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Abstract

The preparation and rational design of nanosized clusters (Mn) and cages based on the
macrocyclic thiacalix[4]arene backbone in come conformation has been analysed in the
presence/absence of O and N donor atoms of different additional ligands. The coordination
abilities of this class of macrocyclic ligands is reviewed leading to supramolecular species like:
(1) metallic (Ag, Au) core Nanoparticles decorated with an organic thiacalix[4]arene
derivatives shell; (2) different types of high nuclearity clusters (up to Ms2); (3)
metallamacrocycles (up to M3o); (4) the formation of pocket-like (Mg or Mg) or square-like
species (Mie) presenting internal and external porosity (5) the formation of octahedral cages
involving 8 or 12 external ligands paving the faces or edges of the octahedron (6) species of
higher nuclearity (up to M7). For the pocket-like, square-like and octahedral species, their
formation has been rationalized by the use of judiciously chosen organic ligands, as shown by
the systematic analysis. A special attention has been drawn to the structure/properties
relationships of these finite species: magnetic, luminescence, gas sorption, molecular
recognition and catalytic properties. Perspectives and future challenges in this emerging field
are also discussed.

Keywords: ThiaCalix[4]Arene; TetraSulfonylThiaCalix[4]Arene; TetraMercaptoThiaCalix[4]Arene; Clusters;
Coordination Cages; Metal Organic Polyhedra; Metallamacrocycles,; Properties.
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1. INTRODUCTION: Thiacalix[4]arene and different metallic clusters

1.1 The nanoworld of clusters and cages

The term “metallic clusters” relates to a concentration of metallic atoms in a minimum
of space, at the nanometric level. In the field of supramolecular chemistry [1], one can cite the
metallic nanoclusters [2] and some of them present a purely metallic core (metallic
Nanoparticles), involving metal-metal interactions, “protected” by an organic shell [3]. It is
illustrated by the case of Au or Ag NPs held by strong Au-Au or Ag-Ag interactions, that can
behave as quantum metallic NanoParticles (NPs), with a size range of 1-100 nm, and present
applications in the fields of medicine or materials [4]. Beside the presence of metal-metal
interactions within the clusters, it is also interesting to consider the formation of p-oxo- and/or
hydroxo-bridged polyoxometallate-type compounds, because of their chemical and physical
properties in nanochemistry especially [5]. Going to more sophisticated molecular species, the
role of small organic linkers is crucial. These species, Metal Organic Coordination cages
(MOCs) or metal-organic polyhedra (MOPs), resulting from the molecular recognition between
the active coordination species are attracting attention, due to their intriguing architectures and
properties that can be tuned by a judicious choice of their constituents: metal ions or clusters
and linkers [6]. This field is of particular interest, depending of the shape and electronic
structure of the ligands that they are built from. The obtained species demonstrate the ability to
perform efficient catalytical activity or/and high selectivity in specific guests trapping inside
their cavities [7], for example.

Due to infinite possibilities to design these coordination compounds, molecular
engineering offers new opportunities to develop appealing and functional species and in this
review, we intend to demonstrate the diversity of the nano-sized supramolecular architectures
(NPs, high nuclearity clusters and cages) that can be generated using only one type of
macrocyclic ligands: thiacalix[4]arene derivatives.

1.2 Generalities concerning calix[4]arene family of compounds

Calix[4]arene (figure 1) is a cyclic tetrameric polyphenolic compound with an upper rim
generally decorated by tert-butyl or H groups (leading to p-fert-butyl calix[4]arene or p-H-
calix[4]arene) or other chemical groups, whereas the lower rim presents phenolic OH or
thiophenolic SH groups that can also be further functionalised. Among many macrocyclic
calix[4]arene ligands already explored for coordination with metals, one can mention
macrocyclic backbones such as Calix[4]Arene (CA), ThiaCalix[4]Arene (TCA) for which four
CH; bridges, connecting the phenolic moieties, are replaced by four S atoms [8], and
TetraMercaptoThiaCalix[4]Arene (TMTCA) where the phenoxy groups have been replaced
by thioether groups [9] (Figure 1 a).

Owing to the rotation around C-Ca, or S-Ca: bonds, these macrocycles can adopt different
conformations (cone, partial cone, 1,2-Alternate and 1,3-Alternate for calix[4]arene, Figure 1

b).
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Figure 1: (a) General representation of a calix[4]arene with R=upper rim organic substituent and R’=low rim
organic substituent: Calix[4]Arene, CA (X=CHz, Y=0, R=p-fert-butyl and R’=H) and ThiaCalix[4]Arene,
TCA, (X=S, Y=0, R=p-tert-butyl and R’=H) and TetraMercaptoThiaCalix[4]Arene, TMTCA (X=S, Y=S R=p-
tert-butyl and R’=H) and (b) the different conformations of the calix[4]arene unit.

It is interesting to note that, for the formation of discrete species discussed in this review,
only the cone conformation will be considered.

Over the last decades, a huge variety of architectures using calix[4]arene and especially
thiacalix[4]arene backbone have been provided, and thus, new supramolecular systems, based
on the principles of molecular recognition and host-guest chemistry emerged [10, 11]. In 2006,
the chemical modifications of thiacalix[4]arenes, together with the beginning of its coordination
abilities were reviewed by Miyano and Iki ef al. [12]. Thiacalix[4]arene derivatives (without
metals) present the ability to easily form crystals in the solid state, which is crucial for structural
investigations, and the peculiar shape of the molecules allows them to be involved in several
interactions with guests in the solid state [13].

1.3 Coordination abilities of classical Calix[4]arene and Thiacalix|4]arenes

The formation of coordination compounds based on the calix[4]arene family has been
discussed in the literature for ca. two decades, as already mentioned [12]. The possibility of
anchoring up to eight or more coordinating sites by functionalization of the lower and/or upper
rims of classical Calix[4]arenes, and also of varying the nature of the connecting groups
between the phenolic units (-CHa- or -S bridges) make these compounds attractive candidates
to form coordination assemblies.

To illustrate this, we have reviewed in 2017 the formation of extended coordination
polymers using (thia)calix[4]arene derivatives [14].

Concerning the formation of finite species, one can briefly notice the generation of
complexes/clusters using less coordinating classical calix[4]arene derivatives, presenting few
donor atoms around their cavities. Vanadium clusters have been reported [15], also Cug [16],
Mny [17], Mns [18], Mnio [19], Ti [20], Sc [21] and concerning 4f metals, Lns (Ln = Gd, Tb,
Dy and Ho) [22] or mixed 3d/4f[23] have also been described in the literature; in 2009, Brechin
et al. reviewed the calix[4]arene coordination abilities for the formation of Single Molecules
Magnets [24] and also Fuller et al. in 2020 [25]. In addition, an uranyl based coordination cage
has also been described using carboxylate derivatives of calix[4]arene [26].



In contrast, the use of thiacalix[4]arene revealed an access to a larger variety of compounds,

due to additional coordination possibilities (S and O atoms), and among them, high nuclearity
clusters.
In 2007 Iki et al. discussed the different transition metal and lanthanide clusters and complexes
based on the highly coordinating thiacalix[n]arene ligands [27], due to the presence of the
coordinating sulfur atoms, and one can mention the first homometallic 3d tetranuclear M4 (or
M3) species (“shuttlecock-like” species), of different formulas [M"4(us-X)YTCAJ** (X = Cl,
OH), [M'4(us-H20)YTCAT* or [M5(us-X)YTCA]" (X = Cl, OH), [M!3(us-H20)YTCAP* (Y
= -, D, P, SO, see figure 3), as shown in Figure 2, that are the basis of the building blocks of
clusters and cages [28]. Higher nuclearities like Mg [28b] or Mg [29] thiacalix[4]arene based
species have also been reported. Concerning homometallic lanthanide thiacalix[4]arene based
complexes, one can mention Lns [30], Lns [31], Lng [32] or Lng [33] complexes. In addition,
heterometallic low nuclearity nd/4f [34] or ns/4f [32] complexes/clusters have been also
reported.

“Shuttlecock-like”’
building block

Figure 2: Schematic representation of the “shuttlecock-like” M4 or M3 species involving CA or TCA in cone
conformation.

In this review, we will focus on coordination species formed by the thiacalix[4]arene
derivatives in cone conformation: H4TCA (p-tert-butylThiacalix[4]arene), HiDTCA (p-H-
Thiacalix[4]arene), @ H4PTCA  (p-phenylThiacalix[4]arene), @ HsSOTCA  (p-tert-
butylsulfonylCalix[4]arene) and HyTMTCA (TetramercaptoThiacalix[4]Arene), as shown in
Figure 3. Some additional derivatives are also presented on Figure 35. These compounds have
be chosen for their additional coordination abilities, compared to the one of the classical
calix[4]arene, and caused by the propensity of bridging -S- or -SO:- groups to be involved in
co-coordination with metal ions.

NS

H4TCA H4sDTCA H4sPTCA H4SO: TCA H/,;TMTCA
Figure 3: Schematic representation of the TCA derivatives mainly used in this review (other examples will be
provided in Figure 34).

We focus on the description of discrete species involving thiacalix[4]arene ligands, such as



high nuclearity metallic NPs; clusters, containing the metallic core composed of more than 10
metal ions, and porous coordination cages (MOCs) are targeted. All structures of presented
compounds are established using XRD analysis on single crystal. The formula of the core only
is provided in the text. For all compounds, the 3d metals are at the oxidation state +2, while 41
metals are in the oxidation state +3. The disordered atoms around the clusters are generally not
represented. The choice for the atom colour is the following: C = grey, N = blue, O =red, S =
yellow, Cl = green, Br = dark brown, Ag= black, Au = orange, Co = dark blue, Ni = green, Zn
= light grey, Cr = pink, Fe = brown, Mo = violet, Mn = purple and Cu = light blue. For
coordination cages the space-filling model presentation has been applied whereas the clusters
are shown in polyhedral mode.

In addition, various application of such high nuclear species will be provided and gathered
at the end of this review.

2. Formation of metallic NPs and high nuclearity oxo-clusters
decorated with thiacalix[4]arenes

In this part, the clusters and oxoclusters containing thiacalix[4]arene, going from
decorated metallic NPs, to oxo-clusters involving organic ligands, will be reviewed.

2.1. Thiacalix|4]arene decorated metallic NPs

Calix[4]arenes have been already used for the stabilization of metallic NPs [35], based
on a limited number of metallic atoms, with applications in the field of catalysis for example,
for gold and silver NPs. The functionalisation of NPs by organic ligands is a promising
approach in order to tune the electronic surface of the NPs and thus change their properties. It
has been shown that calix[4]arene macrocycles bearing phosphines [36] or thiol [37]
coordinating groups, have been used for the stabilization of gold or silver NPs, leading thus to
inorganic/organic core-shell NPs.

Based on these observations, H{TCA derivatives, which presents a good affinity towards
gold or silver atoms, have been used for the formation of the following clusters: Agzi ([Agai-
(TCA)3(O2PPh2)s]SbFs) [ 381 Agss (JAgzs(H:TCA)(TCA)(C=CBu')is](SbFs)3) [ 39 ] or
isostructural  Agss and AgiAg  ([Ag(TCA)3(C=CBu')o(tfa)s(CH30H)3]SbFs  and
[Ag33Au(TCA)3(C=CBu')o(tfa)s(CH30H)3]SbFs) [40], involving the presence of ancillary
alkynyl ligand or diphenylphosphonate (Figure 4 a, b, c and d respectively) have been reported.
The TCA macrocycle is acting as a shell, together with other organic ligands, tuning the surface
around the metallic core, held by strong Ag-Ag or Au-Au interactions (represented as dashed
lines in the corresponding figures). For some of the compounds the light absorption properties
have been studied (§ 6. 1. 2.). Smaller nuclearity of Thiacalix[4]arene decorated polynuclear
metallic NPs have also been reported [41] and are not discussed here.



