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Among metallacrowns, the 15-metallacrown-5 (15-MC-5) family 
is the best example of inorganic crown ether analogs in terms of 
structure and functions. Rare-earth metal(iii) 15-MC-5 complexes 
based on Cuii ring metal ions with α-amino hydroximate ligands 
have been structurally characterized by single-crystal X-ray 
diffraction analysis.1–8 In these complexes, the planar 
metallamacrocycle consists of five [Cuii–N–O] repeat units with 
five hydroximate oxygen atoms surrounding a central lanthanide 
metal. The 15-MC-5 complexes with lighter lanthanides are more 
stable than those with heavier ones.9 The relative stability of 
lanthanide amino hydroximate complexes has been determined 
by studying Caii–Lniii substitution reactions.10,11 The chemical 
behaviors of calcium and divalent lanthanide ions are similar 
because the effective ionic radius of Ca2+ (1.06 Å) is close to 
those of the trivalent light lanthanides Ce3+, Pr3+ and Nd3+ (1.07, 
1.05, and 1.04 Å, respectively).12 Accordingly, by analogy to the 
light lanthanides, calcium can form similar 15-MC-5 compounds. 
Thus, the X-ray structures of Caii–Cuii tryptophan hydroximate 
metallacrowns show that the central Ca2+ cation is well-
encapsulated into the MC cavity with a maximum deviation from 
the oxygen mean plane of only 0.06 Å.9 However, only few 
calcium metallacrowns have been characterized.9,10,13 Here, we 
consider two Caii–Cuii 15-MC-5 alanine hydroximate complexes 
containing polycarboxylate ligands in axial positions. They are of 
special interest due to the biological importance of Ca2+ binding 
to the carboxylate group. A study in this area can provide useful 
information on ion-binding structures of relevant biomolecules.14 
The biologically significant fumarate and isophthalate anions are 
convenient models for an analysis of Ca2+–carboxylate bonding 
interactions. Not only geometries but also electronic structures 
should be examined for a deeper understanding of these 
interactions in the unique 15-MC-5 coordination environment. 
The alanine hydroximate ligands bear the simplest alkyl 
substituents providing chirality of the metallacrown.

The intra- and intermolecular interactions are characterized 
by an electron density distribution. However, it is extremely 

difficult to obtain ideal 15-MC-5 metallacrown crystals suitable 
for a precise X-ray diffraction study required for analyzing 
experimental electron density. On the other hand, Fukin and 
Cherkasov15 demonstrated an excellent agreement between the 
topological characteristics of electron density in metal complexes 
obtained experimentally and theoretically (precise X-ray 
diffraction studies, crystal invariom, and DFT calculations). In 
this work, we used an asymmetric unit-cell aspherical scattering 
factor (a crystal invariom) and DFT calculations of isolated 
molecules to investigate electron density distribution in the  
Caii–Cuii 15-MC-5 systems. A combination of the crystal 
invariom and DFT approaches is important in this case because 
of difficulties in reproducing geometrical characteristics (the 
metallacrown conformation, the concavity degree, and the 
flatness distortion) of these flexible molecules using only DFT 
calculations. The aim of this work was to synthesize  
Caii–Cuii 15-MC-5 alanine hydroximate complexes with 
different anion ligands coordinated to the central Ca2+ ion and to 
study their molecular structures and the topological characteristics 
of electron density. 

We used a modified two-step methodology based on a 
previously described synthetic procedure for water-soluble  
Srii–Cuii 15-MC-5 metallacrowns.16 At the first step, alanine 
hydroxamic acid and a calcium salt of isophthalic or 
fumaric  acid  were mixed in water, and Cu(OAc)2 was added 
at  the second  step. The synthesized complexes  
Ca(C8H4O4)(H2O)[15-MCCuiiAlaha-5](H2O)16 1 and  
Ca(C4H2O4)(H2O)[15-MCCuiiAlaha-5](H2O)15 2 are air-stable 
and  well soluble in water (for synthetic details, see Online 
Supplementary Materials). Both complexes crystallize in the 
P212121 space group. Most likely, the system of crystal packing 
and H-bonding leads to the chiral orthorhombic space group. 
Chiral metallacrowns in the form of crystals belonging to such 
space groups have been prepared earlier with other amino 
hydroxamic acids (l-alanine-, l-phenylalanine-, and l-tyrosine 
hydroxamic acids).2,10 The X-ray crystal structures of 1 and 2 

