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Highlights

e A tetradentate diol-bispidine-based ligand and its metal complex with Zn(ll) were efficiently
synthesized.

e X-ray analysis defined the chair-chair (cc) conformation of the bispidine core.

e In the crystal structure, the metal center exhibited a distorted square pyramid coordination
geometry.

e The theoretical conformation of the complex agreed with the results of the solid-state analysis.

e NMR titration studies were employed to follow the formation of the complex in solution and
identify the correct stoichiometry.

Abstract

The efficient synthesis of a tetradentate diol-bispidine-based ligand and its metal complex with Zn(ll) is
here reported. The single-crystal X-ray diffraction (SC-XRD) analysis of the Zn(ll) complex allowed the
characterization of the coordination sphere around the cation as a distorted square pyramid and
confirmed that the bispidine core was in a chair-chair (cc) conformation. This finding agreed with the
theoretical analysis. The structural data demonstrated the influence of the ligand conformation on the
coordination mechanism, confirming that the cc geometry of the bispidine core is a key factor to form a
stable complex. Hirshfeld surface and two-dimensional fingerprint analysis showed that hydrogen bonds
(O---H) and van der Waals interactions constituted the major contribution to the intermolecular forces,
with O---H/H---O and H--H contacts accounting for 39.8% and 38.8% of the surface, respectively. NMR
titration experiments provided information on the formation mechanism of the complex and on the
species formed throughout the reaction.

1. Introduction

3,7-Diazabicyclo[3.3.1]nonanes, commonly known as bispidines, are heterocyclic compounds comprised
by two condensed piperidine cores [1], existing in any of the three conformations showed in Figure 1 [2].
The chair-chair (cc) conformation, with a slight ring flattening, is generally favored [3], both in solution
and in the solid state, as confirmed by X-ray studies on previous derivatives [4—6].
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Figure 1. The unsubstituted bispidine nucleus and its three possible conformations: chair-chair (cc), chair-boat (cb),
and boat-boat (bb).

Bispidines have basic properties and, despite being diamines, they titrate as monoamines because the
proton is coordinated to both the nitrogen atoms through an intramolecular hydrogen bond that leads
them to carry a partial positive charge [7]. These peculiar structures can coordinate several metal ions;
the resulting complexes have unique, interesting properties, including the possibility to afford isomers
with different geometries, which influence their chelating potential [8]. Although the bispidine fragment
is quite rigid, its complex with a metal ion tolerates large differences in metal-donor distances, and thus
it is not size-selective [9].

Among cations, zinc is one of the most biologically relevant, being the second most abundant transition
metal in the human body. Zinc is essential for growth and development, and, at the cellular level, is
critically involved in proliferation, differentiation, and apoptosis [10]. It is implicated in the regulation of
cell metabolism and has catalytic, structural, and regulatory roles in more than two hundred
metalloenzymes [11]. Several transcription factors have been found to possess a zinc-containing motif,
serving as a DNA binder [12]. Many zinc complexes endowed with pharmacological properties were
reported [13,14] in the field of antibacterial, antidiabetic, anti-inflammatory, and anti-Alzheimer drugs.
Notably, zinc is significantly non-toxic compared to other metals, even at higher doses.

The nitrogen atoms in bispidines are almost ideally arranged for chelating metals, generating an
adamantane-like structure, which leads to a rigid coordination and rather strong donor-ligand interactions
[4]. Importantly, the substitution at the bridging 9-position of the bispidine ligand provides a means to
alter the properties of the complexes without further enlarging the steric hindrance [4]. Besides their well-
established use in the field of catalysis, these unique structures have also captured the attention of the
pharmaceutical community over the years. Recently, bispidines have been studied as ligands for
radiopharmaceutical applications [15], but also as diagnostic and therapeutic agents for cancer [16,17].

Based on these premises, we report the synthesis of the diol-bispidine derivative (3,7-bis(2-hydroxyethyl)-
1,5-diphenyl-3,7-diazabicyclo[3.3.1]lnonan-9-one), 1, and its corresponding Zn(ll) dinitrate complex
[Zn(Ca3H26N203)](NOs),, 2, in order to lay the foundation for the future development of novel metal-based
pharmaceuticals containing a bispidine core. The new compounds were synthesized and characterized
following literature procedures [4]. In addition, to derive further information about the complexation
mechanism and the conformational features, NMR titration experiments were performed, and the three-
dimensional structure of the Zn(ll) complex was determined by means of single-crystal X-ray diffraction
(SC-XRD). Then, the free ligand and the Zn(ll) complex were investigated by ab initio computational
methods, using the density functional theory (DFT). This extensive structural investigation allowed us to
determine whether the presence of substituent groups could lead to conformational changes in the
bicyclic system, influencing the overall stability and complexation ability of the ligand.



