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Abstract

:

Three different 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetamide (DOTAM) derivatives bearing as amide N-substituents phenyl, p-methoxyphenyl and p-ethylbenzoate groups were synthesized and the 1H and 17O NMR relaxometric behaviour of the Gd(III)-chelates and chemical exchange saturation transfer (CEST) effect of the Eu(III) complexes were evaluated. The electronic properties of the substituents were shown to strongly influence the coordinated water exchange rate (kex), resulting in five times faster kex for the electron donating phenylmethoxy group compared to the electron withdrawing ethylbenzoate group.
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1. Introduction


1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and its derivatives have been thoroughly investigated in the last thirty years because of their widespread use as chelators for metal ions used as reporters in several imaging techniques such as magnetic resonance (MR), positron emission tomography (PET), single-photon emission computed tomography (SPECT) and fluorescence imaging [1,2]. The most significant properties of DOTA-like chelates are their remarkable thermodynamic stability and kinetic inertness towards both transmetallation reactions and acid-catalysed dissociation [3]. These properties coupled to the versatility of DOTA-like ligands towards several metal ions, from transition to lanthanide and actinide ions, have favoured the use of DOTA-based systems in a broad range of different applications. The primary use of DOTA-like ligands has been for the coordination of lanthanide ions, from Gd(III) for MRI applications [4,5] to Eu(III) and Tb(III) for fluorescence and Nd(III) for near infra-red imaging [6].



The tetraamide derivatives of DOTA form Ln(III) complexes bearing a positive charge (+3) with a very slow water exchange rate (kex), in the order of 60,000 s−1 at 298 K for GdDOTAM (DOTAM = 1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) [7]. This property limits the ability of the complex to increase the nuclear magnetic relaxation rate of the water protons, and therefore, the relaxivity of GdDOTAM-like complexes is typically quite low (in the range of 2–3 mM−1 s−1). In particular, Gd-complexes with sterically hindered and hydrophobic substituents have a limited solvent accessible surface area and show the slowest water exchange rates [8]. In addition, the chemical nature of the counter-ion can influence the kex of such Gd-complexes, with faster values found for larger ions with a lower charge density such as iodine [9]. However, the long residence time of the coordinated water molecule (τM = 1/kex) has allowed determining the rate of prototropic exchange in basic media [10,11]. This acceleration of prototropic exchange, mainly caused by deprotonation of the bound water molecule, led to a remarkable increase in relaxivity at pH > 8 [12].



Notably, the studies on kex modulation on GdDOTA–tetraamide complexes paved the way for the development of paramagnetic chemical exchange saturation (PARACEST) agents, which can exploit both the protons of a slow exchanging metal-bound water molecule and the amide protons present on the ligand and in dynamic exchange with the solvent [13,14]. These protons have to be in the appropriate time regime of dynamic exchange with bulk water protons to be able to observe a CEST effect following saturation of the proton signal of the bound water or amides. Several studies have been reported on the effect of changing the substituents on the amide nitrogen to modulate the PARACEST effect of the Ln(III) complexes, especially for the development of responsive probes [15,16]. Moreover, a series of Dy3+ and Tm3+ para-substituted DOTA-tetraanilide complexes have been recently reported and tested for their ability to show pH responsive CEST effects. However, the poor solubility of many of the compounds limited the results obtained for these type of systems [17].



Data in the literature for Gd(III)-DOTA-tetraamide derivatives proved that electron-donating substituents are able to increase the electron density on Gd3+ ion through the coordinating amide arms, thus accelerating water exchange. On the contrary, electron-withdrawing functionalities operate in the opposite direction, decelerating water exchange [18]. In order to get more information on how the electronic properties of the ligand affect the water exchange process, three different DOTAM-like derivatives bearing in the structure for phenyl (L1), p-methoxyphenyl (L2) and p-ethylbenzoate (L3) groups were synthesized (Scheme 1) and their Ln(III) complexes (Scheme 2) studied in detail. In particular, the relationship that exists between the electronic properties of these substituents [19] and both the relaxometric behaviour of the Gd(III)-chelates and the CEST effect of the Eu(III) complexes were evaluated.




