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Graphical Abstract

Flexible ligands of diimidazole bridged by pyridine methylene self-assemble with palladium(I1)-based building blocks, forming
two novel types of metallacalixarenes with different configurations.
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ABSTRACT

Two types of palladium(11)-based metallacalixarenes [ML]?* and [ML.]?>" have been synthesized through
coordination-driven self-assembly from a series of flexible pyridine-bridged diimidazole ligands [2,6-
bis((1H-imidazol-1-yl)methyl) pyridine (L), 2,6-bis((1H-benzo[d]imidazol-1-yl)methyl)pyridine (L?), 2,6-
bis((1H-naphtho[2, 3-d]imidazol-1-yl)methyl)pyridine (L3)], with palladium(I1)-based building blocks
[PA(BF4)2(M*-BF4) and (tmeda)Pd(NOs)> (M2-NOs) (tmeda = N,N,N N “tetramethyl-ethylenediamine)].
All complexes were characterized by NMR spectroscopy (*H NMR and 3C NMR), mass spectrometry
(CSI-MS, ESI-HRMS) and elemental analysis. The single crystal X-ray diffraction analysis of
[MILZ](NOs)2, [MIL3;](NO3)2, [ML3;](PFs)2 and [M2L3](NOs3). further confirmed the uniquely single
bowl-shape and double bowl-shape structures. The anion binding properties within the metallacalixarenes
as receptors were also investigated by NMR titration experiments in DMSO.
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Over the past two decades, metal-directed self-assembly of supramolecular architectures have been increasing, and became a hot
topic and frontier field in supramolecular chemistry [1-8]. A variety of high-symmetric palladium(ll) supramolecular structures based
on bi- and poly-dentate ligands, such as cage, sphere and zeolite structures, have been synthesized [9-12]. However, low-symmetric
bowl-shaped or cavity-shaped metallacalixarenes formed via metal-directed self-assembly approaches are still challenging. These
metallacalixarenes have been attracted considerable attention for their impressive structural and functional analogues of the organic host
calixarenes [13-15]. The term “metallacalixarenes” was coined by Lippert as a special heterocalixarene, in which the CHp-bridging
entity of the classical calixarene is replaced by a metal center, i.e., the first metal analogue of calix[4]arene self-assembled by cis-
protected Pt(1l) complexes and pyrimidine ligand [16-18]. Imidazole ligands, which have multiple bonding modes and excellent anion
binding capacities, have evolved over the recent years in architected structurally diverse and multifunctional metallacalixarenes [19-25].
In contrast to the organic imidazolium receptors [26-29], imidazole-based metal-assembled anion receptors have the advantage naturally
for their water solubility, more anion binding sites and multivariate binding modes, such as C-H---anion hydrogen bonds, N-H---anion
hydrogen bonds and anion-z effect [30]. For this reason, we have developed a series of positively charged water-soluble
metallacalixarenes anion receptors through self-assembly approach, such as molecular bowls, crowns and baskets, which show promise
in binding inorganic anions [27-31].

In previous work, we synthesized metallacalixarenes using di-benzo[d]imidazoles and di-naphthoimidazoles bridged by methyl-,
phenyl- and pyridyl-groups respectively [29-31]. These complexes present [M.L.]*-type boat-shape structure through C-
Himidzole:--@anion hydrogen bond. However, all these ligands are synthesized through imidazoles rigid coupling with bridging group.
Compare to the rigid ligands, flexible ligands are more versatile and can easier tailor their structures for use as anion receptors.
Therefore, study of palladium(ll)-based metallacalixarenes using flexible imidazole-pyridine ligand is important for understanding the
role of flexible ligand in the self-assembly and anion recognition.

Herein, we reported the design and synthesis of novel lyophobic [ML;]?*-type and [ML]?*-type metallacalixarenes through a series
of flexible pyridine-bridged diimidazole ligands (L*-L3) coordinated with Pd(Il)-based components (M* and M?) as shown in Scheme 1.

Bidentate flexible pyridine-bridged diimidazole ligands L-L3 were synthesized according to an established method [32]. After
treating ligands with 0.5 equiv. of un-protected palladium building blocks M*-BF, in DMSO for 2 h at 80 °C yielded the [ML]**-type
double bowl-shape metallacalixarenes ([ML%](BF4)2, 1a; [MIL2,](BF4),, 2a; [ML3](BF.)2, 3a ). On the other hand, mixing the equal
equivalent of ligands and cis-protected palladium building blocks M?-NOs in H,O for 2 h at 80 °C resulted in formation of the [ML]**-
type single bowl-shape metallacalixarenes ([M?L1](NOs)2, 1b; [M?L?](NOs)z, 2b; [M?L3](NOs)2, 3b). These complexes contained
different anion (NOgs, BFs, PF¢) were obtained by using corresponding silver salt. All complexes were characterized by NMR
spectroscopy, mass spectrometry, elemental analysis and single crystal X-ray diffraction analysis. Notably, the [ML]**-type
metallacalixarenes are capable of reorganizing and sensing anions by multiple C-H---anion hydrogen bonds.

