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Two new paramagnetic supramolecular helicates with the formula (X@[Ni,Ls))** (X = Cl, or Br; L = a bis-
pyrazolylpyridine ligand) have been prepared and are described. Helicates of this metal are very rare with
virtually no prior examples of them acting as hosts of anionic species. The persistence of the new assem-
blies in solution has been demonstrated unambiguously by mass spectrometry and paramagnetic *H
NMR. This has allowed us to establish the preference of the coordination [Ni,] host for Cl™ over Br~, in
agreement with DFT calculations. These results show the promise of the use of metallohelicates as suit-
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Introduction

The topic of anion recognition and manipulation is at the core
of vibrant research activity, given the central role of such
species in most biological and many industrial processes.’ ® In
most cases, the interaction with the receptor occurs via hydro-
gen bonds,® ' very often by encapsulation of the anionic
species within a cage.®>"'™* For most purposes, it is a major
goal to identify stable host systems that present a defined
selectivity for different types of anions."*™® A versatile family
of cages is that of coordination supramolecular helicates,"”
which consist of self-assembled structures made of multitopic
ligands acting as strands through their binding to two or more
metal centers. In the case of bimetallic helicates, the metals
act as nodes at each end of the structure while the strands

“Dipartimento di Scienze Chimiche e Geologiche e UdR INSTM, Universita degli
Studi di Modena e Reggio Emilia, via G. Campi 103, 41125 Modena, Italy.

E-mail: acornia@unimore.it

bDipartimento di Scienze Fisiche, Informatiche e Matematiche, Universita degli Studi
di Modena e Reggio Emilia, via G. Campi 213/A, 41125 Modena, Italy

‘Departament de Quimica Inorganica i Organica, Universitat de Barcelona, Diagonal
645, 08028 Barcelona, Spain. E-mail: aromi@ub.edu, leoni.barrios@ub.edu
dDepartament de Quimica Fisica, Universitat de Barcelona, Diagonal 645, 08028
Barcelona, Spain

Faculty of Physics, Adam Mickiewicz University, ul. Uniwersytetu Poznarskiego 2,
61-614 Poznan, Poland

Jnstituto de Nanociencia y Materiales de Aragon (INMA), CSIC and Universidad de
Zaragoza, Plaza San Francisco s/n, 50009 Zaragoza, Spain

SInstitute of Nanoscience and Nanotechnology of the University of Barcelona

(IN2UB), Barcelona, Spain

tElectronic supplementary information (ESI) available: cif files, a PDF with crys-
tallographic details, additional information on synthetic procedures, ESI-MS and
NMR experiments, magnetic data treatment, and DFT calculations. CCDC
2343092 and 2343093. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: https://doi.org/10.1039/d4dt01611d

This journal is © The Royal Society of Chemistry 2024

able systems for the selective encapsulation of specific anions in solution.

often generate a central cavity where guests may be
accomodated.'®**>* The size and symmetry of the encapsu-
lated anions are in part defined and modulated by the number
of strands as well as by the length and shape of the spacer
between their coordinating units. We have been investigating a
family of bis-pyrazolylpyridine ditopic ligands, such as L,
shown in Fig. 1. These ligands predictably assemble with six-
coordinate M(u) centers to form triple-stranded dinuclear cat-
ionic helicates, [M,L;]*".***® The N-H groups of L point
towards the interior of the central cavity, which becomes ideal
for the encapsulation of CI” and Br~ anions (X™), producing
(X@[M,L;])*" host-guest supramolecular systems. This has
been exploited in the case of M = Fe to modulate the spin
switching properties of the [Fe,L;]*" host.>**° If the spacer is
made longer (e.g. replacing the central phenylene with biphe-
nylene), the cavity becomes larger, and the host can then
sequester bigger guests, such as transition metal complexes of
the right symmetry.®°?

We present here new assemblies of Ni(u), L and halide
anion guests, (X@[Ni,L;])*" (X = Cl, Br), and produce experi-
mental and theoretical evidence that their structure persists in

o Q O
7N N-NH  HN-N  N= 7N MNNH - HNN N
L

Fig. 1 (Left) Structure of the ligand 1,3-bis(3-(pyridin-2-yl)-1H-pyrazol-
5-yl)benzene (L) and (right) coordination of L to metals (grey balls)
through the pyrazolylpyridine moieties, highlighting the possible hydro-
gen bonds with a central anion like Cl™ or Br~ (green ball) and the con-
formational freedom arising from rotation about the indicated C-C
bonds (red arrows).
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solution and that encapsulation of Cl™ is preferred over Br.
This opens perspectives for the use of these types of coordi-
nation helicates as selective receptors of ions of relevance to
environmental chemistry and other fields. The influence of the
nature of the anion on the magnetic properties of the para-
magnetic host is also briefly discussed.