2. Results and Discussion


2.1. Synthesis


The bromoacetamides used for the alkylation of cyclen were synthesized using a procedure slightly changed with respect to those already reported in the literature [17,20]. In particular, the aniline (and p-substituted aniline) and bromoacetylbromide were reacted under Schotten–Baumann conditions (NaOH 1 M and CH2Cl2 phases) in 75–80% yield. The tetra-substituted cyclens were obtained by refluxing for 24 h cyclen with 4.5 eq. of the appropriate electrophiles in acetonitrile in the presence of potassium carbonate. After this reaction time, the products precipitated from the acetonitrile solution were washed with water and obtained in ca. 60% yield. The Ln(III) complexes were then obtained by mixing the ligands, dissolved in a 1:1 dimethylformamide/H2O solution, with an aqueous solution of the Ln–triflate heated at 50 °C for 36 h, followed by HPLC-MS analysis. Finally, to increase the water solubility of the complexes, the triflate anions were exchanged with chlorides by passing the complex through a Dowex ion-exchange resin.




2.2. Relaxometry


The longitudinal water proton relaxation rate in aqueous solution of the Gd(III) complexes was measured as a function of the applied magnetic field strength and temperature. The parameter relaxivity (r1, mM−1 s−1), which represents the increase of the relaxation rate of the solvent water protons in the presence of one millimolar solution of the metal ion, measures the relaxation efficiency of the paramagnetic complex. In the first step, the relaxivity value of the three complexes was measured as a function of pH in the range of 2–10, at 298 K and 20 MHz (Figure 1). The pH dependency has a behaviour rather typical of cationic Gd(III) chelates characterized by a markedly slow rate of exchange of the bound water molecule. The relaxivity remained unchanged in the pH range of about 2–8, assuming a very low value that was comparable to that of complexes with a hydration number equal to zero (q = 0). These r1 values were consistent with the occurrence of an outer-sphere contribution only. On the other hand, at basic pH values, the relaxivity increased dramatically, reaching up to values comparable to or greater than those of monohydrated complexes. In the case of GdL1 and GdL2, the observed increase was fully reversible and quite well understood. It arose from a prototropic exchange contribution catalysed by the addition in the solution of increasing amounts of [OH−]. Under this condition, it was shown previously that kex was determined by the expression (k1 + k2[OH−]), where k1 refers to the exchange of the entire water molecule and k2 accounts for the prototropic exchange. A strong enhancement of r1 from pH 8 to pH 10 was observed also for GdL3, but in this case, the behaviour was not reversible, and it can be tentatively attributed to a modification of the chemical structure of the complex associated with the saponification of the ester groups (Figure 1).



The water exchange rate of the inner sphere water molecule (kex) in the three complexes was determined through the measurement and analysis of the temperature dependence of the 1H relaxivity and 17O NMR transverse relaxation rates and chemical shifts. The temperature dependence of r1 (1H-VT) represents a simple and effective way to obtain key information on the exchange regime of the coordinated water molecule(s). When the mean lifetime of coordinated water (τM = 1/kex) does not limit r1, as for most anionic and neutral Gd(III)-chelates, the longitudinal relativity decreases by increasing temperature, due to the increased value of the diffusion coefficient (D) of bulk water and the higher rate of molecular tumbling (shorter τR). The 1H-VT profiles for GdL1–L3, measured in the range 278 to 345 K, showed a quite different trend (Figure 2). r1 decreased from 278 to approximately 295 K, then it grew moderately up to about 330 K where it reached a maximum value in the case of GdL1 and GdL2. Unlike GdL1 and GdL2, the relaxivity of GdL3 continued to increase up to 345 K. This behaviour can be attributed to a residence lifetime of the inner sphere water long enough to make the inner sphere contribution (IS) to relaxivity negligible at intermediate or low temperatures. In this temperatures range, the outer sphere mechanism (OS) dominates relaxivity. By increasing the temperature, the water exchange accelerates, and the IS contribution increases gradually [21]. After the maximum around 330 K, r1 decreased due to the decrease with the temperature of IS and OS. On the other hand, the increasing trend of r1 with temperature shown by GdL3 was been observed previously. Based on these data, solid hypotheses cannot be advanced, but this behaviour seems to be associated with an instability of the complex, already observed in the region at basic pH (Figure 3C).



