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Exceptional Mn II stability and Mn II /Zn II selectivity with rigid polydentate ligands

While Mn II complexes meet increasing interest in biomedical applications, ligands are lacking that enable high stability and selectivity vs. Zn II , the most relevant biological competitor. We report here two new bispidine derivatives, which provide rigid and large coordination cavities that perfectly match the larger size of Mn II and yield eight-coordinate Mn II complexes with record stabilities. In contrast, the smaller Zn II ion cannot accommodate all ligand donors, resulting in highly strained and therefore less stable six-coordinate complexes. Combined theoretical and experimental data (X-ray crystallography, potentiometry, relaxometry and 1 H NMR spectroscopy) demonstrate unprecedented selectivity for Mn II vs. Zn II (KMnL/KZnL of 10 8 -10 10 ), in sharp contrast to the usual Irving-Williams behavior, and record Mn II complex stabilities and inertness with logKMnL close to 25.

Introduction

Manganese is an essential element for life. In biological systems, it can have a structural role or be involved in hydrolytic or redox transformations. Prominent examples are the oxidation of water to dioxygen in the oxygen evolving complex (OEC) in photosynthesis, the final reaction of the urea cycle catalyzed by arginase and the disproportionation of superoxide in the manganese-based superoxide dismutase (SOD). [START_REF] Williams | Bioinorganic Chemistry[END_REF][START_REF] Christianson | [END_REF][3][START_REF] Erikson | Metal ions in life sciences[END_REF][START_REF] Riley | [END_REF] Manganese complexes are also increasingly important in medicinal applications, e.g., as SOD mimetics, [6][START_REF] Barnese | Proc. Natl. Acad. Sci[END_REF][START_REF] Salvemini | [END_REF][9][10][11][12] MRI contrast agents, [13,14] in chelation therapy of manganese overload and in-cell fluorescence tracking of the labile manganese pool. [15] Essential for most of these applications are high kinetic inertness, high complex stability and selectivity with respect to other ubiquitous first row transition metal cations, specifically Zn II , the most relevant and abundant biological competitor. From this follows the major challenge for Mn II devices and drugs, contrast agents and chelation therapy: due to the relatively large ionic radius of Mn II and the spherical distribution of the d electrons, Mn II complexes are intrinsically labile and the stability of Mn II coordination compounds with any particular ligand is generally one of the lowest among the first-row transition metal di-cations, and therefore lower than for the main biological competitor Zn II . The Irving-Williams series, established more than 70 years ago, describes the complex stability order of first row transition metal di-cations with a given ligand as Mn II < Fe II < Co II < Ni II < Cu II > Zn II , [16,17] and this explains the lack of Mn II selective ligands. In biological systems, peculiar mechanisms help to exclude competitive metal ions from metalloprotein binding sites in need of weakly binding metal centers. For instance, local Mn II concentrations may be elevated in organelles such as the chloroplast or mitochondria or may increase in response to a stimulus (presence of an oxidant) to allow for the metalation in manganesebased SOD. In other cases, dedicated metal delivery systems or kinetic effects govern selectivity. [18,19] Three apparent design principles to achieve Mn II vs. Zn II selectivity are: (i) ligands that fully encapsulate the metal ion lead to slow metal ion exchange, (ii) a preference for Mn II over the other first row transition metal di-cations requires a large and rigid cavity -depending on the coordination number, the size of Mn II is approx. 10% larger than that of Zn II , [20] and (iii) a relatively large cavity imposed by a high denticity of an open-chained ligand may enforce one of the pendant donor groups to be uncoordinated with a smaller competitor, leading to a decrease in bonding energy.

