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A B S T R A C T

The substitution of carboxylate donors with neutral amide groups is a well-established approach for tuning 
charge distribution and hydration properties in metal chelates; however, its influence on Fe(III) systems has 
remained largely unexplored. Here, we report two CDTA-derived ligands incorporating one or two secondary 
butylamide substituents (CD3A-BA and CD2A-BA₂) and comprehensively characterize their Fe(III) complexes 
using potentiometry, capillary zone electrophoresis, UV–Vis spectrophotometry, transchelation assays (with 
HBED and human serum transferrin), 1H NMRD, variable-temperature 17O NMR, and in vitro cytotoxicity tests. 
Amide incorporation decreases ligand basicity and leads to reduced complex stability and kinetic inertness 
compared to the parent CDTA framework. Nevertheless, the new Fe(III) complexes retain strong metal affinity 
and remain monohydrated under physiologically relevant conditions. Progressive amide substitution systemat
ically slows inner-sphere water exchange, consistent with the higher residual positive charge of the complexes. 
Despite this, relaxivity in media mimicking physiological conditions remains unchanged, with negligible protein 
binding and no detectable Fe(III) release. Cellular assays confirm an absence of cytotoxicity at the tested con
centrations. Collectively, these findings elucidate how secondary-amide substitution governs stability, reactivity, 
and hydration dynamics in Fe(III)–CDTA derivatives, offering valuable insights for the rational design of Fe(III)- 
based MRI contrast agents.

1. Introduction

Gadolinium-based contrast agents (GBCAs) are among the most 
widely used diagnostic tools in Magnetic Resonance Imaging (MRI), 
playing a pivotal role in enhancing image contrast and improving 
diagnostic accuracy. Currently, more than 40 million GBCA-enhanced 
MRI examinations are performed worldwide each year [1], under
scoring their central role in clinical practice. Over the past several de
cades, an extensive family of Gd(III) chelates has been synthesized and 
systematically studied. This collective effort has yielded a profound 
understanding of the key factors that control their performance, 
particularly the relationships between the molecular structure of the 
complex, its dynamic behavior in aqueous solution, and its ability to 
enhance proton relaxation rates. [2,3] At the same time, rigorous 

optimization of ligand design has ensured exceptional thermodynamic 
stability and kinetic inertness, both essential to prevent the release of 
free Gd(III) ions and to guarantee patient safety. [4,5] Such structur
e–function insights have established Gd(III) complexes as a benchmark 
for MRI contrast agent design and continue to serve as a reference for the 
development of next-generation, metal-based probes with improved 
efficacy and safety profiles.

However, the widespread use of GBCAs has raised growing concerns 
about their clinical and environmental impact. Although these com
plexes are designed to exhibit high thermodynamic and kinetic stability, 
this same stability limits their natural degradation, leading to environ
mental persistence and gradual accumulation. Conventional wastewater 
treatment processes are largely ineffective at removing GBCAs, and as a 
result, anthropogenic gadolinium is now routinely detected in rivers, 
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lakes, and even coastal waters, particularly downstream of densely 
populated areas. [6–8] With global MRI utilization continuing to rise, 
the development of alternative contrast agents with reduced environ
mental footprint has become increasingly urgent. In this context, com
plexes based on endogenous metals such as Fe(III) and Mn(II) are 
attracting considerable attention as promising, Gd-free substitutes. 
[9–12] Iron(III)-based systems, in particular, offer the potential to 
combine efficient T₁ contrast with improved biocompatibility and 
reduced ecological risk. [13,14] However, designing effective Fe(III)- 
based contrast agents poses specific challenges.

The ideal ligand must provide not only high thermodynamic stability 
and kinetic inertness but also efficient contrast enhancement, which is 
largely determined by the hydration state (q) of the complex. Non- 
hydrated complexes generally exhibit superior stability; however, 
their contrast performance is significantly lower. [15] In contrast, hy
drated species (q = 1) offer enhanced relaxivity but require careful 
assessment of their stability and redox behavior, as these factors are 
critical for minimizing potential toxicity. [16,17] Additionally, the 
overall charge of the complex is an important parameter that must be 
optimized to achieve favorable biodistribution and excretion. Highly 
charged complexes may necessitate the use of counterions, which can 
increase osmolality and potentially elevate toxicity.

One of the most effective strategies in the design of Gd(III) chelates 
has involved replacing carboxylate groups with amide functionalities, 
particularly in the context of preclinical studies using nanosized probes. 
This approach exploits the ease of introducing reactive substituents on 
the amide nitrogen, enabling the preparation of bifunctional ligands 
whose complexes can be covalently linked to targeting biomolecules. 
[18] This modification neutralizes the overall charge and improves 
biocompatibility, while also affecting the water exchange rate of the 
complex. [19,20] Although the coordination behavior and relaxometric 
properties of amide-containing Gd(III) chelates are now well estab
lished, considerably less information is available for their Fe(III) ana
logues. [21,22] In this context, we recently investigated mono- and bis- 
diethylamide derivatives derived from the CDTA ligand (2,2′,2′′,2′′′- 
(((1S,2S)-cyclohexane-1,2-diyl)bis(azanetriyl))tetraacetic acid, Scheme 
1), which represents a promising scaffold for the development of Fe(III) 
chelates as paramagnetic probes for MRI applications. The CDTA 
framework enables systematic tuning of key molecular parameters - 
including hydration state, overall charge, and coordination environment 
- while preserving favorable relaxometric efficiency and complex sta
bility. [23] Moreover, recently a novel Fe(III) complex based on the 
CDTA scaffold, namely [Fe(CD2A2AmCF3Pip)]+ (2,2′-(((1R,2R)- 

cyclohexane-1,2-diyl)bis((2-oxo-2-(4-(trifluoromethyl)piperidin-1-yl) 
ethyl)azanediyl))diacetic acid was presented as a redox-switchable 19F 
MRI probe, highlighting the interest in this class of Fe(III) systems for 
biomedical applications. [24]

Building upon our previous work concerning Fe(III) complexes 
bearing tertiary amides (as illustrated in Scheme 1), we established that 
structural modifications led to systematic changes in the key molecular 
parameters governing relaxivity. [21] Specifically, we observed alter
ations in the inner-sphere water exchange rate as well as in the ther
modynamic and kinetic stability of the complexes. In the present work, 
we extend this structural investigation to a second set of CDTA amide 
derivatives, focusing specifically on secondary amides. We selected the 
mono- and bis-butylamide derivatives of CDTA (namely, CD3A-BA and 
CD2A-BA2, depicted in Scheme 1) to systematically explore the impact 
of increasing amide substitution on the resulting molecular and relax
ation properties.

The main objective of this study is to investigate how the replace
ment of tertiary amide groups with secondary ones on the CDTA scaffold 
influences the structural, electronic, and relaxometric properties of the 
resulting Fe(III) complexes. Secondary amides differ from their tertiary 
counterparts in the basicity of the amide nitrogen, a factor that can 
significantly impact key molecular parameters as well as the thermo
dynamic and kinetic stability of the complex. In addition to detailed 
physicochemical characterization, we also evaluated the cellular 
toxicity of the synthesized Fe(III) chelates to provide an initial assess
ment of their safety profile and to gauge the potential of related Fe(III)- 
CDTA derivatives for future in vivo MRI applications.

2. Experimental section

2.1. Materials

All reagents were purchased from Merck (Darmstadt, Germany), 
Fluka (Buchs, Switzerland), and BLD Pharm (Shanghai, China), and used 
without further purification. The chemicals used for the experiments 
were of the highest analytical grade. Fe(NO3)3 was prepared by dis
solving Fe2O3 (99.9%, Fluka) in 6 M HNO3 and evaporating of the excess 
acid. The solid Fe(NO3)3 was dissolved in 0.1 M HNO3 solution. The 
concentration of the Fe(NO3)3 solution was determined by using the 
standardized Na2H2EDTA in excess. The excess of the Na2H2EDTA was 
measured with standardized ZnCl2 solution and xylenol orange as in
dicator. The H+ concentration of the Fe(NO3)3 solution was determined 
by pH potentiometric titration in the presence of Na2H2EDTA excess. 
The concentration of the protonated CD3A-BA, CD2A-BA2 ligands, and 
H2HBED (HBED = N, N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′- 
diacetic acid) solution was determined by pH-potentiometric titrations 
in the presence and absence of a 40-fold excess of Ca2+. The pH- 
potentiometric titrations were made with standardized 0.2 M NaOH.

