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1 Supplementary Data 

Details of the synthesis: 

The ligands PC3AMH and PC3AMPip were prepared by alkylating the pyclen macrocycle with a 
suitable bromoacetamide derivative obtained form commercial sources (2-bromoacetamide) or 
prepared according to published procedures (2-bromo-1-(piperidin-1-yl)ethanone). 

PC3AMH: A solution of pyclen (0.25 g, 1.21 mmol), commercially available 2-bromoacetamide 
(0.55 g, 4.00 mmol) and potassium carbonate (1.20 g, 8.68 mmol) in anhydrous acetonitrile was 
heated to 65 °C with stirring for 3 days. The solution was then filtered and the filtrate evaporated 
under vacuum. The resulting residue was redissolved water and acetonitrile mixture (50:50 by 
volume and s purified by preparative HPLC using Luna 10u-Prep C18(2) 100A (250×21.20 mm) 
column and ACN:H2O/TFA was applied as eluent (the TFA was present only in water at 0.005 M 
concentration). The product was collected by freeze-drying as white fluffy solid. Yield: 0.33 g (45%). 

1H NMR (270 MHz, D2O): δ 8.06 ppm (t, 1H, aromatic ring), 7.52 ppm (d, 2H, aromatic ring), 4.82 
ppm (s, 4H, ArCH2Nring), 4.25 ppm (s, 4H, glycinate methylene), 3.64 ppm (s, 2H, glycinamide 
methylene), 3.54 ppm (b, 4H, NringCH2), 2.97 ppm (b, 4H, NringCH2). 



Supplementary Material 

 

2 

13C NMR (270 MHz, D2O): δ 174.78 ppm (1C, amide carbonyl), 168.60 ppm (2C, amide carbonyl), 
150.31 ppm (1C, aromatic ring), 141.34 ppm (1C, aromatic ring), 123.37 ppm (1C, aromatic ring), 
60.00 ppm (2C, ArCH2Nring), 57.51 ppm (2C, acetamide methylene), 56.29 ppm (1C, acetamide 
methylene), 55.23 ppm (2C, NringCH2), 52.02 ppm (2C, NringCH2); 

ESI-MS m/z (%): 378.3 (100%) [M+H]+, 400.2 (34%) [M+Na]+= 416.2 (14%) [M+K]+. 

Anal. Calcd for PCTMAH×1.95 CF3COOH×0.90 H2O: C, 39.96; H, 5.05; N, 15.54. Found: C, 40.28; 
H, 5.11; N, 15.61. 

PC3AMPip: A solution of pyclen (0.25 g, 1.21 mmol), synthesized 2-bromo-1-(piperidin-1-
yl)ethanone (0.80 g, 3.88 mmol) and potassium carbonate (1.20 g, 8.68 mmol) in anhydrous 
acetonitrile was heated to 65 °C with stirring for 3 days. The solution was then filtered and the filtrate 
evaporated under vacuum. The resulting residue was redissolved water and acetonitrile mixture 
(50:50 by volume and purified by preparative HPLC using Luna 10u-Prep C18(2) 100A (250×21.20 
mm) column and ACN:H2O/TFA was applied as eluent (the TFA was present only in water at 0.005 
M concentration). The product was collected by freeze-drying as white fluffy solid. Yield: 0.52 g 
(58%). 

1H NMR (270 MHz, D2O): δ 7.92 ppm (dt, 1H, aromatic ring), 7.39 ppm (dd, 2H, aromatic ring), 
4.73 ppm (s, 4H, ArCH2Nring), 4.41 ppm (s, 4H, amide methylene), 3.69 ppm (s, 2H, amide 
methylene), 3.05-3.42 ppm (b, 20H, NringCH2 and piperidine CH2), 1.46-1.53 ppm (b, 18H, 
piperidine CH2). 

13C NMR (270 MHz, D2O): δ 169.05 ppm (1C, amide carbonyl), 168.71 ppm (2C, amide carbonyl), 
158.73 ppm (1C, aromatic ring), 137.52 ppm (1C, aromatic ring), 137.35 ppm (1C, aromatic ring), 
121.30 ppm (1C, aromatic ring), 62.44 ppm (2C, ArCH2Nring), 58.10 ppm (2C, acetamide 
methylene), 55.22 ppm (1C, acetamide methylene), 53.01 ppm (2C, NringCH2), 45.99 ppm (2C, 
NringCH2) 42.93 42.86 (4C, piperidine ring), 44.44, 43.36 (4C, piperidine ring), 42.93, 42.86 (4C, 
piperidine ring), 26.24, 25.58, 24.43 (6C, piperidine ring), 25.99, 25.32 24.24 (3C, piperidine ring). 

