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Abstract: This review presents representative examples illustrating how the Lewis acidic character of
the Zn(II) metal center in Zn(salen)-type complexes, as well as in complexes of other tetradentate
ligands, and the nature of the medium govern their supramolecular aggregation, leading to the
formation of a variety of supramolecular structures, either in solution or in the solid state. Stabi-
lization of these Lewis acidic complexes is almost always reached through an axial coordination of
a Lewis base, leading to a penta-coordinated square-pyramidal geometry around the metal center.
The coverage is not exhaustive, mainly focused on their crystallographic structures, but also on
their aggregation and sensing properties in solution, and on their self-assembled and responsive
nanostructures, summarizing their salient aspects. The axial ligands can easily be displaced, either
in solution or in the solid state, with suitable Lewis bases, thus being responsive supramolecular
structures useful for sensing. This contribution represents the first attempt to relate some common
features of the chemistry of different families of Zn(II) complexes of tetradentate ligands to their
intrinsic Lewis acidic character.

Keywords: Zn(II) complexes; tetradentate ligands; Schiff bases; molecular aggregation; sensing;
nanostructures

1. Introduction

Supramolecular chemistry deals with weak interactions between molecular units,
leading to self-assembled molecular architectures. It is an interdisciplinary field including
basic concepts and applications, involving chemists, physicists, and biologists. In fact,
supramolecular chemistry can not only be considered as a means to assemble molecules into
supramolecular architectures, but also represents a powerful tool for new functional molec-
ular materials for various applications, namely, as receptors of neutral and charged guests,
for molecular recognition and sensing, drug delivery, molecular imaging, and mimicking
biological systems, as efficient catalysts, or as molecular machines for optoelectronics [1-4].

Although supramolecular chemistry mainly includes noncovalent intermolecular
interactions, in a more general view, it seems more appropriate to consider the properties of
the molecular assemblies, rather than the type of intermolecular interactions involved [5].
Therefore, other examples that also involve covalent interactions can be included. In
particular, coordination-driven self-assembly defines a new approach for the self-assembly
process [6].

Zinc(II) complexes of salen-type Schiff-base ligands, i.e., of tetradentate (N2O,) ligands
derived from the condensation of substituted salicylaldehydes with 1,2-diamines, are
characterized by interesting aggregation and sensing properties, mostly related to the
Lewis acidic character of the metal center [7-11]. Stabilization of these complexes mainly
occurs by the axial interaction with a suitable donor, with formation of supramolecular
architectures, governed by the solvent medium and/or the presence of proper Lewis bases.
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This review contribution is focused on the ability of Zn(salen)-type complexes (Figure 1)
to aggregate as a consequence of their Lewis acidic character (Section 2.1), leading to
the formation of a variety of supramolecular structures. The coverage is not exhaustive,
mainly focused on their crystallographic structures (Section 2.2.1, Section 2.2.2, Section 2.2.3,
Section 2.2.4), but also on their aggregation (Section 2.2.5) and sensing (Section 2.2.6) prop-
erties in solution, and on their self-assembled and responsive nanostructures (Section 2.3),
summarizing their salient aspects. Moreover, examples of other families of Zn(II) complexes
of tetradentate ligands, whose properties can be view within this framework, are briefly
commented (Section 3). This represents the first attempt described in the literature to re-
late some common features of the chemistry of different families of Zn(II) complexes of
tetradentate ligands to their intrinsic Lewis acidic character.
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Figure 1. Some basic structures of Zn(salen)-type complexes and abbreviations used.

2. Lewis Acidic Zn(II) Salen-Type Complexes
2.1. Origin of the Lewis Acidic Character

The Lewis acidic properties of Zn(salen)-type complexes can be attributed to the
3d10 electron configuration of the Zn(II) metal ion and the structure of the tetradentate
Schiff-base ligand. The latter constrains the metal center in a pseudo-planar coordination.
Without any further coordination, this would imply a coordinative unsaturation of the
metal center. Therefore, stabilization of these complexes is often achieved through an axial
coordination of a Lewis base, leading to a penta-coordinated square-pyramidal geometry.
On the other hand, bidentate ligands almost always lead to a tetrahedral coordination of
the metal center.