2.2. Synthesis of (4,4′-((1S,2S)-cyclohexane-1,2-diyl)bis(morpholine- 
2,6-dione)) (CDTAA)

0.5 g of CDTA (BLD Pharm, 1.44 mmol) were suspended in 2.6 mL of 
acetic anhydride (Merck, 20 equivalents) and 0.44 mL of pyridine 
(Merck, 4 equivalents). The mixture was stirred overnight at room 
temperature under nitrogen (N2). To precipitate the anhydride, 100 mL 
of diethyl ether were slowly added to the reaction mixture, followed by 
centrifugation at room temperature (4000 rpm for 15 min) to separate 
the precipitate. This process was repeated three times. The resulting 
solid was then dried under vacuum overnight. [25] The yield was 
83.4%, giving 372 mg of CDTAA. 1H NMR (500 MHz, DMSO‑d6) δ 
(ppm): 3.81–3.67 (dd, J = 17.4 Hz, 8H, CH2 − CO), 2.74 (d, 2H, ring 
CH), 1.69–1.58 (m, 4H, ring CH2), 1.23–1.04 (m, 4H, ring CH2). 13C 
NMR (126 MHz, DMSO‑d6) δ (ppm): 166.55 (C=O), 61.63 (CH2CO), 
49.29 (ring CH), 27.59 (ring CH2), 24.92 (ring CH2).

Scheme 1. Chemical structure of the CDTA ligand and its mono- and bis-amide 
derivatives discussed in the text.
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2.3. Synthesis of 2,2′-(((1S,2S)-2-((carboxymethyl)(2-(diethylamino)-2- 
oxoethyl)amino)cyclohexyl)azanediyl)diacetic acid (CD3A-BA)

150 mg of CDTAA (0.48 mmol) were reacted with 48.5 μl of butyl
amine (Merck, 99.5%, 0.48 mmol) in 5 mL of anhydrous N,N-dieth
yldimethylacetamide (Merck, DMA). The solution was stirred overnight 
at 373 K under an inert atmosphere (N2). Upon cooling to room tem
perature, the solution was washed four times with 50 mL of cold diethyl 
ether. The crude product was purified by preparative HPLC-MS using an 
Atlantis C18 column, with a linear gradient from 80:20H₂O/ACN to 
100% ACN over 15 min at a flow rate of 5 mL/min. After solvent 
removal, 72.3 mg of the solid CD3A-BA were collected and vacuum- 
sealed (Yield = 45.2%). (ESI+): m/z calcd. For C18H32N3O7

+: 402.47; 
found: 402.40 (M + H+). 1H NMR (500 MHz, MeOD, 320 K, Fig. S1A) δ 
(ppm): 1.01 (t, 3H); 1.36 (m, 3H); 1.44 (m, 4H); 1.59 (m, 2H); 1.91 (m, 
3H), 2.25 (m, 2H), 2.71 (m, 1H), 3.04 (m, 1H); 3.34 (m, 8H). 13C NMR 
(126 MHz, MeOD, 320 K, Fig. S1B) δ (ppm): 12.74 (-CH3) 19.81 (-CH2-) 
23.35 (-CH2-) 24.22 (-CH2-) 24.27 (-CH2-) 24.39 (-CH2-) 24.50 (-CH2-) 
31.03 (-CH2-) 31.72 (-CH-) 32.78 (-CH-) 38.82 (-CH2-) 51.00 (-CH2-) 
60.31 (-CH2-) 62.69 (-CH2-) 162.15 (-CONH-) 170.71 (-COOH) 171.9 
(-COOH, -COOH).

2.4. Synthesis of 2,2′-(((1S,2S)-cyclohexane-1,2-diyl)bis((2- 
(diethylamino)-2-oxoethyl)azanediyl))diacetic acid (CD2A-BA2)

For the synthesis of the CD2A-BA2 ligand, a similar procedure with 
respect to the mono-amide was followed. 150 mg of CDTAA (0.48 mmol) 
were added in butylamine (5 mL), which served both as the reagent and 
solvent. The solution was stirred overnight at 373 K under an inert ni
trogen atmosphere (N₂). After cooling to room temperature, the solution 
was washed four times with 50 mL of cold diethyl ether. To remove any 
residual butylamine, the sample was passed through a column of Dowex 
C350Na ion-exchange resin. The product was then dried under vacuum, 
yielding 135.9 mg of white solid at the end of the reaction. (Yield =
60.4%). (ESI+): m/z calcd. For C22H41N4O6

+: 457.59; found: 457.64 (M 
+ H+), 479.60 (M + Na+). 1H NMR (500 MHz, MeOD, 320 K, Fig. S2A) δ 
(ppm): 1.02 (t, 6H); 1.45 (m, 8H); 1.62 (m, 4H); 1.94 (m, 2H); 2.27 (m, 
3H), 3.33 (m, 8H), 3.91 (m, 6H). 13C NMR (126 MHz, MeOD, 320 K, Fig. 
S2B) δ (ppm): 12.65 (-CH3,-CH3) 19.68 (-CH2-, -CH2-, -CH2-, -CH2-) 
23.89 (-CH2-, -CH2-) 30.81 (-CH2-, − CH2-) 39.03 (-CH-CH-) 52.3 (-CH2-, 
-CH2-) 62.5 (-CH2-, -CH2-); 161.6 (-CONH-); 167.7 (-COOH) 170.5 
(-COOH, -COOH).

2.5. Synthesis of Fe(III) chelates

[Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+ were synthetized following 
the same protocol. In detail, 20 mg of the ligand were dissolved in 5 mL 
of ultrapure water. The concentrations of the CD3A-BA and CD2A-BA2 
ligands were determined through pH-potentiometric titrations, con
ducted both in the presence and absence of a 40-fold excess of Ca2+. 
After adjusting the pH to 2.5 using 0.5 M HCl, Fe(NO3)3 was then added 
in stoichiometric quantity. The concentration of the Fe(NO3)3 solution 
was established by titration with an excess of standardized Na2H2EDTA. 
The pH was corrected to 2.5 using 0.1 M NaOH. The solutions were 
stirred overnight. ESI-MS analysis of the Fe(III) chelates confirms the 
absence of free ligand, ensuring the purity of the obtained complexes: 
[Fe(CD3A-BA)] (ESI+): m/z calcd. For C18H29FeN3O7

+: 455.29; found: 
455.28 (M+H+). [Fe(CD2A-BA2)]+ (ESI+): m/z calcd. For 
C22H38FeN4O6

+: 510.21; found: 510.56 (M+).

2.6. Equilibrium measurements

2.6.1. pH-Potentiometry
The stability and protonation constants of Fe(III) complexes formed 

with CD3A-BA and CD2A-BA2 ligands were determined by pH- 
potentiometric and spectrophotometric studies. The protonation and 

dimerization constants of the [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

complexes were determined using pH-potentiometry by titrating the 
pre-prepared complexes from pH = 1.7 to pH = 12 with 0.2 M NaOH 
([FeL] = 0.01 M). For the pH measurements and titrations, a Metrohm 
888 Titrando titration workstation and a Metrohm-6.0234.110 combined 
electrode were used. Equilibrium measurements were carried out at a 
constant ionic strength (0.15 M NaNO3) and at 298 K in 6 mL solutions of 
the samples. 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, whereas for the calculation of [H+] from the 
measured pH values we utilized the method proposed in the literature. 
[26] Specifically, a 0.01 M HNO3 solution was titrated with standardized 
NaOH solution at 0.15 M NaNO3 ionic strength. The differences (A) 
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 (A = 0.04). For equilibrium 
calculations, the stoichiometric ionic product of water (pKw) must also 
be evaluated to calculate [OH− ] values under basic conditions. The 
VNaOH-pHread data pairs of the HNO3 − NaOH titration obtained in the 
pH range 10.5–12.0 were used to calculate the pKw value (pKw = 13.77).

