

the kinetics of formation of the out-of-cage complex does not 

play an important role because the species is formed immedi- 

ately. However, the out-of-cage complex stability is of high 

importance because the formation rates of the in-cage com- 

plexes are directly proportional to the concentration of the 

out-of-cage intermediates. Hence, the conditional stabilities 

were studied in strongly acidic media ( pH ≈ 0–3). It could not 

be studied at higher pH values due to fast formation of the 

in-cage complex. 

The geometry of a typical in-cage complex is shown in the 

solid-state structure of the [Eu(do3aPH)(H2O)]− anion (see 

above). In the out-of-cage complex, two nitrogen atoms of the 
macrocycle are protonated.14 The formation of the out-of-cage 

Recently, we have shown that out-of-cage complexes of different 

stoichiometry might be formed under an equimolar concen- 

tration or under ligand or metal ion excess.15,22 Thus, the 

spectra were also recorded at 10 : 1 and 1 : 10 metal-to-ligand 

ratios. The absorbances at the absorption band maximum as a 

function of pH were fitted with eqn (2) (Fig. S6†). Since it is 

not possible to determine the number of protons released in 

the course of out-of-cage complex formation, this parameter (n) 

was not fixed in order to obtain the best possible fit. However, 

the value represents the overall number of released protons, as 

the fitted data cover typically 2 units of the pH scale. The cal- 

culated number of released protons is n = 1–2 for phosphonate 

and phosphinate derivatives, whereas it is higher for H4dota 

(n = 2–3). However, the calculated values of conditional stabi- 

lity constants Koc cannot be directly compared because the 

parameter n is different for each of the studied systems and is 

calculated just as the best parameters of the fits shown in 

Fig. S6.† Nevertheless, the more stable complex is generally 

formed at lower pH. Thus, the pH values corresponding to 

50% abundance of the out-of-cage complex were chosen as the 

reference values for a comparison of the studied systems 

(Fig. 3). The out-of-cage complex of H4dota shows the lowest 

stability  which  is  similar  to  the  H4do3aPAM complex. 
Stabilities of H do3aPOH, H do3aPH and H do3aPIDA com- 

5 4 6 

complex is described by thermodynamic equilibrium (charges 

are omitted): Ln + Hn+2L ↔ [Ln(H2L)] + nH. 

For this equilibrium, the conditional stability constant Koc 

can be formulated with eqn (2): 

plexes are higher and mutually comparable. In addition, the 

stability of H6do3aPIDA is slightly increased under ligand 

 

oc  ½OC] X ½H]
n
 

½Ln] X ½L] 
ð2Þ 

where [OC] is the concentration of the out-of-cage complex, 

[Ln] is the concentration of the unbound LnIII ion and [L] is 

the concentration of the non-complexed ligand. The UV- 

spectra of CeIII ions are highly sensitive towards changes in the 

coordination sphere and, thus, they are significantly different 

for the free aqua ion, the out-of-cage complex, and the in-cage 

complex (Fig. S4†). To study the stability of the out-of-cage 

reaction intermediates, the UV-spectra of CeIII complexes were 

recorded immediately after mixing of the components at 

variable pH (representative spectra are shown in Fig. S5†). 

 

 
 

 

 

 

 
Fig. 3 Conditional stabilities of CeIII out-of-cage complexes. The values 

correspond to the pH at which 50% of the out-of-cage complex is 

formed (25 °C; CeIII excess: cCe = 4.0 × 10−3 M, cL = 4.0 × 10−4 M; ligand 

excess: cCe = 4.0 × 10−4 M, cL = 4.0 × 10−3 M). 
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excess, while formation of species with different M : L stoichio- 

metry ( probably ML2) is apparently preferred in view of a sig- 

nificantly lower absorbance limit ( plateau) observed in the 

M : L = 1 : 10 experiment when compared to M : L = 10 : 1 

(Fig. S6†). A similar finding is in accordance with a previously 

published study.22 However, the highest stability was observed 

for H5do3aPPIN complexes. 