Although the stabilization by a penta-coordination was involved since the early studies
by MacLachlan et al. [12] and Kleij [7,8] to explain the aggregation properties of these
complexes, only recently has a systematic combined theoretical /experimental investigation
focused on their Lewis acidic character been done [13]. In particular, a series of Zn(salen)-
type complexes on changing the structure of the 1,2-diimine bridge has been investigated.
Thus, complexes having conjugated diamine bridges possess a stronger Lewis acidic
character than those having non-conjugated bridges, governed by the relative stability of
the monomeric adducts with respect to that of the aggregates. These results have been
further supported by more recent DFT calculations [14].

The penta-coordination in Zn(salen)-type complexes can be fulfilled in different ways,
depending on the absence or presence of Lewis bases (Scheme 1). In the first case, stabiliza-
tion is achieved by intermolecular Zn---O interactions, involving the phenolic oxygen atoms
of the ligand framework. Reciprocal interactions lead to the formation of self-assembled
dimers, I, otherwise, by non-mutual interactions, larger oligomeric aggregates, II, are
formed. These structures have been found either in the solid state or in solution. Instead,
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in the presence of Lewis bases, monomeric adducts, III, or supramolecular structures, IV,
are found, in relation to the mono- or polytopic nature of the Lewis base, respectively.
Finally, appropriate donor substituents on the ligand framework can lead to a variety of
supramolecular architectures, V. Exceptions to the penta-coordination mode are encoun-
tered in relation to the chemical structure/stereochemistry of the 1,2-diimine bridge. For
example, in the case of non-conjugated bridges, the occurrence of structures, VI, with a
tetrahedral coordination is found (Scheme 1). Representative examples of these structures
are reported in the following paragraphs.
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Scheme 1. Possible structures of Zn(salen)-type complexes by axial coordination of a Lewis base
(I-V), or by tetrahedral coordination (VI).

2.2. Molecular Aggregates
2.2.1. Structures of Mononuclear Complexes

The concepts outlined in the previous paragraph (see Section 2.1), i.e., the forma-
tion of dimeric aggregates, I, in the absence of Lewis bases, are reflected in almost all
crystallographic structures of Zn(salen)-type complexes reported in the literature, whose
crystallization was achieved in non-coordinating solvents, or in coordinating solvents
having a weak Lewis basicity, unless a sterical hindrance by bulky substituents in the
salicylidene rings occurs. On the other hand, the formation of monomeric adducts, III,
often take place in the presence of suitable Lewis bases. Some aspects of the aggregation
properties of these complexes, involving early studies, have previously been reviewed by
Kleij [8].

The simpler case is represented by the unsubstituted Zn(salen) (1, Figure 2). This
complex, crystallized from methanol, leads to the formation of a centrosymmetric dimeric
structure, with a distorted penta-coordinated square-pyramidal geometry around the Zn(II)
atoms, defined by the (N,O;) atoms of the tetradentate salen ligand as the basal plane
and one bridging O atom of the adjacent ligand as the apical atom (Figure 2a) [15]. The
same Zn(salen) complex when crystallized from pyridine shows a monomeric structure
with a square-based pyramidal configuration (Figure 2b) [16], isostructural with that of
the Zn(salen) monohydrate complex [17], the latter crystallized from aqueous methanol.
An analogous behavior is observed on increasing the length of the non-conjugated bridge
of the salen-type ligand. Thus, the unsubstituted Zn(salpr) complex, even if synthesized
in pyridine, upon recrystallization from dichloromethane-diethylether gives a pseudo-
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centrosymmetric dimer, analogous to a Zn(salen) dimer, in which the Zn(II) is penta-
coordinated in a distorted pyramidal structure [16].

(a)
/ \
—N N—
(0] (6]
1 (b)

Figure 2. Molecular drawing of the Zn(salen) complex 1, and crystal structures of the (1), dimer
(a) and the 1-py adduct (b). Adapted from Refs. [15,16].

The further increase of the bridge length in Zn(salbu) complexes, due to the increased
flexibility of the ligand, leads to more complex structures. For example, crystals obtained
by slow evaporation of a saturated acetone:acetonitrile (1:1) solution of a Zn(salbu) com-
plex, derived from the 2,5-dihydroxybenzaldehyde, reveal the formation of a dinuclear
complex [18]. The latter results from the pairing of two mononuclear subunits through
a double p-phenoxo bridge, whose two units adopt two different geometries. The Zn(1)
geometry can be considered as square-based pyramidal, whereas Zn(2) is better described
as trigonal bipyramidal. In both cases, a penta-coordination around the Zn(II) atoms is sat-
isfied. Instead, the Zn(salbu) complex in the presence of acetate ions leads to the formation
of a trinuclear complex, u-bridged by two acetate ions [16].