Roman V. Rumyantcev, Grigory Yu. Zhigulin, Galina S. Zabrodina, Marina A. Katkova,  
Sergey Yu. Ketkov and Georgy K. Fukin*

G. A. Razuvaev Institute of Organometallic Chemistry, Russian Academy of Sciences,  
603137 Nizhny Novgorod, Russian Federation. E-mail: gera@iomc.ras.ru

DOI: 10.1016/j.mencom.2023.01.012

O(13)

O(12)

Cu(1)

Ca(1)

O(1S)

O(11)

H(11C)

H(11B)

O(4S)

The first insight into the nature of intramolecular interactions 
in the Caii–Cuii alanine hydroximate metallacrowns is 
provided on the basis of the invariom refinement and DFT 
calculations.
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reveal the classic metallamacrocyclic 15-MC-5 configuration. 7 
In both complexes, the central calcium ion is coordinated by five 
oxygen atoms of 15-MC-5, one oxygen atom of the isophthalate 
1 or fumarate 2 anion, and one water molecule (Figure 1).† Thus, 
the Ca(1) coordination environment is a distorted pentagonal 
bipyramid. The hydroximate oxygen atoms of the metallacrown 
are located in the equatorial plane. The metallamacrocycle in 
complex 1 is almost flat, while its planarity is substantially 
distorted in complex 2. The average deviations of hydroximate 
oxygen atoms from the plane are 0.042 and 0.126 Å in complexes 
1 and 2, respectively. Calcium atoms deviate from this plane by 
0.137 and 0.230 Å in complexes 1 and 2, respectively. The 
largest deviation of non-hydrogen atoms from the 
metallamacrocycle plane (except for the carbon atoms of Me 
groups) is 0.455 Å for 1 or 0.796 Å for 2. The Ca–O15-MC-5 
distances vary in a range of 2.413(6)–2.546(3) Å. All main bond 
lengths in metallamacrocycle 1 are in a good agreement with 
those in complex 2 (Table S2) and previously published related 
compounds.9,13,22

The isophthalate anion in complex 1 is not planar. The 
dihedral angle between the planes of carboxyl groups is 17.71°. 

In turn, the fumarate anion in complex 2 is even more significantly 
distorted. The dihedral angle between the planes of carboxyl 
groups in 2 is 41.13°. Uncoordinated carboxyl groups of 
isophthalate (1) and fumarate (2) anions take part in numerous 
intermolecular O∙∙∙H interactions (Table S3). It is likely that the 
observed distortion of the carboxylate anions is a consequence of 
the hydrogen bonds formed. In both complexes, the distances 
between the C(16) atom of the carboxyl group and the oxygen 
O(12) atom directly bonded to the calcium atom are somewhat 
longer [1.269(11) and 1.270(6) Å] than the formal double bond 
C(16)=O(13) [1.241(11) and 1.257(6) Å]. In turn, the 
C(23)–O(14) and C(23)–O(15) distances of the second 
isophthalate carboxyl group in complex 1 are largely aligned 
with each other, and their values are intermediate [1.250(11) and 
1.251(11) Å, respectively]. This behavior is typical for 
carboxylate anions.23–25 Note that, in complex 2, there is no 
significant equalization of C–O distances in the uncoordinated 
carboxyl group of the fumarate anion [1.246(6) and 1.285(6) Å]. 
Apparently, this is also associated with intermolecular O∙∙∙H 
interactions in a crystal of 2.

In crystals of 1 and 2, the neighboring molecules of complexes 
are arranged in such a way that they form infinite molecular 
chains due to numerous intermolecular O∙∙∙H interactions 
(Figure S1). As noted previously (see Figure S1), the 
metallamacrocycles in complexes 1 and 2 have different degrees 
of deviation from planarity. The different shapes of the 
metallamacrocycles in 1 and 2 can be caused by differences in the 
intermolecular interactions in the crystals. Despite the close cell 
parameters, complex 1 contains one more solvate water molecule 
compared to 2. This leads to different intermolecular interactions 
in the crystals, which affect the shapes of the metallamacrocycles. 
The intermolecular N–H∙∙∙O and O–H∙∙∙O distances between 
neighboring metallacrowns in the crystals vary within ranges of 
1.97(2)–2.22 and 1.97(2)–2.35(5) Å for complexes 1 and 2, 
respectively. Neighboring chains of molecules are located almost 
perpendicular to each other in a crystal of 1, and they are beveled 

