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The peculiar behavior of Picha in the formation of 

metallacrown complexes with Cu(II), Ni(II) and 

Zn(II) in aqueous solution 

Luciano Marchiò,a Nicola Marchetti,b Corrado Atzeri,a Valentina Borghesani,a 
Maurizio Remellib and Matteo Tegoni*a   

The thermodynamic stability of the metallacrown complexes formed by picolinehydroxamic acid 

(Picha) with Cu(II), Ni(II) and Zn(II) in aqueous solution has been determined by potentiometry, 

and the speciation models validated by ESI-MS and UV-visible spectrophotometry. Cu(II) and 

Zn(II) form 12-MC-4 species as the unique metallacrowns present in solution. While for Cu(II) 

the 12-MC-4 is slightly less stable than that obtained with alaninehydroxamic acid (Alaha), 

the opposite was found for Zn(II). Moreover, with Cu(II) unprecedented 15-MC-5 and 18-

MC-6 species were identified under ESI-MS conditions. Picha with Ni(II) forms, on the 

contrary, a 15-MC-5 complex as the unique metallacrown species. Structural studies of the 

framework of the 12-MC-4 complexes by ab initio methods were also carried out. The results 

of our investigations allowed to rationalize not only the different behaviour of Picha in the 

formation of metallacrowns with the three metal ions, but also the reasons which underpin the 

strategies of stabilization of these species reported in the literature using ancillary ligands 

such as pyridine. 

 

Introduction 

The use of transition metal-ligand systems is known as a 

proficient approach for the design of supramolecules with 

desired geometries and properties.1–5 Metallacrowns (MCs) are 

among the earliest identified supramolecules based on transition 

metals-ligands building blocks.6–9 MCs are the inorganic analogs 

of the organic crown ethers, and contain an oxygen-rich cavity 

into which metal ions such as transition metals, alkali, earth-

alkali metals, lanthanides and heavy metals can be encapsulated 

(Scheme 1).10–12 To obtain these assemblies perhaps the most 

widely used ligands are aminohydroxamates, which contain both 

an amino and an hydroxamic function.10–12 Transition metal ions 

such as copper(II), manganese(II), nickel(II) and zinc(II) were 

the most employed ring metals in the assembly of metallacrowns 

(M in Scheme 1), although a number of MCs have been isolated 

using metals which span over the entire transition metal block, 

and beyond.10 

 Metallacrowns consist of discrete supramolecular aggregates 

in which a significant number of metal ions are confined. These 

metals often possess a series of axial coordination sites available 

for interactions with solvent molecules or co-ligands.10–12 For 

these reasons MCs have been studied as recognition agents for 

anions and cations,13–20 as single molecule magnets,21–23 as 

building blocks for mesoporous solids,24 and as luminescent 

materials for the purpose of in vivo imaging.25,26 Despite the 

number of structural and functional studies, numerous aspects 

which regulate the stability of MCs in solution and the 

correlation between the species isolated in the solid state and 

those present in the solution phase are far from being fully 

elucidated.  

 Perhaps the most important principle for the design of MC 

scaffolds is the metallacrown structural paradigm,12,27 related to 

planar metallacrown complexes containing copper(II) or 

nickel(II), which prefer square planar to elongated octahedral 

coordination environments. Following this paradigm α-

aminohydroxamic acids, in which the amino and hydroxamic 

functions are separated by one carbon atom, possess a geometry 

appropriate for the assembly of 15-MC-5 complexes (Scheme 

1a). The ligand α-alaninehydroxamate (Alaha, Scheme 2a) 

belongs to this category. Conversely, β-aminohydroxamates 

possess the appropriate geometry for the assembly of 12-MC-4, 

by virtue of the longer spacer between the amino and hydroxamic 

functions necessary to close a cyclic structure with four ring 

fragments (Scheme 1b). Our research group presented in the past 

years a study on the thermodynamics of formation of both 12-

MC-4 and 15-MC-5 complexes of copper(II) and nickel(II) with 

hydroxamic derivatives of α-, β- and γ-derivatives of amino 

acids.28–35 Perhaps the most important observation was that in the 

absence of cations such as calcium(II) or lanthanide(III) ions the 

α-aminohydroxamates form 12-MC-4 complexes with 

copper(II), but not 15-MC-5 complexes, which represents an 

exception to the metallacrown structural paradigm.12,34 By 

addition of larger Ln(III) or UO2(VI) ions (M’ in Scheme 1) the 

12-MC-4 of α-derivatives rearrange into 15-MC-5 complexes.36–

38 In these species, the latter M’ ions occupy the central cavity 

and stabilize the expanded 15-MC-5 scaffold.30 
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Scheme 1. Representation of metallacrown complexes. (a) 15-

MC-5 of α-alaninehydroxamic acid (Alaha). (b) 12-MC-4 of β-

alaninehydroxamic acid. (c) 12-MC-4 of Alaha. (d) 12-MC-4 of 

picolinehydroxamic acid (Picha). M= Cu(II), Ni(II), Zn(II). 

M’(n) = Ca(II), Ln(III), UO2(VI). 

 

 On the other hand we also observed that, with nickel(II), α-

amino acid hydroxamates form both 12-MC-4 and 15-MC-5 

complexes even in the absence of suitable core cations.29 The 

formation of the latter species was unprecedented for these 

ligands, and we demonstrated that nickel(II) 15-MC-5 

complexes may exist both as cavity-vacant species or as adducts 

with K(I) or Na(I), likely interacting with the oxygen-rich 

cavity.29 

 

 
Scheme 2. Schematic representation of the ligands used in this 

study. (a) α-Alaninehydroxamic acid (Alaha, HL). (b) 

Picolinehydroxamic acid (Picha, HL). 

 

 The structure of the 12-MC-4 complexes of α-

aminohydroxamates and their analogues remained elusive for a 

long time until the zinc(II) and nickel(II) 12-MC-4 of 

picolinehydroxamic acid (Picha, Scheme 2b) were isolated in the 

solid state (Scheme 1d).39 Intriguingly, in these structures several 

pyridine molecules act as co-ligands occupying one (Zn(II)) or 

both (Ni(II)) axial coordination positions on the ring metals.39 

On the contrary, attempts to isolate the copper(II) 12-MC-4 

complex with Picha in the solid state were unsuccessful, 

although this MC has been recently identified as the predominant 

species in methanol:water 8:2 solution.40 The integrity of the 12-

MC-4 complexes of Picha with Zn(II) and Ni(II) has been 

studied in different solvents,39 but the thermodynamic aspects 

which underlie their formation were not yet elucidated. The 

interest in the equilibria involving Zn(II) metallacrowns resides 

in the capacity of this metal to form a great variety of 

metallacrown motifs with Picha as a function of the solvent used 

and the presence of co-ligands such as pyridine.26,41,42 This 

structural promiscuity originates from the preference of Zn(II) 

for a square-pyramidal geometry which is incompatible with 

symmetry of planar 12-MC-4 or 15-MC-5 complexes. In this 

context, the investigation of the binary Zn(II)/Picha system is 

required to elucidate in the future the the stability of the different 

assemblies obtained with Zn(II).42 

 In this paper we present our study on the thermodynamics of 

formation of Cu(II), Ni(II) and Zn(II) metallacrown complexes 

with picolinehydroxamate in aqueous solution, in particular 

focusing on the identification of the MC species formed in 

solution. We also reinvestigated the speciation of the Zn(II)/α-

alaninehydroxamic acid (Alaha) system, previously presented in 

the literature, in light of the possible formation of 12-MC-4 

species not reported.43,44 The comparison of the thermodynamic 

stabilities of Cu(II), Ni(II) and Zn(II) MC species with Picha and 

Alaha offers a unique opportunity for a deeper understanding of 

the relationship between the geometry and the structure of the 

ligands (more rigid and planar Picha, more flexible Alaha), the 

geometric preferences of the metals (square-planar or elongated 

tetragonal for Cu(II) and Ni(II), square pyramidal or octahedral 

for Zn(II)), and the stability of the MC species formed in 

solution.  