The signals of the protons on the complexes showed split and shift in comparison with those of the free ligands in the *H NMR
spectra. All the signals were assigned carefully based on coupling constants, integrals along with the corelation ships obtained from H-
!H COSY or 'H-H NOESY spectra (Figs. S12-S28 in Supporting information).
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Scheme 1. Self-assembly of the metallacalixarenes based on flexible pyridine-bridged imidazole ligand and un-protected palladium/cis-
protected palladium building blocks.

As shown in the NMR spectra of the [ML,]**-type and [ML]?*-type metallacalixarenes (Fig. 1 and Figs. S12-S28), the protons on the
methylene of the flexible ligand exhibit two broad peaks or two doublets, which show only a single peak in free ligand before self-
assembly. This should be explained by that the CH,-protons of the flexible ligand in the complex are located in asymmetric chemical
environment and demonstrated a highly symmetrical structure of the complex [29]. Meanwhile, the protons at Ce and Ce’ had obvious
shift toward downfield which show the deshielding effect of the palladium centre in the complex for both single and double bowl-
shaped structures. Furthermore, for the single bowl-shape conformers, the proton signals at methyl in tmeda unit were split into two
groups indicating that the methyl groups were in two different chemical environments. The highly symmetrical structures of the
[ML]?*-type and [ML]?*"-type metallacalixarenes are further confirmed by the single-crystal X-ray diffraction analysis.
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Fig. 1. The expanded partial *H NMR (400 MHz, DMSO-ds, 298 K) spectra of (A) ligand L3 ; (B) complex 3a-NOs; (C) complex 3b.

The identity and integrity of the [ML,]**-type and [ML]*"-type metallacalixarenes in MeCN solution were confirmed by CSI and
ESI mass spectrometry, which showed dominant signals at m/z = 290.33 for [1a-2BF4]?*, 392.00 for [2a-2BF4]?*, 492.00 for [3a-2BF4]*",
523.1418 for [1b-NOs]*, 623.1732 for [2b-NOs]*, 724.2133 for [3b-NOs]*, with the expected isotopic distribution pattern for the
dicationic or monocationic ions (Figs. S32-S37 in Supporting information).

Solid structural confirmation of [ML2]?*-type and [ML]?*-type metallacalixarenes were provided by X-ray crystallographic analysis
(Figs. S38-S46 in Supporting information, CCDC Nos. 1886421, 1886422, 1886423 and 1919423 contain the crystallographic data of
[MIL32])(NOs), 3a-NOs, [MIL3](PFs). 3a-PFg, [M'L%](NOs), 2a-NO; and [M2L%](NOs),, 3b, respectively). Selected bond distances
and angles are listed in Tables S1- S9 in Supporting information.

Structure of complex [M!L%](NOs), (3a-NOQ) is depicted in Fig. 2 displaying [ML,]**-type double bowl-shape metallacalixarene.
Complex 3a-NOjs crystallized in the triclinic space group P-1. Central palladium ion is hosted in two bidentate compartments with the
imidazole from two ligands, resulting in an overall {N4} coordination. Four Pd-Nimigazole distances all are 2.01 A. The structure is stable
because of the Nimigazole-Pd-Nimigazole DONd angle are 85.77° and 94.23°, respectively, which are closed to right angle. The two pyridine
rings in the complex were parallel. The dihedral angle between the naphthanoimidazolium plane and pyridine ring were 79.11° and
81.64°, respectively. The dihedral angle between the naphthanoimidazolium planes were 64.71° and 64.79°, respectively. As shown in
Fig. S38, the 1D chain structure of 3a-NOj is constructed through C-H---O hydrogen bonding interaction and z---z interaction between
adjacent units. The NOj ion acts as linker between two structural units. Structure of [M2L%](NOs), (3b) is shown in Fig. 3. The
complex 3b crystallized in the orthorhombic space group Cmca. cis-Protected palladium building block coordinated with one ligand
exhibiting [ML]*-type single bowl-shape structure. The distances of Pd-Nimiazore are 2.04 A and 2.06 A. The structure is also stable
because of the closed right angles of Nimidazole-Pd-Nimidazole (85.31°) and the Nimigazotle-Pd-Nimeda (94.20°). The dimer structure of the cation
of 3b is architected through z---x interaction. As shown in Fig. S45B, the distance between pyridine rings from adjacent units was 3.61
A, which is in the range of normal z---7 interaction. Two crossed dimer were bridged via C-H---O hydrogen (O atom from NO3 ion)
bonding interaction (Fig. S45C). Meanwhile, the crystal structures of 2a and 3a-PFg are displayed in Figs. S40-44. The optimized
structures of other [ML2]?*-type double bowl-shape and [ML]?"-type single bowl-shape complexes 1a, 1b and 2b were computed using
the Scigress program (Version FJ 2.6; EU 3.1.8; Fujitsu Ltd., Krakow, Poland, 2014) and showed in Fig. S47 (Supporting information).