†	 Crystal data for 1. C23H68CaCu5N10O31, M = 1338.65, orthorhombic, 
space group P212121, 100(2) K, a = 15.5141(15), b = 16.7298(16) and 
c = 19.3080(19) Å, Z = 4, V = 5011.3(8) Å3, dcalc = 1.774 g cm–3, 
F000 = 2756. A black prism-shaped single crystal with dimensions of 
0.27 × 0.10 × 0.08 mm was selected, and the intensities of 45084 
reflections were measured using a Bruker D8 Quest diffractometer 
(w-scans technique, l[MoKa] = 0.71073 Å, μ = 2.291 mm–1, 
2qmax = 58.260°). After merging of equivalents and absorption 
corrections, 13428 independent reflections (Rint = 0.0989) were used for 
the structure solution and refinement. Final R factors: R1 = 0.0645 [8911 
reflections with I > 2s(I )], wR2 = 0.1448 (all reflections), GOF = 1.032.
	 Crystal data for 2. C19H64CaCu5N10O30, M = 1270.58, orthorhombic, 
space group P212121, 100(2) K, a = 15.5261(3), b = 16.5887(3) and 
c = 18.0577(4) Å, Z = 4, V = 4650.90(16) Å3, dcalc = 1.815 g cm–3, 
F000 = 2612. A black stick-shaped single crystal with dimensions of 
0.46 × 0.10 × 0.09 mm was selected, and the intensities of 82344 
reflections were measured using an Oxford Xcalibur Eos diffractometer 
(w-scans technique, l[MoKa] = 0.71073 Å, μ = 2.461 mm–1, 
2qmax = 58.262°). After merging of equivalents and absorption 
corrections, 12493 independent reflections (Rint = 0.0784) were used for 
the structure solution and refinement. Final R factors: R1 = 0.0353 [8911 
reflections with I > 2s(I )], wR2 = 0.0840 (all reflections), GOF = 1.047.
	 The X-ray diffraction data for 1 and 2 were collected using the APEX3 
(1) and CrysAlisPro (2) software packages. The intensity data were 
integrated by SAINT17 (1) and CrysAlisPro18 (2) programs. SADABS 
program19 (1) and SCALE3 ABSPACK algorithm17 (2) were used to 
perform absorption corrections. Both structures were solved by a dual 
method20 and refined on F2

hkl using the SHELXTL package.21 All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms, 
except for the hydrogen atoms in water molecules, were placed in 
calculated positions and were refined in the riding model 
[Uiso(H) = 1.5 Ueq(C) for CH3 groups and Uiso(H) = 1.2 Ueq(C) for other 
groups]. In turn, the hydrogen atoms in all water molecules in crystals 1 
and 2 were found from Fourier syntheses of electron density. The 
asymmetric units of 1 and 2 contain 17 and 16 water molecules, 
respectively. Free refinement of hydrogen atoms in water molecules leads 
to unrealistic geometry and/or bad thermal ellipsoids. Further geometric 
(DFIX, SADI) and thermal [Uiso(H) = 1.2 Ueq(O)] constraints were 
imposed to maintain reasonable results. Thus, all O–H bond lengths in 
water molecules were fixed at the level of 0.96(1) Å. Therefore, when 
studying hydrogen bonds in structures 1 and 2, we analyzed the geometry 
of the entire fragment D–H∙∙∙A, where D is a hydrogen bond donor and A 
is an acceptor.
	 For the main crystallographic data and structure refinement details for 
complexes 1 and 2, see Table S1 (Online Supplementary Materials).
	 CCDC 2168523 (1) and 2168524 (2) contain the supplementary 
crystallographic data for this paper. These data can be obtained free of 
charge from The Cambridge Crystallographic Data Centre via  
http://www.ccdc.cam.ac.uk.
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Figure  1  Molecular structures of complexes (a) 1 and (b) 2. Thermal 
ellipsoids are at a 30% probability level. Hydrogen atoms are omitted for 
clarity.
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relative to each other at an angle of ~50° in a crystal of 2 (see 
Figure S2). Thus, the difference in the numbers of water 
molecules leads not only to different shapes of the metallacrowns 
but also to different locations of neighboring molecular chains in 
the crystals. Due to numerous water molecules in the crystals, a 
3D network is formed in which the molecules are connected via 
hydrogen bonds (Table S3).