The best direct way to measure kex is represented by 17O NMR. This technique consists of the measurement of the temperature dependence of the paramagnetic contribution (R2p) to the observed 17O water solvent transverse relaxation rate and chemical shift. This was done at 11.75 T on fairly concentrated aqueous solutions of the complexes at neutral pH. The reduced transverse 17O relaxation rates (1/T2r) increased with increasing temperature over the entire range of values (Figure 3). This indicates the occurrence the slow exchange condition, in agreement with the 1H VT data.



To complete the NMR relaxometric characterization, the 1H nuclear magnetic relaxation dispersion (NMRD) profiles were recorded on approximately 2-mM aqueous solutions of the complexes in the proton Larmor frequency range 0.01–60 MHz (Figure 4). The shape of profiles reproduces closely that typical of low molecular weight Gd(III) complexes, with a plateau at low magnetic fields (0.01–1 MHz), followed by a dispersion in the 1–10 MHz range. However, the relaxivity assumed markedly lower values, indicating that the low exchange rate of the coordinated water significantly reduced the IS contribution. Therefore, r1 was dominated by the OS contribution, as evidenced by its values at 20 MHz: 3.0, 3.5, and 2.5 mM−1 s−1 for GdL1, GdL2 and GdL3, respectively (298 K).



The analysis of the 1H and 17O NMR data was performed by using the Solomon–Bloembergen–Morgan (SBM) [22,23] and Freed’s equations [24] for the inner- and outer-sphere proton relaxation mechanisms and the Swift–Connick theory for 17O relaxation [25]. The 17O R2 data depends on several parameters such as the number of inner sphere water molecules (q), their residence lifetime (τM), the electronic relaxation times (T1,2e), which are described in terms of the square of the zero-field splitting tensor (Δ2) and the correlation time describing its modulation (τV), and the hyperfine Gd–17Owater coupling constant (A/ħ). Other relevant parameters are the activation energy of τV (EV) and the activation enthalpy of the water exchange process, ΔHM.



The best fitting parameters are reported in Table 1. Following a well-established practice, some parameters were fixed at reasonable values due to the large number of parameters that must be considered during the analysis: the hydration number q was fixed at 1; the distance between Gd(III) and the protons of the bound water molecule, r, was fixed at 3.0 Å; D was set at 2.3 × 10−5 cm2 s−1 (at 25 °C); EV was fixed at 1.0 kJ mol−1. An independent confirmation that these types of complexes are monohydrated was obtained by measuring the luminescence lifetimes of EuL1 in both H2O and D2O, (Table S1), and applying established equations to estimate the lanthanide hydration state. A q value of 1.03 was obtained from the experimental data confirming the hypothesis made.



The 17O hyperfine coupling constants (A/ħ) fall within the range typically observed for low molecular weight Gd(III) chelates (−3.3/−3.6 × 106 rad s−1) and τM values were determined as 16.0 µs for GdL1, 9.1 µs for GdL2 and 40.0 µs in the case of GdL3. The τM value for GdL1 was comparable to that reported for other Gd-DOTA-tetraamides [7], about two orders of magnitude longer than for [Gd(DOTA)]−. The strong binding interaction with metal ion of the water molecule in axially-symmetric cationic complexes was reinforced by the presence of electron-withdrawing groups, like the ethyl benzoate functionalities, which reduce the electron density on the amide oxygen donors.



Indeed, the τM value of GdL3 was 2.5 times longer than that of GdL1. Conversely, the presence of electron-donating phenylmethoxy groups in the side arms of DOTA-tetraanilide (GdL2) promotes an easier process of water exchange (τM = 9.1 µs). The long τM values calculated for the complexes were associated with large values of the activation enthalpy (approximately 40–60 kJ mol−1), sensibly greater than those found for anionic and neutral Gd(III) complexes. The electron relaxation parameter Δ2 was very similar for the three complexes and similar to the values found for related macrocyclic complexes. This suggests the occurrence of similar solution structures for the complexes.