2. Experimental

2.1 Synthesis

All reagents and solvents were purchased from commercial sources and used without further purification.
The reactions were carried out in atmospheric conditions unless otherwise indicated. Reactions were
monitored by thin-layer chromatography (TLC), performed on Merck Kieselgel 60 F254 plates.
Visualization was accomplished by UV irradiation at 254 nm and, subsequently, by treatment with alkaline
KMnO, (an oxidant mixture of KMnO,, K,COs, and 5% NaOH in water). *H and *C NMR spectra were
recorded on a Bruker 400 spectrometer (*H NMR, 400 MHz; 3C NMR, 100 MHz), at room temperature,
using tetramethylsilane (TMS, & = 0.0 ppm) as internal standard. CDCls, CDsCN, or CDs0D were employed
as solvents. Chemical shifts are reported as 6 values in parts per million (ppm) from the internal standard;
the coupling constants J are reported in Hz.

Synthesis of 3,7-bis(2-hydroxyethyl)-1,5-diphenyl-3,7-diazabicyclo[3.3.1]nonan-9-one (1). To an ice-cold
solution of ethanolamine (1 eq.) in MeOH, neutralized by the slow addition of 3 mL of glacial acetic acid,
was added formaldehyde (2 eq.) and 1,3-biphenyl propan-2-one (0-5 eq.). The resulting suspension was
heated at 90 °C under reflux for 5 h and then cooled overnight. The solution was basified by the addition
of a 20% NaOH solution; the dilution with an equal volume of water prompted the crystallization of the
desired ligand A (Scheme 1). Yield: 68%. *H NMR (400 MHz, CDCls) § 7.40 — 7.17 (m, 10H), 3.74 (t, J = 5.2
Hz, 4H), 3.66 (d, /= 11.2 Hz, 4H), 3.23 (d, J = 11.2 Hz, 4H), 2.74 (t, J = 5.2 Hz, 4H).

Synthesis of [3,7-bis(2-hydroxyethyl)-1,5-diphenyl-3,7-diazabicyclo[3.3.1]nonan-9-one]zinc(ll) dinitrate
(2). The ligand 1 (100 mg, 0.26 mmol) and Zn(NOs),:6H,0 (77.3 mg, 0.26 mmol) were dissolved in 5 mL of
acetonitrile. The solution was heated at 60 °C for 5 h and cooled down to room temperature. The mixture
was evaporated under reduced pressure, affording a solid. *"H NMR (400 MHz, CDCl3) § 7.50 — 7.17 (m,
10H), 4.31 (d, J = 12.0 Hz, 4H), 4.05 (m, J = 5.7 Hz, 4H), 3.21 (d, J = 11.9 Hz, 4H), 2.94 (m, 4H).

2.2 Crystallography

Diffraction data for 2 were collected on a Bruker Apex Il CCD three-circle diffractometer, working at room
temperature with graphite-monochromatized Mo-Ka X-radiation ( A = 0.71073 A).

X-ray diffraction data in the 8 range 2-25° were collected acquiring four sets of 360 bidimensional CCD
frames with the following operative conditions: omega rotation axis, scan width 0.5°, acquisition time 50
s, sample-to-detector distance 50 mm, phi angle fixed at four different values (0°, 90°, 180° and 270°) for
the four different sets.

Omega-rotation frames were processed with the SAINT software [18] for data reduction (including
intensity integration, background, Lorentz, and polarization corrections) and for the determination of
accurate unit-cell dimensions, obtained by least-squares refinement of the positions of 3571 independent
reflections with | > 100(l). Absorption effects were empirically evaluated by the SADABS software [19] and
absorption correction was applied to the data. The structure was solved by direct methods with SIR-2014
[20] and completed by iterative cycles of full-matrix least squares refinement on F,2 and AF synthesis using
SHELXL-2018/3 [21] in the WinGX v2021.3 suite [22]. Hydrogen atoms bonded to carbons were included
at geometrically calculated positions and refined using a riding model. Uiso(H) were defined as 1-:2Ueq of
the parent carbon atoms for phenyl and methylene residues. The structure was analyzed with PARST [23],



Mercury 2021.3 [24], ToposPro [25], and CrystalExplorer21 [26]. Graphical representations were
generated with ORTEP-3 2020.1 [22], Mercury, ToposPro, and CrystalExplorer21.

