
Electronic Supplementary Material (ESI) 

 

 

for 

 

 

The Legacy of AAZTA - Synthesis and Coordination Chemistry of Two AAZTA 
Structural Analogues 

 

 

Federico Forgione,1,2 Madalina Ranga,3 Fabio Travagin,1 Mariangela Boccalon,3 Zsolt Baranyai,3 Giovanni B. 
Giovenzana,1,2 Luciano Lattuada4,* 

 

 

 

 

1 Dipartimento di Scienze del Farmaco (DSF), Università del Piemonte Orientale, Largo Donegani 2, I-28100, 
Novara, Italy 

2 CAGE Chemicals srl, Via Bovio 6, 28100 Novara (NO), Italy; 
3 Bracco Imaging Spa, CRB Trieste, AREA Science Park, 34149 Basovizza (TS), Italy; 

4 Bracco Imaging SpA, Via Egidio Folli, 20134 Milano, Italy; 
* Luciano.Lattuada@bracco.com 

 

 

 

 

 

Table of contents 
NMR spectra ...................................................................................................................................................... 2 
Mass spectra .................................................................................................................................................... 12 
Equilibrium properties of AAZTA-Et and AAZTA-Bn ligands ............................................................................ 16 
Kinetic inertness of [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- complexes .......................................................... 19 
References ....................................................................................................................................................... 22 
 
  



NMR spectra 
 

 
Figure S1. 1H NMR spectrum of compound 2a. 
 

 
Figure S2. 13C APT NMR spectrum of compound 2a. 



 
Figure S3. 1H NMR spectrum of compound 3a. 

 
Figure S4. 13C APT NMR spectrum of compound 3a. 

  



 
Figure S5. 1H NMR spectrum of compound 4a. 

 

 
Figure S6. 13C APT NMR spectrum of compound 4a. 
  



 
Figure S7. 1H NMR spectrum of AAZTA-Et. 

 

 
Figure S8. 13C APT NMR spectrum of AAZTA-Et. 

 
  



 

Figure S9. 1H NMR spectrum of β-nitrostyrene. 

 

Figure S10. 13C APT NMR spectrum of β-nitrostyrene.  



 

Figure S11. 1H NMR spectrum of compound 1. 

 

 

Figure S12. 13C APT NMR spectrum of compound 1. 



 

Figure S13. 1H NMR spectrum of compound 2b. 

 

 

Figure S14. 13C APT NMR spectrum of compound 2b. 



 

Figure S15. 1H NMR spectrum of compound 3b. 

 

 

Figure S16. 13C APT NMR spectrum of compound 3b. 



 

Figure S17. 1H NMR spectrum of compound 4b. 

 

 

Figure S18. 13C APT NMR spectrum of compound 4b.  



 

 

Figure S19. 1H NMR spectrum of AAZTA-Bn. 

 

Figure S20. 13C APT NMR spectrum of AAZTA-Bn. 



Mass spectra 
 

 
Figure S21. HRMS of compound 2a. 
 

 
Figure S22. HRMS of compound 3a. 
 
  



 
Figure S23. HRMS of compound 4a. 
 

 
Figure S24. HRMS of AAZTA-Et. 
  



 
Figure S25. HRMS of compound 2b. 
 

 
Figure S26. HRMS of compound 3b. 
  



 
Figure S27. HRMS of compound 9. 
 

 
Figure S28. HRMS of AAZTA-Bn. 
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Equilibrium properties of AAZTA-Et and AAZTA-Bn ligands 
 

 

Figure S29. Absorption spectra of Cu2+–AAZTA-Et systems. The solid lines and the open symbols represent 
the experimental and the calculated absorbance values, respectively.  ([Cu2+]=[AAZTA-Et]=2.0 mM, [H+] = 1.0 

(), 0.60 (), 0.31 (), 0.10 (), 0.04 (), 0.025 () and 0.01 M (),  I=[Na+]+[H+]=0.15, [H+]0.15 M, l=1 

cm, 25C) 

 

 

 

Figure S30. Absorption spectra of Cu2+–AAZTA-Bn systems. The solid lines and the open symbols represent 
the experimental and the calculated absorbance values, respectively.  ([Cu2+]=[AAZTA-Bn]=2.0 mM, [H+] = 1.0 