Results and discussion
Synthesis and structures

Ligand L was prepared by a double Claisen condensation
between 1,3-diacetylbenzene and 2-ethylpicolinate, followed by
ring closure of B-diketone with hydrazine, according to a pro-
cedure slightly modified from that previously published by our
group (see the ESI{).>® The supramolecular host-guest systems
Cl@|[Ni,L;]CI(BF,), (1) and Br@[Ni,L;]Br,(BF,) (2) were then
obtained as methanol/water solvates by self-assembly one-pot
reactions between their various components. Thus, the
addition of "Bu,NBF, (TBABF,) to a mixture of NiCl,-6H,0 and
L in MeOH produced crystals of 1.3MeOH-4H,O upon
diffusion of Et,O vapor. The same procedure starting from Ni
(BF,),+6H,0 and "Bu,NBr (TBABr) yields 2-10MeOH-5H,0 (for
simplicity, the compounds will be hereafter referred to as 1
and 2). The identity and structure of the compounds were
established by single-crystal X-ray diffraction (SCXRD, see
below) and were consistent with data from microanalysis, elec-
trospray ionization mass spectrometry (ESI-MS), and '"H NMR
(see below and the ESIf). It should be noted that the same
L/Ni(u)/BF, /X" (X~ = CI” or Br™) molar ratio (1.5/1/2/2) was used
in both reactions. However, the BF,~ and X~ anions are incor-
porated in different proportions in the structures of 1 and 2,
which are otherwise very similar. At 100 K (Table S17), both
compounds are found in the tetragonal non-centrosymmetric
space group 4 (Z = 8). The asymmetric unit of 1 comprises one
supramolecular (CI@[Ni,L;])*" helicate (Fig. 2 and S1t), one
Cl” and two BF,~ counterions, three molecules of MeOH and
four molecules of H,0. The CI™ anion outside the cavity and
one BF,” ion exhibit disorder over two positions with relative

. A

Fig. 2 Representation of the supramolecular cation (Cl@[Ni,Ls])** of
compound 1. The large green ball is Cl, medium green balls are Ni, blue
balls are N, grey balls are C and white balls are H. Only H atoms from
N—H groups are shown. H-bonds are dashed red lines.
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occupancies of 0.49:0.51 and 0.84:0.16, respectively. The
asymmetric unit of 2 contains one (Br@[Ni,L;])*" moiety
(Fig. 2 and S2%), two Br~ and one BF,~ species as counterions,
together with ten and five solvate molecules of MeOH and
H,O0, respectively. Here, one of the external Br~ anions is dis-
ordered over three positions (occupancies of 0.39:0.39:0.22).
Elemental analysis revealed that the lattice MeOH molecules
are partly replaced by H,O upon exposure of these compounds
to the atmosphere for some time. The supramolecular cation
(X@[Ni,L;])*" has almost the same structure in the two com-
pounds (Fig. 2 and 3). It consists of a helicate where three L
ligands act as strands, coordinating and bridging two Ni(u)
ions through their pyrazolylpyridine chelating pockets,
keeping them 9.663(3) and 9.7529(15) A apart (for 1 and 2,
respectively). The hexacoordinated Ni(u) centers exhibit anti-
prismatic (pseudo-octahedral) coordination geometry, with
Ni-N bond distances in the range of 2.060-2.176 A. The proxi-
mity of this geometry to those of a perfect octahedron (OC-6
with Oy, symmetry) and a perfect trigonal prism (TPR-6 with
D3}, symmetry) was determined by means of continuous shape
measures using the program SHAPE.>? On average, the dis-
tances from the two reference polyhedra are 1.46 and 12.00,
respectively, indicating that OC-6 is much closer to the
observed geometry than TPR-6 (see individual values in
Table S27).