 

Results  

The synthesis of the ligand Alaha was performed from (S)-α-

alanine through a protection-activation strategy, as depicted in 

Scheme S1. The protection of the amino group with a 

carboxybenzyl group was followed by the activation of the 

carboxylic group and condensation with benzyl-protected 

hydroxylamine. Catalytic hydrogenation allowed removal of 

both protecting groups and afforded the pure compound in a 

moderate yield (see Experimental section).  

 

Table 1. Logarithms of protonation and complex-formation 

constants of the Cu(II), Ni(II) and Zn(II) complexes with Picha 

and Alaha. T = 298.2 K, I = 0.1 mol L-1 (KCl) 

 

Species Picha (HL) Alaha (HL) 

HL 8.28(1) 9.15[a] 

H2L 9.92(1) 16.48[a] 

   

[CuL]+ 8.69(15) 10.76(1) [a] 

[CuL2] 17.67(7) 19.84(1) [a] 

[CuL(LH-1)]
- 9.17(7) 9.82(1) [a] 

[Cu5(LH-1)4]
2+ 38.65(13) 40.16(1) [a] 

σ; n 2.47; 270  

   

[NiL]+ 7.15(1) 6.88(1) [b] 

[NiL2] 13.78(1) 14.05(1) [b] 

[NiL3]- 19.36(2) - 

[NiL(LH-1)]
- 4.28(4) 4.87(3) [b] 

[Ni5(LH-1)4]
2+ - 15.51[b] 

[Ni5(LH-1)5] 14.92(11) 13.53(8) [b] 

σ; n 1.59; 207  

   

[ZnLH]2+ - 12.40(4) 

[ZnL]+ 5.29(2) 5.30(5) 

[ZnL2] 10.41(5) 10.37(3) 

b

HN OHH2N

O

HN OH

O

a

N
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[ZnL3]
- 13.75(3) - 

[ZnL(LH-1)]
- 1.93(3) 1.11(3) 

[Zn5(LH-1)4]
2+ 9.63(5) 6.79(10) 

σ; n 2.20; 280 6.42; 550 

[a] See ref. 34. [b] See ref. 29. 

 

 The protonation constants of Picha were determined in 

aqueous solution and are reported in Table 1 along with those of 

Alaha.34 The two pKa values of Picha (1.64 and 8.28) are similar 

to those reported for the same ligand in methanol/water 80:20.40 

The second pKa value (8.28) can be ascribed to the dissociation 

of the NH proton of the hydroxamic group, and it is consistent 

with the values previously observed for 

aminohydroxamates.12,31,45 The first process instead relates with 

the dissociation of the protonated pyridyl group, and the 

corresponding pKa1 value is remarkably lower than that of alkyl-

substituted pyridines (ca. 6 for picoline and 2-ethylpyridine)46, 

although similar to that determined for picolinamide in aqueous 

solution (1.9).47 

 The logarithms of the copper(II), nickel(II) and zinc(II) 

complex formation constants with Picha and Alaha are also 

reported in Table 1. The data for the Cu(II) and Ni(II) / Alaha 

systems are those recently published by our group 

(representative speciation diagrams are reported in Figures S1-3, 

Supplementary Information).12,29,31,34 In the literature the 

speciation of the Zn(II) / Alaha system has already been reported, 

but the possible formation of metallacrown species was not 

considered.43–45 We therefore decided to reinvestigate this 

system in light of the possible formation of MC complexes.  

 A marked drift to higher pH was observed during the 

collection of the potentiometric data of both the Cu(II) and Ni(II) 

/ Picha systems, in the pH ranges 3.0-8.0 for Cu(II) and 6.5-10.5 

for Ni(II). In these intervals the systems required up to 45 

minutes to reach the equilibrium for each titration point, and the 

attainment of the equilibrium was assessed by no changes in the 

e.m.f. reading over 2 minutes. However, no precipitation 

occurred during the titrations of either the Cu(II) and Ni(II) 

systems in the entire pH range examined. Interestingly, when the 

pH of the Cu(II) solutions was raised rapidly from acidic to ca. 

7, a brown gelatinous precipitate appeared, which then dissolved 

in few hours upon standing of the solution. This suggested the 

formation of an insoluble complex, possibly polymeric, which 

redissolved when the system was left to reach the equilibrium 

conditions. For the Zn(II) system, the collection of the 

potentiometric data for ligand:metal ratio lower than 2 was 

limited to pH 6.2 as at higher values a marked drift of the e.m.f. 

readings toward lower pH was observed, followed by 

precipitation of zinc hydroxide when the solution was left stand 

overnight.  

 A distribution diagram for the Cu(II) / Picha (HL) system is 

reported in Figure 1. The speciation model is similar to that in 

methanol/water 80:20,40 although the species distribution is very 

different as a consequence of the different log β in the two 

solvents (the distribution diagram reported in ref. 40 is drawn for 

a Cu:L ratio of 1:3 but it does not change for a 1:2.2 ratio). The 

speciation model is also similar to that of the Cu(II) / Alaha (HL) 

system in aqueous solution.12,31,34 The complexation starts well 

below pH 2 with the [CuL]+ species, followed by the formation 

of [CuL2]. The formation of the 12-MC-4 complex [Cu5(LH-

1)4]2+ starts at pH 2 and the species reaches its maximum amount 

of ca. 37 % total copper at pH 2.9. The formation of significant 

amounts of 12-MC-4 (> 10%) is limited to the pH range 2-5 by 

the formation of the [CuL2] species, which is predominant in the 

pH range 2-8. At pH higher than 7, the [CuL2] species 

deprotonates with the formation of the [CuL(LH-1)]- complex; 

the pKa of this process, calculated from the difference between 

the log β values of [CuL2] and [CuL(LH-1)]- species, is 8.50(10).  
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Figure 1. Representative distribution diagram of the system 

Cu(II) / Picha (HL). Cu:L = 1:2.2, CCu = 2.810-3 mol L-1, I = 0.1 

mol L-1 (KCl), T = 298.2 K. 

 

 In order to characterize the complex species, a series of 

visible spectra of batch solutions containing Cu(II) and Picha 

were registered at different pH (Cu:L = 1:2, see Figure S4, 

Supplementary Information). The spectra in the pH range 2.1-2.8 

are dominated by the onset and increase of a band at ca. 570 nm 

attributed to the formation of the 12-MC-4 species (20 to 38% of 

total copper). At lower pH, the free Cu(II) ion and the [CuL]+ 

complex predominate, contributing to the band at 680 nm. At pH 

higher than 7, the only two species present in solution are [CuL2] 

and [CuL(LH-1)]-. The latter two species absorb at ca. 500-520 

nm (shoulder), and their interconversion is supported by the 

presence of an isosbestic point at ca. 580 nm. The calculated 

visible spectra of the four complex species are shown in Figure 

2. The maximum of absorbance of the 12-MC-4 species 

[Cu5(LH-1)4]2+ (581 nm) is consistent with that measured for the 

same species in methanol:water 80:20 (575 nm),40 and different 

from that observed for Alaha (648 nm).34.The λmax value for the 

12-MC-4 with Picha was previously reported in DMSO, and 

resulted 705 nm.38 Although without a direct evidence, a partial 

dissociation of the 12-MC-4 species in DMSO could have 

occurred, with the formation of [CuL]+ (λmax = 684 nm) which 

contributes to the absorption at higher wavelengths. The maxima 

for the species [CuL2] and [CuL(LH-1)]- are not clearly 

determined as they fall close or under the tail of a strong 

absorption at λ < 500 nm.  
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Figure 2. Calculated molar visible spectra for the complex 

species in the Cu(II) / Picha (HL) system. I = 0.1 mol L-1 (KCl), 

T = 298.2 K. (a) [CuL]+; (b) [Cu5(LH-1)4]2+; (c) [CuL2]; (d) 

[CuL(LH-1)]-. 