Figure 4: A portion of the X-ray structure showing the cationic high nuclearity metallic clusters capped by
calix[4]arene ligands (a) [Ag21-(TCA)3(O2PPh2)s]SoFs, (b) [Agss(H.TCA)2(TCA)(C=CBu')16](SbFs)s, (c)
([Agza(TCA)3(C=CBu")s(tfa)4(CH3OH)3]SbFs and (d) isostructural
[Ag33Au(TCA)3(C=CBu')o(tfa)s(CH3OH)3]SbFs. Solvent molecules are not presented for the sake of clarity. Ag-
Ag or Au-Au interactions are represented as dashed lines. Adapted from Ref. [38], [39] and [40].

Using a different thiacalix[4]arene derivative, p-phenylthiacalix[4]arene H4PTCA
(figure 3), cationic clusters of other nuclearity, involving CrO4* or Cl- were obtained: Ags7
([C17@Ag37Na(PTCA)5(iPI‘S)10(DMF)4(CH3CN)2]), and Ag46
([(Cr04)2Cls@Ag46(PTCA)6(iPI‘S)12(CH3CN)6]) [42] (Figure Saand b)

Figure 5: A portion of the X-ray structure showing the cationic high nuclearity metallic clusters involving p-
phenyl-thiacalix[4]arene ligands (a) ([Cl:@Ag37Na(PTCA)s(iPrS)10(DMF)4(CH3CN):], (b)
[(CrO4)2Lls@Agas(PTCA)6(iPrS)12(CH3CN)s]. Ag-Ag interactions are represented as dashed lines. Solvent
molecules are not presented for the sake of clarity. Adapted from Ref. [42].

The clusters are generally prepared by reduction of a AgC=CBu' (or AgO,PPh;) and
AgSbFs solution containing also TCA by NaBHa. Their crystalline structure revealed the
formation of cationic clusters capped by deprotonated TCA ligands leading to NPs, adopting a
deformed shape and presenting short Ag-Ag (or Au) distances (2.76-3.37 A).

The number of metallic species has been seriously increased with the report and
structural description of cationic Aggs and Agiss clusters; Aggs (Agss(TCA)s(EtS):2(OAc)s] [43]
appears as a metallic wheel protected by 8 TCA deprotonated TCA ligands and encircling
CrO4* units, and Agiss (Agiss(CyS)so(TCA)sCl), that exhibits a pseudo 5-fold spherical
symmetry [44] (Figure 6 a and b).



Figure 6: A portion of the X-ray structure showing the large clusters capped by calix[4]arene ligands (a) CrO4+*
cAgss(TCA)s(EtS)s2(0OAc)s] and (b) Agiss(CyS)ao(TCA)sCla. Ag-Ag interactions are represented as dashed
lines. Adapted from Ref. [43] and [44].

All the reported clusters exhibit light absorption in the visible region (§ 6. 1. 2) in
solution in organic solvents or in the solid state. For Agz1, the catalytic activity for the reduction
of 4-nitrophenol has been studied and the compound exhibits a good activity [38] (§ 6. 3. and
table 3).

These data illustrate the capacity of TCA (or PTCA) to act as a protective organic shell
for metallic clusters. In addition, in order to tune the nuclearity of the clusters, structuring
Molybdenum oxide anions have been employed. A series of analogous silver NPs, protected
with PTCA and MoY,0s* metalloligands were also leading to a large series of compounds
presenting the following core: hexagonal [Agis(Mo,OsPTCA)s] or rectangular
[Agi1sS(M020s(PTCA).):], displaying either an hexagonal or a rectangular shape (Figure 7 a
and b) [45]. The compounds were obtained by the fusion of the anions with the capped
macrocyclic entities.

Using the same approach and TCA, higher nuclearity were obtained: Ags> species,
presenting all the [Agi11(MoO2-TCA)(EtS)3] unit (Figure 7 ¢) [46]. The anticancer activity of
these species was evaluated by the measurement of 1Cso values. Finally an Ags9 unsymmetrical
cage incorporating a [MoeO22]% anion, of formula [(Mo0sO22)@H3Ags9(MO3)9(M0O4)-
(TCA)s(iPrS)13(CH3CN)2(H20)] unit (Figure 7 d) has been also reported, this was the basis of
a polyoxometalate-templated Ag cluster protected by calix[4]arene macrocyclic ligands [47].
The compound presents a good catalytic activity towards CO: reduction (§ 6. 3. and table 3).
Recently a [Ag72] molybdate protected compound has been reported [48].

For some of the compounds the light absorption properties has been studied (§ 6. 1. 2.).

L&




Figure 7: A portion of the X-ray structure showing the cationic high nuclearity metallic clusters capped by
calix[4]arene ligands (a) hexagonal [Ag1s(M020sPTCA)s], (b) rectangular [Agi1sS(Mo20s(PTCA)2)2] (c) Agaz
build from [Ag11(MoO2—TCA)(EtS)s] species and (d) [(MosO22)@H3Agas(MO3)9(MoOs)-
(TCA)6(iPrS)15(CH3CN)2(H20)]. Solvent molecules are not presented for the sake of clarity. Ag-Ag interactions
are represented as dashed lines. Adapted from Ref. [45], [46] and [47].

The protection of the Ag NPs involving thiacalix[4]arene derivatives has shown
limitations and other metallic atoms, mostly in their divalent or trivalent oxidation state have
been used for the formation of new supramolecular coordination species. The concept of
protecting organic shell has been transferred to other metallic cores, like the polyoxometallates,
and this will be presented in the next chapter.

2.2. Oxo (thio)-cluster decorated with Thiacalix|[4]arene
This part is dedicated to the formation of high nuclearity clusters (n > 10) obtained from
coordinating thiacalix[4]arene derivatives. First, we will examine the formation of
homometallic clusters (3d-4d and 4f) and also heterometallic species built without any linkers,
only p-oxo (O%), u-hydroxo (OH) or p-water (H>O) bridging the metallic centres. Then the
use of inorganic linkers and other small organic linkers will be investigated.

2.2.1. Homometallic nd clusters

Using the restrictions mentioned above, two types of high nuclearity clusters have been
reported: Cula4 and M'3;.

Culy4 has been obtained using the highly coordinating TMTCA derivative (figure 3) and
a thiolate cluster with a unique hollow inorganic ball structure has been formed. The spherical
compound of formula [(MeCN)@TMTCACul4]s {Cuzs} was identified as the first S-bridged
TCA derivative high nuclearity cluster, built from neutral unusual [Cu'’s TMTCA]*" shuttlecock-
like species assembled through sulphur bridges (Figure 8 a) [49]. This is the only one available
example of high nuclearity cluster using TMTCA. It exhibits interesting electrochemical
properties.

Parallel to the use of TMTCA (figure 3), the use of TCA and divalent metals
reproducibly leads to the formation of {M3s>} spherical clusters: three examples are provided in
the literature: the formation of [Co'24Co™g(u3-0)24(H20)24(TCA)4] [50], [Ni''52(OH)40TCA¢]
[51] or [M"3,016(OH)s(CH30H)sTCAs] (M = Ni, Co) [52] were reported and revealed the
formation of a unique giant core-shell nanoclusters with 24 metals forming a sphere,




Figure 8: A portion of the X-ray structure of high nuclearity {Cuz4} and {M32} spherical clusters (= 24)
involving the TCA derivatives and p-oxo (0%), p-hydroxo (OH") or p-water (H20) bridging between the metallic
centres (a) [(MeCN)@TMTCACu'4]s ({Cuz4}, the only TMTCA high nuclearity cluster) (b) [Co"24Co's (us-
0)24(H20)24(TCA)4] ({Co32}) (c) [Ni's2(OH)40TCAs] ({Nis2}) and (d) [M"32016(OH)s(CH30H)sTCAs] (M = Ni,
Co) ({Ms2}). Solvent molecules are not presented for the sake of clarity and H atoms in (d) are not all presented.
Adapted from Ref. [49], [50], [51] and [52].

These reports illustrate the possibility of obtaining giant core (Oxo(-thio)-metallate)-
shell (organic TCA derivatives) {Ms2} or {Ma24} nanoparticles. To the best of our knowledge,
no analogous compounds involving 4f metals have been reported in the literature.

Concerning the use of TCA derivatives and metal, different heterometallic clusters have
been reported and that will be presented in the next chapter.

2.2.2. Heterometallic clusters
Such species are formed using TCA derivatives and small linkers.

2.2.2.a. Heterometallic 3d-4d clusters
As already seen for the decorated silver Nanoparticles, the use of structuring

molybdenum oxide anions results in the formation of new structures, through the fusion of the
anions with metalloligands, based on the use of thiacalix[4]arene derivatives. This will be
illustrated here below. All the following reported are obtained using solvothermal synthetic
conditions.

A new CosMos cluster of formula (NH4)M4'(TCA)CI[(Mo0VY02)>S(CH30)]4 (M = Co, Ni
or Zn) has been obtained by the reaction of (NH4)2Mo0S>0> (polythiooxomolybdate) with TCA
and a metallic salt [ 53] (see Figure 9a). The dodecanuclear complexes exhibit high
electrocatalytic activity and long-term catalytic stability for the Oxygen Evolution Reaction
(OER) evolution (§ 6. 3. and table 3). By fusing other sides of the anion, sandwich-like
complexes could be obtained. Two mixed valence complexes of formula
[NiH4(TCA)]2[(M0V5MOVI3024)(PO4)] and [NiH4(TCA)]2[(MostOVI3024)(OH)(CO3)] Wwere
reported, starting from H3PMo12040 (or HoMoO4) (Figure 9 b) [54]. The electrochemical
properties as well as electrochemical sensing of the compounds were provided (§ 6. 4. and table
4) together with their electrocatalytic oxidation for glucose (§ 6. 3. and table 3). The same
strategy was reported using Na;MVY'O4, and/or [H3PM12049] and two additional high nuclearity
symmetrical compounds of formula [Co'24(TCA)s(M"'04)sCls][HPM2040] (M = Mo and W)
were obtained. Their shape is close to the one reported for {M32} compounds (§ 2. 3. 1.), where

the role played by inner-cubes is played here by the Keggin-type anions [55], as shown in Figure
9 c. The electrochemical properties for both compounds were reported.
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a b C
Figure 9: A portion of the X-ray structure of heterometallic 3d-4d clusters involving only TCA (a)
(NH4) {M4(TCA)CI[(M0Y02)2S(CH30)]4} (M = Co, Ni or Zn) (b) [Ni'ly(TCA)]2[(MoYsMo"3024)(PO4)] and
[Ni4(TCA)2[(Mo0VsMoVY13024)(OH)(CO3)] (c) the highly symmetrical [Co4(TCA)s(MY'04)sCls][HPM12040]
(M =Mo and W). Solvent molecules are not presented for the sake of clarity. Mo and W atoms are represented
in pale purple. Adapted from Ref. [53], [54] and [55].