Substitution of a bulky #-Bu group at the 3,3'-positions of the salicylidene rings of the
Hjsalen ligand, (Hy-t-salen, Figure 3), prevents the formation of the dimeric aggregate.
Instead, unexpectedly, in this case, a coordination mode VI is observed. In fact, even
when crystallized from acetonitrile, the formation of a 2:2 f-salen—-Zn(Il) complex, Zny(t-
salen),, is found, having a helical structure in which the Zn(II) atoms show a tetrahedral
coordination (2, Figure 3) [19], similar to that observed in Zn(II) complexes of bidentate
(NO) Schiff-base ligands [20-23]. Analogously, the H;-t-salen-like ligand, derived from
the 2,2’-diaminodiphenyl ether, leads to a dinuclear complex with a helical structure [24].
Therefore, in these cases, although the aggregation mode, I, is inhibited by the presence of
the bulky ¢-Bu groups, the “flexibility” of the salen ligand having non-conjugated bridges
allows the formation of a stable structure in a tetrahedral coordination.

Crystallographic structures of various Zn(salphen) complexes were investigated
(Figure 4). The Zn(salphen) derivative (3, Figure 4), having two bulky t-Bu groups at
the 3,5-positions of the salicylidene rings, was first investigated by Atwood et al., to in-
crease its solubility in common solvents and to gain access to a tetra-coordinated, ideally
strong Lewis acidic complex [25]. However, the formation of the monomeric adducts,
either with THF or pyridine, with the Zn(II) atom in a penta-coordinated square-pyramidal
geometry, with the solvent occupying the apical position, were obtained. Moreover, any
attempt to prepare the tetra-coordinated, desolvated derivative was unsuccessful. Analo-
gous monomeric adducts of complex 3 with pyridine, ethanol, and THF were subsequently
reported by other authors [26].
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Figure 3. Molecular drawing of the Hy-t-salen ligand (left) and crystal structure of the Zn;(t-salen),
complex 2 (right). Adapted from Ref. [19].
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Figure 4. Structure of investigated substituted Zn(salphen) complexes.
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It is therefore expected that the presence of bulky ¢-Bu groups in the salicylidene rings
in Zn(salphen) complexes hinders their dimerization process. In fact, complexes having
two further substituents in the phenyl ring, in addition to the bulky #-Bu groups at the
3,5-positions of the salicylidene rings (4, 5, Figure 4), crystallize as monomeric adducts
even in a weak Lewis base, such as methanol [27,28], as consequence of the their very
encumbered structure. Conversely, the analogous nonsymmetrical complex (6, Figure 4)
crystallizes as a dimer, even in acetonitrile (Figure 5) [27]. The axial oxygen coordination
gives rise to a distorted square-pyramidal coordination around the Zn(II) atoms. The
two salphen units have an anti-parallel orientation, and the £-Bu groups of the individual
unit point away from the adjacent unit in order to minimize steric repulsions.

The strong tendency towards dimerization was further observed in a series of
Zn(salphen) complexes with various symmetrical and non-symmetrical substitution pat-
terns in the 3,5-positions of the salicylidene rings [29]. The formation of dimers (in ace-
tonitrile) was unexpectedly found even from the derivative with the t-Bu groups at the
3,3/-positions (7, Figure 4), in which the two monomeric units in the dimers are twisted
about 90° to minimize the steric repulsions of bulky substituents. In each case, the forma-
tion of these assemblies shows the capability of these dimers to release the steric strain that
accompanies the assembly process by choosing a sterically less-congested structure.

On the other hand, the formation of monomeric adducts always occurs in the presence
of sufficiently strong Lewis bases [30]. In fact, penta-coordinated monomer adducts, from
either Zn(salphen) or Zn(salchx) derivatives having 3,5-di-t-Bu groups or 5-(4-pyridyl)
substituents in the salicylidene rings, were achieved by crystallizing these complexes from
pyridine or piperidine [31]. The formation of monomeric adducts was also found for a
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derivative of Zn(salpyr) [32] or 2,3-diaminophenazine [33] complexes crystallized from
pyridine or DMSO, respectively.