The bispidine scaffold (B 1 -B 5 , L 1 , L 2 in Scheme 1) is an ideal system to test these principles. It has the advantages of an established modular assembly and a large range of available ligands with a variety of denticities and donor group combinations. [21][22][23][24][25][26][27] Due to the rigidity of the tetradentate adamantane-derived platform and additional highly preorganized pendent donor groups, bispidine ligands are known to offer efficient complexation pathways and to form very inert complexes. [25] This has been shown in a number of studies with bispidinebased radioactive probes [25] and was also confirmed in a recent Mn II based magnetic resonance imaging study with a pentadentate bispidine. [28] Importantly, the exceedingly rigid bispidine cavity is known to favor large metal ions, [25,[29][30][31] and with penta-and hexadentate bispidines stability constants of first row transition metal di-cations have been observed that do not strictly follow Irving-Williams behavior. [21] Based on earlier observations with branched dipyridylamine donor groups, [31,32] we therefore have designed and prepared the new heptaand octadentate bispidines L 1 and L 2 that should efficiently encapsulate Mn II and have at least one dangling donor function in the corresponding Zn II complex, and therefore yield high selectivity for Mn II in the presence of excess Zn II . Scheme 1. Ligands discussed in this manuscript.

With preparative and structural work, the evaluation of complex stabilities based on pHpotentiometry and relaxometric methods and combined with computational studies we show that bispidines L 1 and L 2 satisfy the prediction of unprecedented Mn II complex stability and selectivity over the main biological competitor Zn II .

Syntheses, structural properties and molecular modeling

Ligands L 1 and L 2 were synthesized by slightly modifying previously reported procedures for the hexadentate ligand B 4 [31] The metal complexes were obtained from reaction of stoichiometric amounts of M(OTf)2 (M = Mn II , Zn II ) and ligand in acetonitrile (L 1 ) or methanol (L 2 ). Crystals, suitable for X-ray structure determination, were obtained by ether diffusion (see Supporting Information for details).

Plots of the solid state structures of [Mn

(OTf)L 1 ]OTf, [MnL 2 ]OTf•0.2 H2O, [ZnL 1 ](OTf)2•MeCN
and [ZnL 2 ]OTf are shown in Figure 1 and selected structural data are listed in Table 1 (also shown in Figure 1 are overlay plots of the two octa-coordinate Mn II structures and of the structures of the hexa-coordinate Zn II and the octa-coordinate Mn II complexes of L 1 ). One of the Mn-Npy bonds in both [Mn(OTf)L 1 ]OTf (3.04 Å) and [MnL 2 ]OTf•H2O (2.91 Å) are elongated but the corresponding pyridine nitrogen atoms have the lone pair oriented towards the metal center, i.e. there is an interaction between the Mn II center and the pyridine donor groups, shielding the former from coordination to further anions or solvent molecules. [24] Therefore, in both complexes, the Mn II ion is considered to be coordinated by all donors of the polydentate bispidine, and with L 1 a monodentate triflate anion completes the coordination sphere. That is, these Mn II complexes are rare examples of octa-coordinate Mn II ions, [33][34][35][36][37] and this supports the original hypothesis that the bispidine cavity is large and well suited for Mn II , and this might help to overcome the Irving-Williams series based hurdle for Mn II selectivity. The similarity between the two Mn II complexes is emphasized by the overlay of their X-ray structures (Figure 1e), and the misfit of the heptadentate bispidine for Zn II is visualized with the comparison of the ZnL 1 and MnL 1 structures in Figure 1f: the overlay plot suggests that the cavity provided by the heptadentate ligand is as predicted complementary for Mn II , and the additional metal-ligand bond may lead to Mn II selectivity. From the overlay of the Mn II structures it emerges that both Mn II complexes are octa-coordinate with very similar structures. In aqueous solution MnL 1 is expected to have a coordinated water molecule and therefore might be a valuable MRI contrast agent, while in the L 2 based complex the Mn II center is completely encapsulated and should be very tightly bound. ] 2+ (blue), represented as capped sticks (hydrogen atoms, solvent molecules, anions, ester and hydroxy groups are omitted for clarity). ORTEP plots of the molecular cations of the X-ray analyses are given in the Supporting Information (Figure S3). g), h), i) are DFT optimized structures of [ZnL 2 ] + ; the donors given in the caption are those, which are elongated, and the energies are computed energies relative to the structure with an elongated Zn-py1 bond as in the crystal structure (computed metric parameters of all four optimized structures in comparison with the crystal structure are given in the Supporting Information, Table S4). In order to further demonstrate the perfect match of the two new bispidine ligands for Mn II and the misfit for Zn II , cavity shape and size calculations were performed with an established method based on empirical force field calculations, [38][START_REF] Comba | MOMEC97, a molecular modeling package for inorganic compounds[END_REF][START_REF] Comba | [END_REF] where the steric strain enforced onto the ligand by coordination to a metal ion is plotted as a function of the metal ion size: the steric energy of the ligand is computed, while systematically changing the distances of the metal ion to all donor atoms under the conditions that (i) not all metal-donor distances change by the same amount (i.e. there are stronger and weaker bonds and asymmetric changes are tolerated), and (ii) the energies of the metal ligand bonds are not included in the computed total strain energy, i.e. these plots are metal-ion-independent. Importantly, this method allows asymmetric shapes of ligand cavities and the change of the ligand shape to be computed, and also to separate ligand-based strain from the energetics of metal-ligand interactions. Therefore, this technique is ideal to compare various metal ions with respect to their fit to a specific ligand, and this has been done successfully, specifically also with bispidine ligands, see Supporting Information for details. [24,25,[29][30][31]50,51] From the plots in Figure 2a, where the metal ion induced ligand strain to L 1 and L 2 are shown for octa-coordination as observed for Mn II , it emerges that Mn II has the optimum size and Zn II is much too small and therefore induces ligand-based strain of approx. 50 kJ/mol. The vertical lines for Zn II and Mn II correspond to the average bond distances in the observed ML [START_REF] Williams | Bioinorganic Chemistry[END_REF] and ML 2 structures (see Supporting Information for details). From the plot of the L 1 based complex using the hexacoordinate Zn II geometry with one dangling pyridine group (see Figure 1c for the corresponding structure), the minimum of the curve is as expected shifted towards shorter bond lengths (dmin = 2.15 Å, Figure 2b), which results in a better matching cavity for the smaller Zn II ion while acting as a six-coordinate ligand. with hexa-coordination (red, as observed for Zn II ) and hepta-coordination (blue, as observed for Mn II , where the OH2 co-ligand was omitted). Note that these energies do not include metal-ligand bonding.