2.2.2.b. Heterometallic ns-nd clusters
Complexes involving coordinated alkali cations are reported here below.

The mixture of H4TCA in solvothermal conditions leads to the formation of different
complexes, among them two {MosNas} complexes of formula [Mo"sNag(u3-O)12(u-O)s-
(TCA)z(HzTCA)4(CH3OH)4] and [MoVIgNag(u4-O)4(u3-
0)3(nO)4(TCA)2(H2TCA)4(CH30H)s5(H20)] exhibiting both an oval metallic shape with p3-O
ligands and 6 calix[4]arene units [56] (Figure 10 a and b). The light absorption properties of
these compounds were studied (§ 6. 1. 2.).

A higher nuclearity complex involving Ni(II) cations has also been described. The
difference with the previous one, is that it contains a small organic linker: 1H-1,2,4-triazole-3-
thiol (3-S-trz). A flying saucer-shaped compound of formula [Ni'jsNas(TCA)e(3-S-
trz)sCls(H20)s] has been obtained in solvothermal conditions using Ni'! (CH3COO), and
Na>SO; as Ni and Na sources, respectively (Figure 10 c¢) [57]. This compound looks like a
metallocycle ring, but it is not “flat”, it is similar to a “truncated” Ni24 sphere.

Figure 10: A portion of the X-ray structure of the heterometallic ns-nd clusters involving only TCA (a) and (b)
{MosNas} complexes: [MoYsNag(u3-0)12(u-0)a-(TCA)2(H2TCA)4(CH30H)4] and [MoYsNas(p4-O)a( -
0)3(nO)4(TCA)2(H2TCA)4(CH30H)s(H20)] (c) [NiisNas(TCA)s(3-S-trz)sCls(H20)s]. Solvent molecules are not
presented for the sake of clarity. Mo atoms are represented in pale purple. Adapted from Ref. [56] and [57].

2.2.2.c. Heterometallic np-nd clusters

There is only one example of complex involving np metal. A complex of formula
PbsTi"V7(u2-0)s(OH)6-(TCA)](OH), was observed using reflux heating of H4TCA,
Pb''(NO3), and Ti'V(OiPr)4 [58] (Figure 11). This is a highly symmetrical cluster miming the
PbTiO; extended perovskite system. It can be applied as electron-transport materials in
perovskite solar cells (§ 6. 4. 1).
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Figure 11: A portion of the X-ray structure of the heterometallic cluster of formula Pb"sTi™"7(u2-O)s(OH)s-
(TCA)s](OH)2. Solvent molecules are not presented for the sake of clarity. Pb atoms are represented in pale blue
and Ti atoms in pink. Adapted from Ref. [58].

2.2.2.d. Heterometallic ns-nd-4f clusters

Finally, to close this series of heterometallic compounds, a 3s/3d/4f trimetallic cluster
was reported, [59] mixing HsTCA, Ni''Cl,, Dy (OAc); and Na,COs; in solvothermal
conditions; a complex of formula [NaxNi'i2Ln(TCA)3(u7-CO3)3(u3-OH)a(ps-Cl)a-
(OAc)s(dma)s] (Ln = Dy or Tb) was reported. It was based on trinary-cubane core composed

of one {Ni,Ln,} cubane units and two [NaNi,Ln] cubane units sharing one Ln'"! ion, as shown
in Figure 12.

Figure 12: A portion of the X-ray structure of the {Ni2Ln2} heterometallic cluster of formula
[NazNi'" 2L (TCA)3(u7-CO3)3(us-OH)a(p3-Cl)2-(OAc)s(dma)s] (Ln = Dy or Tb). Solvent molecules are not
presented for the sake of clarity. Adapted from Ref. [59].

Another example of ns-nd-4f cages, involving large organic anionic linkers will be
provided in the “other nuclearities” section (§ 5. 4.).

2.3. The use of HyTCA and small inorganic linkers for the formation of
homometallic clusters

The description of high nuclearity clusters will continue with the formation of clusters
involving metallic linkers or small inorganic anions like CO3?* or phosphates.

13



2.3.1. Metallic linkers
Concerning the metallic linkers, one can mention the linking of two well-known
sandwich-like tetranuclear compounds based on TCA, by two Fe''Cl, units, leading to a neutral
centrosymmetric decanuclear compound of formula [Fe''j¢-TCA4Cls] (Figure 13 a) [28¢]. An
analogous Coio compound has been observed, whereas the linker is a Cobalt azido derivative
Co''(N3),, leading to a high nuclear compound of formula [Co'o(TCA)s(N3)4] [29a] (Figure 13
b). For both compounds, the routine magnetic properties were reported (§ 6. 1. 1. and table 1).

e ¥ ) e —",.
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Figure 13: A portion of the X-ray structure of the clusters based on TCA and metallic inorganic linkers where
sandwich-like M4 complexes are interconnected by bridging metalloligands (a) decanuclear [Fe!'joTCA4Cl4] and
(b) [Co™1o(TCA)4(N3)4]. Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [28¢] and

[29a].

2.3.2. Small carbonate or phosphate inorganic linkers

The use of small anionic carbonate or phosphate linkers for the formation of high
nuclearity clusters was illustrated by the formation of high nuclearity {M24} species, that are
not spherical.

The reaction of TCA with Mn(OAc), and Na>xCOs in solvothermal conditions leads to
the formation of a compound presenting the following core: [Mn'24(TCA )s(p3-OH)s(u-Cl)3(ps-
CO03)6-(CH3CH20H)s] (Mn24) where bridging carbonato, hydroxo and chloro are present in the
cluster. In addition, coordinated ethanol was also present in the “organic shell” of the complex
(Figure 14 a) [60]. The magnetic properties of this compound were analysed (§ 6. 1. 1. and table
1). Parallelly to this result, the reaction of Cd"Cl, and TCA with concentrated H3POs4 in
solvothermal conditions lead to the formation of a compound presenting the following core:
[H2Cd"24(TCA)6(POs)6Cls(DMF)s] [61]. The clusters display the shape of a flattened sphere,
with 6 TCA surrounding the metal part, where the [Cd"4sCI3TCA]" shuttlecock-like units were
connected by peroxyphosphate POs* anions (Figure 14 b). This compound exhibits
photocatalytic water splitting activities (§ 6. 3. and table 3) and also luminescent properties (§
6.1.2)

Using inorganic phosphate, other compounds were reported. For example, the
combination in solvothermal conditions, of Co'(ClO4),, TCA and Hypophosphorous acid
H3;PO, leads to the formation of a compound of formula [Co'20(TCA)s(u-H20)(us-
OH)4(HPO4)3] ({Co20}) (Figure 14 c) [62], [63]. Whereas using disodium hydrogen phosphate
Na;HPO4, a compound of formula [Co'24-(TCA)e(PO4)s(us-Cl)s] ({Co24}) was observed [63]
(Figure 14 d). The {Co24} molecule present the same regular spherical shape as already
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observed for other {Ma4} species (§ 2. 3. 1.), where chlorine and phosphate anions are bridging
the metal centres belonging to [Co4(us-C1)TCAT** shuttlecock-like species. {Coxo} appears as
a truncated octahedral {Co24} compound, while cutting one face. The magnetic properties of
both compounds were measured (§ 6. 1. 1. and table 1).

Figure 14: A portion of the X-ray structure of the {Mnz4}, {Cda4}, {Co20} and {Co24} clusters based on TCA and
the use of small inorganic linkers (a) [Mn'4(TCA)s(p3-OH)s(u-Cl)3(ps-CO3)s-(CH3CH20H)6] obtained from
carbonate moieties (b) [H2Cd™4(TCA)s(POs)sCls(DMF)s], {Cd24}, obtained using H3PO4 (c) [Co™0(TCA)s(u-
H20)(u3-OH)4(HPO4)s], obtained using H3PO2 and (d) spherical [Co™24-(TCA)s(PO4)s(p4-Cl)s] obtained using
Na;HPOs. H atoms in (d) and solvent molecules are not presented for the sake of clarity. Cd atoms are
represented in pink. Adapted from Ref. [60], [61], [62] and [63].

2.4. More target specific and sophisticated species using a secondary small
organic linker for the formation of homometallic clusters

Several secondary organic linkers have been used for the formation of high nuclearity
clusters involving thiacalix[4]arene derivatives. They will be presented here below.

2.4.1. The use of H;TCA derivatives and O donor linkers
Such linkers have been reported, especially for 3d and 4f metal clusters. For the reported
compounds, only solvothermal conditions involving different solvents (MeOH, DMA, etc..)
have been used.

2.4.1.a. The use of O donor linkers, TCA derivatives and 3d metals
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Using phenylphosphonic acid, NaOH, H4PTCA and a metal salt, two isostructural
compounds of formula [NaM";2(PTCA)3(O3PPh)s(u-H20)(ps-Cl)2] (M = Ni, Co) were
observed [63] (Figure 15 a). They result from the interconnection of 3 [M"(us-CI)PTCA]*
shuttlecock-like units with bridging chloro and phenylphosphonate anions, leading to a system
displaying a “triangular” shape. Using H4SO,TCA and the same conditions, two isostructural
compounds of formula [NasM";6(SO2TCA)4(O3PPh)s(us-OH)s(CH30H)4] (M = Ni, Co) were
also observed [63] (Figure 15 b), where 4 [M"4(1s-OH)SO,TCAT** shuttlecock like units were
bridged by hydroxo and phenylphosphonate anions, leading to a system presenting a
“tetrahedral” shape. Using the same conditions, but a Mn(II) salt, a parent compound of formula
[MnHl6(SOzTCA)3(PhPO3)7(HPO4)(M4-OH)3Cl(HzO)(CH3OH)4] presenting 3 [MnH4(p4-
OH)SO,TCA]J** shuttlecock moieties, bridged by chloro, hydroxo and phenylphosphonate
anions, and incorporating also 4 additional Mn?" cations coordinated to phenyl phosphate
anions [ 64] (Figure 15 c), were reported. Using fert-butylphosphonic acid instead of
phenylphosphonic acid, and the same conditions, a compound of formula
[Mn''14(SO2TCA)3(tBuPO3)6(ps-OH)3CI(H2,0)(CH30H)]  (Figure 15 d), was obtained,
presenting the same triangular shape and connection, and 4 additional Mn?* cations coordinated
to phenylphosphonate anions [64].

a b c d

Figure 15: A portion of the X-ray structure of the clusters based on PTCA and SO.TCA (a) dodecanuclear
[Na:M"12(PTCA)3(O3PPh)s(pu-H20)(u-Cl)2] (M = Ni, Co) (b) hexadecanuclear NasCo!"16(SO2TCA)4(O3PPh)s(pus-
OH)4(CH30H)4] (M = Ni, Co) (c) hexadecanuclear [Mn'1(SO2TCA)3(PhPO3)7(HPO4)(pus-
OH);C1(H20)(CH30H)4] and (d) tetradecanuclear [Mn"14(SO2TCA)3(tBuPO3)s(pu-OH)3C1(H20)(CH30H)].
Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [63] and [64].