All phospho(i)nate ligands show higher stabilities than 

H4dota resulting from the higher acidity of the phospho(i)nic 

acid group. The stability of H5do3aPOH is comparable to that 

of H4do3aPH because the phosphonate group is monoproto- 

nated in the studied pH range. A positive charge of the proto- 

nated amino group in H4do3aPAM apparently hampers the for- 

mation of the out-of-cage complex. The negative effect of the 

protonated amino group in H6do3aPIDA is compensated by the 

two additional carboxylates. Thus, the stability of its out-of- 

cage complex is comparable to those of H5do3aPOH and 

H4do3aPH. The highest stability, found for H5do3aPPIN, can be 

explained by a high acidity and a good chelating ability of the 

geminal bis( phosphinate) group which forms a stable six- 

membered chelate ring.39 

 
Formation kinetics of CeIII complexes 

The formation of CeIII in-cage complexes was studied by UV-Vis 

spectroscopy using a 10-fold ligand excess or a 10-fold metal 

ion excess. In the studied pH range (3.5–7.5), the out-of-cage 

complexes are formed immediately and quantitatively (see 

above), while out-of-cage to in-cage transformation proceeds 

with first-order kinetics. Thus, the temporal changes of absor- 

bance at the wavelength of the absorption band maximum was 

fitted by a first-order kinetic equation (eqn (1); representative 

spectra and fits are shown in Fig. S7†). 

The rate-determining step in the formation of lanthanide(III) 

complexes of dota-like ligands8–15 is the hydroxide ion-assisted 

deprotonation of the ring nitrogen atoms in the out-of-cage 

complex, associated with the transfer of the LnIII ion into the 

macrocyclic cavity. Therefore, the first-order rate constant kobs 

on [OH−] could be expressed as eqn (3) 

f kobs ¼ k0 þ k1 - ½OH-] þ k2 - ½OH-]
2 

ð3Þ 

where k0 is the rate constant characterizing the OH−-indepen- 

dent and k1 and k2 are rate constants characterizing the OH−- 

dependent pathways of transformation of the out-of-cage inter- 

mediate into the final in-cage complex.10 The values of k0 were 

negligible and were loaded by high ESDs indicating a negli- 

gible contribution of the OH−-independent pathway and, thus, 

this rate constant was omitted from the fitting. Apart from the 

CeIII–H4do3aPAM system, all log(fkobs) as a function of pH were 

linear. Thus, only the processes driven by the k1 pathway were 

considered. In the case of the CeIII–H4do3aPAM system, a non- 

linear curve fitting the data indicated that the complexation 

process is influenced also by the k2-related process. It reflects 

the presence of an additional amino group in the pendant 

arm, while the nonlinearity is probably associated with 

the pendant amine deprotonation. The evaluation of  the 

CeIII–H6do3aPIDA system was complicated by the protonation 

of the pendant arm and by the formation of highly stable out- 

of-cage complexes having various stoichiometry. Consequently, 

the formation rate of CeIII–H6do3aPIDA as a function of pH 

observed under ligand excess could not be described by eqn 

(3). Hence, the rate constant was adopted from the original lit- 

erature.22 The calculated formation rate constants as a func- 

tion of pH with all ligands are shown in Fig. 4 (fitting of the 

experimental data is shown in Fig. S8†) and the calculated 

values of the k1 and k2 constants are summarized in Table 2. 

Most of the studied ligands show very similar pH profiles 

for the formation rates under metal excess and under ligand 

excess (Fig. S8†). A slightly faster complexation under ligand 

excess was observed for H4dota, which is in agreement with 

data previously reported for the EuIII–H4dota system.15 Even 

larger differences were observed for H5do3aPPIN. It might be 

rationalized by the formation of several out-of-cage species with 

various metal-to-ligand ratios. On the other hand, H6do3aPIDA 

shows a decreased complexation rate under ligand excess due 

to the formation of the highly stable [ML2] out-of-cage complex 

through coordination of two pendant imino-diacetic moieties 

belonging to two ligand molecules.22 

The fastest complexation was observed for H4dota, followed 

by H5do3aPOH and H5do3aPPIN. The two derivatives contain 

 
 

Fig. 4 The plot of calculated formation rate constants as a function of 

pH (25 °C) under CeIII excess (top; cCe = 10−3 M, cL = 10−4 M) and under 

ligand excess (bottom; cCe = 10−4 M, cL = 10−3 M). The lines correspond 

to the best fits of the experimental data (see Fig. S8†) according to eqn 

(3). The fits for H6do3aPIDA were adopted from the literature.22 
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Table 2 The formation rate constants of the in-cage CeIII complexes of the studied ligands (t = 25 °C) determined under metal excess (cCe = 10−3 M, 

cL = 10−4 M) and ligand excess (cCe = 10−4 M, cL = 10−3 M) 
 