Crystal data for 2: C23H26N40sZn, M, = 567.85g/mol, Monoclinic, Space group P21/c, a = 9.4755(2) A, b =
13.5820(3) A, c =19.2826(4) A, B = 99.624(3), V = 2447(1) A3, Z = 4, Deoic = 1.542 Mg/m?3, F(000) = 1184, R
=0.0938 (for 2427 F, > 4sig(F,)), wR2 = 0.1636, T = 294(2) K, GOF = 1.129. The reflections were collected
in the range 1.84° <0 < 21.96° (limiting indices =-9<h <9, -14 <k <14, -20 <1< 20) employing a 0.035 x
0.04 x 0.07 mm crystal. The residual positive and negative electron densities in the final map were 0.720
and -0.458 eA*.

2.3 Computational studies

Conformational analysis was performed with the software Spartan ‘08 [27] by means of the “conformer
distribution” function, using the Monte-Carlo search method. The MMFF force field in vacuo was used for
the energy minimization of the structures, which were then submitted to a DFT single point energy
calculation at the B3LYP 6-31G (d) level in vacuo with the software Gaussian ‘09 [28]. All energies were
corrected by adding the ZPE (Zero-point Energy), as obtained by frequency calculation at the same level.

3. Results and discussion

3.1 Synthetic procedures

The synthesis of the bispidine moiety is straightforward and allows the preparation of structurally diverse
ligands [4]. The symmetrical bispidine 1 was prepared through a one-pot quadruple Mannich reaction,
starting from 1,3-diphenyl acetone, four equivalents of formaldehyde, and two equivalents of
ethanolamine (Scheme 1).
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Scheme 1. Synthesis of ligand 1.
The synthesized bispidine 1 was reacted with zinc nitrate hexahydrate to form the stable Zn(Il) complex
2. The metal center was found to be chelated by the nitrogen atoms of the heterocyclic core, by the two
oxygens of the ethanol moieties, and by a nitrate group.
3.2 Crystallography

Crystals of 2, suitable for X-ray diffraction analysis, were obtained as white plates from a 2:1 CHCls/MeOH
solution. The ORTEP [22] drawing of the asymmetric unit (Figure 2), comprising the zinc complex and two
nitrate anions, shows the coordination geometry around the metal center and the conformation of the
ligand after the metal complexation.



Figure 2. ORTEP view of 2 showing the arbitrary atom numbering (ellipsoids are at 40% probability and H atoms are
represented as spheres of arbitrary radii).

Compound 2 crystallized in the monoclinic system, in the centrosymmetric space group P2;/c. In this
complex, the Zn(ll) center is penta-coordinated by two nitrogen atoms from the bispidine core, two
oxygen atoms from the chelating ethanolamine chains, and one oxygen atom from one of the nitrate
anions. The corresponding values of distances and angles agree with literature data [29]. The coordination
sphere around the cation can be described as a distorted square pyramid (Figure 3), the planar base being
formed by N1, N2, 02, and 03 [maximum deviation from the mean plane: 0.003(6) A, for 03], with the
metal ion at 0.571(7) A from this plane towards the apical site. The latter is occupied by one of the oxygen
atoms of the nitro group (04); its bond to zinc [Zn1--04 of 2.048(8) A] is tilted by about 22° with respect
to the base normal.

Figure 3. Coordination sphere of 2: main distances and angles.

The geometry of the complex was also investigated by calculating the ts value [30], which is defined as
follows:
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where B > a, and B and a are the two greatest valence angles of the coordination center. The 15 value
calculated for the complex is 0.006, indicating a square pyramidal shape.

The coordination topology was further examined by means of the Voronoi-Dirichlet tessellation of the
space around the metal center [31,32]. The Voronoi-Dirichlet polyhedron (VDP) of an atom A surrounded
by atoms X is a convex polyhedron, containing this atom, and delimited by perpendicular planes passing
through the middle points of the segments A-X, connecting atom A with all other atoms X [33]. This
approach has been used for ages to unambiguously determine the coordination number (CN) of metal
crystals [34]. In detail, according to the Frank-Kasper definition of atomic domain, the CN is related to the
number of faces of the enclosing VDP. More precisely, each neighboring atom contributes an amount
proportional to the solid angle (SA) subtended by the corresponding face at the center of the VDP; hence,
only the largest solid angles contribute to a unity of the CN [34]. In the present case, Znl is coordinated
by N1, N2, 02, 03, 04: this is confirmed by the interatomic distances and by the SA (Table 1; Figure 4). All
other neighboring atoms are characterized by very low SA and longer distances. Hence, these data
unequivocally corroborate the fact that the Zn atom is penta-coordinated (CN = 5).