2.4.1.b. The use of O donor linkers, HiSO>TCA and 4f metals
Using similar reaction conditions as previously reported (HsSO>TCA and organic

phosphoric acids for 3d metals) and NdCls, three new high nuclearity Nd-based clusters were
obtained. When the methylphosphonic acid is involved in coordination, a cluster presenting an
oval shape, of formula [NdIH]0(SOQTCA)4(MGPO3)4(C1)2(OH)4(H20)2(DMF)S(MGOH)z]
({Ndio}) has been obtained, whereas the increase of the length of the organic substituent
(phenylphosphonic acid as coligand) led to formation of two different clusters, depending on
the cooling rate during the synthesis: [Nd'";1(SO2TCA)3(PhPO3)s(Cl)2(OH)s(DMF)12] ({Ndi1},
rugby-like ball shape) and highly deformed [Nd"o(SO,TCA)s(PhPO3)s(CO3)s
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(HCOO)7(OH)3(H20)7(DMF)12] ({Ndi9}) [65] (Figure 16 a-c). The compounds were found to
be luminescent (§ 6. 1. 2.), as expected by the presence of Nd(III) cations, and exhibit magnetic
interactions (§ 6. 1. 1. and table 1).

a b C
Figure 16: A portion of the X-ray structure of the clusters based on SO.TCA and Nd** cations (a) oval-shaped
{Ndio} cluster of formula [Nd™1o(SO2TCA)4(MePO3)a(C1)2(OH)a(H20)2(DMF)s(MeOH):] (b) {Ndi1}, rugby-
like ball cluster of formula [Nd™;1(SO2TCA)3(PhPO3)s(Cl)2(OH)s(DMF)12] and (c) highly deformed {Ndio}
cluster of formula [Nd™19(SO2TCA)s(PhPO3)s5(CO3)s (HCOO)7(OH)s(H20)7(DMF)12]. Nd atoms are represented
in light brown. Solvent molecules and H atoms in (a) are not presented for the sake of clarity. Adapted from Ref.
[65].

2.4.2. The use of H,TCA derivatives and N donor linkers

For the building of high nuclearity clusters, N donor organic ligands have been also used.
Two different examples have been provided in the literature to date.

The first example results from the use of HsTCA, combined with Co' (NOs),, pyrazine
and NaN3. It leads to the in situ formation of the 5-methyl-1H-tetrazolate organic linker (Mtta,
figure 17 a) and to a dodecanuclear cluster of formula [Co'2(TCA);(HCOO)2(ps-CO3)2(u-
Mtta)s(ps-Mtta)z(dma)2(Pz)2] [66] (Figure 17 a) (Mtta = 5-methyl-1H-tetrazolate). The
compound reveals to present a “triangular” shape, with the interconnection of 3 [Co4(us-
HCOO)PTCA]*" shuttlecock-like moieties bridged by acetato, carbonato and Mtta anions. In
addition, dimethylamine and pyrazine were also present in the coordination sphere of the metals.
By replacing H4TCA with H4PTCA and using the same synthetic conditions, two almost
isostructural compounds of formula [M!;2(PTCA)3;(HCOO)3(us-CO3)2(pu-Mtta)(u-Mtta)o(pa-
Mtta)2(Py)s4] (M = Ni or Co) (Figure 17 b) were obtained, presenting the same geometry, while
pyrazine or pyridine were present in the coordination sphere of the metals [66].

Using the same strategy, the combination of HsSO,TCA with Co''(acac), and 5-ph-tzH
(5-phenyl-1H-tetrazole), a tetradecanuclear cluster of formula [Co"14(OH)2-(SO.TCA )4(5-ph-
tz)10(5-ph-tzH)2(CH30H):] has been observed [67]. It is a centrosymmetric compound, based
on the bridging of 2 [Co'4(us-H20)SO,TCAJ* and 2 [Co'"3SO,TCAJ** shuttlecock-like
moieties by hydroxo and 5-ph-tzH species (Figure 17 ¢).

The routine magnetic properties measurements of these compounds were performed (§
6. 1. 1. and table 1).

17



a b c
Figure 17: A portion of the X-ray structure of the clusters based on TCA derivatives and the use of N donor
bridging ligands (a) a triangular-shaped dodecanuclear cluster of formula [Co™12(TCA)3(HCOO)2(us-CO3)2(p1-
Mtta)s(pa-Mtta)2(dma)2(Pz)2] (b) a triangular-shaped dodecanuclear cluster of formula
Nillji3(PTCA)3(HCOO)3(ps-CO3)2(p-Mtta)(u-Mtta)2(pus-Mtta)2(Py)4] and (c) a centrosymmetric tetradecanuclear
cluster of formula [Co™14(OH)2-(SO2TCA)4(5-ph-tz)10(5-ph-tzH)2(CH30H)2]. Solvent molecules and H atoms in
(a) are not presented for the sake of clarity. Adapted from Ref. [66] and [67].

2.4.3. The use of H4TCA and N/O donor linkers

In this part, only HsTCA has been used for the formation of the complexes. Two
examples involve the use of N/O donor ligands for the formation of high nuclearity clusters.

The first example appears by the combination of H{TCA with CoSOs, 1H-1,2,3-triazole-
4,5-dicarboxylic acid and triethylamine, where a compound of formula
[Co4(TCA)(SO4)]6[(L)s(HCOO)s]A (A are (C2Hs)sNH' counter anions and L is deprotonated
1H-1,2,3-triazole-4,5-dicarboxylic acid) [29b] (Figure 18 a) was formed. As for already
reported M4 species (§ 2. 3. 1.), the compound results from the bridging of 6 [Co"a(ps-
SO4)TCAT** shuttlecock-like units by L and acetate anions. The gas sorption properties of this
compound were reported (§ 6. 2. and table 2) together with its ability to adsorb Hg(II) cations
(§ 6. 4. and table 4).

The second example is based on the combination of HsTCA with Co"Cl, and 1-hydroxy-
2-(3-pyridyl)-ethylidene-1,1-diphosphonic acid, leading to a {Cozs} compound of formula
[Co'h6(TCA)s-(HL)4Cls(HCOO)4(CH30)2(OH)2(DMF)19(H20)s] [68] (Figure 18 b), where its
formation was based on the assembly of 6 [Co'4sTCA]*" shuttlecock-like units, bridged by L
and hydroxo anions, but also two Co"'Cl> metallaligands. The final compound adopts a flattened
rodlike shape. Its electrochemical properties were investigated.
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Figure 18: A portion of the X-ray structure of the clusters based on TCA derivatives and the use of N/O donor
bridging ligands (a) a spherical {Co24} cluster of formula [Co'4(TCA)(SO4)]s[(L)s(HCOO)s]A (A are
(C2Hs)sNH" counter anions and L is deprotonated 1H-1,2,3-triazole-4,5-dicarboxylic) and (b) a rod-shaped
{Coas} cluster of formula [Co26(TCA)s-(HL)4Cla(HCOO)s(CH30)2(OH)2(DMF)10(H20)s]. Solvent molecules
are not presented for the sake of clarity. Adapted from Ref. [29b] and [68].

2.4.4. The use of HiTCA and N/S donor linkers

Before closing this part dedicated to high nuclearity clusters, other types of organic
linkers have been used: N/S donor ligands, which is illustrated by several examples.

The first example was obtained in two steps, by initially obtaining the Cu's(2-PyS)s (2-
PySH = 2-pyridinethiol) intermediate, that was then combined with H4TCA in the presence of
triethylamine. The reaction yielded a {Cui2} complex of formula [Cu'3(HTCA)]2[Culs(2-PyS)e],
build from a Cu'¢(2-PyS)s building blocks bridging two [Cu'sHTCA] units (Figure 19 a) [69].
The compound presents interesting photothermal conversion properties both in the solid-state
and in solution (§ 6. 5. 2.).

A {Niz} bowl-shaped compound of formula [Nilly-
(TCA)sLs(CO3)s(SO4)(HCOO)Cls]As (A = (CH3)aN™) Nixs was obtained by reaction between
Ni''Cl,, Ni''SO4, H4sTCA and HoL (H:L = 2,5-dihydro-1,3,4-thiadiazole-2,5-dithiol) [29c¢]
(Figure 19 b). The complex results from the assembly of 6 [Ni'4(us-C1)TCAJ** shuttlecock-like
units by bulky bridging L*, carbonato, sulfato, chloro and acetate anions and displays a half
sphere or bowl like shape. Its electrochemical properties were investigated.

The last example of these series is the formation of high nuclearity flattened bowl-
shaped {Co27} and two {Cozs} clusters. {Co27;} was obtained by combining H4TCA,
Co''(CH3COO); and 1H-3-SH-trz (1H-1,2,4-triazole-3-thiol) leading to a compound of formula
[Co7(TCA)6(3-SH-trz)s(di-S-trz)4(CO3)0.25(SO3)0.75Clio(OH)2(CH30H)2(H,0)4] (Figure 19 ¢)
[57], where 3-SH-trz has been generated in situ during the reaction. The compound was formed
by the bridging of 6 [Co'4sTCA]*" shuttlecock-like moieties with the in situ formed
triazolylthiolate unit, carbonato and hydroxo anions and an additional Co?" cations. The same
construction was observed for the further obtained flying saucer-like {Cozs} cluster: a
compound of formula [Co's(TCA)e(3-SH-trz)s(di-S-trz)4(SO4)Clio(OH)s(CH30H)4(H20)s6]
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(Figure 19 d) which synthesis differs from the {Co27} one, by the use of NaxSO4 and a second
{Coas} cluster of formula [Co'28(TCA)s(trz)16(CO3)Cli1(OH)3(CH30H)2(H,0)s] (Figure 19 €)
which synthesis differs from the one reported for {Coz7}, by the use of a Dy"™(NOs); salt [57].
For the later one an additional bridging Co?" cation has been found. For the 3 reported
compounds, the magnetic properties were reported (§ 6. 1. 1. and table 1).

c d e

Figure 19: A portion of the X-ray structure of the clusters based on TCA derivatives and the use of N/S donor
bridging ligands (a) {Cui2} compound of formula [Cu's(HTCA)]2[Cu's(2-PyS)6], and bowl-shaped clusters (b)
{Niz4} of formula [Ni-(TCA)sLs(CO3)s(SO4)(HCOO)Cls]A4 (A = (CH3)aN") (c) {Co27} of formula
[Co'27(TCA)6(3-SH-trz)s(di-S-trz)4(CO3)0.25(SO3)0.75Cl1o(OH)2(CH3OH)2(H20)4] (d) {Co2s} of formula
[Co™s(TCA)s(3-SH-trz)s(di-S-trz)4(SO4)Clio(OH)4(CH3OH)4(H20)s] and (e) {Cozs} of formula
[Co2!s(TCA)s(trz)16(CO3)Cl11(OH)3(CH30H)2(H20)s]. Solvent molecules are not presented for the sake of
clarity. Adapted from Ref. [29¢], [69] and [57].

Beside the description of these high nuclearity clusters based on TCA derivatives, the
formation of more symmetrical species will be possible while using small organic multitopic
linkers, for example metallamacrocycles (see definition here below).
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3. Formation of metallamacrocycles involving thiacalix[4]arenes

The field of MetallaMacroCycles (MMCs) emerged during the development of
supramolecular chemistry, and several examples of wheels and giant wheels, involving metal
ions, have been provided in the literature [70]. The TCA derivatives also revealed to be able to
form such spherical species (figure 20), when combined with ligands, and they will be presented
here below.

Figure 20: Schematic representation for metallamacrocycles.