(), 0.60 (), 0.31 (), 0.10 (), 0.04 (), 0.025 () and 0.01 M (),  I=[Na+]+[H+]=0.15, [H+]0.15 M, l=1 

cm, 25C) 

 

 

0.0

0.1

0.2

0.3

400 500 600 700 800

A
b

s

l (nm)

0.0

0.1

0.2

0.3

400 500 600 700 800

A
b

s

l (nm)



 

Figure S31. Relaxivity values of the Gd3+ - AAZTA-Et – DTPA systems at 21 MHz and pH=3.6 ([Gd3+]=[AAZTA-

Et]=1.0 mM, 25C, 0.15 M NaCl) 

 

 

Figure S32. Relaxivity values of the Gd3+ - AAZTA-Bn – DTPA systems at 21 MHz and pH=3.6 ([Gd3+]=[AAZTA-

Bn]=1.0 mM, 25C, 0.15 M NaCl) 
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Figure S33. 1H NMR spectra of the Lu3+ - AAZTA-Bn – DTPA systems at 400 MHz and pH=3.8 ([Lu3+]=[AAZTA-

Bn]=1.0 mM, 25C, 0.15 M NaCl) 

 

 

 

 
 

Figure S34. Abs. Int. values of the [Lu(AAZTA-Bn)]- in Lu3+ - AAZTA-Bn – DTPA systems at 400 MHz and pH=3.8 

([Lu3+]=[AAZTA-Bn]=1.0 mM, 25C, 0.15 M NaCl) 
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Kinetic inertness of [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- complexes 
 
The kinetic inertness of the [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- complexes has been assessed by following 
the transmetalation reactions between the Gd3+ complexes and Cu2+ with spectrophotometry in the presence 
of Cu2+ excess (Eq. (S1)). 
 

GdL   +   Cu2+         CuL   +  Gd3+                                         (S1) 

The rates of the transmetalation reactions have been investigated at different concentrations of Cu2+ in the 

pH range 2.8 – 4.5 ([GdL]=1.0 mM, [Cu2+]=10 – 40 mM, 0.15 M NaCl, 25C). In the presence of the 10 – 40 
fold Cu2+ excess the transmetalation can be regarded as a pseudo-first-order process and the rate of reactions 
can be expressed with the Eq. (S2). 

                                                                                   
td

t ]GdL[k
dt

]GdL[d
=−

                                                          (S2)     

where kd is a pseudo-first-order rate constant and [GdL]t is the concentration of GdL species at the time t, 
respectively.  The pseudo-first-order rate constants (kd) for the transmetalation reactions of [Gd(AAZTA-Et)]- 
and [Gd(AAZTA-Bn)]-  with Cu2+ are plotted as a function of pH and [H+] in Figures S35 and S36, respectively. 
The kinetic data presented in Figures S35 and S36 indicates that the kd values characterizing the 
transmetalation reaction of [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- with Cu2+ increase with increase of the [H+] 
and decrease with the increase of [Cu2+] at pH<4.0. The transmetalation reactions of Gd3+ complexes with 
AAZTA derivatives take place by the slow rate determining dissociation of the Gd3+ complexes followed by a 
fast reaction between the free ligand and the exchanging metal ions.[1–3] The dependence of kd on the [H+] 
can be expressed as a first-order function of [H+] which indicates that the exchange can take place by proton-
independent (k0, Eq. (S3)) and proton assisted (kGd(HL), Eq. (S5)) pathways. The proton assisted dissociations 
of Gd3+ complexes can be explained by the equilibrium formation of a protonated Gd(HL) species (Eq. (S4)), 
which can slowly dissociate to the free Gd3+ ion and the ligand.  
 