Table 1. Details of the VDP generated around the Zn atom, as calculated by ToposPro [25]. Only the distances (D)
and solid angles (SA) of the coordinating atoms are shown.

Atom D (A) SA (°)
N1 2.134(1) 14.28(8)
N2 2.101(6) 15.09(9)
02 1.987(2) 17.06(3)
03 2.038(2) 17.76(3)
o4 2.048(9) 17.44(9)
CN 5

Rsd (A) 1.351(0)

v (A3) 10.329(4)

A B C

Figure 4. A. VDP calculated for the Zn metal center in complex 2. B. Magnified view of the VDP calculated for the Zn
atom. C. Schlegel projection of the VDP.



The bicyclo[3.3.1]nonane system adopts a cc conformation, and its puckering parameters are as follows:
the C1/C2/C3/N1/C4/C5 heterocycle: Qr = 0.608(3) A and 9 = 8.6(2)°, the C1/C5/C6/N2/C7/C2 piperidine
ring: Qr=0.572(1) A and © = 3.6(9)°, indicating an almost perfect chair conformation for both rings. The
two phenyls are oriented at 35(1)° with respect to each other.

The internal organization of the crystal is based on the repetition of units formed by two molecules of the
complex, interacting through the free nitrate group, as depicted in Figure 5. In detail, strong H-bonds are
established between the 09 oxygen of the anion and the hydroxyl groups of the bispidine side chains of
two adjacent molecules. The phenyl groups of nearby complexes interact very weakly (Figure S1). In detail,
the C18-C23 ring makes a T-shaped C-H--m interaction with the C12-C17 phenyl (centroid-centroid
distance = 4.87(5) A, angle between ring normals = 82.9(2)°). The latter and the corresponding ring of an
adjacent complex lie on parallel planes at 2.85(2) A. However, the centroid-centroid distance (5.12(8) A)
and the inclination of the centroid-centroid vector with respect to the plane normal (50.1(6)°) are
incompatible with any significant form of stacking interaction.

Figure 5. Crystal packing (left) and intermolecular interactions (right) of 2, viewed along a axis.

3.3 Hirshfeld surface (HS) analysis

HS analysis and fingerprint plots, here generated with CrystalExplorer21 [26,35], aided the examination
of the intermolecular interactions in the crystal structure (Figure 6). The HS of 2 (V = 603.30 A3; A = 464.59
A%, G = 0.743; Q = 0.069) was mapped over the normalized contact distance (dnorm), according to the
following equation:

vaw vdw
_di—ry d, — 1,

d -
norm
TivdW rUdW

where d; is the distance between the HS and the nearest nucleus inside the surface, d. is the distance
between the HS and the nearest nucleus outside the surface, and r'“" represents the van der Waals radius
of the atom. The dhom property was visualized with a red-blue-white color scheme, based on the length
of the intermolecular contact with respect to the sum of the van der Waals radii (Figure 6A). The analysis
of dnorm showed the presence of large red areas corresponding to the strong H-bonds established by the
nitrate ion with the hydroxyl groups of the bispidine nucleus. Fainter red spots indicated the presence of
weak H-bonds between 06 of the nitrate anion coordinating the metal center and two aromatic CH
belonging to the two phenyl groups. The 2D fingerprint plots (Figure 6D), providing a visual summary of



the contribution of each contact type and the relative area of the surface corresponding to it, revealed
the importance of the O--H/H---O contacts, which constitute 39.8% of the HS. The long spikes protruding
towards the lower left corner of the graph confirmed the strong and short-range character of these
interactions. The second and third contributors are H---H and C---H/H---C contacts, which make up 38.8%
and 16.6% of the HS, respectively. The former represents non-specific van der Waals interactions, while
the latter, constituting the wings of the plot, are mainly due to CH:--mt contacts. The lack of C.-:-C
interactions indicated the absence of parallel m-it stacking interactions; this observation was confirmed
by the lack of the characteristic blue-red triangle pattern on the shape index (Figure 6B). The curvedness
mapped over the HS showed the presence of flat areas, corresponding to the phenyl rings (Figure 6C).