Figure 5. Crystal structure of the (6), dimer. Adapted from Ref. [27].

Regarding Zn(salmal) derivatives, the relevant X-ray structures reported in the litera-
ture are related to monomeric adducts either when crystallized from DMF [34], or from
methanol [35], in the latter case for complexes having 3- or 4-hydroxy substituents in the
salicylidene rings. This is in sharp contrast to the dimeric structures found for Zn(salen) [15]
or Zn(salphen) complexes [27,29], likely as a consequence of their stronger Lewis acidic
character [13].

The X-ray crystal structure of the 4-methoxy substituted complex derived from cis-1,2-
diaminocyclohexane (8, Figure 6), crystallized from chloroform, indicates the existence of an
asymmetric dimer with a very rigid backbone [36]. The structure is the consequence of the
cis-cyclohexane ring because of its energetically favored chair conformation, thus prevent-
ing the formation of a symmetric arrangement. Conversely, the Zn(II) complex derivative
from the (15,25)-(+)-trans-1,2-diaminocyclohexane and 3-tert-butyl-2-hydroxybenzaldehyde
leads to a dinuclear double-stranded helicate structure, with a tetrahedral coordination
around the Zn(Il) atoms (9, Figure 7) [37], instead of a dimer with a penta-coordination
around the Zn(Il) atoms. The authors demonstrated that the formation of the helicate
structure is not due to 3,3'-t-Bu substituents in the salicylidene rings, but due to the de-
fined stereochemistry of the trans-1,2-diaminocyclohexane chelate bridge. Note that, as
mentioned above, a tetrahedral coordination around the Zn(II) atom always occurs in
complexes of bidentate (NO) Schiff-base ligands [20-23], independently of the presence
of Lewis bases. In other terms, in the absence of sterical constraints, the formation of
tetrahedral structures is favored.

MeO OMe

Figure 6. Molecular drawing of the 4-OMe substituted Zn(salchx) complex 8 (left), and crystal
structure of the (8), dimer (right). Adapted from Ref. [36].
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Figure 7. Crystal structure of P-(5,5)-9. Adapted from Ref. [37].

2.2.2. Structures of Polynuclear and Macrocycle Complexes

The observed aggregation properties of mononuclear Zn(salen) complexes illustrated
in the previous paragraph are also reflected in polynuclear complexes [38,39]. The formation
of adducts of dinuclear complexes with nicotine [40], i.e., a pyridine-based alkaloid, or
of adducts of macrocyclic complexes with pyridine [41] are observed using strong Lewis
bases. However, starting from various bis-salphen scaffolds, e.g., the Hy-bis(t-salphen)
ligand (Figure 8), upon metalation is observed the formation of a trinuclear (10, Figure 8)
or a hexanuclear structure. In these structures, each Zn(Il) atom is resultantly still penta-
coordinated by a bridging acetate and n-hexylamine, when crystals were achieved from
acetonitrile in the presence of n-hexylamine, or by four hydroxo (OH) bridging ligands,
by crystallization from dichoromethane, whose Zn(OH);, units are presumably originated
from the synthetic procedure [42].

Hy-bis(#-salphen)

Figure 8. Molecular drawing of the Hy-bis(t-salphen) ligand (left), and crystal structure of the
trinuclear complex 10 (right) crystallized in the presence of hexylamine. Adapted from Ref. [42].

A macrocyclic calix[4]arene comprising of two 2,6-bis-(iminomethyl) phenolate chelat-
ing ligands gives a Zn(Il) complex which, in the absence of external coligands, aggregates
in a dimeric structure via intermolecular Zn-Njmine bonds, to afford two penta-coordinated
Zn(Il) atoms with distorted trigonal-bipyramidal coordination environments [43].
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Other polynuclear Zn(II) complexes are presented in the following paragraphs
(Sections 2.2.3 and 2.2.4), while heterometallic polynuclear complexes will not be described
in this contribution.