The value of the reorientational correlation time (τR) was not accurately determined because the IS contribution in the NMRD profiles was very small. The best results were obtained with the value of 120 (±15) ps, which reflects well the molecular mass of these complexes. On the other hand, by fixing an identical value of r and τR to the three complexes, we obtained small differences in the values of the minimum approach distance a between the bulk water and the Gd3+ ion.



The set of parameters calculated was quite satisfactory as it not only was consistent with reported values for similar complexes, but it allowed for reproducing well all the experimental data.




2.3. CEST Experiments


An additional evidence of the effect of the aromatic ring substituents on the exchange rate of the coordinated water molecule is provided by the CEST effect measured on the Eu(III) complexes of L1, L2 and L3. The Eu(III) complexes of DOTA tetraamide derivatives are known to possess a slowly exchanging water molecule that yields a CEST peak at about 47 ppm from the resonance of bulk water [18]. Amide protons might also contribute to a CEST effect, but at a very different offset (for instance, −2.5 ppm for the Eu(III)-tetraglycineamide-DOTA (EuDOTAMGly) complex [26]. As shown in Figure 5, the Z-spectrum of EuL1 (pH 7.0, 298 K) shows a fairly well-defined CEST peak. The CEST peak appears as a weak shoulder on the direct saturation peak for EuL2, while it is barely observable as an asymmetry of the direct saturation peak for EuL3. The Z-spectra were fitted to a two-site exchange model according to available theory [20], yielding kex = 36 × 103 Hz, τM = 28 µs and Δω = 43 ppm for EuL1, and kex = 67 × 103 Hz, τM = 15 µs and Δω = 48 ppm for EuL2. Although the Z-spectrum of EuL3 could not be fitted because of the poor definition of the CEST peak, τM could be guessed to be much larger than 28 µs. The values of τM did not match exactly those of the corresponding Gd(III) complexes (Table 1), most likely because of the fact that the molar ratios of SAP and TSAP isomers were significantly different between the Eu(III) and Gd(III) complexes, and because of fine structural differences. However, the change of τM as a function of the aromatic substituent was the same for the Eu(III) and Gd(III) complexes, confirming the electronic effects of the aromatic ring substituents on water exchange.





3. Materials and Methods


3.1. General


All chemicals were purchased from Sigma–Aldrich (Saint Louis, MO, USA) or Alfa Aesar (Haverhill, MA, USA) unless otherwise stated and were used without further purification. The 1H and 13C NMR spectra were recorded using a Bruker Avance III 500 MHz (11.4 T) spectrometer (Bruker, Billerica, MA, USA) equipped with 5 mm probe and BVT-3000 temperature control unit. Chemical shifts were reported relative to tetramethylsilane (TMS) and were referenced using the residual proton solvent resonances. The HPLC analyses and mass spectra were performed on a Waters HPLC-MS system (Waters, Milford, CT, USA) equipped with a Waters 1525 binary pump. Analytical measurements were carried out on a Waters Atlantis RPC18 column (T3 5 μm 4.6 × 150 mm) with the following method: A (TFA 0.1% in H2O); B (MeOH); flow 1 mL/min; 0–3 min: 30% A, 3–17 min: from 30 to 100% B, 17–19 min 100% B, 19–20 min from 100 to 30% B. Electrospray ionization mass spectra (ESI MS) were recorded using a SQD 3100 Mass Detector (Waters, Milford, CT, USA), operating in the positive or negative ion mode, with 1% v/v formic acid in methanol as the carrier solvent.