The local helical structure around the metals propagates
throughout the molecule via the helical arrangement of the
ligands. The latter is facilitated by the twisting around the C-C
bonds that connect the central m-phenylene unit to the nearly
planar pyrazolylpyridine groups (Fig. 1). The twisting angles
are not uniform both within the same ligand and among
different ligands. They range from 21.30° to 48.65° in 1 and
from 25.8° to 42.82° in 2, most likely reflecting solid-state
packing effects and the interaction with the counterions
outside the cavity. The two Ni(u) centers in the same molecule
exhibit the same chirality and the crystal is consequently a
racemic mixture of the enantiomeric species AA(P) and AA(M).
The radius of the central cavity, defined as the average distance

Fig. 3 (Left) Space-filling representation of the supramolecular cation
(Cl@INi,Ls])** of compound 1, with ligands shown in red, green and
black, respectively. (Right) View of the species (Cl@[Ni,Ls])** along the
Ni---Ni axis, emphasizing the helical arrangement engendered by the
ligand twisting around the C—C bonds that connect the central m-phe-
nylene unit to the pyrazolylpyridine groups.

This journal is © The Royal Society of Chemistry 2024
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between the three internal aromatic protons and their cen-
troid, is 2.66 (in 1) and 2.65 (in 2) and is thus suited for the
encapsulation of a C1I” or a Br™ ion. The X~ guest is stabilized
by six X:--H-N hydrogen bonds with six pyrazolyl N-H groups
pointing inside the cavity, describing approximately a trigonal
antiprismatic geometry. These bonds are on average slightly
shorter on one side of the antiprism (Tables 1 and S3, S47).
Therefore, the guest halide ion is closer to Ni2 than to Ni1l
(with Ni---X distances, in the Cl/Br format, of 4.692/4.837 and
4.988/4.917 A, respectively). The racemic AA(P) and AA(M)
mixture in the solid mirrors the composition of the preexisting
reaction mixture, which in turn originates from the degeneracy
of the two equivalent processes of hexa-coordination around
the Ni(u) ions (either with A or with A handedness), which ulti-
mately define the configuration of the assembly. Once the
assembly is formed, it should be locked in its final configur-
ation unless a series of bond dissociations takes place. The
interaction between the X~ anion and the host certainly con-
tributes to the cementation of the structure (and its inertness).
An alternative pathway of P vs. M interconversion without
bond breaking seems very unlikely, since it would involve
highly unstable non-chiral intermediates. The host-guest
interaction would contribute to enhancing the energy barrier
of this process. The remaining halide ions (whether disordered
or not) are also found to form X---H-N hydrogen bonds from
outside of the helicate with the ligand pyrazolyl groups, with
H--X distances ranging from 2.094 to 2.162 A for 1 and 2.461
t0 2.913 A for 2.

Solution properties

The integrity of the supramolecular assemblies in MeCN solu-
tion was first studied with ESI-MS experiments (see the ESIf).
Since the two compounds behave quite similarly (Fig. S3-S67),
the results are discussed together. Besides the expected signal
attributed to the free ligand (L + H"), various peaks from the
host-guest supramolecular assemblies present in the solid
state were observed, specifically (X@[NiL;])*", (X@[Ni,Ls]-
H')*" and (X@[Ni,L;]BF,)*". Peaks deriving from the empty
triple-stranded helicates, namely ([Ni,L,]-2H")** and ([Ni,L;]-
2H")*", were also observed, although such species were never
detected in the solid state. These data strongly indicate that
the helicates in 1 and 2, together with their corresponding
encapsulated guest, persist in the solution phase.

Table 1 List of N—=H---X (X = Cl, 1; Br, 2) hydrogen bonding distances [A]
within 1 and 2

N3H---Cl1 3.391¢ N3H---Brl 2.947¢
N4H---Cl1 3.342¢ N4H---Brl 2.799%
N9H---Cl1 2.485° NO9H---Brl 2.932¢
N10H---Cl1 2.586“ N10H---Brl 3.061°
N15H---Cl1 3.232° N15H---Brl 2.911¢
N16H---Cl1 2.684% N16H.--Brl 2.820%

“Distances are provided without an estimated standard deviation
because the hydrogen atoms are placed in idealized positions and
refined with a riding model.