2.2.3. Neutral and Charged Polytopic Lewis Bases Templating the
Supramolecular Architecture

The synthesis of Zn(salen)-type complexes in the presence of polytopic Lewis bases
leads to the formation of varied supramolecular structures IV [44,45]. Thus, using various
Zn(salen)-type complexes, e.g., 4, or chiral Zn(salen) complexes, and ditopic species, such
as 4,4'-bipyridine (bipy) or 1,4-diazabicyclo[2.2.2]octane, the X-ray structure of 2:1 adducts
was characterized [46,47]. Alternatively, starting from the dinuclear bis-Zn(salphen) com-
plex (11, Figure 9), in the presence of various ditopic bipy ligands, the formation of 2:2
supramolecular box-type assemblies was found, either in solution and in the solid state,
e.g., (11)y-(bipy), (Figure 9) [46].

Bu Bu

Bu” i ﬂ “/©\ﬂau

I

Bu | | I 1B

Bu Bu

Figure 9. Molecular drawing of complex 11 (left) and crystal structure of the assembly of (11)-(bipy)»
in the solid state (right). Adapted from Ref. [46].

As discussed in Section 2.2.2, the presence of bulky ¢-Bu groups in the salicylidene rings
in Zn(salphen) complexes inhibits the dimerization process. However, complex 3 in the
presence of alcohols and acetone self-assemble through a unique combination of hydrogen
bonds and weak oxygen:--oxygen interactions, giving rise to discrete supramolecular
dimers [48].

The formation of molecular assemblies also occurs in the presence of anions. Kleij et al.
first demonstrated the anion-templated formation of supramolecular assemblies [49]. For
example, using the Zn(salphen) derivative having a bulky t-Bu group at the 3,3'-positions
of the salicylidene rings (7), the acetate anion leads to a 2:1 assembly, (7)2-NBusOAc, in
which both complexes are bridged by one acetate.

2.2.4. Self-Assembly of Zn(salen)-Type Complexes by Donor Substituents on the
Ligand Framework

Another approach to supramolecular architectures for these Lewis acidic Zn(salen)-
type complexes can be achieved by using mono- or polynuclear complexes having appro-
priate donor substituents on the ligand framework, e.g., pyridyl groups, or ammonium
halides in the salicylidene rings, or substituents in the 1,2-diimine bridge, e.g., Zn(salpyr)
complexes. In these cases, the formation of supramolecular structures, V, is observed.

For example, using the dinuclear complex 11 and the 3,5-di-f-Bu-substituted Zn(salpyr)
complex, the formation of a (1:2) assembly was characterized [50], while the 3,3 "-t-Bu-
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substituted Zn(salpyr) complex self-organizes into a stable tetrameric vase structure via
co-operative intermolecular Zn—Nyy, interactions [51]. Likewise, symmetrical Zn(salmal)
complexes, having 4,4 “-alkyl ammonium bromide as substituents in the salicylidene rings,
lead to the formation of branched nanostructures [52].

The Hy-bis(pyr-t-salphen) ligand (H;-12, Figure 10), having 5,5'-(4-pyridinyl) sub-
stituents in the salicylidene rings, coordinates two Zn(Il) atoms (12, Figure 10), and
one of the pyridyl groups on each side of the bis(salphen) further coordinates with a
bis(salphen)-coordinated Zn(II) atom of another dinuclear complex to give a 2D sheet
structure (Figure 11), having uncoordinated pyridyl groups exposed to 1D channels [53].
In turn, 2D sheets are stacked together to form a 3D-like structure containing 1D channels.

Bu

N@—{;§:OH HO:@—@\'

Bu Bu

Hy-12

Figure 10. Molecular drawing of the Hy-12 ligand (left) and crystal structure of the dinuclear unit of
the complex 12 (right). Adapted from Ref. [53].
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Figure 11. 2D structure of 12 showing uncoordinated pyridyl groups exposed to 1D channels. Openly
accessible pyridyl groups are highlighted in green. Adapted from Ref. [53].

2.2.5. Studies in Solution

The aggregation characteristics of Zn(salen)-type complexes discussed in the previous
paragraphs are often also encountered in solution [12,29,35,36,41,42,46,49,50,52]. In these



Chemistry 2023, 5

128

cases, in addition to crystallographic investigations, parallel studies in solution have
demonstrated the existence of analogous aggregate species.