 

 In an attempt to confirm the presence of the 12-MC-4 

complex, ESI-MS spectra at pH 2.3, 6.0 and 11.3 were collected 

in positive ion mode using a Cu(II):Picha ratio of 5:6 mM. At pH 

2.3 the 12-MC-4 complex was detected as [Cu5(LH-1)4]2+ (m/z = 

430) and as its adduct with the chloride ion ([Cu5(LH-1)4]Cl+, m/z 

= 896), while the only mononuclear complex identified was 

[CuL2] (as [CuL2]H+ at m/z = 338), (Figures S11 and S12, 

Supplementary Information). Quite surprisingly, when the pH 

was increased (first to 6.0 and then to 11.3) the most abundant 

ions were those of the species [Cu5(LH-1)5]Na+ (m/z 1019), 

[Cu5(LH-1)5]K+ (m/z 1035) and [Cu6(LH-1)6]K+ (m/z 1236), as 

confirmed by their isotopic pattern (Figures S12 and S13 

Supplementary Information). The stoichiometry of these species 

correspond to those of 15-MC-5 and 18-MC-6 as their adducts 

with either Na+ or K+ ion, respectively. 
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Figure 3. Experimental (a) and simulated (b) ESI–MS spectrum 

for the complex [Cu5(LH-1)4]2+, in the system Cu(II) / Picha 

(HL). Cu:L = 5:6, CCu = 510-3 mol L-1, pH 2.3. 

 

 The 15-MC-5 and 18-MC-6 species were not previously 

identified in the ESI-MS spectra of the Cu(II) / Alaha system.34 

We therefore decided to treat the potentiometric data of the 

Cu(II) / Picha system by introducing these species in the model, 

either alone, or in combination with the 12-MC-4 species. 

Refinement of the formation constants was only obtained when 

the 12-MC-4 species [Cu5(LH-1)4]2+ was introduced in the 

speciation model as the sole metallacrown species, therefore 

leading us to propose the model reported in Table 1.  

 The speciation model of the Ni(II) / Picha system is reported 

in Table 1, and the corresponding distribution diagram is drawn 

in Fig. 4. The speciation of the Ni(II) / Alaha, previously reported 

in the literature,29 is also shown in Table 1. Contrarily from what 

observed for Cu(II), the models for the two ligands are different. 

The species [NiL3] is present only in the Ni(II) / Picha system 

while, more importantly, the 12-MC-4 species [Ni5(LH-1)4]2+ is 

absent in this system. The speciation model of the Ni(II) / Picha 

consists of the [NiL]+ complex which starts to form at pH 2, 

followed by [NiL2] at pH 3. These two species reach their 

maximum, respectively, of ca. 46 % total nickel (at pH 3.9) and 

63 % (at pH 5.4). The [NiL3]- species starts its formation at pH 

ca. 4, but it reaches a maximum of 55 % only at pH 9.4. Finally, 

the most deprotonated [NiL(LH-1)]- species forms at pH above 7 

together with the 15-MC-5 species [Ni5(LH-1)5] (the latter 

amounting to ca. 38 % total nickel at pH 9.7). The pKa for the 

deprotonation of the [NiL2] species to give [NiL(LH-1)]- resulted 

9.50(4).  

 Previous investigations demonstrated that, for the Ni(II) / 

Alaha system, two metallacrowns are formed: [Ni5(LH-1)4]2+ and 

[Ni5(LH-1)5] corresponding to a 12-MC-4 and 15 MC-5 

complexes, respectively.29 On the contrary, for the Ni(II) / Picha 

system the 12-MC-4 species does not form, as confirmed by ESI-

MS spectra and UV-Vis spectrophotometric data described 

hereafter. Actually, a satisfactory fitting of the potentiometric 

curves was obtained both by the introduction in the speciation 

model of the 15-MC-5 species [Ni5(LH-1)5] alone, and together 

with the 12-MC-4 species [Ni5(LH-1)4]2+, obtaining a total 

sample standard deviation (σ) of 1.59 and 1.31 for the two cases, 

respectively. However, the improvement of fitting by inclusion 

of the 12-MC-4 species in the model is limited to 5-6 points only 

in the curve with Ni(II):Picha = 1:1.46. Importantly, the 

exclusion from the speciation model of the 15-MC-5 species led 

to a lack of fitting of the potentiometric curves, thus confirming 

its formation. 
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Figure 4. Representative distribution diagram for the system 

Ni(II) / Picha (HL). Ni:L = 1:2.2, CNi = 2.410-3 mol L-1, I = 0.1 

mol L-1 (KCl), T = 298.2 K. 

 

 In an attempt to possibly detect the formation of the 12-MC-

4 species we have collected the ESI-MS spectra of a solution 

containing Ni(II) and Picha in ratio 5:6, at pH 6.9 and 10.3 

(Figures S13 and S14, Supplementary Information). The spectra 

are dominated by the presence of the signals of the [Ni5(LH-

1)5]Na+ and [Ni5(LH-1)5]K+ ions (Fig. 5). Both these signals were 
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attributed to the 15-MC-5 species in the form of adducts with the 

two alkali metals. The signals present in the spectrum remain the 

same when the pH is increased to 10.3. Perhaps most 

importantly, no signals associated to the species [Ni5(LH-1)4]2+ 

(m/z = 417) or [Ni5(LH-1)4]Cl+ (m/z = 872) were observed in the 

spectra at either of the pH conditions. The absence of the 12-MC-

4 species was unexpected also because the structure of the 

[Ni5(LH-1)4]2+ complex with quinolinehydroxamic acid 

(Quinha), very similar to Picha, was reported recently for crystals 

obtained from a DMF/pyridine solution.39 The complex has 

pyridine molecules coordinated to the axial positions of Ni(II) on 

both MC faces, and its integrity has been demonstrated in various 

solvents which however did not include water.  

 A series of visible spectra on solutions containing Ni(II) and 

Picha in ratios 2.73 and 1.45, at different pH were collected. The 

spectra are reported in Figures S5 and S6 (Supplementary 

Information), while the calculated molar spectra of the 

complexes are reported in Figure 6. The spectroscopic data were 

treated taking into account both the model reported in Table 1 

and the model which includes the 12-MC-4 complex [Ni5(LH-

1)4]2+ (Supplementary information, Table S1). The molar 

absorbances of all complexes formed by Ni(II) with Picha 

resulted significantly lower (ca. 80 %) than those of the 

corresponding species with Alaha.29 Using the model of Table 

S1 we calculated the molar spectra of the Ni(II) complexes 

(Figure S7, Supplementary Information) which however were 

not significantly different to those in Figure 6. The molar 

spectrum of the putative 12-MC-4 species should have a band 

centered at 612 nm (ε= 46 M-1 cm-1, Fig. S7), while the 

absorption maximum of the 15-MC-5 is ca. 558 nm on a shoulder 

(ε= 66 M-1 cm-1).  
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Figure 5. Experimental (A) and simulated (B) ESI–MS spectrum 

for the complex [Ni5(LH-1)5]K+ (m/z = 1013), in the system Ni(II) 

/ Picha (HL), at pH 10.3. Ni:L = 5:6, CNi = 510-3 mol L-1. 

 

The careful analysis of these spectra showed that the 

experimental spectra are not consistent with the presence of the 

12-MC-4 species (Figure S6, Supplementary Information), and 

that its spectrum likely is a calculation artefact. The intensity of 

the band at ca. 575 nm increases in the pH range 6.14-6.47, 

followed by a blue shift at pH 7.0. The putative [Ni5(LH-1)4]2+ 

(λmax = 612 nm), if present, should actually increase in this 

interval up to 42 % total nickel (calculated using the speciation 

in Table S1). Therefore the experimental changes in the visible 

spectra are better explained by an increase in the concentration 

of the [Ni5(LH-1)5] species, which is highly absorbing at 575 nm. 