3.2. Synthesis of 2-Bromo-N-phenyl-acetamide


Five-hundred milligrams (5.38 mmol) of aniline were dissolved in CH2Cl2 (7 mL) and 14 mL NaOH 1 M were added to obtain a biphasic solution. Bromoacetyl bromide (701 µL, 8.07 mmol) was added dropwise and the reaction was left stirring overnight. The two phases were separated, the organic phase washed with H2O and the product was obtained in pure form (912 mg, 80% yield). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 4.03 (2, s, CH2Br), 7.17 (2, t, J = 7.4 Hz, p-Ph), 7.36 (2, m, m-Ph), 7.53 (2, d, J = 8.0 Hz, o-Ph) 8.11 (1, brs, NH); 13C NMR (125 MHz, CDCl3, 300 K): δ 29.5 (CH2Br), 120.0 (o-Ph), 125.2 (p-Ph), 129.1 (m-Ph), 136.9 (Ph–NH) 163.3 (CONH); ESI-MS (m/z): found 213.36 [M + H]+ (calc: C8H8BrNO 212.98).




3.3. Synthesis of 2-Bromo-N-(4-methoxyphenyl)-acetamide


Following the same procedure described above, starting from 4-methoxyaniline (500 mg, 4.06 mmol) and bromoacetyl bromide (6.10 mmol), the compound was obtained in 75% yield (738 mg). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.80 (3, s, CH3O-), 4.01 (2, s, CH2Br), 6.88 (2, d, J = 9.0 Hz, m-Ph), 7.42 (2, d, J = 9.0 Hz, o-Ph), 8.07 (1, brs, NH); 13C NMR (125 MHz, CDCl3, 300 K): δ (ppm) = 29.5 (CH2Br), 55.5 (CH3O–), 114.3 (m-Ph), 122.0 (o-Ph), 129.9 (Ph), 157.1 (Ph–OCH3), 163.3 (CONH); ESI-MS (m/z): found 243.37 [M + H]+ (calc: C9H10BrNO2 242.99).




3.4. Synthesis of 2-Bromo-N-(ethylbenzoate)-acetamide


Following the same procedure described above, starting from ethyl 4-aminobenzoate (500 mg, 3.03 mmol) and bromoacetyl bromide (4.54 mmol), the compound was obtained in 78% yield (676 mg). 1H (500 MHz, CDCl3, 300 K): δ 1.41 (3, t, J = 7.1 Hz, CH3CH2O–), 4.05 (2, s, CH2Br), 4.39 (2, q, J = 7.1 Hz, CH3CH2O–), 7.65 (2, d, J = 8.7 Hz, o-Ph), 8.06 (2, d, J = 8.7 Hz, m-Ph), 8.29 (1, brs, NH); 13C NMR (125 MHz, CDCl3, 300 K): δ 14.3 (CH3CH2O–), 29.3 (CH2Br), 61.0 (CH3CH2O–), 119.0 (o-Ph), 127.0 (p-Ph), 129.8 (Ph) 130.8 (m-Ph), 140.9 (Ph–NH), 163.5 (CONH), 165.9 (Ph–COO–); ESI-MS (m/z): found 287.03 [M + H]+ (calc: C12H14BrNO3 286.12).




3.5. Synthesis of 1,4,7,10-Tetrakis((phenyl)carbamoylmethyl)-1,4,7,10-tetraazacyclododecane (DOTAMPh (L1))


2-bromo-N-phenyl-acetamide (500 mg, 2.36 mmol), 1,4,7,10-tetraazacyclododecane (90 mg, 0.52 mmol) and K2CO3 (325 mg, 2.36 mmol) were dissolved in 15 mL ACN, at reflux for 24 h. After the reaction was complete, the mixture was filtrated, the solid was washed 3 times with H2O and dried in vacuum to give pure L1 ligand (997 mg, 60% yield). Analytical HPLC: tr = 14.65 min. 1H NMR (500 MHz, DMSO, 300 K): δ (ppm) 2.91 (brs, H macrocycle), 3.32 (brs, CH2CO), 7.06 (4, t, J = 7.4 Hz, p-Ph), 7.27 (8, m, m-Ph), 7.61 (8, d, J = 8.0 Hz, o-Ph), 10.01 (4, s, NH); 13C NMR (125 MHz, DMSO, 300 K): δ (ppm) 52.6 (C macrocycle), 57.9 (CH2CO), 119.3 (o-Ph), 123.2 (p-PH), 128.5 (m-Ph), 138.6 (Ph–NH), 169.7 (CONH); ESI-MS (m/z): found 705.65 [M + H]+ (calc: C40H48N8O4 704.38).