3.1. Generalities

Starting from [M"%(us-X)TCAP* (X = Cl, OH), [M"(us-H,0)TCA]* or [MU5(ps-
X)TCA]" (X = Cl, OH), [M"3(us-H,0)YTCA]J** shuttlecock-like subunits (Y = -, D, P, SO,
see figure 3) connected via linkers, it appears possible to form spherical species,
Metallamacrocycles, while the TCA derivatives appear as a shell around the metallic ring. As
a consequence, the outer edge is usually more hydrophobic than the inner space (centre) of the
formed wheel, that are more or less deformed. The size of the formed wheels depends on the
number of thiacalix[4]arene subunits involved and of the “length” of the organic linkers. This
will be discussed through the several examples shown below. The nature of the bridging ligands
appears determinant for the formation of spherical MMC, as shown in the previous chapter.

3.2. Formation of Metallamacrocyles based on TCA and SO TCA

3.2.1. O organic linkers

The first metallamacrocycles based on TCA derivatives, was reported in 2004, by Iki et
al.: it was an octalanthanide wheels based and SO,TCA and Ln** (Ln= Pr, Gd, Sm, Nd) [32].
The procedure failed for Ho(Ill), due steric hindrance, because of the small ionic radius of
Holmium(IIT). However, a few years later, the use of malonic acid leads to the formation of a
larger dodecaholmium (III) wheel supported by SO TCA [ 71 ] with the formula
[Ho™2(SO,TCA)s(malonate)s(AcO)s(H20)14] (Figure 21 a). This {Hoi2} SO,TCA based
MMC was formed by 6 [Ho™SO,TCA] moieties, bridged by six [Ho™(H,0),]** entities and
additional malonate and acetate ligands. The longest diameter of the wheel based on Ho---Ho
distances was about 17.7 A. The whole macrocycle presents a saddle-like shape pocket cavity
that includes 4 EtOH molecules.
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Two {Cur2} and {Cuis} MMCs based on TCA, Cu(Il) and phenylphosphate were
described recently by Liu ef al. Three or 4 [Cu'4(us-C1)TCA]** shuttlecock-like units were
connected with ancillary phenylphosphonate ligands to form anionic wheel-like nanostructures
with  skeletal formula [Cu'l;2(TCA);Cl3(PhPO3)12(H20)]*  (Figure 21 b) and
[Cuis(TCA)4Cls(PhPO3)s]* (Figure 21 c) respectively [72]. Interestingly both ps-anions (CI
and PhPO3?") can be substituted by salicylate ligands keeping the core intact. These MMC were
used as catalysts in sulfide oxidation reactions (§ 6. 3. and table 3).

a b c
Figure 21: A portion of the X-ray structure of {Ho12}, {Cui2} and {Cuis} MMCs a)
[Ho™2(SO2TCA)s(malonate)s (AcO)s (H20)14] b) [Cu'i2(TCA);Cl3(PhPO3)12(H20)2]* and c)
[CuH16(TCA)4C14(PhPO3)8]. For clarity, solvent molecules are not presented. Ho atoms are represented in dark
purple. Adapted from Ref. [71] and [72].

3.2.2. N organic linkers

The simplest TCA based-MMC was reported in 2012 by Hong et al.: it was a {Cois}
macrocycle based on TCA and 5-methyl tetrazolate (MTTa) of formula [Co™(TCA)4(uas-
C1)s(HCOO):(u-Mtta)s(u-Mtta)s] (Figure 22 a) [66]. It consists of 4 [Co's(ps-Cl)(u-
Mtta)TCAJ** shuttlecock-like building units linked by eight bidentate pyrazines moieties. 5-
methyl tetrazole (HMtta) has been formed in situ from pyrazine and NaN3 under solvothermal
conditions. The positions of the 4 Co(II) within a shuttlecock-like unit are at the vertices of a
square that is capped by TCA, so that the shape of the formed entity is a deformed square. The
diameter of this wheel-like compound is about 25.7 A. Magnetic studies indicate
antiferromagnetic coupling between the Co(II) ions (§ 6. 1. 1. and table 1). This shape is close
to what has been observe in related square-like species (§ 4. 2. 3 and 4. 2. 4)

But, the first reported TCA based-MMC was a {Co2a} species, that has been described
in 2010 by Gao et al. [73]. Neutral [Co'4(TCA)(trz).Cl>2(CH30H)(H20)]s was formed under
solvothermal conditions and contains 6 [Co'sTCA]*" shuttlecock-like units, linked by twelve
1,2,4-triazolate anions (Figure 22 b). Two Co(II) from [Co"4sTCA]*" are bonded to two phenoxy
oxygens of the lower rim of TCA*, to one bridging sulphur atom, one nitrogen atom of a
triazolate anion and to one CI" anion. The two other Co(II) are six-coordinated being bonded to
two phenoxy oxygens, and one sulphur of the TCA, one solvent molecule (H2O or MeOH) and
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two triazolates. The thickness of the {Co24} MMC is ca. 21.5 A, and its diameter about 29.9 A.
Solvent molecules (CHCl; and MeOH) were trapped in the interstices of the lattice and can be
easily removed. The magnetic properties were measured (§ 6. 1. 1. and table 1). This
thiacalix[4]arene-supported {Co24} MMC has been annealed into metallic Co9Ss NPs and
involved as electrode material in ion Li-batteries [74] (§ 6. 5.1.).

The combination of H4SO,TCA, under solvothermal conditions in the presence of
Co'(OAc), and 1,2,4-triazole, leads to another neutral {Coxs} MMC species of formula
[Co'4(SO.TCA)s(trz)16(CH30H)s] [75]. This nest-like MMC with two parallel [16-MCo-4]
door rings was based on 8 [Co3(u3-MeOH)SO,TCA]** shuttlecock-like units bridged by 16
triazolate anions (Figure 22 c). In the [Co"3(u3-MeOH)SO.TCA]** subunits, the three Co**
cations form a quasi-isosceles triangle, bridged by a p3-O of a central methanol and bonded to
four phenoxy O atoms and three sulfonyl oxygen of SO,TCA* ligand. The diameter of this
{Co24} MMC is about 28.2 A, somewhat smaller than the one obtained for the TCA analogue
[73]. The magnetic properties of this MMC were studied (§ 6. 1. 1. and table 1).

Figure 22: A portion of the X-ray structure of the {Cois} and {Co24} metallamacrocycles (a) [Coi6(TCA )a(p4-
Cl)a(HCOO)2(p-Mtta)s(u-Mtta)s] (b) [Co™24(TCA)s(trz)12Cli2(CH30H)s(H20)s] and (c)
[Co™24(SO2TCA)s(trz)1s(CH3OH)s)]. For clarity, solvent molecules are not presented Adapted from Ref. [66],
[73] and [75].

3.2.3. N,0 organic linkers

An original flowerlike anionic MMC containing 6 [Ni'4TCA]*" shuttlecock-like units,
6 deprotonated risedronic acid (HL*), four additional Ni** ions, together with two phosphates,
two chlorides, one p3-oxo and additional solvents molecules has been obtained and presents the
formula [Ning(TCA)ﬁ(HL)6(PO4)2(u3-O)zClz(CH3OH)14(H20)2(DMF)8]4' (Figure 23) [68]. It
contains 14 crystallographically independent six-coordinated Ni(Il) cations, involved in 3
[Nl TCA]*" shuttlecock-like units, and pyridine, hydroxyl and HL* ligands. The outer
dimension of the resulting MMC is ca 41 x 23 x19 A? (based on opposite Chutyl-Chuty atoms).
The compound has been studied for catalytic OER (§ 6. 3. and table 3).
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Figure 23: A portion of the X-ray structure of the MMC [Ni'l2s(TCA )s(HL)s(PO4)>(pi3-
0)2Cl2(CH30H)14(H20)2(DMF)s][(CHsNH2CH3)4]. For clarity, solvent molecules are not presented. Adapted
from Ref. [68].

Self-assembly of H4TCA and 3,5-pyrazoledicarboxylicacid (Hzpdc) with Co*" under
solvothermal conditions leads to a series of four different giant cobalt calix[4]arene MMCs [76],
that are described here below. A 30-membered wheel-shaped hexanionic ring, {Co3zo}-A of
formula [Co'30(TCA)s(pdc)12(MeO)s(MeOH)s(H20)¢] (Figure 24 a) was formed, containing 6
[Co'4TCA]*" shuttlecock-like units (with similar connectivity with the {Co24}-wheel described
in 2010 by Gao et al. [73] based on triazole) and 6 additional Co** linked by twelve 3,5-
dicarboxylatopyrazolate (pdc?-). The pdc anions were coordinated to the Cos~-TCA subunits
and to the additional Co?" ions forming thus a {Cos} unit. A slight modification of the
experimental procedure leads to a similar 30-membered MMC, {Cos0}-B of formula
[Co'50(TCA)s(pdc)12(MeO)s(H20)12], in which the six MeOH molecules terminally
coordinated to the Co ions of the rim in {Coso}-A were replaced by six water molecules. The
{Co30}-B has a perfect hexagonal shape compared to the slight distortion observed for {Co3o}-
A (Figure 24 b). The outer diameter (distance between opposite methyl groups) is 36.2 A and
35.8 A for {Co30}-A and {Cos0}-B, respectively. Six uncoordinated carboxylate oxygen atoms
confined the inner cavity leading to an inner diameter of only 11.4 A for {Cos0}-A and 11.8 A
for {Cos0}-B.

Figure 24: A portion of the X-ray structure of the series of TCA/3,5-pyrazoledicarboxylate based

metallamacrocycles a) {Cos0}-A, b) {Cos0}-B, ¢) {Co32}-A and d) {Coaso}. For clarity, the solvent molecules and
uncoordinated carboxylate anions within the cavity are not presented. Adapted from ref [76].
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A {Co32}-A, a 32 membered ring including 8 [Co'4pu-Cl(ps-H202)TCA]** shuttlecock-like units
linked by 8 pdc*, leading to an eight-point star-shaped MMC of formula
[Co32Cls(TCA)s(pde)s(H20)16] (Figure 24 c). The outer diameter of {Cos2}-A is ca 34.2 A,
slightly smaller than the one of {Co3}-A or B while its aperture is ca 14.9 A. Recrystallization
of {Co32}-A in DMF leads to {Cos2}-B and {Co32}-C that have a similar ring structure than the
one adopted by {Cos2}-A, but a different packing. The performance of {Co3:}-A as an
adsorbent has been measured with three common dyes (methyl blue, rhodamine B disodium
fluorescein) (§ 6. 4. and table 4). Interestingly, the recrystallization Cos2-A leads after 2 weeks
to the formation of a small amount (ca. 5%) of a novel {Cosz} MMC, of formula
[Co40ClLio(TCA)10(pde)10(H20)20] (Figure 24 d). The whole structure can be described as an
overlap of two [Co"4CI(TCA)]s(pdc)s(H20)10] pentagonal rings, staggered and bridged by pdc*
ligands thus forming a ten-point star-shaped molecular wheel. The dimension of this {Cao}
MMC is ca 40.1 x 36.7 x 24.2 A3 and its inner diameter is ca 20.3 A.

3.2.4. N,S organic linkers

A {Niis} coordination wheel of formula [Ni!;sCls(TCA)s(MNA)s] involving 6 [Nills(us3-
CI)TCAJ** shuttlecock-like units and six 2-mercaptonicotinate moieties (MNA?") has been
reported [77] The dimension of the MMC is ca 25.7 x 27.5 x 15.1 A3. Each of the six [Ni"3(us-
CI)TCAJ?*" subunits is connected to four others by three MNA?" tridentate ligands leading to a
wheel like structure with a hexagonal prismatic central pore (Figure 25 a) of ca 9.0 x 9.0 x 13.3
A3. This {Niig} MMC has been proven to be an efficient catalyst for electrochemical reduction
of glucose in Nz, Oz or air (§ 6. 3. and table 3). Moreover, this {Niig} wheel is able to
accommodate metal clusters of Au, Pd, Pt, Ir, Ru, Rh and also Au/Pd that shows excellent
electrocatalytic activity for Hydrogen Evolution Reaction (§ 6. 3. and table 3).