Table 1. Selected bond distances [Å] and angles [°] in the crystal structures of [Mn

(OTf)L 1 ]OTf, [MnL 2 ]OTf•0.2 H2O, [ZnL 1 ](OTf)2•MeCN and [ZnL 2 ]OTf. [Mn(OTf)L 1 ]OTf [MnL 2 ]OTf•0.2 H2O [ZnL 1 ](OTf)2•MeCN [ZnL 2 ]OTf Distance [Å] M-N3 2.
The nature and relative energy of the interactions between the metal center and the ligands have also been evaluated by an energy decomposition analysis (EDA; B3LYP-D3/TZ2P with ZORA, see Supporting Information) to further analyze the putative selectivity of L 1 and L 2 for Mn II . [41][42][43] The coordinates of the crystal structures of the four complexes (see Table 1) were optimized by DFT (density functional theory, using the Gaussian 16 suite of programs, [44] with the B3LYP-D3 functional, the LACVP basis set comprising the LanL2DZ-Los Alamos effective core potential for Mn and a 6-31g(d) basis set [48] for the other atoms, [49] see Supporting Information for details). It appears that the metal-ligand interaction (also involving the coordinated triflate anion for the MnL 1 complex) is more covalent in nature for the Mn II than the Zn II complex, and this might contribute to a larger bonding energy of the Mn II complexes, but the major part of the stabilization of Mn II is due to the number of M-L bonds (octa-vs. hexa-coordination; see Supporting Information, Table S2). The computed bonding energy differences between the Mn II and Zn II complexes with L 1 and L 2 in favor for Mn II translate to approx. Δ(logK) values of around 10 and 15, respectively (see Supporting Information). Taking into consideration the approximations used and the intrinsic problems of DFT to describe metal ligand bonds, these predictions are well supporting the observed stability constants discussed below, i.e. the Mn II selectivity is of the order of 10 orders of magnitude, with L 2 being more selective than L 1 .