3.6. Synthesis of 1,4,7,10-Tetrakis-((4-methoxyfenil)-carbamoylmethyl)-1,4,7,10-tetraazacyclododecane (DOTAMMeOPh (L2))


2-bromo-N-(methoxyphenyl)-acetamide (500 mg, 2.06 mmol), 1,4,7,10-tetraazacyclododecane (79 mg, 0.46 mmol) and K2CO3 (284 mg, 2.06 mmol) were dissolved in 15 mL ACN, at reflux for 24 h. After the reaction was complete, the mixture was filtrated, the solid was washed 3 times with H2O and dried in vacuum to give pure L2 ligand (1.26 g, 60% yield). Analitycal HPLC: tr = 13.99 min. 1H NMR (500 MHz, DMSO, 300 K): δ 3.19 (12, brs, H macrocycle), 3.25 (brs, CH2CO), 3.72 (s, CH3O–), 6.83 (8, d, 8.9, m-Ph), 7.53 (8, d, 8.9, o-Ph), 10.08 (4, brs, NH); 13C NMR (125 MHz, DMSO, 300 K): δ 51.0 (C macrocycle), 55.1 (CH3O-), 58.0 (CH2CO), 113.7 (m-Ph), 121.1 (o-Ph), 131.8 (Ph–NH), 155.3 (Ph–OCH3), 169.3 (CONH); ESI-MS (m/z): found 825.44 [M + H]+ (calc: C44H56N8O8 824.42).




3.7. Synthesis of 1,4,7,10-Tetrakis((4-ethylbenzoate)-carbamoylmethyl)-1,4,7,10-tetraazacyclododecane (DOTAMEtBenz (L3))


2-bromo-N-(ethylbenzoate)-acetamide (500 mg, 1.75 mmol), 1,4,7,10-tetraazacyclododecane (67 mg, 0.39 mmol) and K2CO3 (241 mg, 1.75 mmol) were dissolved in 15 mL ACN, at reflux for 24 h. After the reaction was complete, the mixture was filtrated, the solid was washed 3 times with H2O and dried in vacuum to give pure L3 ligand (1.08 g, 62% yield). Analytical HPLC: tr = 14.83 min. 1H (500 MHz, DMSO, 300 K): δ 1.29 (12, t, 7.1, CH3CH2O–); 2.87 (brs, H macrocycle); 3.32 (brs, CH2CO); 4.26 (8, q, 7.1, CH3CH2O–); 7.68 (8, d, 8.7, o-Ph); 7.81 (8, d, 8.7, m-Ph); 10.24 (4, brs, NH); 13C (125 MHz, DMSO, 300 K): δ 14.1 (CH3CH2O–); 52.3 (C macrocycle); 57.9 (CH2CO); 60.3 (CH3CH2O–); 118.6 (o-Ph); 124.2 (p-Ph); 130.0 (m-Ph); 142.9 (Ph–NH); 165.2 (Ph–COO–); 170.2 (CONH); ESI-MS (m/z): found 993.43 [M + H]+ (calc: C52H64N8O12 992.46).




3.8. General Procedure for Preparation of Ln(III) Complexes


Fifty milligrams of ligand were dissolved in a 1:1 (v/v) DMF/H2O solution (10 mL) at 50 °C, and then Ln(CF3SO3)3 (Ln = Gd(III), Eu (III) or Yb (III)) were added. After 36 h, formation of the complex was checked at HPLC/MS. The possible excess metal ion was then precipitated as Ln(OH)3 at pH 10 and filtered. Finally, in order to increase the solubility of the complex in water, the counter-ion (CF3SO3)− was exchanged with Cl− using a Dowex 1–8(Cl) strong anion resin.



GdL1: Analytical HPLC: tr = 12.02 min. ESI-MS (m/z): 863.41 [M + H]+, 430.78 [M + 2H]2+, 976.53 [M + TFA]+, (calc: GdC40H48N8O4 862.30).