ESI-MS m/z (%): 582.4 (100%) [M+H]+, 604.4 (41%) [M+Na]+= 620.4 (17%) [M+K]+. 

Anal. Calcd for PCTMAPip×1.90 CF3COOH×0.75 H2O: C, 52.23; H, 6.70; N, 11.84. Found: C, 
52.17; H, 6.61; N, 11.73. 

 

2 Supplementary Table S1. Protonation constants of the hexa-, hepta- and octadentate ligands 
(I=0.15 M NaCl, 25 oC) compared to the data available in the literature. 

Ligand I log K1
H log K2

H log K3
H log K4

H log K5
H log K6

H Σ 
logK2

H 
DO3A 0.15 M NaCl 10.07(5) 8.93(6) 4.43(9) 4.11(7) 1.88(7) – 19.00 

DO3An 0.1 M 
NMe4Cl 11.59 9.24 4.43 3.48 – – 20.83 
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DO3Ao 0.5 M KNO3 11.96 9.66 4.23 3.51 – – 21.62 

DO3Ap 0,1 M NaCl 10.51 9.08 4.36 – – – 19.59 
DO3Aq 0,1 M KCl 11.55 9.15 4.48 – – – 20.70 

DO3AMH 0.15 M NaCl 9.40(5) 6.28(8) – – – – 15.68 
DO3P 0.15 M NaCl 12.55(2) 11.37(1) 8.57(2) 7.02(2) 5.36(2) 1.84(2) 23.92 

DO3P l 0.1 M 
TBANO3 

13.24 11.3 8.47 7.1 5.3 n.d. 24.54 

DO3P m 0.1 M KCl 12.9 11.4 8.69 7.09 5.53 1.42 24.3 
ODO3A 0.15 M NaCl 8.74(2) 7.58(2) 3.99(3) 2.39(3) – – 16.32 

ODO3A r 0.1 M 
NMe4(NO3) 

11.61 7.70 4.05 2.77 – – 19.31 

PCTA 0.15 M NaCl 9.97(3) 6.73(5) 3.22(6) 1.40(9) – – 16.70 

PCTA g 0.1 M 
NMe4(NO3) 

10.90 7.11 3.88 2.27 – –– 18.01 

PCTA h  1.0 M KCl 11.36 7.35 3.83 2.12 1.29  18.71 

PCTA i 0.1 M KCl 10.73 7.52 4.2 2.4 – – 18.25 
PC3AMH 0.15 M NaCl 8.76(3) 4.10(4) – – – – 12.86 
PC3AMGly 0.15 M NaCl 8.85(1) 4.55(1) 3.81(1) 3.21(1) 2.80(1) 1.38(1) 13.40 
PC3AMGly j 1.0 M KCl 9.35 4.47 3.73 3.20 2.72 – 13.82 
PC3AMPip 0.15 M NaCl 8.74(1) 5.77(2) 1.42(9) – – – 14.51 

DOTA 0.15 M NaCl 11.41 9.83 4.38 4.63 1.92 1.58 21.24 

DOTAa 0.1 M 
NMe4Cl 11.74 9.67 4.68 4.11 2.37 – 21.41 

DOTAb 0.1 M 
NMe4Cl 12.6 9.70 4.50 4.14 2.32 – 22.30 

DOTAc 0.1 M 
NMe4Cl 11.9 9.72 4.60 4.13 2.36 – 21.62 

DOTMA 0.15 M NaCl 11.72 9.06 4.74 5.59 1.92 – 20.78 
DOTMA k 1.0 M KCl 12.59 9.28 4.66 5.78 1.84 – 21.87 
DOTAM 0.15 M NaCl 7.31(1) 6.07(1) – – – – 13.38 

DOTP 0.15 M NaCl 13.6(2)a 12.23(3) 8.63(5) 7.45(4) 5.84(5) 5.02(5) 25.83 

DOTP d 0.1 M 
NMe4(NO3) 

13.7 12.2 9.28 8.09 6.12 5.22 25.9 

DOTP e 
0.15 M NaCl 

10.9 9.2 8.1 6.3 5.4 
1.8 and  

1.3 
pK7

H 
20.1 

DOTP f 0.1 M 
NMe4Cl 12.6 9.3 8.0 6.0 5.2 – 21.9 
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trans-DO2A 0.15 M NaCl 11.69 9.75 3.97 2.68 – – 21.44 
cis-DO2A 0.15 M NaCl 11.44 9.51 4.14 1.55 – – 20.95 

cis-DO2AMMe2.  0.1 M KCl 10.14 8.38 – – – – 18.52 
cis-

Bz2DO2AMMe2

.  

