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2.1 Materials. The chemicals used for the experiments were of analytical grade. The concentration of 

the MnCl2, ZnCl2 and CuCl2 solutions was determined by complexometric titration with standardized 

Na2H2EDTA and xylenol orange (ZnCl2), murexid (CuCl2) and Eriochrome Black T (MnCl2) as 

indicators. The concentration of the cis-H2DO2A and trans-H2DO2A (

 was determined by pH-potentiometric titration in the 
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presence and absence of a . The pH-potentiometric titrations were made with 

standardized 0.2 M KOH and NaOH solutions.  

2.2 Equilibrium measurements. The protonation constants of  

stability and protonation constants of Mn
II
 complexes formed with  

ligands were determined by pH-potentiometric titration. The metal-to-ligand concentration ratio was 1:1 

(the concentration of the ligand was generally 0.003 – 0.005 M) and the titrations were performed by 

allowing 45 and 300 seconds waiting time (two parallel titrations resulted in curves that were completely 

superimposable) to attain the equilibrium between successive points. 

For the pH measurements and titrations, a 

titration workstation and a Metrohm 6.0233.100 combined electrode were used. Equilibrium 

measurements were carried out at a constant ionic strength (0.15 M NaCl and 0.1 M KCl) in 10 mL 

samples at 25 C. The solutions were stirred, and N2 was bubbled through them. The titrations were 

made in the pH range of 1.7-12.0. KH-phthalate (pH=4.005) and borax (pH=9.177) buffers were used to 

calibrate the pH meter. For the calculation of [H
+
] from the measured pH values, the method proposed 

by Irving et al. was used.[33] A 0.01M HCl solution was titrated with the standardized NaOH or KOH 

solution in the presence of 0.15 M NaCl and 0.1 M KCl ionic strength, respectively. The differences 

between the measured (pHread) and calculated pH (-log[H
+
]) values were used to obtain the equilibrium 

H
+
 concentration from the pH values, measured in the titration experiments.  





AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

a Bruker MQ20 

Minispec spectrometer at 20 MHz owing to the large differences in the relaxivities 
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H lab pH-meter equipped with a combined electrode (Metrohm 6.0234.100). 
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“The experiments were performed with either a glassy carbon (Metrohm 6.1204.110) or a 

platinum (Metrohm 6.1204.120) working electrode applied often in the CV studies of Mn
II
 complexes 

formed with polyamino-polycarboxylic acids”. The 

deaerated
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K

(4)). We were not able to confirm the formation of the ternary hydroxido 

complexes in the studied pH range (detected by Bianchi et al. formerly[29]) which is fully consistent 

with the results of relaxometric titrations performed by G. A. Rolla and co-workers.[28] 

[M][L]

[ML]
ML K

]L)][H[M(H

[M(HL)]

1-i

MHL 
K
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This may be the consequence of the slight differences 

in the geometries being evidenced for [Mn(trans-DO2A)] and [Mn(cis-DO2A)] complexes by DFT 

method[28] which are in a good agreement with the coordination polyhedron found around the metal 

center in [Mn(H2DOTA)] and [Mn2(cis-DO2A)2] complexes by X-ray crystallography.[29, 41] This is 

well described in the literature for Mn
II
/Mn

III 
as well as for Cu

I
/Cu

II
 couples.[42-45] As mentioned above 

the coordination sphere around the metal centers in [Mn(trans-DO2A)] and [Mn(cis-DO2A)] complexes 

can be described as trigonal prisms. The mean twist angle of the two triangular faces equals to 4.9° 

(ideal value would be 0°) in the [Mn(cis-DO2A)] complex while the given angle is being larger (11.2°) 

in [Mn(trans-DO2A)] showing a somewhat larger distortion of the coordination polyhedron from a 

trigonal prism to an octahedron (ideal value 60°) in this structure.[28] The Mn
III

, being a d
4
 cation is 

expected to prefer a geometric distortion from the octahedric structure as it is experienced in [Mn(cis-

DO2A)] agreeing well with the lower oxidation potential of the given Mn
II 

complex. 
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3.3 Dissociation Kinetics of the [Mn(cis-DO2A)] and [Mn(trans-DO2A)]. The kinetic inertness of 

metal complexes is an important issue for in vivo application due to the toxicity of free metal ions and 

ligands.[19] In vitro studies of the dissociation reactions of metal-complexes may provide information 

concerning their kinetic behavior under physiological conditions. The Mn
II
 complexes 

believed/considered to be very labile chelates in the literature. Among the open chain ligands the trans-

CDTA and its derivatives were shown to form relatively inert Mn
2+

 complexes.[18, 24] To the best of 

our knowledge the first examples of inert Mn
II
 complexes formed with macrocyclic ligands were 

evidenced by D. P. Riley an co-workers about two decades ago who have synthesized and studied 

numerous Mn complexes formed with rigid 15-aneN5 derivatives as highly active and stable superoxide 

dismutase (SOD) mimics.[47, 48] More recently É. Tóth and co-workers were shown that the Mn
2+

 

complexes formed with traditional macrocyclic ligands like NOTA and DOTA (whose complexes 

formed with diagnostic and therapeutic metal ions employed widely widely in medicine today) were 

inert towards metal loss form these chelates.[27] The dissociation of [Mn(DOTA)]
2

, [Mn(NOTA)]

 and 

their derivatives is very slow and generally occurs via spontaneous, proton- and metal-assisted pathways 

with the involvement of endogenous metal ions like Zn
II
 and Cu

II
.[27] The kinetic inertness of Mn

II
 

complexes is characterized by the rate of the transmetallation reactions, occurring in solutions with Zn
II
 

and Cu
II
 ions.

 
Therefore, the rates of metal exchange reactions occurring between [Mn(cis-DO2A)] and 

[Mn(trans-DO2A)] and biogenic Zn
II
 and Cu

II
 ions have been studied by 

1
H-NMR relaxometry and UV-

vis spectrophotometry, respectively. These transmetallation reactions have been investigated (metal 

exchange reactions, Eq. (5)) in the presence of a large excess (10-40-fold) of the exchanging metal ion 
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(Zn

II
 or Cu

II
) to ensure pseudo-first-order conditions at different ionic strengths (0.15 M NaCl and 0.1 M 

KCl) in the pH range of 3.0 – 6.0.  

t
t k

t
]MnL[

d

]MnL[d
d
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[27]
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protonated complexes of DO2A ligands are more labile. 

While the data concerning the stability and inertness of the Mn
II
 complexes formed with the 

DO2A’s are very promising we feel important to underline that these complexes based on their 

properties (pM and half-lives of dissociation extrapolated to physiological conditions) lie closer to the 

open-chain Gd-based commercial CA’s (e.g. Omniscan ([Gd(DTPA-BMA)] pGd = 11.06 and t1/2 = 49.4 

h at pH = 7.4 and 25 
o
C by taking into account the catalytic effect of the endogenous ligands discovered 

recently).[49] On the other hand, recent studies have confirmed that these pathways are absent for the 

[Gd(DOTA)]
-
 (Dotarem) for which the acid catalyzed dissociation is in fact the only one pathway 

responsible for the loss of toxic Gd
III

. These studies have confirmed that the [Gd(DOTA)]
-
 remains the 
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best Gd

III
-based MRI CA as far as the kinetic inertness of the MRI CA complexes concerned (t1/2 = 

2.7x10
9
 h at pH = 7.4 and 25 

o
C).[50] 
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16426–16435.
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> The redox potentials of the expected (based on the structure) order