2.6.2. Capillary electrophoresis
The stability constants of [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

were determined with Capillary Zone Electrophoresis (CZE) by 
following the competition reaction in the Fe3+-CD3A-BA-CDTA and 
Fe3+-CD2A-BA2-EDTA systems at pH = 3.5. Two series of eight samples 
were prepared with [Fe3+] = [CD3A-BA] = 1.00 mM and [CDTA] =
0.00, 0.25, 0.50, 1.00, 1.50, 2.00, 3.00 and 4.00 mM, [Fe3+] = [CD2A- 
BA2] = 1.00 mM and [EDTA] = 0.00, 0.25, 0.50, 1.00, 1.50, 2.00, 3.00 
and 4.00 mM in 0.15 M NaNO3 solution. The pH was adjusted to 3.2 by 
stepwise addition of concentrated NaOH and HNO3 solutions. The 
samples were kept at 298 K for two weeks to ensure equilibrium is 
achieved (the time needed to reach the equilibria were determined by 
CZE). For the calculations of the stability constants of [Fe(CD3A-BA)] 
and [Fe(CD2A-BA2)]+, the molar integral values of [Fe(CD3A-BA)], 
[Fe(CD2A-BA2)]+, [Fe(CDTA)]− and [Fe(EDTA)]− were determined by 
recording the CZE electropherogram of 0.25, 0.50, 1.00 and 1.50 mM 
solutions of the Fe(III)-complexes. A Hewlett-Packard HP3D capillary 
electrophoresis system was used for CZE analyses. Separations were 
performed using bare fused-silica capillaries of 64 cm × 50 μm i.d. 
(Agilent). Before the first use, the capillary was washed with 1.0 M NaOH 
(15 min), 0.1 M NaOH (30 min) and the buffer electrolyte (30 min). 
Prior to CZE analysis, all buffers were filtered through a 0.45 μm syringe 
filter and stored in refrigerator at 277 K. In CZE the sample solutions 
were introduced at the anodic end of the capillary in normal mode (50 
mbar, 2 s). The effective length of the capillary was 56 cm. The capillary 
was preconditioned with the buffer electrolyte (50 mM disodium 
hydrogen phosphate, pH = 6.0) for 3 min. The separation was performed 
at 298 K with the application of 25 kV voltage. After analysis, post 
conditioning (0.1 M NaOH) (3 min) and buffer washing (3 min) were run 
to remove all possible adsorbed materials from the capillary. In all 
measurements, 1 mM methyl orange as internal standard was applied to 
correct the migration time of the components on the electropherogram. 
The detection was carried out by on-column DAD measurement at 200 
nm. The electropherograms were recorded and processed by the 
ChemStation B.04.02 version (Agilent). The individual linear regression 
equations (response-concentration) for all the Fe(III)-complexes were 
determined according to four concentrations. The peak areas were found 
to be linear (R2 ≥ 0.998) in a 0.25–1.50 mM concentration range of the 
complexes (precision better than 4%). The protonation and stability 
constants were calculated using the PSEQUAD program. [27]
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2.7. Transchelation studies

2.7.1. Ligand-exchange kinetics with HBED
The kinetic inertness of the [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

was evaluated by analyzing the rates of the transchelation reactions with 
the HBED ligand. The exchange reactions with HBED were studied by 
spectrophotometry, following the formation of the [Fe(HBED)]− com
plexes at 485 nm with PerkinElmer Lambda 365 UV–Vis spectropho
tometer. The concentration of the FeL complex was 0.2 mM, while the 
concentration of HBED was 10 and 20 times higher, in order to guar
antee pseudo-first-order conditions. The temperature was maintained at 
298 K and the ionic strength of the solutions was kept constant, 0.15 M 
for NaNO3. The exchange rates were studied in the 9.5–12.5 pH range. 
Piperazine (pH range 8.5–10.5) and Na2HPO4 (pH range 11.0–12.5) 
buffers (0.01 M) were used in order to stabilize the pH. The pseudo-first- 
order rate constants (kd) were calculated by fitting the absorbance data 
with Eq. 1. 

At =
(
A0 − Ap

)
e− kdt +Ap (1) 

where At, A0, and Ap are the absorbance values at time t, at the start of 
the reaction, and at equilibrium, respectively. Calculations of the kinetic 
parameters were performed by the fitting of the absorbance – time data 
pairs with Eq. (1), with the Micromath Scientist computer program 
(version 2.0, Salt Lake City, UT, USA).

2.7.2. Ligand-exchange kinetics with transferrin
The ligand exchange reaction of [Fe(CD2A-BA2)]+ and [Fe(CD3A- 

BA)] with human serum transferrin (sTf, Sigma, partially Fe3+ satu
rated) have been studied by spectrophotometry, following the formation 
of Fe(III)-transferrin complexes (Fe(sTf) and Fe2(sTf)) using Cary 3500 
spectrophotometer and 1 cm cells at 460 nm. The concentration of Fe 
(III) complexes was 0.25 mM, while that of the sTf was 50 μM in order to 
ensure pseudo-first-order conditions. The exchange rates were studied at 
pH = 7.4. For keeping the pH values constant, 0.01 M HEPES was used. 
The concentration of the human serum transferrin solution was deter
mined from the absorbance at 280 nm using the molar absorptivity ε280 
= 91,200 cm− 1 M− 1. [28] The temperature was maintained at 25 ◦C, the 
ionic strength and the sodium hydrogen‑carbonate concentration of the 
samples was kept constant; 0.15 M for NaCl and 0.025 M for NaHCO3, 
respectively. Rates of ligand-exchange reaction can be expressed by Eq. 
2: 

−
[FeL]t

dt
=

d[Fex(sTf) ]
dt

= kd[FeL]t (2) 

where kd is a pseudo-first-order rate constant, [FeL]t and [Fex(sTf)] are 
the concentration of Fe(CD2A-BA2)]+, [Fe(CD3A-BA)] and [Fe(sTf)] 
complexes at the time t, respectively (x = 1 or 2). During the progress of 
the ligand-exchange reactions the concentration of the [Fex(sTf)] species 
increases, while that of the [FeL] decreases. By the use of 1.0 cm cells, 
the first-order rate constant, kd can be expressed by Eq. (1) as: 

kd =
ΔAbs

dt
×

1
εFex(sTf)

×
1

[FeL]t
(3) 

In the Eq. (3) ΔAbs is the increase of the absorbance value during the 
time Δt and εFex(sTf) is the molar absorptivity of the [Fex(sTf)] complex at 
460 nm (εFex(sTf) = 2204 M− 1 cm− 1). The absorption of the [Fe(CD2A- 
BA2)]+ and [Fe(CD3A-BA)] complexes can be neglected at 460 nm. In 
the calculations, a 10% conversion of sTf was derived from the initial 
slopes of the kinetic traces (ΔAbs/dt) for both the [Fe(CD3A-BA)]-sTf 
and [Fe(CD2A-BA2)]+-sTf systems. The saturation of the human serum 
transferrin with Fe3+ was determined by spectrophotometric titration of 
the transferrin with standardized Ga(NO3)3 solution at pH = 7.4 and 25 
◦C in 0.025 M NaHCO3 and 0.15 M NaCl solution in the wavelength 
range 240–250 nm.

2.8. Cyclic voltammetry

Cyclic voltammetry measurements were carried out by using an 
Autolab PGSTAT12 electrochemical analyzer (Eco Chemie, Utrecht, The 
Netherlands) connected to a personal computer running GPES 4.9 
electrochemical software. A standard three-electrode cell was con
structed so that the tip of the reference electrode (Ag/AgCl, 3 M KCl) was 
close to the working electrode (a disk of glassy carbon (GC), diameter 
0.1 cm, sealed in epoxy resin). The GC working electrode was polished 
with alumina, rinsed with distilled water, and dried. This procedure 
resulted in an almost completely reproducible surface for all experi
ments. Measurements were performed under nitrogen in milliQ water 
containing 0.1 M KNO3 as supporting electrolyte; the pH was set with 
nitric acid. The Fe(III) complex concentration was 1 mM. The temper
ature of the solution was kept constant (298 ± 1 K) by the circulation of 
a water/ethanol mixture through a jacketed cell. Positive feedback iR 
compensation was applied routinely. All peak potentials were measured 
at a scan rate of 0.2 V s− 1 and reported vs. the reference electrode.

2.9. Relaxometric analysis

1H NMRD profiles were acquired utilizing a fast-field cycling Stelar 
SmartTracer relaxometer (Mede, Pavia, Italy), with magnetic-field 
strength varying from 0.00024 to 0.25 T (0.01–10 MHz range). The 1/ 
T1 values were measured with an absolute uncertainty of ±1%. Tem
perature control was achieved using a Stelar VTC-91 airflow heater 
equipped with a calibrated copper-constantan thermocouple (uncer
tainty of ±0.1 K). Data at higher fields (0.5–3 T, corresponding to 
20–120 MHz proton Larmor frequency) were gathered with a High Field 
Relaxometer (Stelar) outfitted with the HTS-110 3 T Metrology Cryogen- 
free Superconducting Magnet. The measurements were conducted 
employing a standard inversion recovery sequence (20 experiments, 3 
scans) with a typical 90◦ pulse width of 3.5 μs, and data reproducibility 
fell within ±0.5%. Variable pH relaxivity measurements of [Fe(CD3A- 
BA)] and [Fe(CD2A-BA2)]+ were carried out by direct titration of the 
samples in the pH range 3.0–11.0 (1.5 T, 0.15 M NaNO3 and 298 K). The 
pH was adjusted by stepwise addition of concentrated NaOH or HNO3 
solution. Stability tests in Seronorm® were performed by adding 90.0 
mg of the corresponding lyophilized solid to 1.0 mL of a 1.0 mM solution 
of the complex under study.