On the basis of these observations we propose the model reported 

in Table 1 as that of the Ni(II)/Picha system. 
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Figure 6. Calculated molar visible spectra for the complex 

species in the Ni(II) / Picha (HL) system. I = 0.1 mol L-1 (KCl), 

T = 298.2 K. (a) [NiL]+. (b) [NiL2]. (c) [NiL3]-. (d) [NiL(LH-1)]-

. (e) [Ni5(LH-1)5]. 

 

 The speciation model of the Zn(II) / Picha system (Table 1 

and Fig. 7a) consists of four mononuclear complexes ([ZnL]+, 

[ZnL2], [ZnL3]-, [ZnL(LH-1)]-) and the 12-MC-4 species 

[Zn5(LH-1)4]2+. In order to compare this speciation model with 

that of Zn(II)/Alaha, we decided to carry out the reinvestigation 

of the latter system in the attempt to possibly identify the 

presence of MC species previously not reported.43,44 Actually, 

we found the formation of a 12-MC-4 complex [Zn5(LH-1)4]2+, 

together with the four mononuclear species [ZnLH]2+, [ZnL]+, 

[ZnL2], and [ZnL(LH-1)]- (Table 1 and Fig. 7b).  

 The speciation models for the systems containing Zn(II) and 

Picha or Alaha differ for the two mononuclear [ZnLH]2+ (with 

Alaha) or [ZnL3]- (with Picha) species, but not for the 

metallacrown complex [Zn5(LH-1)4]2+ (Table 1). In the 

Zn(II)/Picha system the complexation starts at pH 3.5 with 

formation of the [ZnL]+ complex (formation maximum: 37 % at 

pH 5.3), followed by the [ZnL2] complex, which reaches a 

maximum of 58 % total zinc at pH ca. 7. At pH higher than 5.5 

the formation of the [ZnL3]- complex occurs, which reaches 30 

% of total zinc at pH 8.5. The [ZnL(LH-1)]- complex starts to 

form only above pH 6.5. As it regards the 12-MC-4 complex 

[Zn5(LH-1)4]2+, its formation for a Picha:Zn(II) ratio of 2.2 

(Figure 7a) starts at pH 5, and it reaches a maximum at pH 6.4 

(28 % of total zinc). A higher formation extent of the 12-MC-4 

species can be obtained for a Picha:Zn(II) ratio of 1.5 (38 % at 

pH 6, data not shown), although the system cannot be 

investigated at higher pH due to the marked e.m.f. drift and 

hydroxide precipitation. 
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Figure 7.  Representative  distribution diagrams for the systems 

Zn(II) / Picha (HL) (above) and Zn(II) / Alaha (HL) (below). 

Zn:L = 1:2.2, CZn = 2.8 10-3 mol L-1, I = 0.1 mol L-1 (KCl), T = 

298.2 K. 

 

 The presence of the 12-MC-4 complex in the speciation of 

the Zn(II) / Picha system has been confirmed by ESI-MS data 

(Figure 8 and Figures S15-S20, Supplementary Information). 

The signal of the [Zn5(LH-1)4]2+ ion (m/z = 435) is the base peak 

in the spectrum of Fig. S19, where the Zn(II):Picha ratio is 8:8; 

its identity is confirmed by the corresponding isotopic pattern  

(Fig. 8). The ions [ZnL2]H+ (m/z = 339), [ZnL2]Na+ (m/z = 361) 

and [ZnL3]- (m/z = 474) were also detected for Zn(II):Picha (the 

latter ion in negative-ion mode). In 1:1 conditions we also 

observed an intense signal at m/z = 575, which possess an 

isotopic pattern consistent with that expected for a [Zn6(LH-

1)5](OH)2Na2
2+. We can tentatively assign this stoichiometry to a 

15-MC-5 complex ([Zn5(LH-1)5]), which encapsulates either the 

sixth Zn(II) ion or one Na+. By analogy with what observed for 

the signals observed for the 15-MC-5 complex of Ni(II)/Picha, 

we suggest that Na+ can be the ion interacting with the cavity. A 

second Na+ and a partially hydrolyzed Zn(II) ion (as [Zn(OH)2]) 

may interact with the peripheral oxygen atoms of the MC 

scaffold. 
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Figure 8. Experimental (a) and simulated (b) ESI–MS spectrum 

for the complex [Zn5(LH-1)4]2+ (m/z = 435), in the system Zn(II) 

/ Picha (HL), at pH 6.3. Zn:L = 8:8, CZn = 5 10-3 mol L-1. 

 

 The crystal structure of the 12-MC-4 of Zn(II) and Picha has 

been recently reported.39 As the analogous complex of Ni(II) 

with Quinha, the crystals of the zinc MC were obtained from a 

DMF/pyridine solution, and pyridine molecules act as axial co-

ligands on Zn(II). However, unlike what observed for Ni(II), in 

the case of Zn(II) our ESI-MS data support the formation of the 

[Zn5(LH-1)4]2+ also in aqueous medium and in the absence of 

pyridine. We performed a detailed analysis of the potentiometric 

data and we observed that the exclusion of the 12-MC-4 species 

from the speciation model does not allow to fit satisfactorily the 

potentiometric curves (the σ value raised from 2.02 to 9.26). We 

also treated the potentiometric data including the species 

[Zn4L2(LH-1)2]2+ (which corresponds to the collapsed 

metallacrown isolated with Picha in the presence of acetate 

ions39) and with the [Zn6(LH-1)5]2+ complex observed in the ESI-

MS spectra. The inclusion of the former [Zn4L2(LH-1)2]2+ species 

in the model (actually not observed in our ESI-MS spectra) as an 

alternative species to the 12-MC-4 complex led to a satisfactorily 

fitting of the potentiometric data, although worse than with the 

inclusion of the 12-MC-4 complex (σ = 2.92). If treated together 

with the [Zn5(LH-1)4]2+ species the convergence process resulted 

however in the rejection of the [Zn4L2(LH-1)2]2+ species. 

Furthermore, the refinement of the potentiometric data with the 

[Zn6(LH-1)5]2+ complex species in place of the 12-MC-4 allowed 

an equally good fitting of the titration curves. The treatment of 

the data with both polynuclear complexes ([Zn5(LH-1)4]2+ and 

[Zn6(LH-1)5]2+) resulted in no convergence. Therefore, on the 

basis of the relative intensity of the species in the ESI spectra, 

and on the basis of the potentiometric data treatment, we propose 

for the Zn(II)/Picha system the speciation model reported in 

Table 1.  

 As it regards the Zn(II)/Alaha system, the species [ZnLH]2+ 

starts to form at pH 3.8 and reaches a maximum at pH 6.4 (45 % 

of total zinc) (Fig. 7, below). The species [ZnL]+ and [ZnL2] 

reach 16 % and 57 % of total zinc at pH 6.8 and 8.6, respectively, 

while the formation of [ZnL(LH-1)]- starts at pH 7. In this system, 

the 12-MC-4 species [Zn5(LH-1)4]2+ starts to form at pH 6.5, 

reaching a maximum at pH 7.3 (54 % of total zinc). Finally, the 

pKa of the [ZnL2] complex to give [ZnL(LH-1)]- resulted 9.26.  

 For the Zn(II)/Alaha system, ESI-MS spectra were collected 

on aqueous solutions with metal/ligand ratio of 5:6, at pH 7.2 

(Figure S20, Supplementary Information): the signals 

attributable to the [ZnL2]H+ and [Zn5(LH-1)4]2+ ions (m/z = 272 

and 367, respectively) were observed. No other signal possesses 
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an isotopic pattern associated to a Zn(II) complex, with the 

exception of a signal at m/z = 1043. This peak can be tentatively 

assigned to a ([Zn6L6H-6]K)2
2+ complex, which interestingly has 

the same stoichiometry of a possible dimer of an 18-MC-6 

species. The treatment of the potentiometric data with the 18-

MC-6 in place of the 12-MC-4 complex resulted however into 

no convergence of data treatment. We therefore propose the for 

the Zn(II)/Alaha the model reported in Table 1.  