A closer look at the crystal structures of the ZnL 1 and ZnL 2 (see Figure 1) suggests that there are various positions for a small metal ion such as Zn II in the rigid and too large bispidine cavity, i.e. there is a plateau in the potential energy surface with various shallow minima as observed in bispidine coordination chemistry before. [29,50,51] The result is a highly dynamic system with a series of different structures of similar energy (distortional isomers), and some of these have been optimized and are shown in Figure 1 (see also Supporting Information, Table S3). It follows that the observed crystal structures might not well enough describe the solution structures and dynamics of importance for the solution complex stabilities discussed below.

Complex stabilities, Mn II /Zn II selectivity and kinetic inertness

The complex stability constants were determined by potentiometry (MnL 1 , ZnL 1 , CaL 1 , ZnL 2 and CaL 2 ) or from the pH-dependent variation of longitudinal (MnL 1 ) or transverse (MnL 2 ) relaxation rates measured in aqueous solution containing equimolar quantities of Mn II and the ligand. Although complexation of tetra-, penta-and hexadentate bispidines with divalent first row transition metal cations is typically very fast [25,52] and Mn II is known to be labile, Mn II complex formation with L 1 and L 2 was unexpectedly slow, preventing direct titrations (complex formation could be also followed by UV-vis spectroscopy, see SI). Therefore, MnL [START_REF] Williams | Bioinorganic Chemistry[END_REF] and MnL 2 stability constants were determined in batch samples with 6-75 hrs equilibration time depending on pH. Complex formation becomes faster when the pH increases, and this is expected due to base catalysis, as generally observed for poly(amino carboxylate)

complexes. [53] Slow complexation was previously reported for MnB 5 [28] as well as for Bi III complexes of hepta-and octadentate bispidine ligands. [26] For the latter, an unstable complex All fitted stability constants are collected in Table 2 and compared to logKML values of representative literature examples (see Scheme 1 for ligand structures). For a more meaningful comparison of complex stabilities of ligands with different basicity, we have also calculated pM values (pM = -log[Mfree]; at pH 7.4 and 10 -5 M total ligand and metal concentrations). Species distribution curves are shown in Figure 3. The first protonation constant logKH1 for L 1 , needed for the calculation of the stability constants of MnL 1 and ZnL 1 , had to be estimated (see Supporting Information), leading to a possible systematic underestimation of the complex stabilities. However, this influences neither the ratio between the Mn II and Zn II complex stabilities, nor the pM values. Table 2. Ligand protonation constants, Mn II , Zn II and Ca II stability constants and pM values for the hepta-an octadentate bispidines L 1 and L 2 and for reference ligands. Errors indicated in parenthesis correspond to one standard deviation. I = 0.15 M NaCl L 1 L 2 B 5 [28] PyC3A [54] trans-CDTA [55] PC2A-EA [56] logKH1 >11.05 a 11.9( 2 The stability constants confirm the expectation from the ligand design and the structural and computational studies: the rigid and large bispidine scaffold and the pendant pyridine or picolinate donor groups perfectly wrap around the Mn II ion, leading to record stabilities for MnL 1 and MnL 2 . The pMn values, particularly relevant for biological applications of Mn II complexes, with 12.73 and 12.59 for MnL 1 and MnL 2 , respectively, are substantially higher than those of complexes considered particularly stable, such as MnDOTA (pMn = 9.02), [57] MnPC2A-EA (pMn = 9.27), [56] or MnPCTA with the highest published value for an Mn II complex (pMn = 9.74). [58] Most importantly, with the bispidines L 1 and L 2 we observe unprecedented selectivity for Mn II vs. Zn II , amounting to 9.1 and 10.0 logK units, respectively The stability constant of CuL 1 is too high to be calculated from the potentiometric titration curve (see Supporting Information), as the complex is fully formed at pH 1.8. We have estimated the lower limit as logKCuL1 > 26, indicating that the Mn 2+ selectivity of L 1 (and L 2 ) is not retained for Cu 2+ . This is an interesting and as yet not fully understood observation.