Later, the same group described the formation of anionic {Nizo} and {Nis»} coordination
wheels displaying a twist double-bowl shape and of formula [Ni'2o(TCA)s(L)s(SO4)sCls]>
(Figure 25 b) and [Ni'32(TCA)s(L)s(CO3)4(HCOO),Cls]* (Figure 25 ¢) [29¢], where L is 1,3,4-
thiadiazole-2,5-dithiolate anion. The {Ni2o} compound can be described as an entity having two
open ends with diameter of 14.0 and 10.1 A. 5 [Ni"4TCA]*" shuttlecock-like units are bridged
by five tetradentate L along the upper rim and five sulfate anions along the lower rim, whereas
{Nis>} contains 8 [Ni'4TCA]*" subunits connected by 8 L?" acting as pentadentate ligands and
four carbonate anions (generated from decomposition of DMF). The overall shape can be
described as the connection of two bowl-shaped units through a centrosymmetric operation thus
leading to a double-bowl-shaped. The catalytic performance for electrochemical oxidation of
glucose of these 2 MMCs has been evaluated, evidencing that {Niz} exhibits the best activity
(§ 6. 3. and table 3).
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a b C

Figure 25: A portion of the X-ray structure of the series of the TCA based metallamacrocycles a)
[Ni;sCls(TCA)s(MNA)s] b) [Ni2o(TCA)s(L)s(SO4)sCls]> and c) [Nis2(TCA)s(L)s(CO3)s(HCOO)2Cls]*. For
clarity, the solvent molecules are not presented. Adapted from ref [77] and [29¢]

Thus, one may conclude that the formation of metallamacrocycles based on TCA
derivatives is evidenced using small O, N,O or N,S organic linkers. Using larger ligands,
nanocapsules and cages, which are described below, are obtained.

4. MOC:s based on thiacalix[4]arenes: nanocapsules and cages

4.1. Context

The use calix[4]arene derivatives for the formation of capsules and cages has been
already documented. In 2014, Dalgarno et al. reported the formation of assembled molecular
capsules, also called molecular containers or molecular cages, based on calix[4]arene,
resorcin[4]arene, pyrogallol[4]arene and cyclotricatechylene [78], whereas in 2015 Papparaldo
et al. reported capsules based on Resorcin[4]arene and Calix[n]arene [79]. In 2022, Zhou and
Fang et al. reported the use thiacalix[4]arene (among many other macrocycles) for the
formation of cages, together with their applications in the field photochemistry, catalysis,
energy storage and molecular recognition [80].

In 2014, through their huge pioneering work in that field, Bi and Liao reviewed the
stunning work concerning the formation of cages based on thiacalix[4]arene [81], and the use
of di or tricarboxylic ligands. This important work was the beginning of a huge number of
examples, and here below, we attempt to provide its rationalization through the obtention of
these fascinating coordination porous cages, together with the presentation of the new recently
reported examples emerged since that time, starting from the lowest nuclearity (pocket-like
cages) to highest (octahedral and more sophisticated species).

As already mentioned, in this part, the representation of this molecular cages (CPK
model) is different from the one used for the metallic clusters (Polyhedral model).
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4.2. Barrel-like thiacalix[4]arene based MOCs (Pocket-like and Square-
like)
Barrel-like calix[4]arene-based Metal-Organic Cages (MOC:s) is a family that includes
cages with two calix[4]arene units (pocket-like) or four calix[4]arene units (square-like) (Figure
26). H4TCA or H4SO,TCA are both used to build both species.

] oemme

Figure 26: Two geometry types of barrel-like MOCs: square-shaped (left) and pocket-shaped (right)

The units are built either from shuttlecock-like units derived from [M'"4(ps-H2O)TCA*
(IM'4(s-H20)SO2TCAT*) or [MU3(1s-H20)TCAT* (M3 (s-H,0)SOTCAT*) (or others),
assembled with 2, 3, 4 or 8 bridging organic ligands, based on ditopic ligands (mainly
dicarboxylate or tetrazolate).

All the compounds (neutral or anionic) present the same coordination pattern, and
“barrel-like” (“pocket-like” or “square-like”’) compounds are formed, presenting an internal
cavity for “pocket-like”, external porosity and the size of the pores is depending on the size of
the used ligands.

Pocket-like compounds (Figure 26 right) are formed while using dicarboxylate L
ligands, and present the {Ms} or {Ms} nuclearity and the general formula [M"y(TCA):Lm]®
(or [IM",(SO2TCA):Lm]?) (n=6 or 8 and m =2, 3 or 4).

Square-like compounds (Figure 26 left) are obtained while using V-shaped
dicarboxylic (O donor) or tetrazolate (N donor) L derivative and present the {Mis} or {Mi2}
nuclearities and the general formula [M",(TCA)4Ls]P- (or [M"4(SO2TCA)4Ls]*) (n = 12 or
16).

For all compounds, the influence of the location of the carboxylate moieties on the
ligand, the flexibility of the L ligand, the nature of the substituents will be illustrated by different
examples provided here below.

4.2.1. Pocket-like MOCs based on H,;TCA: [M",(TCA):LJ’ (n =6 or 8 and m =
3ord)

Only two examples are provided in this part.

The first example of pocket-like compound was reported in 2013. By mixing under
solvothermal conditions H4TCA, MCl,*6H>0 (M = Co or Fe) and isonicotinic acid (H2INA)
two anionic compounds of formula [(TCA)M"s(u-Cl)][(M(INA).Cl»)s]* (M = Fe and Co)
were obtained (Figure 27 a) [82]. The formation of anionic {Mi2}-MOCs is based on the
condensation of 2 [MUY4(u-CI)TCA]** shuttlecock-like units by four [(MY(INA).Cl)]*
complexes built from isonicotinic acid, these fragments playing the role of angular O-donor
linkers. The nuclearity of the formed pocket-like species is equal to 12. The dinitrogen
adsorption properties of these porous species were studied (§ 6. 2. and table 2).
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A few years later, the solvothermal condensation of chiral (1R,3S)-(+)-camphoric acid
(H2CAM), H4TCA and Co''Cl,*6H0 yielded a neutral chiral {Cos}-MOC cage-assembly of
formula [Co's(TCA)2(CAM)3(us-Cl)2(CH30H)2(dma),] (dma-dimethylamine) (Figure 27 b)
[83]. The reported structure consists of 2 [Co'4(us-Cl)(MeOH)(dma)TCA]* shuttlecock-like
units that are connected through three fragments of anions derived from camphoric acid
(CAM?), which play a role of angular O-donor linkers. Gas sorption properties of the species
(§ 6. 2. and table 2) were studied together with magnetic measurements (§ 6. 1. 1. and table 1).

Figure 27: A portion of the X-ray structure of the pocket-like species: (a) anionic [(TCA)M"s(u-
CD2][(M(INA)2Cl2)4]> (M = Fe and Co) and [(Fe(INA)2Cl2)]* linker (INA = isonicotinate dianion) and (b)
neutral chiral [(TCA)2Co"s(n-Cl)2(MeOH)2(dma)2][(CAM)3] (CAM = dianion derived from 1R,3S)-(+)-
camphoric acid). Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [82] and [83].

4.2.2. Pocket-like MOCs based on HSO:TCA: [M",,(SO:TCA):L]" (n = 6 or 8
andm =2, 3 or 4)

The compounds will be presented by increasing the degree of sophistication of the
building organic linkers.

Neutral {Msg}-MOCs were obtained under solvothermal or liquid-liquid diffusion
conditions with the use of H4SO,TCA, succinic acid (H2SUC) and corresponding nitrate
hexahydrate; they display the formula [(SO.TCA):M"g(u-H>0)2][(SUC)4] (M = Co, Ni) (Figure
28 a) [84]. In our team, we demonstrated the formation of four different MOCs: two achiral and
two chiral with the same formula, some of other neutral metallic complexes being present in
the surrounding of the MOC in crystal. The obtained MOCs are built from two [M"4(us-
H>0)SO,TCA]* (M = Co; Ni) shuttlecock-like units, connected by four succinate anions
(SUC?).

Using  H4SO,TCA  1,2-benzenedicarboxylic  acid (H.OBDC) or 23-
naphthalenedicarboxylic acid (H2NDC) and corresponding nitrate hexahydrate in solvothermal
conditions, neutral {Ms}-MOCs of formula [(SOTCA)>M"g(u-H,0)2][(OBDC)4] (Figure 28 b)
and [(SO,TCA):M"g(u-OH)2][(NDC)4] (M = Co, Ni) (Figure 28 ¢) were obtained [85]. All four
MOCs share the same coordination pattern with 2 [M"4(us-H,0)SO>TCA]** shuttlecock-like
units connected through four corresponding dicarboxylate fragments (OBDC?* or NDC?).
Molecular recognition towards cations dyes (§ 6. 4. and table 4) as well as gas sorption
properties (§ 6. 2. and table 2) were studied.
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By analogy with what was obtained for H,TCA [83], using chiral (1R,3S)-(+)-
camphoric acid (H2CAM), H4TCA and CoCl2*6H20 a neutral chiral {Cos}-MOC of formula
[Co"3(SO2TCA)(CAM)2(us-H20)2Cly] (Figure 28 d) was obtained, where only two ligands are
bridging the [Co'4(us-H20)SO>TCAJ* shuttlecock-like units. Magnetic measurements (§ 6. 1.
1. and table 1) were studied together with gas sorption properties (§ 6. 2. and table 2).

Two neutral {Cos}-MOCs of formula [(SO.TCA)>Co"s(u-H20):][(NDC-X)4] (X = Br,
H) (figure X, e and f), obtained under solvothermal conditions with the use of H4+SO>TCA,
CoCl2*6H2O and 1,8-naphthalenedicarboxylic acid (H2NDC-H) or 4-bromo-1,8-
naphthalenedicarboxylic acid (H.NDC-Br), were reported [ 86 ] (Figure 28 e-f). Their
coordination pattern was based on 2 [Co'4(us-H20)SO,TCA]*" shuttlecock-like units
connected by four dicarboxylate fragments ({NDC-H}? or {NDC-Br}?%). For these compounds,
gas sorption properties and iodine capture were studied (§ 6. 2. and table 2).

d e f

Figure 28: A portion of the X-ray structure of the neutral {Ms}-MOCs pocket-like compounds (a)
[(SO2TCA)2M"(u-H20)2][(SUC)4] (M = Co, Ni) (SUC = succinate dianion), (b) [(SO2TCA)M"s(p-
H20):2][(OBDC)4] (M = Co, Ni) (OBDC = 1,2-benzenedicarboxylate dianion), (¢) [(SO2TCA)Mg(p-
OH)2][(NDC)4] (M = Co, Ni) (NDC = naphthalenedicarboxylate dianion) (d) chiral [Cos(SO2TCA)2(CAM)2(pus-
H20)2Cl4] (CAM = chiral (1R,3S)-(+)-camphorate dianion) (e) [(SO2TCA)2Co'%(u-H20)2][(NDC-H)4] (NDC-H
= 1,8-naphthalenedicarboxylate dianion) and (f) [(SO2TCA)2Cos"(u-H20)2][(NDC-Br)s] (NDC-Br = 4-bromo-
1,8-naphthalenedicarboxylate dianion); Solvent molecules are not presented for the sake of clarity, disordered Br
atoms are presented for (f). Adapted from Ref. [83], [84], [85] and [86]

Longer coordinating ligands have been used, leading to species with larger cavities.