 The model complexes [Cu5(LH-1)4]2+, [Ni5(LH-1)4]2+ and 

[Zn5(LH-1)4]2+ (HL = Picha) were optimized starting from the the 

X-ray experimental geometry of the [Zn5(LH-

1)4](OTf)1.25(OH)0.75(Py)6(OH2)2.5 metallacrown.39 The pyridine 

residues of the latter complex were removed for the geometry 

optimization of [Cu5(LH-1)4]2+, [Ni5(LH-1)4]2+, and [Zn5(LH-

1)4]2+ in order to investigate the role played by the metal ions and 

ligand structure in the overall MC assembly. The absence of 

ancillary ligands in the metal coordination sphere imposed an 

approximately square planar geometry for the five metals within 

each MC unit, which is a non-ideal geometry for zinc(II). The 

hypothesized molecular structures of the [Cu5(LH-1)4]2+, 

[Ni5(LH-1)4]2+, and [Zn5(LH-1)4]2+ complexes (HL = Picha) are 

reported in Figure 9. [Cu5(LH-1)4]2+ and [Ni5(LH-1)4]2+ exhibit 

similar structures characterized by an overall bowl shape with 

the four pyridine residues pointing to the same side. The central 

metal lies at the bottom of the bowl with a distance of 

approximately 0.8 Ǻ from the mean plane generated by the four 

peripheral metals. Conversely, [Zn5(LH-1)4]2+ presents a 

puckered structure with opposite pyridine residues pointing on 

the same side and vicinal pyridine residues pointing to opposite 

directions (Figure 9). The reason for the two different molecular 

arrangements is a consequence of the nearly square planar 

geometry which is accessible for Cu(II) and Ni(II) in [Cu5(LH-

1)4]2+ and [Ni5(LH-1)4]2+, whereas, in the absence of ancillary 

ligands and with a coordination number of four, Zn(II) tends to 

adopt a tetrahedral geometry, which causes the MC distortion 

from the bowl shape. In fact, in [Cu5(LH-1)4]2+ and [Ni5(LH-1)4]2+ 

the central metal is located at the bottom of the molecular bowl 

whereas in [Zn5(LH-1)4]2+ it is shifted upwards so that the five 

metals are lying approximately on a plane (maximum deviation 

from the mean plane is of 0.41 Ǻ). Finally, a comparison can be 

made between [Cu5(LH-1)4]2+ with Picha and with 

valinehydroxamic acid (Valha, similar to Alaha) previously 

published.31 This comparison is possible according to the fact 

that both Alaha (or Valha) and Picha exhibit the same sequence 

and type of donor atoms. The main difference is the different 

degree of flexibility expected for the two ligands: Picha seems 

less suited to assemble a 12-MC-4, as it exhibits a quite rigid 

structure according to the presence of the sp2 hybridization for 

all of the atoms composing its structure. On the other hand, Alaha 

is more flexible and can better adapt to the metal ion steric 

requirement (Figures 9 and S9, Supplementary information). 

Finally, the difference between the stereoelectronic properties of 

the three metal ions is reflected in the different bond distances 

between the donor atoms and the metals, and it likely intervenes 

in determining the relative stabilities of the MCs. In fact these 

are in line with the ionic radii of the metal ions, which vary in 

the following order, Ni2+ < Cu2+ < Zn2+ (Figure 9).48 

 

PLACE FIGURE 9 HERE 

 

Figure 9. Depiction of the optimized molecular structures of the 

12-MC-4 with Picha (HL) [Ni5(LH-1)4]2+ (a), [Cu5(LH-1)4]2+ (b), 

and [Zn5(LH-1)4]2+ (c) with relevant bond distances (Å). Top 

view (above) and side view (below). B3LYP/3-21G. 

 

 

Discussion 

Protonation and binary complex-formation equilibria 

The ligand Alaha is more basic than Picha for both the first and 

the second dissociation processes (Table 1). For Alaha the two 

pKa values (representing the proton dissociation macroconstants) 

are close to each other and the amino group is more acidic than 

the hydroxamic group, as shown by the related microequilibria 

presented previously in the literature.31,49 In Picha the proton 

dissociation equilibria are on the contrary well separated by each 

other. The log β values reported in Table 1 show that the 

hydroxamic group in Picha is ca. 7 times (0.87 log units) more 

acidic than that of Alaha. On the other hand, the pyridyl group of 

Picha, is ca. 6 orders of magnitude less basic than the amino 

group of Alaha. We ascribe the lowest value of the pKa1 of Picha 

to peculiar electronic effects arising from the linkage between 

the pyridyl moiety and the hydroxamic group. Furthermore, the 

formation of an intramolecular hydrogen bond between the 

hydroxamic OH and the pyridyl nitrogen may also play a role in 

disfavouring the protonation of the latter (see Scheme S2). The 

lower basicity of the pyridyl group of Picha compared to that of 

the NH2 group in Alaha affects significantly the complex 

formation behaviour of Picha, as discussed hereafter. Because 

the pyridyl nitrogen is available for metal coordination at very 

acidic pH, the formation of the complex species with Picha starts 

at a low acidic pH for all metals, namely 2-3 pH units lower than 

their Alaha analogs, athough the complexes are less stable than 

those of Alaha.34 

 We have previously shown that, in mononuclear complexes, 

the 5-membered (N,N-) chelation is preferred for Alaha (Scheme 

S3).34 Because the pyridyl group in Picha is less basic than the 

amino group, we propose a preference for the (N,N-) chelation 

over the (O,O-) hydroximic coordination also for Picha. On this 

side, it is worth noting that the [CuL]+ species presents a similar 

λmax of absorption (684 nm for Picha and 700 for Alaha34) 

therefore suggesting a similar coordination mode. The 

absorption maxima of the [CuL2] and [CuL(LH-1)]- species of 

Picha fall at ca. 500-515 nm, again fully consistent with those 

observed for the same species with Alaha (540 and 496 nm for 

the two species, respectively).34 Finally, the pKa of the [CuL2] 

species to give [CuL(LH-1)]- is 8.50 for Picha and 10.02 for 

Alaha where one hydroximic OH results deprotonated and 

uncoordinated.12 The lower value is accounted for by the more 

acidic behavior of Picha compared to Alaha, although the 

planarity of the former ligand may also contribute to the 

stabilization of the square planar [CuL(LH-1)]- complex with 

possible formation of a strong intramolecular hydrogen bond 

between the two hydroxamic moieties, as observed previously 

for Alaha and glycinehydroxamate.29,50 

 The speciation of the Ni(II)/Picha system differs from that of 

Ni(II)/Alaha for the formation of the [NiL3]- species and the 

absence of the 12-MC-4 complex [Ni5(LH-1)4]2+. The formation 

of the 1:3 species only with Picha is consistent with the greater 

capacity of Py-containing ligands to give rise to 1:3 complexes 

with this metal ion. Actually, if we evaluate the logK3 values for 

ethylenediamine (en), picolinamine (Pyam) and 2,2’-bipyridine 

(Bipy, see Scheme S4), they increase from the former ligand to 

the latter (4.07, 5.2 and 6.3, respectively). In the Ni(II)/Picha 

system (L:Ni ratio = 2.2) the [NiL3]- species reaches however 

only 55 % total nickel as a consequence of the simultaneous 

formation of the 15-MC-5 complex [Ni5(LH-1)5].  
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 The speciation models of Picha and Alaha with Zn(II) differ 