0.1 M KCl 
11.11 8.22 – – – – 19.33 

cis-DO2AMBz2.  0.1 M KCl 9.62 6.90 – – – – 16.52 
 

a Antonio Bianchi, Luisella Calabi, Claudia Giorgi, Pietro Losi, Palma Mariani, Paola Paoli, Patrizia Rossi, 
Barbara Valtancoli, Mario Virtuani. 2000. Thermodynamic and structural properties of Gd3+ complexes 
with functionalized macrocyclic ligands based upon 1,4,7,10- tetraazacyclododecane; J. Chem. Soc. 
Dalton Trans. 5, 697-705, DOI: 10.1039/A909098C. 

b László Burai, István Fábián, Róbert Király, Erika Szilágyi, Ernö Brücher. 1998. Equilibrium and kinetic 
studies on the formation of the lanthanide(III) complexes, [Ce(dota)]– and [Yb(dota)]– (H4dota = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), J. Chem. Soc., Dalton Trans., 2, 243-248; DOI: 
10.1039/A705158A 

c Giorgio Anderegg, Francoise Arnaud-Neu, Rita Delgado, Judith Felcman, Konstantin Popov. 2005. 
Critical evaluation of stability constants of metal complexes of complexones for biomedical and 
environmental applications (IUPAC Technical Report). Pure Appl. Chem. 77, 1445–1495. DOI: 
10.1351/pac200577081445 

d Rita Delgado, Liselotte C. Siegfried, Thomas A. Kaden. 1990. Metal Complexes with Macrocyclic 
Ligands. Part XXXI*. Protonation studies and complexation properties of tetraazamacrocyclic 
methylenephosphonates with earth‐alkali ions. Helv. Chim. Acta 73, 140. DOI: 
10.1002/hlca.19900730115 

e, f C. F. G. C. Geraldes, A. D. Sherry, and W. P. Cacheris. 1989. Synthesis, protonation sequence, 
and NMR studies of polyazamacrocyclic methylenephosphonates. Inorg. Chem. 28(17), 3336–3341. 
DOI: 10.1021/ic00316a018 

g Rita Delgado, Sandra Quintino, Miguel Teixeira, Anjiang Zhang, 1997. Metal complexes of a 12-
membered tetraaza macrocycle containingpyridine and N-carboxymethyl groups. J. Chem. Soc., 
Dalton Trans., 55-64. DOI: 10.1039/A602311H 

h Gyula Tircsó, Zoltán Kovács, and A. Dean Sherry. 2006. Equilibrium and Formation/Dissociation 
Kinetics of Some LnIIIPCTA Complexes, Inorg. Chem., 45(23), 9269–9280. DOI: 
10.1021/ic0608750 

i Krishan Kumar, and M. F. Tweedle. 1993. Ligand basicity and rigidity control formation of 
macrocyclic polyamino carboxylate complexes of gadolinium(III); Inorg. Chem., 32(20), 4193–4199. 
DOI: 10.1021/ic00072a008 
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3 Supplementary Figures  

ppm 3.04.05.06.07.08.0

HDO

 

Supplementary Figure 1. 1H-NMR of the PC3AMH recorded in D2O at 270 MHz at 25 oC.  
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2.03.04.05.06.07.08.0
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Supplementary Figure 2. 1H-NMR of the PC3AMPip recorded in D2O at 270 MHz at 25 oC. 
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Supplementary Figure 3. Speciation distribution curves of [Mn(DOTA)]2− complex with the pH 
dependence of its relaxivity (I=0.1 M KCl, T=25 °C, 20 MHz). 
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Supplementary Figure 4. The speciation distribution of [Mn(DOTP)]6− complex with the pH 
dependence of its relaxivity (I=0.15 M NaCl, T=25 °C, 20 MHz). 
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Supplementary Figure 5. Relaxivity (r1p) measured for “batch” samples of [Mn(DOTAM)]2+ 

complex as a function of pH and species distribution curves obtained from the analysis of the 
relaxivity data (T=25 ºC, I=0.15 M NaCl, 20 MHz). 
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Supplementary Figure 6. Relaxivity (r1p) measured for “batch” samples of [Mn(DO3AMH)]2+ 

complex as a function of pH and species distribution curves obtained from the analysis of the 
relaxivity data (T=25 ºC, I=0.15 M NaCl, 20 MHz). 
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Supplementary Figure 7. Speciation distribution curves of [Mn(DO3A)]− complex with the pH 
dependence of its relaxivity (I=0.1 M KCl, T=25 °C, 20 MHz). 
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Supplementary Figure 8. Speciation distribution curves of [Mn(PCTA)]− complex co-plotted with 
the pH dependence of its relaxivity (I=0.15 M NaCl, T=25 °C, 20 MHz). 
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Supplementary Figure 9. Speciation distribution curves of [Mn(DO3P)]4− complex with the pH 
dependence of its relaxivity (I=0.15 M NaCl, T=25 °C, 20 MHz). 