Figure 6. A. HS of 2 mapped over dnorm With a fixed color scale in the range -0.7408 au (red) — 1.5730 au (blue). Red,
blue, and white indicate intermolecular contacts shorter, longer, and approximately equal to the sum of their van
der Waals radii, respectively. B. HS of 2 mapped over the shape-index (color scale: -0.9975 au — 0.9990 au). Blue
areas represent bumps and red regions indicate hollows. C. HS of 2 mapped over the curvedness (color scale: -3.7541
au —0.2484 au). Green represents flat regions and blue indicates edges. [Continued]
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Figure 6. D. 2D Fingerprint plots of 2, providing a visual summary of the frequency of each combination of de and d;
across the HS. Points with a contribution to the surface are colored blue for a small contribution to green for a great
contribution.

The analysis of the intermolecular contacts on the HS of 2 according to Jelsch et al. [36] is reported in
Table 2. In the first part, the surface contribution Sx of each chemical type X to the HS is indicated. The
second part shows the proportions of the actual contacts (Cxy), and the third part the enrichment ratios
(Exy) of the various contact types. The reciprocal contacts X:--Y and Y:--X are merged and Exy were not
computed when the random contacts (Rxy) were lower than 0.9%. The Exy ratios larger than unity indicate
enriched contacts (in bold), while those lower than unity are impoverished. The percentages of actual
contacts were calculated using CrystalExplorer21 [26]. The same calculations were also performed for the
ligand; details are reported in the Supplementary Materials (Table S1).

Table 2. Analysis of the intermolecular contacts on the HS of 2.

Atoms H C N o Zn
Surface (%) 67.8 8.7 1.0 22.6 0.0
Contacts (%)

H 38.8

C 16.6 0.0

N 1.5 0.2 0.0

0] 39.8 0.5 0.3 2.3

Zn 0.0 0.0 0.0 0.0 0.0
Enrichments

H 0.8

C 1.4 -

N 1.1 - -

0] 13 0.1 - 0.5

Zn - - - - -




3.4 NMR spectroscopy

The coordination chemistry of ligand 1 was investigated by 'H NMR titration studies to gather information
on the possible complexes formed in solution. *H NMR spectra of the free ligand in different solvents
(CDCls, CDsCN, and CDs0D) were recorded. No significant differences in the chemical shifts were observed,
and CDCl; was selected for further studies. The ligand was dissolved in CDCl; to a 0.01 mM concentration
and then titrated with a CDs0D solution of zinc nitrate hexahydrate, starting from 0.25 eq. up to 2 eq. of
metal. During the addition of zinc nitrate to ligand 1, we observed the formation of a new single species.
After the addition of 1 eq. of metal, the free ligand completely disappeared, and only the new species was
present, which was confirmed to be the expected complex 2 by comparing its spectrum to the one
obtained by synthesis (Figure 7). In the complex, most of the NMR signals moved downfield with respect
to the free ligand because of the deshielding effect of the metal cation. All the bispidine hydrogens were
shifted, as well as the hydrogen atoms adjacent to the hydroxyl groups coordinating the metal. The most
affected atoms were the equatorial hydrogens of the bispidine core (AS8 = 0.65 ppm) and the -CH,O-
hydrogens of the ethanol moiety (AS = 0.32 ppm).

The simultaneous decrease in intensity of the peaks of the free ligand, with only small changes in the
chemical shifts, and the increase of the ones belonging to the complex indicated a moderately tight
binding condition, resulting in a quite slow exchange process, in which two defined species are observed,
the free ligand and the 1:1 metal/ligand complex. In the titration binding study, four different proton
resonances associated with the observed changes in the chemical shifts were monitored, providing data
from which the association constant (K,) was determined by a global fitting analysis to a 1:1 binding model
using the supramolecular.org web applet. The binding constant was calculated to be 1.26 + 0.16 x 107 M.
The corresponding log K = 7.1 is comparable to previously reported log K values for tetracoordinated
bispidine-zinc complexes [8].
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Figure 7. 'H-NMR spectra of compounds 1 (bottom) and 2 (top).