 
Metal excess 

  
Ligand excess 

 

k1 × 105 [s−1 mol−1 dm3] k2 × 1012 [s−1 mol−2 dm6] 
 

k1 × 105 [s−1 mol−1 dm3] k2 × 1012 [s−1 mol−2 dm6] 

H4dota 28 ± 2 —  43 ± 7 — 
 35a     

H5do3aPOH 24.1 ± 0.3 —  24.5 ± 0.7 — 
 9.56b     

H4do3aPH 3.3 ± 0.5 — 4.29 ± 0.04 — 
H5do3aPPIN 9.2 ± 0.2 — 18.8 ± 0.1 — 
H4do3aPAM 1.6 ± 0.2 16 ± 2 2.1 ± 0.6 16 ± 2 

H6do3aPIDA 0.86c — 0.019c — 

a Ref. 10. b Ref. 18. c Ref. 22. 
 

 

easily protonable pendant groups which serve as acceptors of 

the hydrogens strongly bound to macrocycle amino groups. In 

the present case, the pendant groups can mediate a proton 

transfer from the macrocycle to the bulk solution. Generally, 

the phosphinate group forms much weaker hydrogen bonds. 

Thus, the proton transfer to H4do3aPH is not well supported 

and its complexation is significantly slower. A protonated 

pendant amino group in H4do3aPAM is probably involved in 

hydrogen bonding with the phosphinate oxygen atom. Thus, 

the phosphinate group does not mediate the proton transfer. 

However, at neutral or alkaline pH, the pendant amino group 

is deprotonated. Thus, it does not compete with the hydrogen 

bonding between the phosphinate group and macrocycle 

amines and can even enhance the proton transfer into the 

bulk solution. Thus, the complexation of H4do3aPAM at pH > 6 

is accelerated in comparison with other ligands. The slowest 

complexation was found for H6do3aPIDA due to the presence of 

a strongly complexing group in the pendant arm, resulting in 

the formation of excessively stable out-of-cage complexes.22 

Surprisingly, the formation rates neither show any clear corre- 

lation with the basicity of ligands, nor with the conditional 

stabilities of the out-of-cage complexes. Recently, a complexa- 

tion kinetic study of H4dota with trivalent metal ions was pub- 

lished.40 The results show that the complexation rate increases 

with the increase in the amount of EtOH or other organic sol- 

vents in the solution as a result of the decreased basicity of the 

 

 
 

Fig. 5 Radiochemical yield of labelling with 177LuIII as a function of the 

ligand amount (top; 10 MBq, pH 6.6, 95 °C, 30 min) and pH (bottom; 10 

MBq, nL = 0.1 nmol, 95 °C, 30 min). 

macrocycle in the presence of an organic modifier. However,    

our results show that the correlation of the complexation rate 

with the basicity of the macrocycle cannot be done for 

different ligands. It might be ascribed to the fact that the 

nature of the pendant arms also plays an important role in the 

complexation mechanism. 

 

Radiolabelling with 177LuIII 

Labelling with 177LuIII was chosen to evaluate the effects of the 

chelator concentration and pH on the radiochemical yield 

(Fig. 5). H4dota, H5do3aPOH and H5do3aPPIN require the lowest 

molar amount of ligand (≈0.07 nmol) for quantitative labelling 

at pH 6.6 (30 min, 95 °C), followed by H4do3aPH and 

H6do3aPIDA requiring only a slightly higher amount  

(≈0.1 nmol). H4do3aPAM shows significantly worse labelling 

properties and reaches less than 50% labelling even using 

0.2 nmol. Larger differences were observed when labelling was 

evaluated as a function of pH (nL ≈ 0.1 nmol, 30 min, 95 °C). 

Comparable  pH  profiles  were   found  for  H4dota   and 

H5do3aPPIN. The two ligands show quantitative labelling at 

pH ≈ 3. Other ligands require significantly higher pH for 

quantitative labelling, namely, pH ≈ 5.5 for H4do3aPH and 

pH ≈ 6.6 for H5do3aPOH and H6do3aPIDA. Since H4do3aPAM 

does not show quantitative labelling even at pH 6.6, it was not 

studied at lower pH. 