However, experience indicates that Cu II has a well-fitting shape for the bispidine cavity, and the known Cu II -bispidine complexes generally have very high complex stabilities. [25], 29,50,51] A thorough analysis of the Cu II stabilities with L 1 and L 2 will require knowledge on the solution structural properties of these complexes, and this is missing at the moment.

Finally, we have also assessed the kinetic inertness of MnL 1 in trans-metalation experiments with Cu 2+ , in the pH range 2.3-3.5, by using an excess of Cu 2+ to ensure pseudo-first order conditions and via monitoring the transverse proton relaxation rates (see SI). The observed rate constants are independent of pH which indicate that the proton-assisted dissociation pathway is negligible. A dissociation half-life of approx. 100 days has been estimated by extrapolating for physiological conditions, which places it among the most inert monohydrated Mn II complexes known to date. [START_REF] Lacerda | Advances in Inorganic Chemistry[END_REF] 

Conclusion

The new hepta-(L 1 ) and octadentate bispidines (L 2 ) form octa-coordinate Mn II complexes with unprecedented stability (KMnL values 5 orders of magnitude higher than for the best-known systems) and Mn II /Zn II selectivity (8-10 orders of magnitude higher Mn II than Zn II stabilities).

Beating the Irving-Williams series is difficult and rare. With the ligands presented here, this success is based on the large and rigid diazaadamantane-derived cavity of the bispidine scaffold that is ideally suited for Mn II , allowing for eight-coordination. In contrast, competitors such as Zn II are too small for the cavity and allow only 6 of the 7 or 8 potential donors to efficiently bind to the metal center, leading both to a lower binding energy and to increased ligand-based steric strain. While the octadentate ligand L 2 fully encapsulates Mn II and provides the highest Mn II complex stability known so far, the Mn II complex of the heptadentate ligand L 1 has one inner-sphere water in aqueous solution. Therefore, MnL 1 may be of interest as an MRI contrast agent. Indeed, it has a remarkably good relaxation efficiency, with a longitudinal proton relaxivity of 5.04 mM -1 s -1 at 20 MHz, 25°C (see SI for full Nuclear Magnetic Relaxation Dispersion profiles), 20 % higher than that of the clinically used contrast agent GdDOTA (4.2 mM -1 s -1 under the same conditions). Complexes of both L 1 and L 2 and of further derivatives may find applications in applications, where large complex stabilities and slow metal exchange rates are of importance, e.g. Positron Emission Tomography (PET) with 52 Mn.

Figure 1 .

 1 Figure 1. Experimental structures of the complex cations of a) [Mn(OTf)L 1 ]OTf, b) [MnL 2 ]OTf•0.2 H2O, c) [ZnL 1 ](OTf)2•MeCN and d) [ZnL 2 ]OTf, and X-ray structure overlay plots of e) [Mn(OTf)L 1 ] + (red) and [MnL 2 ] + (blue), and f) [Mn(OTf)L 1 ] + (red) and [ZnL1 ] 2+ (blue), represented as capped sticks (hydrogen atoms, solvent molecules, anions, ester and hydroxy groups are omitted for clarity). ORTEP plots of the molecular cations of the X-ray analyses are given in the Supporting Information (FigureS3). g), h), i) are DFT optimized structures of [ZnL 2 ] + ; the donors given in the caption are those, which are elongated, and the energies are computed energies relative to the structure with an elongated Zn-py1 bond as in the crystal structure (computed metric parameters of all four optimized structures in comparison with the crystal structure are given in the Supporting Information, TableS4).

Figure 2 .