Di Bella et al. reported systematic studies in solution on the aggregation/deaggregation
properties of non-coordinating/coordinating solvents for a series of Zn(salen)-type com-
plexes on changing the conjugated [54-57] or non-conjugated [36,58] structure of the
1,2-diamine bridge, including complexes derived from chiral 1,2-diamines [59-61]. The
main features that emerge from these studies are: (i) the existence of aggregate species in
solution of non-coordinating solvents; (ii) the formation of monomeric adducts in solution
of coordinating solvents; and (iii) deaggregation upon the addition of an appropriate Lewis
base in non-coordinating solvents. Moreover, deaggregation is accompanied by relevant
changes in their spectroscopic properties that can appropriately be exploited for sensing
Lewis bases (see, Section 2.2.6). Further details on the aggregation/deaggregation, 'H
NMR, and optical spectroscopic properties of Zn(salen)-type complexes in solution have
been described in recent accounts [10,11].

More recent studies involved the aggregation properties of dinuclear Zn(salmal)-type
complexes, having a non-conjugated flexible spacer between each molecular unit (e.g., 13,
Figure 12) [62]. It is worth noting that, in the solution of non-coordinating solvents, these
complexes form very stable intramolecular aggregates. In comparison to intermolecular
aggregates, these intramolecular aggregates have a larger thermodynamic stability, even
larger than that of the aggregates of conjugated multinuclear complexes. Moreover, these
dinuclear complexes preferentially deaggregate with ditopic Lewis bases forming stable 1:1
adducts, with higher binding constants in comparison to those related to monotopic species,
thus behaving as molecular tweezers of ditopic guests having a strong Lewis basicity.

NS PA\
éo: Zn T %
HaC=3

NEt,

NEt,

y/ NS
N7 NN
13

Figure 12. Molecular structure of the intramolecular aggregate dinuclear complex 13.

2.2.6. Sensing Studies

As anticipated in the previous section, optical spectroscopic changes observed upon
deaggregation of Zn(salen)-type complexes in non-coordinating solvents have been de-
veloped for sensing various Lewis bases. However, other sensing studies have been
accomplished in coordinating solvents. In this regard, several review contributions have
appeared in the recent literature [9-11,63,64].

Three main sensing mechanisms can be involved (Scheme 2). Briefly, beyond sensing
studies by adduct formation upon deaggregation (mechanism A), including amines [65,66]
and their derivatives [40,67,68], chiral species [69-71], and anions [72], other sensing studies
involving anions have been performed in coordinating solvents, generally in solvents
with a weak Lewis basicity, such as ethanol [73,74], or acetone [75]. In these cases, the
sensing mechanism necessarily implies a displacement of the axial coordinated solvent
with the analyte (mechanism B, Scheme 2). Other studies include aqueous solutions of
Zn(salen)-type complexes for sensing x-aminoacids [76], anions [77], ATP and ADP [78],
or monohydrogensulfide [79], but with different mechanisms, also involving secondary
interactions. Moreover, given their very good fluorescent characteristics [80], Zn(salen)-type
complexes have also been employed as optical probes for cell imaging [81-85].
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Scheme 2. Main sensing mechanisms involved in Zn(salen)-type complexes.

Recent studies have involved the dinuclear complex 13 to explore its binding prop-
erties towards a series of ditopic diamines having a strong Lewis basicity, with different
chain lengths and rigidities [86], and for the highly selective and sensitive colorimet-
ric/fluorometric detection of relevant biogenic amines [87]. Using an analogous approach,
a chiral spirobifluorene-based Zn(salen)-type complex has been shown to be a receptor for
the highly enantioselective binding of chiral carboxylates [88].

The stability of the Zn(salen)-type Lewis base adducts in solution, mainly related to
the Lewis basicity of the coordinated species, should also affect the ability of the Zn(Il) ion
to transmetalate with other metal ions (mechanism C, Scheme 2). From this perspective, in
a recent study, it has been demonstrated that the 5,5'-t-Bu-substituted Zn(salmal) complex,
14, in acetonitrile solution gives an immediate and complete transmetalation with Cu?*,
while DMF solutions of the complex are less prone to transmetalation, because of the greater
stability of the related adducts [89]. The fast transmetallation of 14 in acetonitrile towards
Cu?* has been exploited for the selective and sensitive colorimetric and fluorometric
detection of Cu?* ions in aqueous solution [90].