for the formation of the two species [ZnL3]- (with Picha) and 

[ZnLH]2+ (with Alaha) (Table 1). As it concerns the former 

complex, the reason for its formation only with Picha can be 

accounted for the presence of the pyridyl group. As found for 

Ni(II), also with zinc(II) the complexation log K3 values for en, 

Pyam and Bipy increase in this sequence (2.36, 2.90 and 3.67, 

respectively)46. On the other hand, the presence of the [ZnLH]2+ 

species only in the system with Alaha is explained with the 

presence of a (O,O-) chelation mode of the ligand, where the 

amino group remains protonated. This coordination mode is 

consistent with that proposed previously in the literature for this 

species.43 By virtue of the low basicity of the pyridyl group in 

Picha, the [ZnLH]2+ species is not observed with this ligand and 

the zinc complexation starts with the formation of the [ZnL]+ 

complex. For Alaha, the pKa of [ZnLH]2+ to form [ZnL]+ is 7.10, 

only slightly lower than the pKa of the amino group in the free 

ligand (7.33). Therefore, the presence of an (O,O-) coordination 

in the [ZnL]+ species or the presence of a mixture of (O,O-) or 

(N,N-) coordination modes in both the [ZnL]+ and [ZnL2] species 

of Alaha cannot be excluded. Finally, the [ZnL3]- species forms 

only with Picha, and we put forward the hypothesis that the 

coordination mode in this complex is (N,N-).  

Metallacrown complexes 

All three metal ions form polynuclear complexes with Picha; 

they correspond to 12-MC-4 (copper and zinc) or 15-MC-5 

(nickel) species.  

 The stability of the 12-MC-4 complex [Cu5(LH-1)4]2+ of 

Picha is 1.5 log units lower than that of Alaha; despite this, the 

12-MC-4 complex with Picha starts to form at much lower pH 

than that of Alaha (pH ca. 1.5). This occurs by virtue of the low 

basicity of the pyridyl group. This behavior is quantitatively 

described by the logK* for the proton displacement equilibrium 

5 Cu(II) + 4 H2L+ = [Cu5(LH-1)4]2+ + 12 H+. The values are -1.03 

for Picha and -25.76 for Alaha and show that metal-proton 

competition is significantly in favor of copper(II) for Picha with 

respect to Alaha (more than 24 orders of magnitude!). However, 

due to the simultaneous formation of the [CuL2] species, also 

favored by the low basicity of the pyridyl group, the amount of 

12-MC-4 with Picha does not go above 37 % total copper (Fig. 

1), while the formation of the 12-MC-4 species with Alaha 

reaches 75 % total copper at pH ca. 5 (Figure S1).  

 The log β values for the [CuL]2+ complexes of the ligands 

series en, Pyam and Bipy are 10.49, 9.5 and 8.12, respectively.46 

This series suggests that the copper 12-MC-4 with Picha is 

intrinsically less stable than that with Alaha by virtue of the 

different nature of the ligands. The reasons for the lower stability 

of the former were accounted by the results of ab initio studies. 

They actually highlighted that the sp2 nature of the ligand results 

in a more tensioned framework of the 12-MC-4 with Picha than 

with Valha or Alaha.31 The lower log β value for the 12-MC-4 

with Picha compared to that of Alaha is therefore the result of 

two factors: the lower stability provided by the presence of the 

pyridyl residue, and the intrinsic tension of the MC framework. 

 The overall complex-formation behaviour of Picha and of 

Alaha towards Cu(II) can be analyzed through a competition 

diagram of a ternary solution containing Cu(II):Picha:Alaha = 

1:1:1 in the absence of mixed-ligand complexes. In the graph of 

Figure 10, P stands for Picha and A for Alaha in their L- forms. 

In the pH range 3-5 the predominant species is the 12-MC-4 of 

Picha (ca. 87 % of total copper at pH 4.1). The formation of this 

species is not limited here by the formation of the [CuP2] species 

because the Cu(II):Picha ratio is set to 1. At neutral pH the two 

predominant species are [CuP2] and [CuA2], which deprotonate 

at higher pH to give the [CuP(PH-1)]- and [CuA(AH-1)]- species. 

Remarkably, the diagram shows the absence of the [Cu5(AH-

1)4]2+ complex (i.e. the 12-MC-4 species of Alaha) in favour of 

the corresponding Picha metallacrown. The low basicity of Picha 

accounts for the prevalence of the [Cu5(PH-1)4]2+ species at acidic 

pH. This occurs in a pH range (4-6) where, in the Cu(II)/Alaha 

binary system, the Alaha-containing 12-MC-4 is the 

predominant species (Figure S1). 
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Fig. 10 Representative competition diagram for the system 

Cu(II) / Picha (HP) / Alaha (HA). Cu:P:A = 1:1:1, CCu = 2.8 10-

3 mol L-1. The log β values of the species are reported in Table 1. 

 

 Despite the slightly lower log β values of the 12-MC-4 

species, Picha exhibits a peculiar tendency to form MC 

complexes. This is evidenced by two observations, where the 

first is the small difference between the log β values of the 12-

MC-4 complexes of Picha and Alaha (1.5 log β units) 

irrespective of the geometric strain in the MC with the former 

ligands, as discussed above. The second observation relates with 

the presence of ions associated to to 15-MC-5 and 18-MC-6 

species in the ESI-MS spectra. Their adducts with Na+ and K+ 

are predominant in the mass spectra: these species are not present 

in solution at the equilibrium and nevertheless they seem stable 

under ionization conditions. We have previously demonstrated 

that the presence of alkali metals (Na+ and K+) results in an 

enhanced stability of the Ni(II) 15-MC-5 species of Alaha,29 and 

in the literature it has been reported the isolation of the Na[15-

MC-5] complex of Picha and Cu(II).51 Our results therefore 

suggest that expanded MC frameworks in which the cavity is 

occupied by alkali metals may result significantly stabilized 

under appropriate conditions (e.g. ionic strength, solvent etc.). 

Finally, the log β value of the copper(II) 12-MC-4 with Picha in 

aqueous solution (38.65) was much lower in methanol:water 

80:20 (log β = 56.04),40 consistently with what was previously 

found for tryptophan- and phenylalaninehydroxamic acids in 

mixed methanol:water 9:1, which present log β values for the 

[Cu5(LH-1)4]2+ species much higher than those observed for α-

aminohydroxamates in water.35 

 In the case of Zn(II) the log β value of the 12-MC-4 complex 

of Picha is 2.8 log units higher than that of Alaha (Table 1). 

Irrespective of its higher stability, the 12-MC-4 of Picha reaches 

only 28 % of total zinc, while with of Alaha it reaches 59 % (Fig. 

7). This is the result of the presence, for the former ligand, of a 

high amount of the [ZnL2] species in the same pH range of 

formation of the 12-MC-4 complex. The higher stability of the 

12-MC-4 of Picha compared to that of Alaha is not accounted for 
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by the presence of the pyridyl group, as the log β values for the 

[ZnL]2+ complexes of en, Pyam and Bipy are 5.69, 5.28 and 5.12, 

respectively.46 The structural calculations did not otherwise 

provided further information on the reasons for the greater 

stability of the 12-MC-4 species with Picha. The optimised 

structure in the absence of axial ligands on the peripheral ions 

presents a saddle-shape rather than a bowl-shape conformation 

(Figure 9), where Zn(II) is coordinated in a distorted tetrahedral 

environment. Given the preference of Zn(II) for a square 

pyramidal or octahedral coordination,† it is unlikely that the 12-

MC-4 adopts the saddle conformation in solution, and therefore 

the structural calculations do not provide more insight on the 

higher stability of the 12-MC-4 species with Picha. It is however 

remarkable that, despite the preference of Zn(II) for geometries 

which are almost incompatible with the symmetry of planar MC 

complexes, the 12-MC-4 species is the only polynuclear species 

found in aqueous solution.42 

 Ni(II) has a unique behaviour with Picha compared to Cu(II) 

and Zn(II), as it forms only a 15-MC-5 complex and not the 12-

MC-4 species. Structures of Ni(II) 15-MC-5 complexes with 

Picha are known, although they possess metal ions such Pb(II) 

encapsulated in the cavity.52 Here the complex can be either 

vacant or interacting with K+ ions. The favourable formation of 

the 15-MC-5 with Picha compared to Alaha reflects into the 

higher log β value for the former (1.5 log units higher, Table 1). 