GdL2: Analytical HPLC: tr = 12.6 min. ESI-MS (m/z): 983.32 [M + H]+, 1094.29 [M + TFA]+, (calc: GdC44H56N8O8 982.35).



GdL3: Analytical HPLC: tr = 13.55 min. ESI-MS (m/z): 1151.43 [M + H]+, 754.64 [M + 2H]2+, 1261.01 [M + TFA]+, (calc: GdC52H64N8O12 1150.39).



EuL1: Analytical HPLC: tr = 11.06 min. ESI-MS (m/z): 858.54 [M + H]+, 428.48 [M + 2H]2+, 969.53 [M + TFA]+, (calc: EuC40H48N8O4 857.30).



EuL2: Analytical HPLC: tr = 12.65 min. ESI-MS (m/z): 978.54 [M + H]+, 1092.37 [M + TFA]+, (calc: EuC44H56N8O8 977.34).



EuL3: Analytical HPLC: tr = 14.07 min. ESI-MS (m/z): 1146.47 [M + H]+, (calc: EuC52H64N8O12 1145.39).



YbL1: Analytical HPLC: tr = 10.88 min. ESI-MS (m/z): 879.58 [M + H]+, 438.18 [M + 2H]2+ (calc: YbC40H48N8O4 878.32).




3.9. 1H Relaxometric Measurements and 1H NMRD Profiles


The water proton relaxation measurements and the 1H NMRD profile were performed with a Stelar Smart Tracer loop relaxometer (Stelar, Pavia, Italy), in a range between 0.01 to 10 MHz (0.00024 to 0.25 T), and with a Stelar Spinmaster console connected to a WP-80 (80 MHz, 2 T). The 1H T1 relaxation time were acquired with a standard inversion recovery experiment by a 90° pulse width of 3.5 µs. The temperature was set with a Stelar VCT-thermocouple heater. The complexes were prepared in Milli-Q water and their concentrations were determined by measuring the bulk susceptibility shift of the tBuOH signal between the samples and a standard reference.




3.10. VT 17O Relaxation Measurements


Variable temperature 17O NMR measurements were carried out with a Bruker Advance III 500 MHz (11.4 T) spectrometer (Bruker, Billerica, MA, USA) equipped with a 5 mm probe and BVT-3000 temperature control unit. The complexes were prepared in a water solution enriched with 17O isotope. The transverse relaxation rates (R2) were calculated from the half height width of the signal.




3.11. Luminescence Measurements


The luminescence lifetime measurements were carried out on a Fluorolog fluorometer using photomultiplier tube, electronics and software supplied by Horiba Jobin Yvon (Kyoto, Japan). The lifetime measurement was carried out using the Data Station v2.5 software (Horiba Jobin Yvon). The subsequent data analysis was performed using the DAS6 v6.4 software (Horiba Jobin Yvon).




3.12. Chemical Exchange Saturation Transfer (CEST)


Z-spectra of Eu(III) complexes were recorded at 11.4 T (corresponding to 500 MHz proton Larmor frequency) by means of a Bruker Avance III NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a triple resonance 5-mm Z-gradient inverse probe. The paramagnetic complexes were dissolved in a 5–10 mM concentration of H2O:D2O 90:10 to achieve the field-frequency lock. Z-spectra were acquired by means of the noediff.2 pulse program, with an irradiation time of 2 s at 18–37 μT. The water signal was placed at the centre of the spectrum and the irradiation offset covered the range between +100,000 and −100,000 Hz relative to the water resonance. Typically, 50 data points were collected to obtain a Z-spectrum. Data were processed with the Bruker topspin 3.0.b29 software package. The percent saturation transfer (ST%) was calculated by the following formula:


ST% = 100 × (1 − I/I0)



(1)




where I is the intensity of the water signal at a given irradiation frequency and I0 is the maximum intensity of the water signal (off-resonance pre-saturation). Z-spectra were fitted to the Bloch equations modified to obtain water exchange rates according to a two-sites exchange model [27] to obtain the water exchange kinetic constant kex and the coordinated water resonance offset Δω.