2.3. Molecular Self-Assembled Nanostructures

As illustrated in Section 2.1, non-mutual intermolecular Zn---O interactions lead to
the formation of larger aggregates Il which, in turn, can self-assemble into nanostructures.
These nanostructures, first investigated by MacLachlan et al. [91,92], have recently been
reviewed in detail by one of us [11]. Therefore, they are briefly commented upon. These
nanostructures include mainly Zn(salphen) complexes having alkoxy groups either in
the bridge [91-93] or in the salicylidene rings [94-96], morphologically and structurally
characterized by solids achieved by casting or solvent evaporation, from solutions of
coordinating solvents.

Although intermolecular Zn---O interactions are the driving force for the formation of
these nanostructures, the presence of the aromatic rings, by m—m stacking interactions, and
alkyl side groups, by their interdigitation, contribute to their stabilization. The formation
of nanostructures is shown in Figure 13 for Zn(salphen) complexes having 4,4"-alkoxy
substituents in the salicylidene rings [95]. The induction of mesomorphism and photolumi-
nescence via coordination with the Zn(II) ion has been reported for a series of Zn(salphen)
and Zn(salen) complexes with longer 4,4’-n-alkoxysalicylidene substituents (n = 12, 14, and
16) [97-100]. The formation of these fluorescent columnar mesomorphic structures can be
described with an analogous model.
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Figure 13. Sketch of nanostructures by intermolecular Zn- - - O interactions for alkoxy-substituted
Zn(salphen) complexes. Cross-sectional and axial representation of nanostructures in a columnar
square (left) or a lamellar (right) structure. The distance, d, can be related to the spacing derived
from the XRD patterns. Adapted from Ref. [95].

An analogous aggregation mode has also recently been utilized to explain the for-
mation of even more interesting nanosized rings starting from a symmetrical dinuclear
Zn(salphen) complex functionalized with phenyl groups [101].

Responsive Properties

Responsive nanomaterials are currently being extensively investigated for many ap-
plications. Those arising from Zn(salen)-type complexes, due to their interesting photo-
physical properties, represent emerging materials for sensing and optoelectronic applica-
tions [11,102].

The nanostructured self-assembled materials obtained from a Zn(salmal) complex
having 4,4’-alkoxy substituents in the salicylidene rings exhibit marked vapochromic and
chemiresistive characteristics when exposed to vapors of volatile Lewis bases [103,104].
The chemisorption of a volatile Lewis base, e.g., an aliphatic amine with the formation
of a 1:1 adduct, is responsible for these properties. Moreover, the process is reversible
after successive cycles of chemisorption and thermal desorption (Figure 14). Thus, the
Lewis acidic character of these complexes is also reflected in their solid state properties.
The same behavior was observed for the nanofibrillar molecular material composed of the
Zn(salphen) complex derivative having 4,4’-decycloxy substituents as lateral groups [105].
Moreover, a Zn(salphen) derivative functionalized with L-valine residues, self-assembled
into helical nanofibers, shows a gelator behavior in acetonitrile, responsive to the presence
of anions [106].

In other recent investigations, using benzothiadiazole-bridging and phthalonitrile-
bridging Zn(salphen) derivatives, a multi-responsive behavior of these nanostructured
materials has been found, with mechanochromic characteristics, in addition to the vapoc-
hromic properties [107,108].
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Figure 14. Sketch of vapochromic and chemiresistive characteristics of the Zn(salmal) complex
having 4,4’-alkoxy substituents in the salicylidene rings upon chemisorption/desorption of a volatile
aliphatic amine.

3. Zn(II) Complexes of Other Tetradentate Ligands

The aggregation properties of Zn(salen)-type complexes reviewed in the previous
section have mainly been related to their Lewis acidic character, as a consequence of the
structure of the tetradentate Schiff-base ligand which constrains the Zn(Il) atom in a pseudo-
planar coordination. Therefore, it is expected that Zn(II) complexes of other tetradentate
ligands may also possess such a Lewis acidic character [11].