This journal is © The Royal Society of Chemistry 2024
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The possible preference of the [Ni,L;]** host for one of the
two guests (CI” or Br~) was investigated by analyzing the
ESI-MS response of MeCN solutions of 1 and 2 containing
various amounts (1, 2, 3 or 10 eq.) of TBABr and "Bu,NCl
(TBACI), respectively. To best serve this purpose, we focus on
the spectral regions containing peaks from the (X@[Ni,L;])*"
species, as the latter give the most intense signals among the
halogen-containing species. The conclusions extracted are
however consistent with the observations made on the entire
spectrograms. The presence of 1 eq. of TBABr in a solution of
1 leads to the formation of small amounts of (Br@[Ni,L;])**
while producing a very slight decrease in the intensity of the
(CI@[Ni,L;])*" signal (Fig. 4). Increasing amounts of added
TBABr cause only very minor effects on the intensity of the
generated (Br@[Ni,L;])’" trace, while the (CI@[Ni,L;])*" peak
from the original host-guest species is always found to domi-
nate. Consequently, while some guest exchange is observed,
Cl™ cannot be replaced by Br~, even with a large excess of the
latter. On the other hand, the addition of 1 eq. of TBACI to a
solution of 2 leads to the formation of substantial amounts of
(CI@[Ni,L;])*" together with a significant decrease in the (Br@
[Ni,L;])*" signal’s intensity (Fig. 4). Larger amounts of TBACI
lead to a further weakening of the signal from (Br@[Ni,Ls])*",
which completely disappears in the presence of 10 eq. of the
organic salt. These results show that while guest exchange may
occur in both directions, ClI™ is clearly more favorably encapsu-
lated than Br™.

The solution properties were also investigated by NMR spec-
troscopy. The "H NMR spectrum of 1 in CD;CN at room temp-
erature exhibits nine peaks featuring paramagnetic shifts and
broadening (Fig. 5). The spectrum is thus consistent with the
idealized symmetry of the helicate observed in the solid state
(Ds) and strongly suggests that this structure is preserved in
solution. The signals were assigned based on the magnitudes
of the paramagnetic shifts and linewidths, which are signifi-
cantly larger for protons proximal to paramagnetic ions, as
well as by comparison with previously reported complexes of

100 NizL2]-2H")?*
1007 (cI@[NizLa])* ([NizL2]-2H")** 1 Ll 5 2
(Br@INizLs))**
50 | 50
G n | ||| 0 | |||
100 100 2 +1eq TBACI
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g o L N I “ g \ Lt ull
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Fig. 4 Selected region (m/z = 411 to 435) of the ESI-MS spectrogram
of compounds 1 (left) and 2 (right) before and after the addition of
different amounts of TBABr and TBACI, respectively (direct infusion,
MeCN, positive ion mode).
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Fig. 5 'H NMR spectrum (500 MHz, 298 K) of a solution of compound
1in CD3CN with signal assignments.

the same ligand with iron(n) ions.”® The spectrum of 2 is
almost identical to that of 1 (Fig. S71). The main difference is
that the two broad peaks of pyridine B-protons, which are
found between 46.5 and 47.0 ppm in 1, merge into a unique
signal at 46.5 ppm in 2.

This marker was used to corroborate the favorable exchange
of Br~ with CI” in MeCN solution observed in ESI-MS experi-
ments (see above). The addition of approximately 3 eq. of
TBACI to compound 2 dissolved in CD;CN causes the expected
splitting of the signal at 46.5 ppm (Fig. 6), proving that the
guest Br~ ion in 2 is replaced by Cl~ and (CI@[Ni,L;])*" is
formed. A large excess of TBACI (>10 eq.) causes the dis-
appearance of the "H NMR signals and the precipitation of a
solid phase, which is tentatively ascribed to a trihalide salt X@
[Ni,L;]X; (X~ = Br~ and/or CI7).

Solutions of 1 and 2 in CD;CN were also examined by *°Cl
and “°Br NMR. Unfortunately, when these quadrupolar nuclei
(f = 3/2) are in non-symmetric environments, their NMR
signals are broadened beyond detection. Compounds 1 and 2
are indeed *°Cl and 7°Br silent, presumably because halide
ions interact with the [Ni,Ls]*" helicate. Upon titration of a
solution of 2 with TBACI, a "Br NMR signal becomes barely
visible after the addition of 10 eq. of titrant and stands out
more clearly as a larger excess of the organic salt is added
(Fig. S87). At the same time, however, precipitation of the heli-