2.10. NMR measurements

1H and 13C NMR spectra were recorded at 298 K using a Bruker 
Avance III spectrometer (11.7 T) spectrometer equipped with a 5 mm 
probe and a Bruker BVT 3200 control unit. Variable 17O NMR mea
surements were recorded on aqueous solution of the complexes (≈ 4 
mM) enriched to reach 2.0% of the 17O isotope (Cambridge Isotope). 
Transverse relaxation rates were determined by measuring the signal 
width at half-height as a function of temperature within the range of 
278–350 K. The effective magnetic moments of the Fe(III) complexes 
were measured by using Evans' method on the same spectrometer, by 
knowing the exact concentration of Fe(III) in solution (ICP-MS). The 
effective magnetic moments for [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

were found to be 5.9 B.M at pH 6.5. The simultaneous fitting of 1H 
NMRD profiles and 17O NMR data was conducted using the Micromath 
Scientist computer program (version 2.0, Salt Lake City, UT, USA).

2.11. In vitro cytotoxicity assay

The cytotoxicity of the Fe(III) complexes was assessed using the 
Sulforhodamine B (SRB) Cytotoxicity Assay Kit (Canvax Biotech), 
following the manufacturer's instructions. Cells (4000 per well) were 
seeded in 96-well plates and exposed to increasing concentrations of the 
Fe(III) complexes for the indicated incubation time. After treatment, 
cells were fixed, stained with SRB, and the bound dye was solubilized for 
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absorbance measurement at 565 nm using a microplate reader (Thermo 
Scientific™ Varioskan™ LUX Multimode Microplate Reader). Reference 
compounds were tested in three independent biological replicates (each 
with three technical replicates), whereas Fe(III) complexes were 
analyzed in five biological replicates. Cell viability was calculated as the 
percentage of absorbance relative to untreated controls, and the 
resulting dose-response curves were used to estimate IC50 values.

3. Results and discussion

3.1. Synthesis

The CD3A-BA and CD2A-BA2 ligands were synthesized following a 
previously established procedure, which was recently adapted for pre
paring related Fe(III) chelators (Scheme 2). [25] The starting material, 
H4CDTA, was first converted into its dianhydride intermediate by re
action with acetic anhydride in the presence of pyridine. The resulting 
dianhydride was then reacted with butylamine. Critically, the stoichio
metric ratio between the anhydride intermediate and the butylamine 
was precisely controlled to selectively optimize the yield of either the 
mono- or bis-amide CDTA derivative. In particular, a 1:1 M ratio (an
hydride: butylamine) was employed to selectively favor the formation of 
the monoamide derivative (CD3A-BA). Conversely, using an excess of 
butylamine facilitated the complete substitution, thus favoring the 
isolation of the bisamide derivative (CD2A-BA2). The products were 
characterized using 1H and 13C NMR spectroscopy and ESI+ mass 
spectrometry, with reaction yields between 45 and 60%. (detailed in
formation in the experimental section).

The corresponding Fe(III) complexes were subsequently obtained 
using the same synthetic procedure. Briefly, 20 mg of the synthesized 
ligand was reacted with an equimolar amount of Fe(NO3)3 in an aqueous 
solution initially maintained at pH 2.5. The reaction mixture was stirred 

overnight to ensure complete complexation, after which the pH was 
carefully adjusted to 7.2. The successful formation of the complexes was 
confirmed by ESI+ mass spectrometry (more details in the experimental 
section).

3.2. Thermodynamic studies

The thermodynamic properties of the CD3A-BA and CD2A-BA2 li
gands, together with their corresponding Fe(III) complexes, were 
investigated through the determination of their protonation and stabil
ity constants using pH-potentiometry, UV–visible spectrophotometry, 
Capillary Zone Electrophoresis (CZE), Cyclic Voltammetry (CV) and 1H 
NMR relaxometry. Detailed experimental procedures and the equations 
employed for the equilibrium calculations are provided in the Electronic 
Supporting Information (ESI, Eqs. S1-S7, Figs. S3 - S8). The obtained 
results, summarized in Table 1, are compared with those previously 
reported for CD3A-DEA, CD2A-DEA2, and the parent ligands CDTA and 
EDTA. The basicity of the nitrogen atoms in EDTA-like ligands can be 
influenced by four main factors: i) electrostatic repulsion between pro
tonated nitrogen atoms, which decreases the basicity of the remaining 
macrocyclic nitrogens; ii) hydrogen bonding between a protonated ni
trogen atom and a negatively charged carboxylate group, which tends to 
increase the nitrogen basicity; iii) the formation of relatively stable Na(I) 
complex (e.g., [Na(CDTA)]3− ; logKNaL = 4.66) [29], which results in a 
reduction of the ligand's overall basicity; and iv) electron-donating or 
-withdrawing effects of substituents on the ligand backbone and pendant 
arms. As shown in Table 1, replacing negatively charged carboxylate 
groups with neutral amide functionalities significantly affects the acid
–base behavior of the ligands in solution, consistent with previous ob
servations for the corresponding diethyl- and piperidine-amide 
derivatives. [21,24,30] The protonation constants (log KH

1 and log KH
2 , 

associated with the protonation of the nitrogen donor atoms) of CD2A- 

Scheme 2. Synthesis of amide-derivatives of CDTA ligands.

Table 1 
Protonation constants of CD3A-BA, CD2A-BA2, CD3A-DEA, CD2A-DEA2, CDTA and EDTA (25 ◦C).

CD3A-BA CD2A-BA2 CD3A-DEAa CD2A-DEA2
a CD2A2Am-CF3Pipb CDTAc EDTAc

I 0.15 M NaNO3

log KH
1 10.31 (2) 8.69 (4) 9.11 8.54 8.62 9.54 9.40

log KH
2 4.64 (4) 4.25 (6) 5.21 5.07 4.95 6.08 6.10

log KH
3 2.79 (4) 1.65 (5) 3.34 2.57 2.13 3.65 2.72

log KH
4 1.51 (7) − 2.32 − − 2.69 2.08

log KH
5 1.4 (1) − 0.6 − − 1.14 1.23

Σlog KH
i 20.65 14.59 20.58 16.18 15.70 23.10 21.53

a Ref [21].
b Ref [24].
c Ref [23].
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BA₂ decrease by 0.85 and 1.44 log K units, respectively, relative to the 
parent CDTA.

This reduction, well-documented in polyaminocarboxylate de
rivatives, arises from the electron-withdrawing effect of the amide 
groups, which decreases the basicity of the amine nitrogens. In contrast, 
CD3A-BA exhibits a higher first protonation constant than CDTA (10.31 
vs. 9.54). Since the amide group in the CD3A-BA ligand also possesses 
electron-withdrawing properties and forms weaker hydrogen bonds 
with the protonated nitrogen atoms, the higher protonation constant of 
CD3A-BA is most likely due to the formation of a less stable Na(I) 
complex compared to CDTA. The second protonation constant, however, 
follows a similar decreasing trend to that observed for the CDTA 
diethylamide analogues. Overall, these results align with the established 
protonation behavior reported for CDTA and DTPA and their corre
sponding amide derivatives. [30,31] As expected, the reduced proton
ation constants of the ligands directly influence both the stability and 
protonation constants of the Fe(III) complexes (Table 2).