H5do3aPPIN shows the best labelling at low pH among all 

phospho(i)nate derivatives. This is in good agreement with the 

above reported conditional stabilities of the out-of-cage com- 
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plexes. On the other hand, the radiochemical yields neither 

show any clear correlation with the ligand basicity nor with the 

formation rates of in-cage complexes. These results suggest 

that the stabilities of the out-of-cage complexes determine the 

efficiency of radionuclide incorporation. The out-of-cage 

complex formation is the rate-determining factor due to the 

low concentrations of reactants (nanomolar scale) and the 

presence of various competing metal ions under radiochemi- 

cal complexations. It indicates that the presence of an 

additional chelating group in the pendant arm is a promising 

strategy to improve radiolabelling. However, the design of 

this chelating group must be chosen carefully because an 

excessively strong cooordination22,41 or an inappropriate 

choice of the spacer between the chelating group and the 

macrocycle15 could result in lower overall complexation rates. 

The results indicate that the presence of an amino group in 

the pendant arm is not desirable. The pendant coordination 

moiety should preferably be an acidic structural element, such 

as phosphinates in H5do3aPPIN. Likewise, promising pro- 

perties of a bis( phosphinate) pendant were reported also for 

cyclam-based ligands intended for complexation of copper 

radioisotopes.21 

 

Conclusions 

We found that the complexation rates of lanthanide(III) ions 

with macrocyclic analogues of H4dota bearing a phosphorous- 

acid pendant arm do not show any correlation with the ligand 

basicity. On the other hand, the additional coordinating 

groups in the phosphinate pendant arms play an important 

role in the radiolabelling process and significantly influence 

complexation yields, as they increase the stabilities of the 

respective out-of-cage reaction intermediates. However, the cor- 

relation between the stability of the intermediates and the lab- 

elling yield is not straightforward. An improved 177LuIII radio- 

labelling yield was found for ligands bearing bis( phosphinate) 

pendants that form stable intermediates under acidic con- 

ditions. On the other hand, an additional amino group in the 

pendant arm does not improve the conditional stability in 

acidic media, probably due to electrostatic repulsion between 

the metal ion and the protonated amino group. However, the 

ligand bearing imino-diacetate pendant that forms excessively 

stable out-of-cage intermediates shows a significantly 

decreased complexation rate. It indicates that the stability of 

out-of-cage complexes must be carefully tuned, and optimal 

coordinating pendant arms might be those bearing highly 

acidic chelating groups such as bis( phosphinate). However, 

the stabilities of the out-of-cage complexes do not explain the 

observed different labelling behaviour of H4dota and its 

phospho(i)nate analogues. 
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Figure S1. 2D coordination polymer motive found in the solid-state structure of 

Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O. The view perpendicular to O4/N4-planes of the coordination 

spheres (A) and the view along the y-axis (B). Hydrogen atoms are omitted for clarity. 
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Figure S2. Crystal packing of Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O. The view along the y-axis. 

Hydrogen atoms are omitted for clarity. 
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Isolation and structure of DO3A lactame – H2do3alac    

When old batches of H3do3a were used for synthesis of H4do3aPH 

(especially when stored in semi-solid form obtained by evaporation 

from acid media after deesterification), some amount of lactam 

H2do3alac was isolated as a late fraction of the ion exchange workup of 

the reaction mixture. It is probably predominantly formed on pro-longed standing of H3do3a under 

acid conditions (after evaporation in CF3COOH). Its 1H NMR spectra are rather complicated due to 

rigidity of the molecule and, thus, the X-ray diffraction study was performed to confirm identity of the 

compound (Figure S3). 

Single-crystals of (H4do3alac)Cl2·2H2O were grown by vapour diffusion of THF into the solution of the 

H4do3alac in 6 M aq. HCl. In the crystal structure of (H4do3alac)Cl2·2H2O, no disorder was found. The 

thermal parameter of one water-belonging hydrogen atoms was kept using Ueq(H) = 1.2 Ueq(O) as it 

became too large when freely refined. 

The macrocycle of (H4do3alac)2+ fragment is diprotonated. One of the protons is bound to the amine 

atom of the lactam ring, and the other is localized on the opposite nitrogen atom bearing one of the 

carboxylate pendants and is involved in the medium-strong intramolecular hydrogen bond (dN∙∙∙O = 

2.88 Å) to the lactam oxygen atom. Both carboxylic acid pendant arms are protonated and involved in 

intermolecular hydrogen bonding with water molecules of crystallization and chloride counter anions. 

 

 

 

Figure S3. Molecular structure of (H4do3alac)2+ cation found in the crystal structure of 

(H4do3alac)Cl2·2H2O. The intramolecular hydrogen bond is shown as a dashed line. Carbon-bound 

hydrogen atoms are omitted for clarity. 



 

 

Table S1. Experimental data of the reported crystal structures. 