 The ab initio calculations on the putative 12-MC-4 complex 

formed by Ni(II) with Picha suggest a square planar coordination 

for Ni(II), although the frameworks is expected tensioned. The 

smaller ionic radius of Ni(II) compared to Cu(II) (0.63 vs. 0.71 

Å in a square planar environment)48 might also prevent, in the 

case of Ni(II), an optimal interaction with the donor atoms of the 

less flexible Picha. Overall these factors result in the 

destabilization of the 12-MC-4 scaffold. As already underlined, 

the lack of formation of the 12-MC-4 species seems to contradict 

the successful isolation in the solid state of the 12-MC-4 with 

quinolinehydroxamic acid (Quinha), which is similar to Picha.39 

In the crystal structure, however, the peripheral Ni(II) ions are 6-

coordinated, where two pyridines occupy the two axial positions. 

The reason of this behaviour is explained by the observation that 

the ionic radius of Ni(II) increases from 0.63 Å to 0.83 Å when 

the coordination changes from square planar to octahedral.48 

Therefore, the presence of axial pyridines allows the stabilization 

of the 12-MC-4 through mitigation of the structural strains. 

 The peculiar behaviour of Picha and the stabilities of its 12-

MC-4 complexes can be rationalized as follows: Ni(II), which is 

the smallest ion of the series examined, forms with Picha only a 

15-MC-5 species into which the metal can adopt a stable square 

planar coordination, and which results more stable than in the 

analogous MC with Alaha. The 12-MC-4 complex with Picha 

does not form in aqueous medium and 0.1 M KCl because there 

are no co-ligands of sufficient strength to stabilize a 6-

coordination environment around the metal. On the contrary, the 

12-MC-4 does form in the same conditions with Alaha by virtue 

of the greater flexibility of the ligand. In the case of Cu(II), the 

12-MC-4 is formed with both ligands, and it is the only MC 

species observed by potentiometry. Its formation occurs also 

with Picha by virtue of a slightly larger ionic radius of the metal 

compared to Ni(II), although the lower flexibility of Picha results 

into a lower stability of the 12-MC-4 compared to that of Alaha. 

Picha allows also the formation under ESI conditions of species 

identified as vacant 15-MC-5 and 18-MC-6 complexes which are 

unprecedented for Alaha. Finally, Zn(II) forms 12-MC-4 species 

only, although the one of Picha is significantly more stable than 

that of Alaha. The largest ionic radius of Zn(II) allows a 

reduction of the structural tensions in the 12-MC-4, which indeed 

forms in solution. The species with Picha results also 

significantly more stable than that of Alaha, showing the higher 

propensity of Picha to form MC species with Zn(II), which 

reflects also into the numerous structures of metallacrowns with 

Zn(II) and Ln(III) ions reported in the literature.25,26,39,42 

 

Conclusions 

Our results underline the peculiar behavior of the ligand Picha, 

which is a marked capacity to give rise to metallacrown 

complexes despite the lower coordination capabilities of the 

pyridyl group compared to the amino group. The presence of 

high amounts of MC species in solution is however prevented by 

the lower basicity of the pyridyl group which on one hand allows 

the metal complexation at low pH, but it also promotes the 

formation of stable mononuclear species in place of the MC 

species. The geometric requirements of the coordination metal 

sites in the 12-MC-4 framework influence the overall stability of 

the species: in the case of Ni(II) the molecular geometry of Picha 

prevents the formation of the 12-MC-4 species, but it allows the 

assembly of a stable 15-MC-5 complex. In the case of Zn(II), 

Picha allows to assemble a 12-MC-4 species which is more 

stable than that of Alaha. Finally, with Cu(II) we have found the 

presence, although only by ESI-MS, of 15-MC-5 and 18-MC-6 

species. We suggest therefore that it should be possible, through 

a wise choice of the conditions, to stabilize unprecedented 

expanded MC frameworks assembled using  Cu(II) and Picha. 

 Finally, our data explain the capacity of Picha to give rise to 

stable MC complexes, but also underline that the role of co-

ligands such as pyridine is likely not limited in the simple 

stabilization of certain coordination geometries of the metal, but 

may impact the overall stability of the MC scaffold.  

 

Experimental 

Reagents 

Picolinehydroxamic acid (Picha) has been synthesized and 

purified as previously reported.26 Where required, further 

purification of small portions of Picha was carried out as follows: 

the solid ligand (0.5 g) was suspended in pure ethyl acetate (30 

ml) and left under stirring for 15 min. The filtrate was collected 

and the precipitate treated with ethyl acetate (5 x). The filtrate 

aliquots were combined and, following solvent removal in 

vacuo, microcrystals of the pure ligands were obtained (yield ca. 

85 %).  

 The ligand Alaha was synthesized as reported below 

(Scheme S1, Supplementary information). The purity of the 

ligands was checked by potentiometry and NMR spectroscopy 

and resulted > 99 %. The sample solutions were prepared by 

direct weighting of the solid compounds. Standard solutions of 

KOH, HCl, CuCl2·2H2O, NiCl2·6H2O and ZnCl2 solutions were 

prepared from highly pure commercial products (Carlo Erba 

chemicals). The KOH solution was standardized using potassium 

hydrogen phthalate, while the titre of the metal solutions was 

determined using standard EDTA methods, following the 

procedures reported elsewhere.53,54 

Synthesis of (S)-N-carboxybenzyl-α-alanine (1)  

 (S)-α-Alanine (4.00 g, 44.89 mmol) was dissolved into a 

solution of sodium hydroxide (3.59 g, 89.78 mmol) in 50 mL of 

water, and the mixture put in an ice bath. A solution of 

benzylchloroformate (8.3 mL, 58.14 mmol) in 9 mL of toluene 
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was added to the aqueous mixture under stirring. The mixture 

was kept under stirring at room temperature overnight. The 

organic layer was removed, and the aqueous layer washed twice 

with 20 mL of diethyl ether to remove unreacted 

benzylchloroformate. The aqueous layer was acidified to pH ca. 

3 with 1 N aqueous HCl, observing the formation of a precipitate. 

The product was extracted with ethyl acetate (2 x 20 mL). The 

combined organic fractions were washed with brine, dried with 

anhydrous Na2SO4, and the solvent removed in vacuo to obtain 

a white powder. Yield 4.76 g (48 %). 1H-NMR (300 MHz, D6-

DMSO) δ 12.53 (br, 1H, COOH), 7.60 (d, 1H, CαNH), 7.34 (m, 

5H, Ph), 5.01 (s, 2H, CH2Ph), 4.00 (q, 1H, CαH), 1.25 (d, 3H, 

CH3). IR ν/cm-1: 3334, 1699, 1684, 690. Calc. for C11H13NO4 C, 

59.19; H, 5.87; N, 6.27; O, 28.67. Found C, 59.3; H, 5.9; N, 6.3; 

O, 28.6.  

Synthesis of (S)-N-carboxybenzyl-α-alanine-O-

benzylhydroxamic acid (2)  

Benzylhydroxylamine hydrochloride (3.74 g, 21.34 mmol) was 

suspended in 30 mL of dichloromethane in a Schlenk flask. After 

the addition of N-methylmorpholine (2.57 mL, 25.50 mmol), the 

formed precipitate was removed by filtration under inert 

atmosphere. In a separate flask, 1 was dissolved in 20 mL of dry 

dichloromethane and the flask was put into an ice bath. N-

Methylmorpholine (2.3 mL, 21.34 mmol) was added to the 

solution, followed by ethylchloroformate (2.03 mL, 21.34 

mmol). A white precipitate appeared which was not removed. 