Substitution of one or two carboxylate groups in CDTA with sec
ondary amide functionalities leads to a marked decrease in the stability 
constants of the corresponding Fe(III) complexes - by 2.56 and 4.86 logK 
units for [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+, respectively, relative to 
[Fe(CDTA)]− . This reduction reflects the weaker coordination ability of 
neutral amide oxygen atoms compared to negatively charged carbox
ylate oxygens. A similar trend has been reported for Gd(III) complexes, 
where DTPA derivatives containing mono- and bis-amide substituents 
(DTPA-N′-MA, DTPA-N-MA, and DTPA-BMA) exhibit lower stability 
than the parent DTPA ligand. [31,32] Interestingly, the tertiary diethyl- 
and piperidine-amide derivatives consistently form more stable Fe(III) 
complexes than the corresponding secondary butylamide analogues 
(ΔlogK ≈ − 0.7 for CD3A-BA and − 2.2 for CD2A-BA2). This difference 
can be rationalized by considering the distinct electronic environments 

of the amide carbonyl oxygens. In tertiary amides, the stronger inductive 
effect and increased steric rigidity imparted by the ethyl or piperidine 
substituents enhance the electron density on the carbonyl oxygen, 
increasing its basicity and thus its affinity for Fe(III). Consequently, the 
tertiary amide derivatives yield higher overall stability constants for 
their Fe(III) chelates.

Weaker coordination of the amide group in a respect to the nega
tively charged acetic acid pendant arms to Fe(III) ion is also supported 
by the lower conditional stability (pFe) of the [Fe(CD3A-BA)], [Fe 
(CD2A-BA2)]+, [Fe(CD3A-DEA)] and [Fe(CD2A-DEA2)]+ than that of 
[Fe(CDTA)]− . Cyclic Voltammetry measurements reveal that both [Fe 
(CD3A-BA)] and [Fe(CD2A-BA2)]+ are reduced at more positive poten
tials than [Fe(CDTA)]− due to the lower selectivity for Fe(III) over Fe(II) 
by CD3A-BA and CD2A-BA2 than by CDTA. The E◦′ of [Fe(CD3A-BA)] is 
slightly more positive than that of [Fe(CD2A-BA2)]+. On the other hand, 
ΔEp values of [Fe(CD3A-BA)], [Fe(CD2A-BA2)]+ and [Fe(CDTA)]−

(>59 mV, Table S1) indicate an electrochemically quasi-reversible 
(slow) electron transfer related to a difficult rearrangement of the 
ligand around the metal ion in the +2 oxidation state after the reduction 
step.

As a consequence of the higher residual positive charge of [Fe(CD3A- 
BA)] and [Fe(CD2A-BA2)]+ compared to [Fe(CDTA)]− , the equilibrium 
constants for deprotonation of the coordinated water molecule (log 
KFeLH− 1 ) are lower by 0.96 and 2.31 logK units, respectively, relative to 
the corresponding mono- and bis-diethylamide analogues. [21] The 
increased residual charge, together with the reduced deprotonation 
constant of the inner-sphere water molecule, also enhances the tendency 
of these complexes to form oxo-bridged dimers, which exhibit charac
teristic antiferromagnetic coupling between the two Fe(III) centers. This 
behavior is indeed observed for both [Fe(CD3A-BA)], [Fe(CD2A-BA2)]+

and [Fe(CD2A2Am-CF3Pip)]+ as indicated by the KD and Kd values 

Table 2 
Stability, protonation and conditional stability constants (pFe) and the formal electrode potentials values (E◦′) values of the Fe(III)-complexes of CD3A-BA, CD2A-BA2, 
CD3A-DEA, CD2A-DEA2 and CDTA (25 ◦C).

[Fe(CD3A-BA)] [Fe(CD2A-BA2)]+ [Fe(CD3A-DEA)]a [Fe(C2A-DEA2)]+ a [Fe(CD2A2Am-CF3Pip)]+ b [Fe(CDTA)]- c [Fe(EDTA)]- c

I 0.15 M NaNO3

logKML 21.8 (3) 19.2 (1) 22.5 20.9 21.42 24.36 22.14
logKMHL 1.36 (5) − 1.63 − − 1.77 1.12
logKMLH− 1 8.54 (9) 7.19 (9) 9.03 8.74 8.13 9.50 7.51
logKMLH− 2 − 9.2 (1) − − − − −

logKD 14.42 (9) 12.78 (9) 17.38 15.06 15.13 17.64 13.00
logKd 2.66 (9) 1.61 (9) 0.69 2.43 1.43 1.40 2.02
pFed 18.39 17.51 20.28 19.27 − 21.67 19.47
E◦′ (V vs. NHE) +0.181 +0.261 − − +0.240 +0.102 +0.110

a Ref [21].
b Ref [24].
c Ref [23].
d pFe = − log[Fe3+]free, [Fe3+]tot = 1 × 10− 6 M, [L]tot = 10 × 10− 6 M, pH = 6.0.

Fig. 1. Species distribution of [Fe(CD3A-BA)] (left) and [Fe(CD2A-BA2)]+ (right) ([Fe3+] = [L] = 1.0 mM, 25 ◦C in 0.15 M NaNO3).
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reported in Table 2. These findings confirm that replacing one or more 
carboxylate groups with secondary amide functions increases the acidity 
of the coordinated water molecule, thereby promoting dimerization 
through oxo-bridge formation. Furthermore, a second deprotonation 
process is detected for [Fe(CD2A-BA2)]+, which may arise from depro
tonation of the amide -NH group. This is likely facilitated by the overall 
positive charge of the complex and the strong polarizing effect of the Fe 
(III) center. Based on the equilibrium constants listed in Table 2, the 
species distribution diagrams for the [Fe(CD3A-BA)] and [Fe(CD2A- 
BA2)]+ systems were computed as a function of pH (Fig. 1).

The speciation diagrams of the two complexes reveal distinct be
haviors. While both systems predominantly exist as the mononuclear Fe 
(III) species between pH 2.0 and 6.0, notable differences emerge at 
higher pH values. The formation of oxo-bridged dimers is considerably 
more pronounced for the monoamide complex than for the bisamide 
analogue. This discrepancy likely arises from the second deprotonation 
process observed for [Fe(CD2A-BA2)]+, which decreases the overall 
positive charge of the complex, stabilizing the monomeric species and 
thus reducing its tendency to form oxo-bridged dimers. For both sys
tems, although to different extents, the weaker interaction between Fe 
(III) and the neutral amide donors promotes the formation of Fe(OH)3 
species at pH values above 9.0. To confirm the dimer formation inferred 
from speciation analysis, relaxivity measurements were carried out as a 
function of complex concentration at the pH corresponding to dimer 
formation. [33] As shown in Fig. S7 (ESI), relaxivity decreases with 
increasing [FeL], consistent with the formation of Fe(III) oxo-bridged 
dimers. These dimeric species exhibit antiferromagnetic coupling be
tween the two Fe(III) centers, leading to inefficient paramagnetic 
relaxation. Given that the formation of the oxo-bridged dimer is directly 
proportional to the concentration [FeL] of the complex (as defined in 
Eqs. S6 and S7, ESI), the observed trend provides strong experimental 
support for the proposed equilibrium.

3.3. Dissociation Kinetics

The kinetic inertness of the Fe(III) complexes was rigorously inves
tigated through competitive transchelation reactions. Stability was 
assessed using two distinct, high-affinity challenges: the small-molecule 
chelator N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic acid 
(HBED), and the physiological iron transport protein, human serum 
transferrin (sTf). The detailed protocols for these competitive assays are 
described in the Materials and Methods section. HBED was chosen as the 

competing ligand owing to the very high thermodynamic stability of the 
[Fe(HBED)]− complex (log KFe(HBED)= 39.68; 0.1 M KNO3, 25 ◦C), [34]
which allows accurate monitoring of the transchelation process. Re
actions were carried out using a large excess of HBED to ensure pseu
do–first-order kinetic conditions. The resulting pseudo–first-order rate 
constants (kd) for transchelation at different pH values are reported in 
Fig. 2.

The proposed mechanism for Fe(III) complex transchelation is 
illustrated in Scheme 3, while detailed definitions and the equations 
used for kinetic data analysis are provided in the ESI (Eqs. S8-S15, Figs. 
S9 and S10). The pH dependence of kd indicates that complex dissoci
ation proceeds via both spontaneous (k0) and hydroxide-assisted path
ways (kOH1 and kOH2 ) of the Fe(L)H− 1 species within the investigated pH 
range.