Under solvothermal conditions, H4SO>TCA, M(NO3)2*6H,O (M = Co or Ni) and 4,4’-
methylenedibenzoic acid (H2MDB), 4-((4-carboxybenzyl)amino)benzoic acid (H2.CBAB) or
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4,4'-(azanediylbis(methylene))dibenzoic acid (H,ADBD), isoreticular {Mg}-MOCs of formula
[(SO2TCA)2Co"s(n-H20)2][(MDB)4], [(SO.TCA)Co's(u-H20)>][(CBAB)4] or
[(SO2TCA):Ni''s(u-H20).][(ADBD)4] were reported [87], together with their catalytic activities
(§ 6. 3. and table 3) and molecular recognition properties (§ 6. 4. and table 4). They are based
on the fusing of 2 the [M"4(us-H,0)SO2TCA]* (M = Co or Ni) shuttlecock-like units by four
dibenzoate fragments (Figure 29 a-c). An analogous compound presenting the same recognition
pattern, and of formula [(SO,TCA).Zn"s(u-H20).][(MDB)4] was reported [88]. The Ni(II)
analogue [89] was also reported, and its gas and solvent adsorption properties were investigated
(§ 6. 2. and table 2).

By mixing, under solvothermal conditions, H4SO,TCA, 4-carboxy-1-(4-
carboxybenzyl)pyridinium bromide (H>CBPyBr) and corresponding nitrate hexahydrate,
neutral {Ms}-MOCs of formula [(SO,TCA )M"g(u-OH)>][(CBPy)s] (M = Co and Ni) [90] and
[(SO2TCA)2Zn"g(u-OH),][(CBPy)4] [91] were reported (Figure 29 d). Their formation is based
on the bridging of 2 [M"4(us-OH)SO,TCA]** (M = Co, Ni and Zn) shuttlecock-like units by
four dicarboxylate CBPy  moieties (pyridine is a protonated species). The obtained MOCs were
studied for their electrocatalytic activity in the oxygen evolution reaction (§ 6. 3. and table 3)
and also host-guest interactions (§ 6. 4. and table 4).

Using more bulky dicarboxylic ligands, like 2,7,9-triphenyl-9H-carbazole-3,6-
dicarboxylic acid (H.TPCD) a series of isomorphous {Ms}-MOCs of formula
[(SO2TCA):Ms(u-X)2][(TPCD)4] (M = Mg, Mn, Co, and Ni; X = OMe; H,0) (Figure 29 e-f)
were reported [92]. All four compounds share almost the same coordination pattern: 2 [M'4( -
X)SO,TCA]* (M = Mg, Mn, Co, and Ni; X = OMe; H>0) shuttlecock-like units connected by
four TPCD? dianions), with minor differences in ps-X fragments positions of the shuttlecock-
like units: for {Cos}-MOC, X was coordinated methanol molecules; for {Nig} and {Mns}-
MOCs water molecules were refined (X = H0); the nature of the ps-X shared between metal
ions atom disposed in the centre of {Mg'4} clusters of MOC was not unambiguously defined.
The gas sorption properties of the compounds (§ 6. 2. and table 2) were thoroughly investigated.

Finally, it is interesting to note that the use of a dicarboxylic macrocyclic linker based

on a calix[4]arene (dccalix) in combination with H4SO,TCA leads to formation of two
compounds of formula (dccalix)2(SO2TCA)2(M"3(u-OHz)2)2(DMF), (M = Co and Ni), and
presenting a hollow cyclic shape were obtained, and reported by our team [93] (Figure 29 g).
Their formation results from the fusing of 2 [M'"3(us-H20)2(DMF)SO>TCA]*" (M = Co and Ni)
shuttlecock-like units by a calix[4]arene moiety presenting two available carboxylate groups.
The compound present interesting solvent vapours properties (§ 6. 2. and table 2).
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Figure 29: A portion of the X-ray structure of the neutral {Mns}-MOCs pocket-like compounds (a)
[(SO2TCA)2MY(u-H20)2][(MDB)4] (M = Co, Ni and Zn) and MDB = 4,4’-methylenedibenzoate dianion (b)
[(SO2TCA)2Co"s(u-H20)2][(CBAB)4], CBAB = 4-((4-carboxybenzyl)amino)benzoate dianion (c)
[(SO2TCA):Nis(u-H20)2][(ADBD)4] ADBD = 4,4'-(azanediylbis(methylene))dibenzoate dianion, (d)
[(SO2TCA)2M"3(u-OH)2][(CBPy)4] (M = Co, Ni and Zn) (CBPy = monoanion derived from 4-carboxy-1-(4-
carboxybenzyl)pyridinium) (e) and (f) [(SO2TCA)2MU(u-X)2][(TPCD)4] (M = Mg, Mn, Co, and Ni; X = OMEe;
H20) TPCD = 2,7,9-triphenyl-9H-carbazole-3,6-dicarboxylate anion and (g) (dccalix)2(SO2TCA)2(MU3(u-
OH2)2)2(DMF):2 decalix: dianion derived from dicarboxyliccalix[4]arene (dccalix) and M = Co and Ni). Solvent
molecules are not presented for the sake of clarity, and disorder is present in some of the compounds. Adapted
from Refs. [88]-[93].

While the pocket-like compounds are built from short and flexible dicarboxylic
derivatives, the square-like Metal-Organic Cages are mainly built from V-shaped 1,3
benzenedicarboxylic and tetrazole derivatives. Examples will be provided here below.

4.2.3. Square-like MOCs based on H;TCA and isophtalate derivatives:
M (TCA)4Ls}]P- (n = 12 or 16).

Under solvothermal conditions combination of HyTCA, CoCl2*H20 and isophthalic acid
(H2IP) or 2,6-pyridinedicarboxylic acid (H2PD) leaded to the anionic {Mis}-MOCs of formula
{[(TCA)4C0Hl6(M-CI4)](IP)8}4'[(CH3)4N+]4 (Figure 30 a) and [(TCA)4COHl6(}1—C14)](PD)84'
[(CH3)4N*]4 (Figure 30 b) [94]. Both isomorphous MOCs were formed by fusing 4 [Co"(p4-
CH)TCAJ** shuttlecock-like units linked with IPA and PDA dicarboxylate moieties and
tetramethylammonium played the compounds, gas sorption properties were investigated (§ 6.
2. and table 2) together with photothermal properties (§ 6. 5. 2.).
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a b
Figure 30: A portion of the X-ray structure of the neutral square-like Mis compounds based on HiTCA: (a)
[(TCA)4Co'16(u-Cla)](IP)s* (IP = isophtalate anion) and (b) [(TCA)4Co16(u-Cls)](PD)s* (PD = 2,6-
pyridinedicarboxylate anion) Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [94]

Then, isophtalate derivatives have been intensively used for the formation of new
square-like compounds based on H4sTCA, that were formed from the fusing 4 [Ni'4(us-
CI)TCAJ** shuttlecock-like units with eight dicarboxylate anionic ligands: A {Niis}-MOC of
formula [(TCA)sNi';6(u-Cl)4][(5-NHz-1,3-BDC)s] (Figure 31 a) [95] with cavity size of 12.7 x
12.7 x 12.1 A3, has been obtained under solvothermal conditions by combining HsTCA,
NiCl,*6H,0 and 5-amino-1,3-benzenedicarboxylic acid (5-NH2-1,3-BDCH»). Two similar
neutral {Coi6}-MOCs of formulas Hi[(TCA)4Co'16(u-Cl)4][(L*)s] and Ha[(TCA)4Co"i6(u-
CD4][(L"")s] (Figure 31 b and c¢) were also reported (L’ = anion derived from 5-(pyridine-3-
yl)isophthalic acid and L’’ = anion derived 5-(5-fluoropyridin-3-yl)isophthalic acid) in the
presence of HCI [96]. The cavity size of the compounds is 12.6 x 12.6 x 12.0 A3. Oher types
of clusters were obtained by increasing the pH to basic (§ 5. 3. 3.). Porosity (§ 6. 2. and table
2) and dye adsorption (§ 6. 4. and table 4) properties were investigated for these square cages.

a b c

Figure 31: A portion of the X-ray structure of the neutral square-like {Mi6}-MOCs based on H4TCA and
isophtalate derivatives: (a) [(TCA)aNiis(u-C1)4][(5-NH2-1,3-BDC)s] (5-NH:-1,3-BDC = anion derived from 5-
amino-1,3-benzenedicarboxylic acid); (b) Ha[(TCA)4Co"16(u-C1)4][(L*)s] (L” = 5-(pyridine-3-yl)isophthalate
anion); (¢) [(TCA)4Co™i6(u-C1)4][(L")s] (L>> = 5-(5-fluoropyridin-3-yl)isophthalate anion); All atoms and
solvent molecules are not presented for the sake of clarity, and for (b) and (c), some fert-butyl groups are
omitted. Adapted from Ref. [95]and [96]

4.2.4. Square-like MOCs based on H;SO;TCA: [M",(S0:TCA)LslP- (n = 12 or
16).

In this part, O donor linkers like isophtalate derivatives will be distinguished from N donor
linkers.
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4.2.4.a. The use of O donor linkers: isophtalate derivatives

Analogously to what has been obtained with HYTCA combined with isophtalate [94],
two similar {M;6}-MOCs of formulas [(SO2TCA)sM" 6(u-H,0)4][(1,3-BDC)s] (M = Co or Ni)
(Figure 32 a), which is neutral, and [(SO.TCA)sM"6(u-H20)4][(5-SO3-1,3-BDC)s] (M = Co or
Ni) (Figure 32 b), which is anionic were reported [97], using H4SO,TCA, Co(NO3)226H20 or
Ni(NO3)2#6H,O and  1,3-benzenedicarboxylic acid (1,3-BDCHz) or 5-sulfo-1,3-
benzenedicarboxylic acid (5-SO;3-1,3-BDCH2) under solvothermal conditions. In general, they
have been built from the bridging of 4 [M"4(us-H,0)SO.TCA]** (M = Co or Ni) shuttlecock-
like units by benzenedicarboxylate moieties. Porosity (§ 6. 2. and table 2) and dye adsorption
properties (§ 6. 4 and table 4) were investigated for these cages (Cavity size 13.7 x 13.7 x 10.3
A?). These cages were also reported to be attached via click chemistry, on surfaces and their
porous properties were then investigated (§ 6. 2. and table 2) [98].

A whole series of very similar neutral {Mis} MOCs (M = Co or Ni) have been reported
with other derivatives of isophtalic acid: 5-methyl-1,3-benzenedicarboxylic acid (5-Me-1,3-
BDC), 5-hydroxy-1,3-benzenedicarboxylic acid (5-OH-1,3-BDC), 5- bromo-1,3-
benzenedicarboxylic acid, 5-propoxy-1,3-benzenedicarboxylic acid and 5-
heptoxyoxyisophthalic acid with general formula [(SO,TCA)sM"6(u-H20)4][Ls] [99] (Figure
32 c¢). However, they present the same connectivity pattern as presented for the aforementioned
examples [97]. N2 and CO; adsorption properties were investigated for these MOCs (§ 6. 2. and
table 2) (Cavity size 13.8 x 13.8 x 11.7 A3).