3.5 Computational studies

To gather insights into the behaviour of the ligand, we investigated its structural features by
computational tools (Monte Carlo search with Molecular Mechanic energy minimization - MC/MM: only



the conformers within 10 kcal/mol were considered). After the conformational analysis, the most
favourable conformers were submitted to DFT-B3LYP/6-31G(d) energy optimization in vacuo. After
frequency calculation, the energies were corrected by ZPE addition. 59 conformers were obtained from
the conformational search. The minimum energy structure was in the cc conformation (only 11% of the
structures were in the cb conformation).

After DFT optimization, the cb conformer was found to be 2.33 kcal/mol higher in energy compared to
the cc conformer (Figure 8). This result agrees with the spectroscopic data, which showed half a set of
signals, indicating that a single symmetric species, ascribed to the cc conformer, was present.

Figure 8. Plot of the lowest energy conformers for 1 as obtained from DFT calculations: cc conformation (left) and
cb conformation (right).

The structure of the zinc complex was then optimized by DFT (Figure 9A). The most stable structure
showed the presence of a single nitrate anion bound to a pentacoordinated Zn(ll) cation at the center of
a slightly distorted square-based pyramid geometry. The basis was formed by the two bispidine nitrogens
and the two oxygen atoms of the ethanolic residue. The O-N-N-O dihedral had a value of 19.1°. The other
parameters, bond lengths and angles, around the central Zn(ll) atom were consistent with the results
obtained from the solid-state X-ray diffraction analysis. As evidenced by the superimposition of the
calculated and experimental structures (Figure 9B), only small differences in the position of the nitrate
group coordinating the Zn(ll) center were observed, thus confirming that the geometry in the solid state
is not significantly affected by the crystal packing.



Figure 9. A. Plot of the lowest energy structure of 2 and its coordination sphere as obtained from DFT calculations.
B. Overlay of the calculated (green) and experimental (red) structures.

Finally, the pharmacological and toxicological properties of compounds 1 and 2 were estimated by using
the DataWarrior software [37] to gather preliminary information on their therapeutic potential. Because
complexes often show different bioactivities compared to metal-free ligands, [16] the same parameters
were calculated for both 1 and 2. DataWarrior predicts toxicity risks by finding structural alerts within the
test compound and computes a druglikeness score. A similar evaluation was also carried out using the
SwissADME utility [38]. This online software also calculates whether the test sample is a pan-assay
interference  compound (PAIN). Similar filters are available also through the SmartsFilter
[http://pasilla.health.unm.edu/tomcat/biocomp/smartsfilter] and Zincls Patterns
[https://zinc15.docking.org/patterns/home/] services [39]. Overall, these approaches indicated that 1 and
2 exhibit desirable characteristics in terms of druggability and safety; moreover, the compounds
successfully passed all the PAINS filters of the employed programs. In detail, 1 and 2 proved to be non-
toxic, non-carcinogenic, non-mutagenic, and characterized by a high gastrointestinal absorption.
Furthermore, they satisfied all criteria of the most common druglikeness indicators, including the Lipinski's
rule of five. Therefore, the predicted pharmacological properties confirm that these compounds may be



considered as promising candidates for further biological studies. All calculations are reported in Table S2
and Table S3 (Supplementary Materials).

4. Conclusions

Bispidines are unique structures characterized by a natural tendency to chelate metal ions. The
introduction of substituents and the variation of the metal center allows for the tailoring of their physico-
chemical and biological properties. As a result, bispidines and their complexes can be adapted to serve
many different purposes, spanning from the chemical catalysis to the pharmaceutical field. Because of
the wide spectrum of their potential applications, the study of their three-dimensional structure and the
comprehension of their mechanism of complexation continues to attract the interest of the scientific
community. In this work, we synthesized and characterized a new bispidine ligand and its complex with
Zn(ll). The single-crystal X-ray analysis was pivotal to define the conformation of the bispidine core (cc)
and to determine the geometry of the coordination sphere around the metal center (distorted square
pyramid). The good agreement between the calculated and the experimental structure evidenced that
the packing forces slightly influence the geometry of the complex, underlining the suitability of the ligand
to provide a stable coordination. Finally, the NMR titration studies allowed us to follow the formation of
the complex in solution and identify the correct stoichiometry. Overall, our investigations contribute to
provide relevant information for the future development of bispidine derivatives into advanced
candidates for a variety of different purposes, with a particular emphasis on pharmaceutical applications.

Supplementary data

Supplementary data are available at:

CCDC-2077338 number contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: ++44 1223 336 033; or
deposit@ccdc.cam.ac.uk).
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