The corresponding reaction mechanism and rate law are summarized 
in Electronic Supporting Information (ESI, Eqs. S8-S15). The fitted ki
netic parameters are listed in Table 3. The dissociation of [Fe(CD3A- 
BA)] is predominantly governed by an OH− -assisted (kOH2 ) pathway, 
as evidenced by the dependence of kd values on pH (Fig. 2). For the 
transchelation of [Fe(CD2A-BA2)]+ with HBED, the rate-determining 
step similarly involves OH− -assisted dissociation of the Fe(L)H− 1 spe
cies, followed by rapid capture of the released Fe(III) ion by HBED, 
consistent with the mechanism previously observed for the corre
sponding Fe(III) complexes with CD3A-DEA, CD2A-DEA2 and 
CD2A2Am-CF3Pip ligands. A comparison of the t1/2 values at pH 10.0 for 
the Fe(III) complexes of CDTA and its BA, DEA and Am-CF3Pip de
rivatives reveals the following stability trend: CDTA > CD3A-DEA >
CD2A-DEA2 ~ CD2A2Am-CF3Pip > CD3A-BA > CD2A-BA2. This pro
gressive increase in dissociation rate can be rationalized in terms of 
donor group substitution. Replacing negatively charged carboxylate 
groups with neutral amide functions weakens Fe(III)–oxygen in
teractions, as amide oxygens possess lower electron density. Among 
amide derivatives, tertiary amides provide slightly higher electron 
density on the carbonyl oxygen than secondary ones, leading to stronger 
coordination and greater complex stability. The overall weakening of Fe 
(III)-ligand bonding facilitates faster intramolecular rearrangements of 
the CDTA framework and, consequently, more rapid Fe(III) release. In 
the BA derivatives, the t1/2 values decrease by approximately two- to 
threefold, underscoring the pronounced destabilizing influence of sec
ondary amide substitution - fully consistent with the observed thermo
dynamic data.

To further assess the kinetic inertness of the Fe(III) complexes under 
physiologically relevant conditions, transchelation reactions with 
human serum transferrin (sTf) were investigated. Transferrins are Fe3+- 
transporting glycoproteins (≈80 kDa) that include serum transferrin 
(sTf), ovotransferrin (OTf), and lactoferrin (LTf), classified according to 
their biological origin and function. [35] In human serum, sTf is only ≈
30% saturated with Fe3+, providing a substantial reserve capacity to 
sequester iron released from labile complexes. Owing to its exception
ally high affinity for Fe3+, transferrin can effectively compete with 
synthetic ligands for the metal ion, potentially facilitating the dissocia
tion of Fe(III) complexes in vivo. [36] Since metal uptake by sTf requires 
the presence of a synergistic bicarbonate anion, experiments were per
formed at pH 7.4 and 25 ◦C in 25 mM NaHCO3 buffer. Spectrophoto
metric titration confirmed an Fe3+-binding saturation of 28.7 ± 0.5%, in 
excellent agreement with the physiological value of approximately 30%.

Fig. 2. Pseudo-first order dissocciation rate constant as a function of pH. 
([FeL] = 0.2 mM, [HBED] = 2 mM (◆); [HBED] = 4 mM (•); lines are fitted 
values. 0.15 M NaNO3, 25 ◦C). [Fe(CD3A-BA)] (red) and [Fe(CD2A-BA2)]+

(green) and dashed lines are for [Fe(CDTA)]− . [23]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Scheme 3. The proposed reaction mechanism and rate law.
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Ligand-exchange reactions between [Fe(CD3A-BA)] and [Fe(CD2A- 
BA2)]+ and sTf (Eq. 4) were monitored spectrophotometrically at 460 
nm, corresponding to the characteristic absorption band of the 
[Fex(sTf)] adducts (x = 1, 2). The reactions were conducted under 
pseudo-first-order conditions, employing an excess of the Fe(III) 
complex. 

FeL+ sTf Fex(sTf)+ L (4) 

In the presence of an excess of [Fe(CD2A-BA2)]+ and [Fe(CD3A- 
BA)], the ligand-exchange reaction can be treated as a pseudo-first- 
order process. Under these conditions, the reaction rate can be 
described by Eq. 2, where kd represents the pseudo-first-order rate 
constant and [FeL]t is the total concentration of the Fe(III) complex. The 
rate of reaction (− d[FeL]t/dt) and the corresponding kd values were 
obtained from the slopes of the kinetic traces (ΔAbs/dt). Considering the 
molar absorptivity of the [Fex(sTf)] species determined from the 

saturation titration of sTf with Fe3+ (εFe(sTf) = 2204 M− 1 cm− 1), the -d 
[FeL]t/dt values were calculated from the kinetic curves (ΔAbs/dt, Fig. 
3) according to Eq. 3.

The kd values were calculated from the -d[FeL]t/dt values using Eq. 
3, assuming a total Fe(III) complex concentration of [Fe(CD2A-BA2)]+

= [Fe(CD3A-BA)] = 2.5 × 10− 4 M. The obtained kd and the half-life (t1/2 
= ln2/kd) values were 3.6 × 10− 6 s− 1 and 2.2 days for [Fe(CD2A-BA2)]+, 
and 1.6 × 10− 7 s− 1 and 51.3 days for [Fe(CD3A-BA)], respectively. 
These results are in good agreement with those derived from the HBED 
transchelation experiments. At pH 7.4 ([OH− ] = 3.8 × 10− 7 M), the 
OH− -assisted dissociation rate constants (k1[OH− ]) were calculated to 
be 3.0 × 10− 7 s− 1 for [Fe(CD3A-BA)] and 1.1 × 10− 5 s− 1 for [Fe(CD2A- 
BA2)]+, values comparable to those obtained for the sTf-mediated 
transchelation. These findings indicate that Fe(III) release in the pres
ence of sTf likely proceeds via the same OH− -assisted dissociation 
pathway identified in the HBED studies. The significantly faster reaction 
observed for [Fe(CD2A-BA2)]+ can thus be attributed to its approxi
mately 37-fold higher OH− -catalyzed dissociation rate (Table 3).

3.4. Relaxometric characterization

The proton relaxivity of the Fe(III) complexes was measured as a 
function of pH, temperature, and magnetic field strength. As for the 
parent [Fe(CDTA)]− complex, the investigated Fe(III) species are ex
pected to adopt a heptacoordinated geometry, featuring one inner- 
sphere water molecule. However, due to the pronounced acidity of Fe 
(III), deprotonation of the coordinated water molecule is likely to occur - 
a phenomenon well documented for analogous complexes such as [Fe 
(EDTA)]− and supported by the potentiometric results. [23] Deproto
nation of inner-sphere water exerts a marked influence on relaxivity 
through two main effects: (i) loss of a bound proton reduces the overall 
relaxivity contribution, and (ii) coordination of an OH− ligand 
strengthens Fe–O interactions, substantially increasing the water 

Table 3 
Rate (ki), equilibrium constants (kOH2 ) and half-lives (t1/2 = ln2/kd) characterizing the dissociation reactions of [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+ compared to 
related complexes (0.15 M NaNO3, 298 K).

[Fe(CD3A-BA)] [Fe(CD2A-BA2)]+ [Fe(CD3A-DEA)] a [Fe(C2A-DEA2)]+ a [Fe(CD2A2Am-CF3Pip)]+ b [Fe(CDTA)]- c [Fe(EDTA)]- c

k0(s− 1) − − − 4 × 10− 6 2 × 10− 6 3.2 × 10− 7 5 × 10− 6

kOH (M− 1 s− 1) 0.8 ± 0.1 30 ± 2 2.4 × 10− 2 5 × 10− 2 0.77 / 0.09 3.4 × 10− 3 1.0
kOH2 (M− 1 s− 1) − (2.4 ± 0.3) × 103 6 1.6 × 102 144 / 14 1.2 1.4

*KOH2 (M− 1)
60 ± 10 
logKH = 12.04

6.2 × 104 

logKH= 9.2 −
6 × 102 

logKH= 11.02 − − −

kd(s− 1) at pH 10.0 1.30 × 10− 4 4.49 × 10− 4 4.08 × 10− 6 1.35 × 10− 5 1.24 × 10− 4 / 1.56 × 10− 5 6.08 × 10− 7 1.65 × 10− 4

t1/2(h) at pH 10.0 1.48 0.43 47.2 13.3 1.6 / 12.3 316.7 1.2

a Ref [21].
b Ref [24].
c Ref [23].

Fig. 3. Absorbance of the [Fe(CD2A-BA2)]+-sTf (green) and [Fe(CD3A-BA)]-sTf 
(blue) systems as a function of time at 460 nm ([FeL] = 2.5 × 10− 4 M, [sTf] =
5.0 × 10− 5 M, pH = 7.4, 0.025 M NaHCO3, 0.01 M HEPES, 0.15 M NaCl, 25 ◦C). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 4. Species distribution and relaxivity values as function of pH (◆) and fitted contributions of the different species for [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

([FeL] = 1 mM, 61 MHz, 298 K, 0.15 M NaNO3).
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residence lifetime (τM) and consequently diminishing relaxivity. To 
determine the pH range in which the complexes retain a monohydrated 
form, relaxivity measurements were performed across the pH range 
3.0–10.5 at 1.5 T and 298 K (Fig. 4).