To study the electron density topology, we used an approach 
based on an asymmetric unit-cell aspherical scattering factor 
(a crystal invariom). Earlier, we found that this approach makes 
it possible to obtain adequate topological electron density 
characteristics in the coordination sphere of a metal atom15 and 
to estimate the energies of intermolecular interactions.26 The 
lone electron pairs of the five hydroximate oxygen atoms are 
directed towards the Ca(1) atom in 1 and 2 (Figure S3). The 
deformation electron densities (DED) of the O(12) lone electron 
pairs in the isophthalate and fumarate anions are directed towards 
the calcium atom in both 1 and 2 (Figure 2). A different situation 
is observed for the lone pairs of oxygen atoms of water molecules 
coordinated to the calcium atoms in 1 and 2. The lone pairs of the 
O(11) atom in 1 deviate from the direction to the calcium atom, 
in contrast to those directed to Ca(1) in 2 (see Figure 2). This 
corresponds to the unsymmetrical coordination of the H2O 
molecule to Ca(1) in complex 1 and more symmetric coordination 
of H2O in 2 (see Figure 2). The Ca(1)O(11)H(11B)/ 
Ca(1)O(11)H(11C) angles are 94.41°/160.41° in 1 and 128.83°/ 
125.54° in 2 (Figure S3). 

Another interesting feature of the DED distribution is 
observed in the CuONCO fragment of 1 and 2. As can be seen in 
Figure 3, there is a DED depletion on the O(1)–N(1) bond 
instead of the expected concentration. Previously, a similar DED 
depletion was observed in a spiroendoperoxide antimony 
complex on the O–O bond.27 In terms of the DED distribution, 
the Cu–O and Cu–N bonds correspond to the peak–hole 
interactions. We used the theory of Bader28 to investigate the 
chemical bonds, water coordination, and charge distribution in 1 
and 2.

Molecular graphs of complexes 1 and 2 are shown in 
Figure S4. Water molecules coordinated to calcium atoms in 1 
and 2 take part in the formation of hydrogen bonds with two 
neighboring H2O molecules. However, the O∙∙∙H distances and 
hydrogen bond energies in 1 (Table S4) are less uniform than 
those in 2. According to the Espinosa–Molins–Lecomte 
correlation,29 the differences in the energies of the O(1S)∙∙∙H(11B) 
and O(8S)∙∙∙H(11C) bonds are 5.3 and 2.4 kcal mol–1 in 1 and 2, 
respectively. This leads to an unsymmetrical coordination of 
water molecules to the calcium atom in 1 as compared to 2. 
Despite the difference in the coordination of water molecules, 
the Ca(1)–O(11) distances and the corresponding bond energies 
in 1 and 2 are very close (see Table S4). 

An analysis of the electron density topology revealed the 
Cu(1)∙∙∙O(13) interactions in 1 and 2 (Figure S5). Due to large 

distances between copper and carbonyl oxygen in 1 [3.391(8) Å] 
and 2 [3.029(4)Å], these interactions cannot be detected in a 
geometric analysis. In addition, a weak Cu(2)∙∙∙C(22) interaction 
[3.493(11) Å] is detected in complex 1. Thus, the isophthalate 
anion in 1 and the fumarate anion in 2 can be formally considered 
as bidentate and tridentate ligands, respectively. Note that a 
geometric analysis of the Cu–O(H2O) distances in 1 and 2 
showed that only three water molecules are coordinated to the 
copper atoms (see Figure 1). According to the Cambridge 
Structural Data Bank,30 the Cu–O(H2O) distances vary in a 
wide  range of 1.74(2)–2.921(13) Å.31,32 The Cu(3)–O(16), 
Cu(4)–O(17), and Cu(5)–O(18) distances in 1 and Cu(2)–O(16), 
Cu(3)–O(17), and Cu(5)–O(18) distances in 2 vary from 2.375(4) 
to 2.715(4) Å (Table S5). Additional Cu–O(H2O) contacts were 
localized when investigating the electron density topology in 1 
and 2 (Figure S5). The Cu(1)–O(12S) [2.957(9) Å] and  
Cu(4)–O(11S) [3.156(9) Å] distances in 1 and the Cu(5)–O(7S) 
[2.982(5) Å] distance in 2 significantly exceed the geometric 
criteria for such interactions. Therefore, these interactions cannot 
be localized on the basis of the known Cu–O(H2O) distances. 
The energies of interactions localized in the study of the electron 
density topology (0.7–1.8 kcal mol–1) are significantly lower 
than  those of the interactions predicted geometrically  
(3.2–9.2 kcal mol–1).