 

Compound (H6do3aPH)Cl2·THF·3H2O Na[Eu(do3aPH)(H2O)]·2NaCl·7.125H2O (H4do3alam)Cl2·2H2O 

Formula C19H45N4O12P1Cl2 C15H41.25Cl2Eu1N4Na3O16.125P1 C14H30Cl2N4O7 

Mr 623.46 858.57 437.32 
Colour colourless colourless colourless 

Shape prism needle prism 

Dimensions (mm) 0.30×0.25×0.20 0.15×0.08×0.05 0.50×0.20×0.20 

Crystal system monoclinic monoclinic orthorhombic 

Space group C2/c C2/c P212121 
a (Å) 22.0543(3) 32.1447(5) 9.7430(4) 

b (Å) 11.19790(10) 9.43790(10) 10.3130(5) 
c (Å) 24.5815(4) 23.5537(4) 21.7340(10) 

 () 90 90 90 

 () 96.4613(8) 121.0061(8) 90 

 () 90 90 90 

V (Å3) 6032.13(14) 6124.65(16) 2183.82(17) 
Z 8 8 4 

Dc (g cm–3) 1.373 1.862 1.330 

 (mm–1) 0.329 2.392 0.337 

F(000) 2656 3466 928 

Reflections unique; observed (Io > 2(I)) 6889; 5601 7035; 6005 4220; 3435 
Parameters 432 451 276 

G-o-f on F2 1.078 1.039 1.066 

R; R’ (all data) 0.0466; 0.0650 0.0299; 0.0406 0.0439; 0.0620 
wR; wR’ (all data) 0.1291; 0.1449 0.0658; 0.0709 0.0987; 0.1088 

Difference max; min (e Å–3) 0.474; –0.523 1.941; –1.169 0.321; –0.181 
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Table S2. Overall protonation constants log of ligands (I = 0.1 M NMe4Cl, 25 °C). 
 

 H4do3aPH H5do3aPPIN H4do3aPAM 

HL 12.43(1) 12.46(1) 13.29(3) 

H2L 21.53(1) 21.86(2) 22.85(3) 

H3L 25.86(1) 26.41(2) 31.30(3) 

H4L 28.64(1) 29.83(2) 35.41(3) 

H5L 30.09(1) 31.89(2) 37.27(3) 

H6L – – 38.25(4) 
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Figure S4. Representative absorption spectra: CeIII aqua ion (black), out-of-cage (blue) and in-cage (red) CeIII- 

do3aPPINcomplex (cM = cL = 4.0∙10−4 M, 25 °C). 

 

 

 

 

 

 

 

 

Figure S5. Representative absorption spectra of CeIII–H4do3aPH (A, pH ~ 1–3) and CeIII–H5do3aPPIN (B, pH ~ 0–3) 

systems measured immediately after mixing at various pH (cM = cL = 4.0∙10−4 M, 25 °C). The arrow indicates 

increasing pH. Changes of absorbance at absorption band maximum are shown in Figure S6. 
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Figure S6. Formation of out-of-cage complexes: pH dependence of absorbance at absorption band maximum (298– 

305 nm) measured immediately after mixing of the components (25 °C) under the CeIII excess (4.0∙10−3 M, cL = 

4.0∙10−4 M) and under the ligand excess (cCe = 4.0∙10−4 M, cL = 4.0∙10−3 M). The lines correspond to the best fits 

according to Equation 2. 
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Figure S7. Changes of absorption spectra in the course of complexation of H5do3aPPIN and H4do3aPAM (left, 25 °C) 

and time dependences of absorbance at absorption band maximum (~ 315 nm) of the in-cage complex (right). The 

curves represent the best fit according to Equation 1. A: H5do3aPPIN, cCe = 4.0∙10−4 M, cL = 4.0∙10−3 M, pH = 5.4; B: 

H5do3aPPIN, cCe = 4.0∙10−3 M, cL = 4.0∙10−4 M, pH = 5.4; C: H4do3aPAM, cCe = 4.0∙10−4 M, cL = 4.0∙10−3 M, pH = 5.7; 

D: H4do3aPAM, cCe = 4.0∙10−3 M, cL = 4.0∙10−4 M, pH = 5.7. 
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Figure S8. pH dependence of the formation rate constants (25 °C) under the CeIII excess (cCe = 4.0∙10−3 M, cL = 

4.0∙10−4 M, blue diamonds) and under the ligand excess (cCe = 4.0∙10−4 M, cL = 4.0∙10−3 M, red squares). The lines 

correspond to the best fits according to Equation 3. 