The assumed monohydrated nature of the Fe(III) complexes is sup
ported by the r1 values obtained from the relaxivity profiles below pH 
6.0: 3.1 mM− 1 s− 1 for [Fe(CD3A-BA)] and 3.0 mM− 1 s− 1 for [Fe(CD3A- 
BA2)]+, values consistent with those typically observed for mono
hydrated Fe(III) complexes. [13,21,37] As expected, the presence of 
amide substituents significantly affects the acidity of the coordinated 
water molecule, as evidenced by the marked decrease in r1 with 
increasing pH when compared to the parent [Fe(CDTA)]− complex. 
[30,32] At basic pH, the observed reduction in r1 for both complexes 
cannot be attributed solely to the deprotonation of the inner-sphere 
water molecule. The formation of μ-oxo-bridged dimeric species also 
contributes to the observed behavior, leading to antiferromagnetic 
coupling between the two Fe(III) centers, as discussed in the previous 
section. The pH dependence of the relaxivity was modeled by account
ing for the inner- and outer-sphere contributions of each individual 
species present in solution.

The kinetic parameters and relaxivity values (representing the 
combined inner- and outer-sphere contributions) for the FeL, Fe(L)H− 1 
and Fe(L)H− 2 species of the [Fe(CD3A-BA)] and [Fe(CD2A-BA2)]+

complexes, obtained by the data fitting, are detailed in Table 4. The 
corresponding mathematical models and expressions are provided in the 
ESI.

Interestingly, pH-potentiometric data indicate a second deprotona
tion process for the [Fe(CD2A-BA2)]+ complex, which can likely be 
attributed to the deprotonation of an amide -NH group. This behavior 
arises from the positive charge of the complex and the strong polariza
tion exerted by the Fe(III) center. The resulting labile amide protons are 
capable of participating in prototropic exchange processes, mechanisms 
that can enhance the efficiency of paramagnetic probes by facilitating 
proton relaxation of bulk water molecules. However, the prototropic 
exchange process is relatively slow at physiological pH in unbuffered 

aqueous solution due to the low concentration of the OH− ion catalyzing 
the exchange of the -NH protons [38]. On the other hand, such exchange 
can be promoted in the presence of buffer species through general base 
catalysis. [38,39] General base-catalyzed exchange pathway is expected 
to contribute to the overall relaxivity of the complex within the bio
logically relevant pH range (6–8). For this reason, the relaxivity of [Fe 
(CD2A-BA2)]+ was measured as a function of pH in both 50 mM HEPES 
and 50 mM piperazine buffer systems (Fig. S11). Equations and ex
pressions used for the characterization of the exchange reactions be
tween the -NH protons of Fe(CD2A-BA2)]+ and the bulk are reported in 
the ESI. The observed overall relaxation enhancement of [Fe(CD2A- 
BA2)]+ can be described by Eqs. S18, where the terms FeLr1pr and FeLH- 

1r1pr represent the contributions from prototropic exchange of the amide 
-NH protons in the FeL and FeLH− 1 species, respectively. According to 
the general theory of proton transfer, the process proceeds through the 
formation of a hydrogen-bonded adduct between the proton donor and 
acceptor. [40] In the case of base-catalyzed proton transfer, the rate of 
proton exchange (kB and kHB) is directly proportional to the difference in 
basicity between the donor and the acceptor. Based on the kB value of 
piperazine, its proton exchange reaction is diffusion-controlled, owing 
to the significantly higher basicity of piperazine (logK1 = 10.19 (2), 
logK2 = 6.19 (3), 0.15 M NaNO3, 25 ◦C) compared to that of the NH 
group in [Fe(CD2A-BA2)]+ (logKMLH− 2= 9.2, Table 2). However, the kHB 
value of the monoprotonated piperazine is approximately five orders of 
magnitude lower than kB, which can be attributed to the lower basicity 
of its second nitrogen donor atom. Similarly, the deprotonated HEPES- 
assisted proton exchange (kB) of the NH proton in [Fe(CD2A-BA2)]+ is 
about four orders of magnitude slower than that promoted by the 
deprotonated piperazine, reflecting the lower basicity of the nitrogen 
donor atom of HEPES (logK1 = 7.30 (2), 0.15 M NaNO3, 25 ◦C). It should 
be noted that the monoprotonated H-HEPES-assisted prototropic ex
change of the amide -NH protons has a negligible contribution to the 
relaxation enhancement of the [Fe(CD2A-BA2)]+ complex. The longi
tudinal relaxation time (T1pr) of the NH proton in [Fe(CD2A-BA2)]+ is 
14 μs, which is roughly three times longer than that of the OH− proton in 
[Gd(HP-DO3A)] (Table 4). This difference is consistent with the larger 
Fe(III)–NH distance compared with the Gd(III)–OH distance. [38].

Relaxometric measurements as a function of both magnetic field 
strength and temperature were performed on the two butylamide 
complexes at pH values below the deprotonation threshold of the inner- 
sphere water molecule. The results are presented as Nuclear Magnetic 
Relaxation Dispersion (NMRD) profiles (Fig. 5), [41,42] which can 
provide valuable information on the water protons relaxation process in 
the investigated systems. The introduction of secondary amide groups 
on the CDTA scaffold not only imparts the structural features discussed 
above, but also markedly influences the molecular parameters govern
ing relaxivity. In particular, the overall charge of the complexes is 

Table 4 
Relaxation and kinetic parameters characterizing the [Fe(CD3A-BA)] and [Fe 
(CD2A-BA2)]+ complexes (298 K and 61 MHz).

[Fe(CD3A-BA)] [Fe(CD2A-BA2)]+

FeLr1
is+os (mM− 1 s− 1) 3.05 ± 0.02 3.00 ± 0.04

Fe(L)H-1r1
is+os (mM− 1 s− 1) 1.22 ± 0.01 0.52 ± 0.02

Fe(L)H-2r1
is+os (mM− 1 s− 1) − 0.40 ± 0.02

T1pr (μs) − 13.7 ± 0.4

kB (M− 1 s− 1) −
(9 ± 2) × 105 (HEPES) 
(1.0 ± 0.4) × 1010 (piperazine)

kHB (M− 1 s− 1) − (8 ± 4) × 105 (piperazine)

Fig. 5. 1H NMRD profiles of Fe(III) complexes measured at different temperatures. (left) [Fe(CD3A-BA)] ([FeL] = 8.2 mM, pH = 6.0). (right) [Fe(CD2A-BA2)]+

([FeL] = 4.2 mM, pH = 5.7).
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known to play a crucial role in determining the inner-sphere water ex
change rate, [21,23,43] which can be reliably assessed by variable- 
temperature 17O NMR measurements (Fig. 6). The relaxometric data 
were therefore interpreted through a global analysis of the 1H NMRD 
and 17O NMR datasets. Analysis of the 17O NMR data was performed 
using the Swift–Connick equations, [44] while the 1H NMRD profiles 
were fitted using the Solomon–Bloembergen–Morgan framework com
bined with the Freed model. [45–48] A summary of the optimized pa
rameters is presented in Table 5, with the full dataset of fitted values 
reported in Table S2 of the ESI. Given the large number of variables 
involved in the fitting procedure, several parameters were fixed to 
known or literature values.

Given the structural similarities between [Fe(CDTA)]− and its mono- 
and bis-amide derivatives, a set of common assumptions was adopted: 
hydration number q = 1, Fe(III)–proton distance rFe− H = 2.70 Å, diffu
sion coefficients at 283, 298, and 310 K equal to D = 1.30, 2.24, and 
3.10 × 10− 5 cm2 s− 1, respectively, activation energy for diffusion ED =

20.0 kJ mol− 1, and a minimum solute–water distance for the outer- 
sphere mechanism of a = 3.5 Å. [23] These reasonable constraints 
enabled a consistent and straightforward interpretation of the experi
mental data. The inner-sphere water average lifetime (τM) and its acti
vation enthalpy (ΔHM), the rotational correlation time (τR) and its 
activation energy (ER), as well as the scalar coupling constant (AO/ℏ), 
were treated as adjustable parameters. In addition, the electron spin 
relaxation parameters - the mean-squared zero-field splitting energy 
(Δ2) and its correlation time (τV) - were refined, while the activation 
energy for τV (EV) was fixed at 1.0 kJ mol− 1. The obtained τR values are 
consistent with the molecular weights of the two butylamide complexes, 
showing the expected increase relative to the parent [Fe(CDTA)]− while 
remaining in excellent agreement with the corresponding mono- and 
bis-diethylamide derivatives of identical molecular weight. The elec
tronic parameters Δ2 and τV exhibit differences compared to the parent 
complex - an expected outcome of the modified coordination environ
ment - yet they remain within the range observed for the DEA amides. 