0

20

40

60

80

100

1 3 5 7 9 11

pH

Fr
ac

ti
on

s 
fo

r 
M
n(

II
) 
(%

)

Mn(II)
[Mn(L)]

[Mn(H3L)]

[Mn(H2L)]

[Mn(H2L)] [Mn(H-1L)]

 

Supplementary Figure 10. Speciation distribution curves of [Mn(PC3AMGly)]− complex 
(cL=cMn2+=0.002 M, I=0.15 M NaCl and T=25 °C). 
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Supplementary Figure 11. Plot of – log k1 values (k1 is the rate constant of the acid catalyzed 
dissociation) as a function of log log K1

H for derivatives of 12-membered macrocycles (I=0.15 M 
NaCl and 25 oC). Disubstituted ligands are shown in green, trisubstituted derivatives are in red (for 
these the -log k1 = -1.61×log K1

H + 15.64 with R2 = 0.69) and tetrasubstituted derivatives are in blue. 
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Supplementary Figure 12. Plot of – log k1 values (k1 is the rate constant of the acid catalyzed 
dissociation) as a function of log log K2

H for derivatives of 12-membered macrocycles (I=0.15 M 
NaCl and 25 oC). Disubstituted ligands are shown in green, trisubstituted derivatives are in red (-log 
k1 = -0.93×log K2

H + 6.53 with R2 = 0.77) and tetrasubstituted derivatives are in blue.  
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Supplementary Figure 13. Plot of – log k1 values (k1 is the rate constant of the acid catalyzed 
dissociation) as a function of log K1

H+ log K2
H for derivatives of 12-membered macrocycles (I=0.15 

M NaCl and T=25 oC). Disubstituted ligands are shown in green, trisubstituted derivatives are in red 
(-log k1 = -0.63×(log K1

H + log K2
H) + 10.52 with R2 = 0.79) and tetrasubstituted derivatives are in 

blue. 
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Supplementary Figure 14. Plot of – log k1 values (k1 is the rate constant of the acid catalyzed 
dissociation) as a function of log K[Mn(L)] for derivatives of 12-membered macrocycles (I=0.15 M 
NaCl and T=25 oC). Disubstituted ligands are shown in green, trisubstituted derivatives are in red (-
log k1 = -0.58 × log KMnL + 8.42 with R2 = 0.26) and tetrasubstituted derivatives are in blue. 
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Supplementary Figure 15. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of H+ ion for the [Mn(DOTAM)]2+ complex (T=25 °C). 

0

1

2

3

4

0 0.2 0.4 0.6 0.8 1 1.2

[H+] x 108 (M)

k
ob

s 
x 

10
2  

(s
-1

)

 

Supplementary Figure 16. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of H+ ion for the [Mn(DOTP)]6– complex (T=25 °C). 
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Supplementary Figure 17. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of the Cu2+ and H+ ions for the [Mn(DO3A)]– complex. The excess of the exchanging 
metal ion was ×12(■), ×24(♦), ×32(▲) and ×41(×) folds (T=25 °C). 
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Supplementary Figure 18. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of the Cu2+ and H+ ions for the [Mn(ODO3A)]– complex. The excess of the exchanging 
metal ion was ×10(■), ×20(♦), ×30(▲) and ×40(×) folds (T=25 °C). 

0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

cH+ (x10
4 M)

k
ob

s (
x1
04
 s
‐1
)

 



Supplementary Material 

 

18 

Supplementary Figure 19. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of H+ and Cu2+ ions for the [Mn(DO3AMH)]2+ complex (T=25 °C). The excess of the 
exchanging metal ion was ×10(■), ×20(♦), ×30(▲) and ×40( ) folds. 
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Supplementary Figure 20. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of H+ ion for the [Mn(DO3AMH)]2+ complex (T=25 °C). 
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Supplementary Figure 21. Dependence of the pseudo-first-order rate constants (kobs) on the 
concentration of H+ ion for the [Mn(DO3P)]4– complex (T=25 °C). 

 