GdL                 Gd3+    +   L                                                (S3) 

𝐾Gd(HL) 

GdL  +   H+          Gd(HL)                                                 (S4) 

𝐾Gd(HL) =
[Gd(HL)]

[GdL][H+]
 

 

Gd(HL)                  Gd3+    +   HL                                (S5)  
kGd(HL) 

k0 



 

 

Figure S35. Pseudo-first order rate constants (kd) characterize the transmetalation reactions of [Gd(AAZTA-
Et)]- with Cu2+ as a function of pH and [H+] ([GdL] = 0.5 mM, [Cu2+] = 10 (), 20 (◼), 30 () and 40 mM (⚫) 

(10 mM DMP and NMP, 0.15 M NaCl, 25 C). 
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Figure S36. Pseudo-first order rate constants (kd) characterize the transmetalation reactions of [Gd(AAZTA-
Bn)]- with Cu2+ as a function of pH and [H+] ([GdL] = 0.5 mM, [Cu2+] = 10 (), 20 (◼), 30 () and 40 mM (⚫) 

(10 mM DMP and NMP, 0.15 M NaCl, 25 C). 

 
The trend observed in the kd values of [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- (Figures S35 and S36) is unusual 
since the kd values decrease with the increase of [Cu2+] at higher H+ concentrations. At lower [H+], the kd rate 
constants slightly increase with the increase of [Cu2+] Similar behaviours have been identified for the 
transmetalation reactions of [Gd(AAZTA)]-, [Gd(AAZTA-C2-COO-)]2- and [Ln(DTPA)]2- complexes with Cu2+, Zn2+ 
and Eu3+ ions.[1,3,4] It has been evidenced that the presence of large exchanging metal ion excess results in 
the formation of hetero-dinuclear [Ln(DTPA)]Eu+ and [Lu(AAZTA)]Cu+ complex, which was detected by 1H-
NMR spectroscopy.[1,5] According to the kinetic data, the formation of hetero-dinuclear Gd(L)Cu 
intermediate might take place (KGd(L)Cu, Eq. (S6)) in which the functional groups of the AAZTA-Et or AAZTA-Bn 
ligands are slowly transferred from the Gd3+ to the exchanging Cu2+ ion (kGd(L)Cu), Eq. (S7)) promoting the 
dissociation of the Gd3+ ion and the formation of the corresponding CuL complex.  

GdL   +   Cu2+       [Gd(L)Cu]                 (S6) 
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[Gd(L)Cu]                 Gd3+    +   CuL                                          (S7) 

The decrease of the kd values in the presence of large Cu2+ excess (Figures S35 and S36) can be explained by 
the equilibrium formation of the hetero-dinuclear Gd(L)Cu intermediate (Eq. (S6)) resulting in the lower 
concentration of the more reactive protonated Gd(HL) species and the smaller contribution of the proton-
assisted pathway to the overall dissociation rate of the [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- complexes. 
By taking into account all the possible pathways, the rate of the transmetalation of [Gd(AAZTA-Et)]- and 
[Gd(AAZTA-Bn)]- complexes can be expressed by Eq. (S8), where the [Gd(HL)] and [Gd(L)Cu] are the 
concentrations of the monoprotonated and the heterodinuclear complexes, respectively. 

−
[GdL]t

dt
= 𝑘0[GdL] + 𝑘Gd(HL)[Gd(HL)] + 𝑘Gd(L)Cu[Gd(L)Cu]                      (S8) 

Considering total concentration of the complex ([GdL]t=[GdL]+[Gd(HL)]+[Gd(L)Cu]), the equation defining the 
protonation constant of the GdL species (Eq. (S4)), the stability constant of the hetero-dinuclear Gd(L)Cu 
complex (Eq. (S6)) and Eq. (S8), the pseudo-first-order rate constant can be expressed as follows:  

𝑘d =
𝑘0+𝑘1[H

+]+𝑘3
Cu[Cu2+]

1+KGd(HL)[H
+]+𝐾Gd(L)Cu[Cu

2+]
                                      (S9) 

where k0, k1=kGd(HL)KGd(HL) and k3
Cu= kGd(L)CuKGd(L)Cu are the rate constants characterising the spontaneous, 

proton- and metal-assisted dissociation of the [Gd(AAZTA-Et)]- and [Gd(AAZTA-Bn)]- complexes, respectively. 
The rate and equilibrium constants that characterise the transmetalation reaction of [Gd(AAZTA-Et)]- and 
[Gd(AAZTA-Bn)]- were calculated by fitting the kd values presented in Figures S35 and S36 to Eq. (S9). 
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