[21] Likewise, the scalar coupling constant for the inner-sphere oxygen 
aligns well with values reported for other amide derivatives. A partic
ularly noteworthy trend is the progressive slowing of the water ex
change rate upon introduction of one or two amide groups into the 
CDTA scaffold. This behavior reflects the increased partial positive 
charge at the metal center, which strengthens the interaction with the 
oxygen atom of the inner-sphere water molecule. [43,49] Interestingly, 
comparison of the mono-butylamide complex with the mono-DEA 
analogue reported in the literature reveals a marked difference in resi
dence time (τM = 65 ns vs 110 ns, respectively), suggesting that steric 
effects from the amide substituent may modulate water exchange. When 
examining the bis-amide derivatives, the effect of steric hindrance be
comes less evident and the partial positive charge on the metal center 
appears to play the predominant role in controlling the exchange dy
namics. However, systems bearing substantially bulkier substituents 
demonstrate that steric effects can again become a decisive factor. This 
behavior is exemplified by the fluorinated [Fe(CD2A2Am-CF3Pip)]+

complex, a positively charged bis-amidic analogue in which the pres
ence of a much larger substituent leads to an additional slowing of the 
water exchange rate. [24] Finally, to assess the actual efficiency of the Fe 
(III) complexes in generating contrast under physiologically relevant 
conditions, 1H NMRD profiles were recorded in Seronorm®, a lyophi
lized human serum preparation that, once reconstituted, closely mimics 
physiological conditions, at 310 K. Comparison of the NMRD profiles 
obtained in aqueous solution and in this biological matrix provides 
valuable insight into possible interactions with serum proteins, trans
chelation events, or changes in the hydration state arising from the 
formation of ternary adducts. To probe these aspects, all measurements 
were performed at pH 6.0, where both complexes exist predominantly in 
their fully monohydrated form. The corresponding NMRD profiles are 
reported in the ESI (Fig. S12). Notably, the 1H NMRD profiles recorded 
before and after the addition of serum were fully superimposable, 
indicating the absence of significant protein binding, no detectable Fe 
(III) demetallation or transchelation processes, and an unchanged hy
dration state. Furthermore, the r1 values measured at 32 MHz and 310 K 
remained constant over the course of one week, providing additional 
confirmation of the long-term stability of the complexes under near- 
physiological conditions.

3.5. Cytotoxicity

Given the strong interest in developing alternatives to Gd(III)-based 
contrast agents, an increasing number of Fe(III)-based complexes 
[11,22,50] - and Fe-containing nanosystems- have recently been pro
posed as promising candidates. Several studies have even progressed to 
preliminary in vivo evaluations in murine models to explore their 
practical applicability. [12,51] However, in the development of any MRI 
contrast agent, the potential toxicity of the exogenous compound re
mains a critical parameter that must be rigorously assessed. Although 
some early toxicity data are available, [52,53] the rapid expansion of Fe- 
based MRI probes highlights the need for a more systematic character
ization of their safety and biological behavior. In this rapidly evolving 

Fig. 6. Reduced 17O NMR transverse relaxation rates (top) and chemical shifts 
(bottom) as a function of temperature for the Fe(III) complexes. ([Fe(CD3A- 
BA)] 3.8 mM, pH = 6.0; [Fe(CD2A-BA2)]+ 3.4 mM, pH = 5.7).

Table 5 
Selected parameters obtained from the simultaneous fit of 1H NMRD profiles and 17O NMR data.

[Fe(CD3A-BA)] [Fe(CD2A-BA2)]+ [Fe(CD3A-DEA)]a [Fe(CD2A-DEA2)]+a [Fe(CD2A2Am-CF3Pip)]+ b [Fe(CDTA)]-c

298r1 1.4 T / mM− 1 s− 1 2.5 2.9 2.5 2.8 2.83 2.1
298Δ2 / 1020 s− 2 13.5 (4) 11.3 (3) 12.6 11.9 10.5 18.1
298τV / ps 3.8 (2) 3.5 (2) 4.3 3.8 4.2 3.4
AO/ℏ / 106 rad s− 1 − 43.1 (3) − 35.6 (2) − 40.9 − 34.6 − 27 − 62.8
298τM

o / ns 65 (5) 218 (18) 110 222 526 36
ΔHM / kJ mol− 1 52 (1) 54 (1) 52.0 56.0 38.9 51.5
298τR / ps 56 (3) 69 (3) 58.0 66.0 66 48.4

a Ref [21].
b Ref [24].
c Ref [23].
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landscape, even individual contributions are valuable for building a 
reliable and comprehensive knowledge base. For this reason, cell 
viability assays were performed on HEK cell line (40,000 cells per well, 
DMEM medium) following a 24-h exposure to the two Fe(III) chelates. 
Cytotoxicity was assessed using the Sulforhodamine B (SRB) cytotoxicity 
assay, conducted on 4000 cells per well in 96-well plates. After cell 
fixation and staining with SRB, absorbance was measured at 565 nm. 
Reference compounds were analyzed in three biological replicates, each 
with three technical replicates while the Fe(III) complexes were evalu
ated across five independent biological replicates. As shown in Fig. 7, 
both Fe(III) complexes exhibited no detectable cytotoxicity under the 
experimental conditions, with cell viability remaining close to 100% 
even at concentrations as high as 0.5 mM after 24 h of incubation.

4. Conclusions

In this study, we investigated how the incorporation of one or two 
secondary butylamide substituents into the CDTA scaffold influences the 
structural and physicochemical properties of the corresponding Fe(III) 
complexes. These results were compared with the behavior previously 
reported for the analogous tertiary diethylamide (DEA) derivatives. The 
lower basicity of CD3A-BA and CD2A-BA₂ relative to CDTA leads to a 
pronounced decrease in the thermodynamic stability of their Fe(III) 
chelates. This destabilization is more significant than that observed for 
the DEA analogues, reflecting the weaker donor capacity of secondary 
amide oxygen atoms. Kinetic studies likewise reveal that substitution of 
carboxylate groups by secondary amides diminishes complex inertness: 
both butylamide complexes dissociate more rapidly than [Fe(CDTA)]−

and the corresponding DEA derivatives, primarily via hydroxide-assisted 
pathways. These findings parallel the thermodynamic trends and sup
port the established role of amide substitution in modulating Fe(III)– 
ligand interactions. Relaxometric 1H NMRD and variable-temperature 
17O NMR measurements demonstrate that incorporation of neutral 
amide donors systematically slows inner-sphere water exchange as the 
overall complex charge becomes more positive. Although this effect 
follows the same general trend observed for the tertiary-amide series, 
the BA complexes exhibit shorter water residence times than their DEA 
counterparts with equivalent substitution levels, consistent with the 
distinct donor properties of secondary versus tertiary amides. Notably, 
in the bis-butylamide complex, the presence of a deprotonable amide 
–NH group introduces a prototropic exchange contribution within the 
physiological pH range - a feature absent in the tertiary-amide ana
logues. Under near-physiological conditions, both BA complexes remain 
monohydrated, show negligible protein binding or Fe(III) release in 
serum-like media, and display no detectable cytotoxicity in cell-viability 
assays.

Overall, the comparative analysis of secondary- and tertiary-amide 
CDTA derivatives confirms that amide substitution offers a powerful 
means of tuning the stability, kinetic inertness, and hydration dynamics 
of Fe(III)–CDTA complexes. The insights obtained from the butylamide 

series complement and extend those from the diethylamide derivatives, 
refining structure–property correlations that underpin the rational 
design of Fe(III)-based MRI contrast agents.
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A. Fringuello, R. Napolitano, L. Lattuada, F. Tedoldi, Z. Baranyai, Exploiting the 
proton exchange as an additional route to enhance the Relaxivity of paramagnetic 
MRI contrast agents, Inorg. Chem. 57 (9) (2018) 5567–5574, https://doi.org/ 
10.1021/acs.inorgchem.8b00521.

[39] L. Leone, M. Boccalon, G. Ferrauto, I. Fábián, Z. Baranyai, L. Tei, Acid-catalyzed 
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