According to Bader’s theory,28 the Ca–O(H2O),  
Ca–O(15-MC-5), Ca–O(carboxylate), Cu–O(carboxylate), and 
Cu–O(H2O) interactions in 1 and 2 are closed-shell interactions 
(Laplacian of electron density ∇2r(rcp) > 0; local electron energy 
density he(rcp) > 0, Tables S4, S5 and S6). Due to the fact that 
electron energy density values are nearly zero and the Winxpro 
program33 does not calculate uncertainties of electron density 
topological characteristics, we consider that these interactions 
are boundary between intermediate [(∇2r(rcp) > 0, he(rcp) < 0] 
interactions and closed-shell ones. The Cu–O and Cu–N contacts 
in the five-membered CuONCO and CuNCCN metallofragments 
(see Figure 3) correspond to intermediate interactions (Table 
S6). The DED depletion at the critical point (3, –1) on the O–N 
bond in the CuONCO fragment is caused by a positive value of 
the electron density Laplacian [∇2r(rcp) = 0.261 a.u. in 1]. Thus, 
the O–N interaction in the CuONCO fragment is intermediate 
[(∇2r(rcp) > 0, he(rcp) < 0]. However, the electron density at the 
O–N bond CP (3, –1) [r(rcp) = 0.312 a.u. in 1] is comparable to 
that for the O–C bond [ r(rcp) = 0.350 a.u. in 1], which is 
covalent [∇2r(rcp) < 0, he(rcp) < 0]. A similar situation takes 
place in complex 2. The invariom-based calcium charge (1.71 e 
in 1 and 1.78 e in 2) reflects its state. The formally two-valent 
copper atoms bear lower positive charges (0.8–0.94 e in 1 and 
0.84–0.87 e in 2). 

In order to understand how well the experimental–theoretical 
and theoretical electron density topologies agree to each other, 
we have performed DFT calculations of the molecules of 1 
and 2. To simplify the model, both solvate and coordinated water 
molecules on metal atoms were not included in the calculations. 
The optimized geometry of metallacrown 1 also revealed 
significant distortions of planarity (Figure S6). The largest 
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Figure  2  Isosurface (0.15 a.u.) of the deformation electron density (DED) 
on the water molecule and the C(16)O(12)O(13) fragment in (a) 1 and (b) 2. 
The blue and red areas show the concentration of DED and the depletion of 
DED, respectively.
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deviations of non-hydrogen atoms from the metallamacrocycle 
planes (except for the carbon atoms of Me groups) were 1.166 
and 1.476 Å for the optimized molecules of 1 and 2, respectively, 
which are much higher than that for molecules in the crystals 
(0.455 Å in 1 and 0.796 Å in 2). Despite this fact, the coordination 
sphere of the central calcium atom was reproduced adequately. 
The calculated average deviations of oxygen atoms from the 
planes are 0.048 Å in 1 and 0.151 Å in 2. Calcium atoms deviate 
from this plane by 0.343 and 0.328 Å in complexes 1 and 2, 
respectively. 

As follows from Table S6, differences in the topological 
characteristics of electron density for all interactions in 1 and 2 
do not exceed the transferability index [r(r) = 0.015 a.u. 
(0.1 e Å–3), ∇2r(r) = 0.17 a.u. (3–4 e Å–5)].34 The exceptions are 
the values of ∇2r(r) for O–N, O–C, N–C, and C–C bonds in the 
CuNCCN and CuONCO fragments of complexes 1 and 2, and 
electron density [ r(r)] at the N(10)–C(14) bond in 1. We believe 
that the intermolecular interactions involving these atoms in the 
crystal lead to a substantial difference in the parameters ∇2r(r) 
and r(r) (Figure S7). Theoretical Bader’s charges calculated for 
calcium (1.82 e in 1 and 1.81 e in 2) and copper (1.17–1.21 e in 
1 and 1.17–1.18 e in 2) atoms are slightly more positive compared 
to the experimental–theoretical ones. As a result, the d-orbital 
populations obtained from DFT calculations are somewhat 
lower  than the experimental–theoretical values (Table S7). 
Nevertheless, the experimental–theoretical and theoretical 
charges are in good agreement with each other. 

In this study, we found that the distortion of the metallacrown 
planarity has no significant effect on the topological 
characteristics of experimental–theoretical or DFT-based 
electron density. Therefore, differences between the metallacrown 
shapes obtained from the X-ray experiments and DFT 
calculations are not crucial for an analysis of intramolecular 
interactions. The difference in the experimental–theoretical and 
theoretical topological characteristics of electron density [mainly 
∇2r(r)] are caused by intermolecular interactions in the crystals. 
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