An interesting case is represented by Zn(salmal)-like complexes (15, Figure 15), from
tetradentate Schiff base-like ligands which are derivatives of an alkyl acetoacetate with
the 1,2-diaminomaleonitrile, recently developed by Weber et al. [109,110]. In fact, these
complexes crystallize in a square-pyramidal coordination, having methanol, pyridine, or
water axially penta-coordinated with the Zn(Il) atom. Moreover, while these complexes
are not emissive in chloroform, because of their aggregation, a green fluorescence can be
switched on in the presence of strong Lewis bases. Encapsulation of a non-fluorescent
Zn(salmal)-like complex into micelles derived from a family of non-fluorescent polystyrene-
block-poly(4-vinylpyridine) diblock copolymers shows a turn-on emission leading to
brightly emissive materials, whose quantum yields tend to increase with the amount of
anchoring sites in the micelle cores [110].

NC CN

N N
- 0
=0 0=
Rl R!
Figure 15. Zn(salmal)-like complexes investigated by Weber et al. [109,110].

Some aspects of the chemistry of Zn(II) porphyrins can be related to the Lewis acidic
character of the Zn(Il) center. For example, in the presence of suitable Lewis bases, a series
of Zn(porphyrinato) complexes crystallize with the base axially penta-coordinated with the
Zn(Il) center, leading to monomeric species [111]. Moreover, spectrophotometric titrations
of Zn(DPP) (DPP?~ =2,3,5,7, 8,10, 12, 13, 15, 17, 18, 20-dodecaphenylporphyrinato
anion) in chloroform solution, upon addition of various Lewis bases, indicate the axial
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coordination of the base, whose strength of binding is regulated not only by the Lewis
basicity but also by the distortion of the porphyrinato ligand, which regulate the Lewis
acidity of the metal center [111]. In general, the supramolecular chemistry of neutral Zn(II)
porphyrins is largely related to axial coordination, leading to a variety of supramolecular
architectures [112].

Stabilization by axial coordination of a Lewis base has been involved in Zn(II) cyclen
complexes (cyclen = 1, 4, 7, 10-tetraazacyclododecane) as a consequence of their Lewis
acidic character [113,114].

Other families of Zn(II) complexes of tetradentate (N,Oy; N»S,; Ny) ligands, whose
properties can be viewed within this framework, could be identified and discussed. How-
ever, a comprehensive discussion would be beyond the scope of this contribution.

4. Conclusions

This contribution is mainly focused on the ability of Zn(salen)-type complexes to
aggregate as a consequence of their Lewis acidic character, leading to the formation of a
variety of responsive supramolecular structures, either in solution and in the solid state.

The Lewis acidic properties of these complexes can be ascribed to the structure of the
tetradentate Schiff-base ligand, which constrains the metal center in a pseudo-planar coor-
dination. Stabilization is almost always achieved through an axial coordination of a Lewis
base, leading to a penta-coordinated square-pyramidal geometry around the metal center.
The penta-coordination can be attained in different ways, depending on the absence or
presence of Lewis bases. In the first case, stabilization is obtained by intermolecular Zn---O
interactions, involving the phenolic oxygen atoms of the ligand framework. Mutual inter-
actions lead to the formation of dimers; otherwise, larger oligomeric aggregates with the
formation of self-assembled nanostructures are found. By contrast, in the presence of Lewis
bases, in relation to their mono- or polytopic nature, monomeric adducts or supramolecular
structures are formed. A further aggregation mode can be achieved by appropriate donor
substituents on the ligand framework, leading to a variety of supramolecular architec-
tures. Exceptions to the penta-coordination mode, with the occurrence of a tetrahedral
coordination, are encountered in relation to the chemical structure/stereochemistry of the
non-conjugated 1,2-diimine bridge.

The axial ligands in these supramolecular structures can easily be displaced, either
in solution or in the solid state, with suitable Lewis bases. This process is accompanied
by relevant changes to their optical properties. Therefore, they behave as responsive
supramolecular structures useful for sensing.

Finally, examples of other families of Zn(II) complexes of tetradentate ligands, whose
properties can be related to the Lewis acidic character of the Zn(Il) center, are briefly
commented upon. This represents the first attempt described in the literature to relate some
common features of the chemistry of different families of Zn(II) complexes of tetradentate
ligands to their intrinsic Lewis acidic character.

The knowledge of the Lewis acidic characteristics of these Zn(II) complexes is relevant
not only for the design of new responsive supramolecular architectures, e.g., selective and
sensitive chemosensors of specific analytes, for health, environmental, and biological appli-
cations, but also for the development of more efficient catalysts and new molecular devices.
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