Fig. 2. Crystal structure of complex [ML32](NOs)2 (3a-NOs), top view (A) and side view (B). Hydrogen bonds show as green dashed line.
Solvent molecules, non-hydrogen counter anions are omitted for clarity, yellow: Pd(ll); gray: C; blue: N; red: O.

In our previous work, [MzL2]**-type bowl-shape and boat-shape complexes were synthesized through self-assembly of cis-protected
palladium unit [(tmeda)Pd(NOs),] with diimidazole ligand di(1H-aphtho[2,3-d]imidazol-1-yl)methane and 2,6-bis(1H-naphtho[2,3-
d]imidazol-1-yl) pyridine [29-31]. Compared to previous work, a novel [ML]?**-type complex was synthesized via flexible ligand
coordinated with only one (tmeda)Pd(NOs), unit in this work (Fig. 4). The difference in these structures can be explained by the
flexibility of ligand. The flexible ligand twist the naphtho[2, 3-d]imidazole part to result in energy-efficient three-dimensional
conformation for thermodynamic stability. This phenomenon illustrates that ligands’ flexibility displays important influence in

constructing the structure of complex.
A

Fig. 3. Crystal structure of complex [M2L3](NOs3)2 (3b), top view (A) and side view (B). Hydrogen bonds show as green dashed line. Solvent
molecules, non-hydrogen counter anions were omitted for clarity, yellow: Pd(l1); gray: C; blue: N; red: O.

The anion binding properties of these palladium(ll)-based metallacalixarenes were investigated by NMR titration experiments in
DMSO. No significant change was observed in the NMR spectra after the addition of 8 equiv. of tetrabutylammonium anion salt to a
solution of [ML,]?**-type complexes with PFs as counter anions (1a-PFs, 2a-PFs and 3a-PFs) as shown in Figs. S48-S50 (Supporting



information). On the contrary, upon addition of anions to a solution of [ML]%**-type complexes (1b-PFe, 2b-PFs and 3b-PFs), significant
downfield chemical shift of the protons in imidazole units were exhibited on the NMR timescale (Figs. S51-S65 in Supporting
information). This could be explained by the property of structures of the two different types of metallacalixarenes. In the [ML2]?*-type
complexes, the anion cannot affect the configuration of the monomer because the flexible ligand was locked by the central palladium
atom. Meanwhile, the anion only affected the stacking structure of these [ML,]?*-type complexes through changing the arrangement
mode between the monomer. In the [ML]?*-type complexes, the C-Himizoke:--anion hydrogen bond effect caused the particular NMR
signal shift. Importantly, the job plots (Figs. S66-S80 in Supporting information) demonstrated the predominant host-guest species in
these [ML]?*-type complexes were 1:1 stoichiometric complex. BindFit analysis of the titration data enabled the determination of the
anion association constants shown in Table 1 [33]. The K, of these receptors became greater with the increase in number of the
hydrogen bond donor groups in the ligand units.
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Fig. 4. Crystal structures of the complexes (top view) based on diimidazole ligands: di(1Hnaphtho[2,3-d]imidazol-1-yl)methane (A) [30], 2,6-
bis(1H-naphtho[2,3-d]imidazol-1-yl) (B) [31] pyridine and L3 (C).

In summary, a series of highly symmetrical palladium(il)-based [ML]?**-type and [ML]?**-type metallacalixarenes using the flexible
pyridine-bridged diimidazole ligands were synthesized via coordination-driven self-assembly nearly in quantitative yields. Complexes
were characterized both in the solid state (X-ray diffraction, element analysis) and in the solution (NMR, CSI-MS, ESI-HRMS). The
flexibility of the ligands in these complexes plays a vital role in forming various configurations. At the same time, anions plays a vital
role in regulation of the crystal architectures through multiple C-H--- anion hydrogen bonds and other weak interactions. In addition,
these [ML]?*-type metallacalixarenes are capable of reorganizing and sensing anions and are being used as anion receptor and sensor
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Table 1
Stability constants Ka (L/mol) for receptors 1b-PFs, 2b-PFs and 3b-PFs with tetrabutylammonium anion salts in DMSO-de at 298 K.
Anion 1b-PFs 2b-PFs 3b-PFs
CF3SO5 5.7x10° 5.9x10° 6.9x10°
clos 7.1x10° 7.4x10° 8.7x10°
NOs 10.2x10° 10.6x10° 11.6x10°
HSO, 11.1x10° 11.5%x10° 12.4x10°
H,PO, 16.2x10° 16.5x10° 17.2x10°

All error estimated to be <10%.
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