The solution of benzylhydroxylamine was added slowly to the 

suspension at 0 °C, and kept under stirring for 4 h at room 

temperature. The organic suspension was washed with an 

aqueous 1 N solution of HCl (2 x 20 mL), an aqueous satd. 

NaHCO3 solution (2 x 20 mL) and brine. The organic layer was 

dried with anhydrous Na2SO4, and the solvent removed in vacuo 

to obtain a white powder. Yield 4.45 g (64 %). 1H-NMR (300 

MHz, D6-DMSO) δ 11.21 (s, 1H, CONH), 7.51 (d, 1H, CαNH), 

7.3s (m, 10H, 2xPh), 4.97 (s, 2H, CH2Ph), 4.74 (s, 2H, CH2Ph), 

3.94 (q, 1H, CαH), 1.17 (d, 3H, CH3). IR ν/cm-1: 3294, 3183, 

1688, 1657, 698. Calc. for C18H20N2O4 C, 65.84; H, 6.14; N, 

8.53; O, 19.49. Found C, 65.8; H, 6.0; N, 8.6; O, 19.5.  

Synthesis of (S)-α-alanine (Alaha, 3)  

The compound 2 (4.45 g, 13.57 mmol) was added to a suspension 

of 10% Pd/C (0.30 g) in 50 mL of methanol. Hydrogenation was 

performed overnight in a Parr apparatus using p(H2) = 1.5 atm. 

The catalyst was filtered out and the solvent removed in vacuo. 

The product was collected as a white powder sparingly soluble 

in methanol, washed with methanol and diethy ether, and dried. 

Yield 0.57 g (40 %). 1H-NMR (300 MHz, D6-DMSO) δ 3.14 (q, 

1H, CαH), 1.07 (d, 3H, CH3). IR ν/cm-1: 3193, 1620. Calc. for 

C3H8N2O2 C, 34.61; H, 7.75; N, 26.91; O, 30.74. Found C, 34.6; 

H, 7.9; N, 26.8; O, 30.8.  

Potentiometry  

The potentiometric titrations were carried out in aqueous 

solution at T = 298.16 ± 0.1 K and I = 0.1 mol L-1 (KCl) under a 

N2 stream, using 25 mL samples. The potentiometric apparatus 

for the automatic data acquisition, already described in ref.53, 

consisted of a Thermo pH meter 720A connected to a Hamilton 

combined glass electrode (P/N 238000). The electrode was 

calibrated in terms of [H+] by titrating HCl solutions with KOH 

(hereafter pH = -log [H+]). The protonation constants of the 

ligands were determined by alkalimetric titration of three 

samples (1.1–1.9·10-2 mol L-1). For the metal complexation 

equilibria with Picha, five titrations were carried out with 

ligand:metal molar ratios from 2.10 to 3.40  for Cu(II) (CCu = 

2.17-3.16 · 10-3 mol L-1), 1.48-3.86 for Ni(II) (CNi = 2.20-3.67 · 

10-3 mol L-1), and 1.28-4.92 for Zn(II) (CZn = 1.41-3.17 · 10-3 

mol L-1). For the Zn(II) complexation equilibria with Alaha, 5 

titrations were carried out with ligand:metal molar ratios from 

1.50 to 3.0 (CZn = 1.20-2.73 · 10-3 mol L-1) As it concerns the 

titrations with Cu(II) and Ni(II), L:M ratios higher than 2 were 

appropriate for observing the formation of mononuclear 

complexes and MC species during within the same titration. The 

pH range explored was approximately 2.4–11.1. A marked drift 

to higher pH was observed in the pH ranges 3.0-8.0 for the 

Cu(II)/Picha and 6.5-10.5 for the Ni(II)/Picha systems. In these 

intervals, the attainment of the equilibrium was assessed by 

observing no changes in the e.m.f. reading over two minutes (for 

some points, up to 45 min per point were required). Using these 

equilibration times, no precipitation was observed in the entire 

pH range examined. For the Zn(II) system, the collection of the 

potentiometric data for ligand:metal ratio lower than 2 was 

limited to pH 6.2. At higher values a marked drift of the e.m.f. 

readings toward lower pH was observed, followed by 

precipitation of zinc hydroxide when the solution was left stand 

overnight.  

Uv-Vis spectrophotometry 

Visible absorption spectra were recorded on a Thermo Evolution 

260 Bio spectrophotometer using quartz cells of 1 cm path length 

and a 0.1 mol L-1 KCl solution as a reference. The temperature 

was kept constant at 298.2 K using a Peltier device. The Cu(II) 

and Ni(II) complexation equilibria were studied through 

spectrophotometric batch titration. For the study of Cu(II) 

complexation equilibria, 10 sample solutions (vsample = 5 ml) 

were prepared with a ligand:Cu(II) ratio of 2.17 (CCu = 2.3110-

3 mol L-1, I = 0.1 M KCl). For the study of Ni(II) complexation 

equilibria, 10 sample solutions (vsample = 5 ml) were prepared 

with a ligand:Ni(II) ratio of 2.73, and additional 5 samples with 

a ligand:Ni(II) ratio of 1.45 (CNi = 3.6710-3 mol L-1, I = 0.1 M 

KCl). The pH of the samples was corrected using a standard 

KOH solution, obtaining samples with pH in the interval 1.94-

10.26 (Cu(II)) and 2.94-11.82 (Ni(II)). The samples were left to 

equilibrate at 298.2 K for 24 h, and then the spectra were 

collected.  

Electrospray-Ionization Mass-Spectrometry (ESI-MS)  

ESI mass spectra were recorded on a linear ion trap LTQ XL 

Mass Spectrometer (Thermo Scientific, Waltham, MA, USA). 

Data were processed by using the spectrometer software. The 

measurements were performed on binary metal/ligand solutions 

at appropriate pH values, chosen in order to maximize the 

formation of a single complex species. The samples were 

prepared in a similar way as described for potentiometric studies 

without the addition of background electrolyte. The counter-ion 

was supplied by the base employed to adjust the pH value 

(NaOH). Direct infusion analyses were always performed at 10 

µL/min. Experimental conditions were as follows: spray voltage 

3.0 kV; sheath and auxiliary gas 50 and 5 a.u., respectively; 

capillary temperature 250 °C; source fragmentation auxiliary 

voltage 40 V; capillary voltage 36 V and tube lens 80 V for 

mononuclear complexes; capillary voltage 90 V and tube lens 

110 V for polynuclear species.  

Calculations  
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Cu(II), Ni(II) and Zn(II) complexation constants were calculated 

from the potentiometric data using the HYPERQUAD 2006 

program.55 Least-squares treatment was performed by 

minimization of the sample standard deviation σ = [Σiwi(Ei
o – 

Ei
c)2/(n – m)]½, where Ei

o and Ei
c are the observed and calculated 

e.m.f. values, respectively, n is the number of observations and 

m is the number of refined parameters. The statistical weights wi 

were put equal to 1/σi
2, where σi is the expected error on each 

observed e.m.f. value (0.2 mV). A literature pKw value of 13.77 

was employed.56 For each system, data from different titrations 

were treated together. The speciation diagrams were plotted with 

the Hyss program.57 The UV-visible spectra collected at different 

pH values were treated using the Specfit/32 program,58 using as 

fixed parameters the complex formation constants obtained from 

potentiometry.  

 All the structural calculations were performed with Gaussian 

03 software.59 The model complexes [Cu5(LH-1)4]2+, [Ni5(LH-

1)4]2+, and [Zn5(LH-1)4]2+ (HL = Picha) were optimized starting 

from the the X-ray experimental geometry of the [Zn5(LH-

1)4](OTf)1.25(OH)0.75(Py)6(OH2)2.5,39 in the absence of the 

coordinated pyridine co-ligands. The calculation were performed 

with the gradient-corrected hybrid density functional B3LYP60,61 

and with the 3-21G basis set.62 
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