4. Conclusions


Three DOTAM-like ligands were synthesized featuring as amide N-substituents phenyl, p-methoxyphenyl and p-ethylbenzoate groups. The electronic character of the substituents on the para-position of the aromatic ring were shown to markedly influence the properties of the corresponding Ln(III) complexes (Ln = Gd and Eu). A detailed 1H and 17O NMR relaxometric study on the Gd(III) complexes allowed to assess that the exchange rate of the coordinated water molecule was five times faster for GdL2 than for GdL3. This was attributed to the electron donating effect of the phenylmethoxy group in GdL2 and to the presence of the electron withdrawing ethylbenzoate group in GdL3. An evaluation of the CEST behaviour of the Eu(III) complexes highlighted a variation of τM as a function of the nature of the aromatic substituent identical to that of the Gd(III) complexes. These results clearly show that the electronic effects of substituents on the pendant arms can modulate kex in macrocyclic Ln-chelates. This is relevant because the modulation of the coordinated water exchange dynamics in Ln(III) complexes is a feature of paramount importance for the development and optimization of both Gd-based and paraCEST MRI probes.
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Scheme 1. 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-tetraamide ligands discussed in the text. 
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Scheme 2. Ln(III) complexes with ligands L1, L2 and L3. 
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Figure 1. pH dependence of r1 at 20 MHz and 298 K for aqueous solutions of GdL1 (♦, 2.9 mM), GdL2 (●, 2.7 mM), and GdL3 (▲, 1.8 mM). 
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Figure 2. Temperature dependence of the 1H relaxivity at 20 MHz (pH 7) of GdL1 ((A) 2.8 mM), GdL2 ((B) 2.7 mM), and GdL3 ((C) 4.4 mM). The solid lines represent the fits of the data with the parameters reported in Table 1. The dotted lines identify the inner- and outer-sphere contributions. 
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Figure 3. Reduced 17O NMR transverse relaxation rate and 17O NMR chemical shift measured at 67.8 MHz (11.74 T) for GdL1 ((A,A′) 10.1 mM), GdL2 ((B,B′) 6.7 mM) and GdL3 ((C,C′) 24.6 mM). The solid lines represent the fit of the data with the parameters reported in Table 1. 
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Figure 4. 1H NMRD profiles of at 298 K of GdL1 (blue, 2.4 mM), GdL2 (orange, 2.5 mM) and GdL3 (purple, 4.4 mM). The solid lines were calculated with the parameters reported in Table 1. 
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Figure 5. Z-spectra at pH 7, 300 K (irradiation time 2 s at 37 μT): [EuL1]3+ 5.3 mM (black), [EuL2]3+ 4.9 mM (blue) and [EuL3]3+ 4.0 mM (red). 
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Table 1. Best-fit parameters obtained from the analysis of the 1H NMRD profiles (298 K), 1H-VT and 17O NMR data.
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	Parameters
	[GdL1]3+
	[GdL2]3+
	[GdL3]3+
	[GdDOTAM](CF3SO3)3b





	r1 (mM−1 s−1)
	3.0
	3.5
	2.5
	2.5



	Δ2 (1019 s−2)
	2.0
	1.0
	3.9
	1.7



	τV (ps)
	7.6
	10.0
	18.0
	6.0



	τR (ps)
	120
	120
	120
	80



	τM (µs)
	16.0
	9.1
	40.0
	17.0



	ΔHM (kJ mol−1)
	50.7
	37.4
	62.0
	49.0



	r (Å) a
	3.0
	3.0
	3.0
	3.1



	A/ħ (106 rad s−1)
	−3.6
	−3.4
	−3.6
	-



	qa
	1
	1
	1
	1



	a (Å) a
	4.2
	4.2
	4.4
	4.3



	D (10−5 cm2 s−1) a
	2.24
	2.24
	2.24
	2.24



	ED (kJ mol−1)
	−28
	−29
	−28
	−23







a Parameters fixed during the fitting procedure. b Taken from Reference [9].
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