 2 Figure 2. Hole-size curves (computed strain energy as a function of the averaged metal-donor bond distance (M-D)av (sum of all M-D distances divided by the number of the M-D bonds) , all energy minima set to 0.0 kJ/mol) for a) L 1 (red) and L 2 (blue) with full coordination of all donors (octacoordinate Mn II and Zn II ), and b) comparison of hole size curves of L1 with hexa-coordination (red, as observed for Zn II ) and hepta-coordination (blue, as observed for Mn II , where the OH2 co-ligand was omitted). Note that these energies do not include metal-ligand bonding.

Figure 3 .

 3 Figure 3. Species distribution curves calculated for MnL 1 a), ZnL 1 b), MnL 2 c) and ZnL 2 d) (1 mM concentration), pH-dependent relaxivities (∆) measured at 25°C, 60 MHz for MnL 1 a) and MnL 2 b) (the black line represents the fit to yield stability constants), and pH-dependent chemical shifts of methylene protons ( and ∆) of the bispidine skeleton for ZnL 2 d).

  [a]: lowest limit estimated from logKH1 of CaL 1 ; [b]: from potentiometry; [c]: from relaxometric titration; [d]: pM calculated for cM = cL = 10 -5 M, pH = 7.4.

(

  differences in the pM values of 3.65 and 4.01, respectively): these ligands represent the first examples of real and efficient Mn II selectivity in aqueous solution. Indeed, the IUPAC Stability Constants Database (http://www.acadsoft.co.uk/) contains only few examples of Mn II /Zn II selectivity with logK differences below 1, not comparable with our results.

  [START_REF] Williams | Bioinorganic Chemistry[END_REF] 
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forms in a fast pre-equilibrium that requires heating to yield the final, stable product. With the MnL 1 system, the formation of a pre-complex (MnL 1 *) and its protonated forms MnHL 1 *, MnH2L 1 * and MnH3L 1 * were observed above pH 4 by direct potentiometric titration, yielding stability constants with good reproducibility (logKMnL1* = 8.45 (5); logKMnHL1* = 9.01(4); logKMnH2L1* = 5.98(3); logKMnH2L1* = 3.61( 5)). This pre-complex is 16 orders of magnitude less stable than the final product and likely corresponds to an "out-of-cage structure", where the Mn II ion has not yet entered the bispidine cavity. From the titration curves (Supporting Information, Figures S12,S13) it follows that a tertiary amine of the bispidine skeleton remains protonated in MnHL 1 * in basic solution (deprotonation occurs with logKHMnL1* = 9.01).

In contrast to Mn II analogues, CaL 1 , CaL 2 , ZnL 1 and ZnL 2 form rapidly and the stability constants were determined from direct potentiometric titrations. The form of the titration curves demonstrates qualitatively but unambiguously the higher stability of MnL (i.e. the MnL titration curves run below those of the other systems), and that in the Zn II and Ca II complexes of both ligands, a tertiary amine remains protonated until basic pH (see Supporting Information, Figures S12,S13). This is supported by the DFT calculations that indicate energy minima structures with very weak and long Zn•••N(amine) bonds (see above and Table S3).

For ZnL 2 , the species distribution curves were corroborated by pH-dependent 1 H NMR and UV-vis data recorded in aqueous solution. Changes in the 1 H NMR spectra (in particular the chemical shift of the methylene protons of the bispidine skeleton, see Figure 3d) and in the UV-vis spectra (Supporting Information, Figure S15) correspond to pH regions where formation of the protonated (pH 1.0-3.0) or deprotonated complex (pH 7.4-10.0) occur.

Complex formation can be directly monitored by the separation of the 1 H NMR signals for the two methylene protons of the bispidine skeleton, resulting from a loss of flexibility of the bispidine due to metal binding (Supporting Information, Figure S14). Interestingly, the 1 H NMR (Figure 3d) and UV-vis (Figure S15) changes corroborate an additional process at pH 4.5-6.5 which, according to the potentiometric titration, does not involve a deprotonation equilibrium, suggesting that this transformation corresponds to an internal rearrangement of the complex. This is supported by the structural observations and the DFT calculations that indicate a plateau with various isomeric shallow minima structures (see above, Figure 1).
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