(Br@[Ni,Ls])** + TBACI

(Br@[Ni,L3])*

53 52 51 50 49 48 47 46 45 44
Chemical shift, ppm

Fig. 6 Comparison of the *H NMR spectra (500 MHz, 298 K) of 1
(bottom), 2 (middle), and 2 + 3 eq. of TBACI (top) in CDsCN. Dashed
lines are a guide to the eye.
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cate takes place (see above), meaning that only under these
conditions are Br~ ions truly free in solution. The *Cl NMR
spectra recorded during the titration show a similar trend, with
a *°Cl signal from truly free CI~ ions being only observed after
the addition of >10 eq. of TBACI (Fig. S9t). The titration of 1
with TBABr was also followed by **Cl and "’Br NMR. No mag-
netic resonance signal from these nuclei was detected in the
presence of small amounts of TBABr. A "°Br signal was only
observed upon the addition of 10 or more eq. of titrant, as the
solid helicate started to precipitate, and its intensity increased
as the titration proceeded (Fig. S107). As a significant difference
from reverse titration, however, a *>Cl signal was never observed
during the experiment (Fig. S11). This means that all Cl~ ions
available in the sample precipitate after a sufficient excess of
Br~ ions is added, suggesting that the precipitate can be tenta-
tively formulated as Cl@[Ni,L;]Br,CL

DFT calculations

The above-described experimental evidence that Cl™ is a pre-
ferred guest over Br~ was corroborated by density functional
theory (DFT) calculations. Thus, the reaction DFT electronic
energy (as obtained from the electronic Schrodinger equation)
associated with the process in eqn (1) was evaluated after fully
optimizing the geometry of reactants and products, using the
polarizable continuum model to account for the influence of
the solvent (MeCN) while including the effects of van der
Waals interactions (see the ESIY).

(Br@[Ni,Ls])** + CI~ — (CI@[Ni,Ls])*" + Br~ (1)

The calculated reaction energy is —16 kcal mol™" and indi-
cates that the guest replacement reaction is thermodynamically
favoured, consistent with the observations made in ESI-MS
and 'H NMR experiments. The reason for this preference for
Cl™ over Br™ is likely related to the general observation that the
former usually establishes stronger hydrogen bonds than the
latter.*® Indeed, the calculated energy of the X ---H-N inter-
action between a halide anion and three pyrazolylpyridine
moieties of a model complex [Ni(Lcy)s]** (Fig. $121) in the gas
phase is found to be 19.8 kcal mol™ more favorable for CI~
than for Br™.

Magnetic properties

The effect of host-guest interactions on the solid-state mag-
netic properties of compounds 1 and 2 was probed through
variable temperature bulk magnetic measurements. In view of
the almost imperceptible influence of guest replacement on
the '"H NMR spectra, very little difference was expected. The
xmT values of compounds 1 and 2 at 300 K amount to 2.37 and
2.59 em® K mol ™, respectively (yy is the molar paramagnetic
susceptibility; Fig. S137). In both cases, a plateau is observed
down to approximately 15 K, where a small increase is
detected, with maxima of 2.36 and 2.50 cm® K mol™, respect-
ively. Upon further cooling, yuT declines sharply as a likely
effect of Ni(u) single-ion magnetic anisotropy (extremely weak
inter- and intramolecular interactions are anticipated).

This journal is © The Royal Society of Chemistry 2024
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Isothermal magnetization vs. field curves were also recorded at
low temperature (Fig. S137).

The magnetic behavior of both compounds was modeled
using a single-ion zero-field splitting (zfs) plus Zeeman spin
Hamiltonian, while neglecting any possible spin-spin inter-
action (see the ESIt). The two Ni(u) ions in each compound
were assumed to have identical zfs tensors, described by the
uniaxial (D) and rhombic (E) anisotropy parameters, as well as
the same isotropic g factor. The best-fit parameters obtained
analyzing both the susceptibility and magnetization curves
were found to be similar or identical in the two compounds
(Fig. S131): in 1, D = —2.0 K, |E| = 0.1 K, g = 2.17; in 2, D =
-1.9K, |E| =0.1 K, and g = 2.22.

Conclusions

The ditopic ligand 1,3-bis(3-(pyridin-2-yl)-1H-pyrazol-5-yl)
benzene (L) spontaneously reacts in solution with Ni(II) and
halide X~ ions (X = Cl, Br) to produce supramolecular host-
guest cationic assemblies, (X@[Ni,Ls])**. Very importantly,
these constructs persist in solution and can be detected, not
only by paramagnetic NMR but also through mass spec-
trometry. This latter technique becomes essential to demon-
strate the preference of Cl~ encapsulation with respect to Br,
which is completely replaced by the former anion if added in a
10-fold excess. Interestingly, this selectivity is consistent with
DFT calculations, where the influence of the MeCN solvent is
taken into account.
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