Another {Co'is} MOC, presenting the same connectivity pattern as discussed above,
and based on 5-(prop-2-yn-1-yloxy)isophthalic acid (5-Pr-1,3-BDC) linker, of formula
[(SO2TCA)4Co'16(u-H20)4][(5-Pr-1,3-BDC)s], has been reported (Figure 32 d) [100]. In
addition, authors reported the post-synthetic modification with the use of alkyne-azide
cycloaddition reactions, starting from a compound of formula [(SO2TCA)4Co'6(pu-H20)4][(5-
N3,1,3-BDC)s] (Figure 32 e) (Cavity size 13.9 x 13.9 x 11.9 A3).

A structurally similar {Znie}-MOC based on ionic 5-[(3-methyl-imidazol-1-yl)
chloride]-1,3-benzene-dicarboxylate  linker  ((5-Me-im-1,3-BDC)"(Cl")) of formula
[Zn"4(SO2TCA)(1s-OH)]4-(5-Me-im-1,3-BDC)sClgs was reported [101] (Figure 32 f). It is
important to note that, for this compound, the imidazole moiety doesn’t belong to the
coordination pattern; the cavity size of this compound is 14.4 x 13.9 x 11.8 A3. The obtained
MOC was post-modified in order to obtain porous liquid metal-organic cage able to be involved
in drug delivery (§ 6. 5. 3.).

Very recently, {Cois}-MOCs and {Mgis}-MOCs were obtained by postsynthetic
modification from the 5-bromoisophthalic acid [102]. New square-like compounds were
obtained [(SOTCA)sM!;6(u-H20)4][(5-N-1,3-BDC)3](M = Co or Mg, 5-Ac-1,3-BDC = 5-
amino isophthalate anion), [(SO2TCA)4Co'16(u-H20)4][(5-Ac-1,3-BDC)s] (5-Ac-1,3-BDC = 5-
Acetylamide isophthalate anion) and (i) (SO2TCA)sMg"6(pu-H20)4][(5-hex-1,3-BDC)s] 5-
Hexanoylamide isophthalate anion). They present similar cavity size, and their porous
properties were investigated. (§ 6. 2. and table 2)
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Figure 32: A portion of the X-ray structure of square-like {Mi¢}-MOCs based on Hs«SO.TCA and isophtalate
derivatives: (a) [(SO2TCA)sM!16(u-H20)4][(1,3-BDC)s] (M = Co or Ni) (1,3-BDC =1,3-benzenedicarboxylate
anion), (b) [(SO2TCA)sM"6(u-H20)4][(5-S03-1,3-BDC)s] (M = Co or Ni) (5-SO3-1,3-BDC =5-sulfo-1,3-
benzenedicarboxylate anion) (c) [(SO2TCA)sM"16(u-H20)4][Ls] (M = Co or Ni) with L = 5-methyl-1,3-
benzenedicarboxylate anion, (5-Me-1,3-BDC), 5-hydroxy-1,3-benzenedicarboxylate anion (5-OH-1,3-BDC), 5-
bromo-1,3-benzenedicarboxylate anion, 5-propoxy-1,3-benzenedicarboxylate anion and 5-
heptoxyoxyisophthalate anion, (d) [(SO2TCA)4Co"16(n-H20)4][(5-Pr-1,3-BDC)s] (5-Pr-1,3-BDC =5-(prop-2-yn-
1-yloxy)isophthalate anion), (€) [(SO2TCA)4Co"16(1-H20)4][(5-A-BDC)s] (5-A-BDC =5-azidoisophthalate
anion); () [Zn"4(SO2TCA)(pns-OH)J4~(5-Me-im-1,3-BDC)sCls, 5-Me-im-1,3-BDC = 5-[(3-methyl-imidazol-1-yl)
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chloride]—1,3-benzene-dicarboxylate, (g) [(SO2TCA)sM16(u-H20)4][(5-N-1,3-BDC)s](M = Co or Mg) (5-Ac-
1,3-BDC = 5-amino isophthalate anion)), (h) (SO2TCA)+Co"16(n-H20)4][(5-Ac-1,3-BDC)s] (5-Ac-1,3-BDC = 5-
Acetylamide isophthalate anion)) and (i) (SO2TCA)4sM!16(u-H20)4][(5-hex-1,3-BDC):](M = Co or Mg) 5-
Hexanoylamide isophthalate anion. H-atoms and solvent molecules are not presented for the sake of clarity.
Adapted from Ref. [97], [99], [100] [101] and [102].

MOC:s based on longer dicarboxylic isophtalate derivatives (except one) will be described here
below.

By mixing, under solvothermal conditions, H4SO.TCA, Zn(NOs): and 5,5-(p-
phenylene-bis-(methanamino)-di-isophthalic acid (H4sPMTC) a neutral MOC of formula
[(SO2TCA)4Zn"16(u-H20)4][PMTC]4 (Figure 33 a) was obtained [103]. This {Znis}-MOC is
based on the fusing of 4 [Zn"4(ps-H20)SO,TCA]*" shuttlecock-like units connected with four
O-donor linkers of 5,5-(p-phenylene-bis-(methanamino)-di-isophthalate; This is a very unusual
stoichiometry, obtained due to the steric hindrance imposed by the ligand. Remarkably, one
fragment of linker is coordinating three shuttlecock-like units, leading to a cube-shaped
compound, this is the only example found in the literature, related with its flexibility and long
size, and thus the cavity size is ca. 13.7 x 14.4 x 14.0 A3, Targeted drug delivery properties
were investigated for this compound (§ 6. 5. 3.)

Using H4SO,TCA, [5-(pyren-1-ylmethyl)amino]isophthalic acid (H2PIP) and
Co(NOs3)226H20 or M(NO3)226H-0, a series of {Mis}-MOCs of formula [(SO2TCA)sM" 6(u-
H>0)4][PIP]s (M = Co, Zn) (Figure 33 b) was obtained [104]. They all present the same
coordination pattern as already observed for other square like compounds (4 [M"4(ps-
H>0)SO,TCA]*" shuttlecock-like units + 8 coordinating ligands) with cavity size of ca. 14.0 x
13.2 x 13.3 A3, but the cavity appears less accessible, due to steric hindrance. The proton
recognition properties of the compounds were studied (§ 6. 4. and table 4).

Finally, an unexpected neutral isostructural {Mic}-MOC of formula
[(SO2TCA)sMY 6(u-H20)4][AQ]s (M = Co, Ni and Zn) (Figure 33 ¢) were obtained under
solvothermal conditions with the use of HsSO,TCA, 9,10-dihydro-9,10-dioxo-2,7-
anthracenedicarboxylic acid (H2AQ) and the corresponding metal nitrate [105]; They are
presenting the same coordination pattern as already observed for other square like compounds
(4 [M"4(us-H20)SO,TCA]** shuttlecock-like units + 8 coordinating ligands). The used ligand
doesn’t present the same characteristics as the other ligands used for the formation of square-
like compounds, but still a compound with large open cavities (ca. 20.9 x 20.9 x 11.9 A%) is
formed. The photocatalytic activity of some of the compounds was determined (§ 6. 3. and table
3).
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Figure 33: A portion of the X-ray structure of neutral square-like {Mi6}-MOCs based on HsSO.TCA (a)
[(SO2TCA)4Zn"16(u-H20)4][PMTC]4 (PTMC = 5,5-(p-phenylene-bis-(methanamino)-di-isophthalate anion) (b)
[(SO2TCA)sMU16(u-H20)4][PIP]s (M = Co and Zn and PIP = [5-(pyren-1-ylmethyl)amino]isophthalate anion) (c)
[(SO2TCA)sMU16(u-H20)4][AQ]s (M = Co, Ni and Zn and PIP = 9,10-dihydro-9,10-dioxo-2,7-
anthracenedicarboxylate anion). Solvent molecules are not presented for the sake of clarity. Adapted from Ref.
[103], [104] and [105]

4.2.4.b. The use of tri and tetrazolate N donor linkers

Only two examples have been provided using HsSO,TCA and N-donor ligands.

A cationic charged {Coi¢}-MOC, obtained in solvothermal conditions from H4SO,TCA,
Co(acac), and 5-amino-1H-tetrazole (5-NHz-tzH) of formula [(SO.TCA)4Co"i2(u-
MeOH)>(MeOH)4][(5-NH»-tz)s]** has been reported [67] (Figure 34 a). It is built from two
different shuttlecock-like units: a rarely observed [Co'3(us-MeOH)SO.TCA]** and
[Co'3(MeOH) »SO,TCA]*" bridged by eight 5-amino-1H-tetrazole N-donor angular linkers.
The routine magnetic properties of the compound have been presented (§ 6. 1. 1. and table 1).

Recently, three isostructural {Mis}-MOCs of formula [(SO2TCA)sM"4(u-
H>0)4][BTT]s (M = Co, Fe and CoosFeos) (Figure 34 b) (of them is heterometallic) were
obtained under solvothermal conditions while combining HsSO.TCA, CoCl*6H>O or
FeCl3*6H,0 and 1,3-bis-(2H-tetrazol-5-yl)benzene (H2BTT) [106]. They are presenting the
same coordination pattern as already observed for other square like compounds (4 shuttlecock-
like units + 8 coordinating ligands). The activity for the oxygen evolution reaction was
investigated (§ 6. 3. and table 3). Very recently a similar anionic square-like {Coi6}-MOC of
formula [(SO2TCA)4Co'6(pu-OH)4][BDT]s]* has been obtained in the same conditions
starting from 1,3-bis-(1H-1,2,3-triazol-5-yl)benzene (H.BDT) [107]. N2, H2, CH4 and CO;
adsorption properties were investigated for this anionic square-like MOC (§ 6. 2. and table 2)
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Figure 34: A portion of the X-ray structure of square-like compounds based on H4<SO.TCA (a) Coi2 cationic
{[(SO2TCA)4Co12(u-MeOH)2(MeOH)4][(5-NH2-tz)s]} (5-NHz-tz=5-amino-1H-tetrazolate anion) and (b) neutral
Mis [(SO2TCA)sMU16(u-H20)4][BTT]s (M = Co, Fe and Coo.sFeos BTT= bis(2H-tetrazol-5-yl)benzene) and (c)

anionic [(SO2TCA)sCo16(1u-OH)4][BDT]s]* BDT = 1H 1,2,3-triazol-5-yl)benzene. Solvent molecules are
not presented for the sake of clarity. Adapted from Ref. [67], [106] and [107].

4.3. Octahedral and deformed Octahedral thiacalix|[4]arene based MOCs

The calix[4]arene based {Ma24}-MOCs (Molecular Coordination cages) displaying
octahedral geometries are obtained when thiacalix[4]arene (H4sTCA) or sulfonylcalix[4]arene
(H4SO2TCA) derivatives are used in combination with di- or tritopic carboxylate organic or
metal-organic linkers, generally possessing a the rigid molecular scaffold, in presence of
divalent M!" cations (M = Fe'', Co, Ni, Zn, Mg). In all cases, the tetranuclear [M'AYTCA]* (Y
=-,D, P, SO,, see also figure 3) shuttlecock-like units (Figure 35), acting as tetrakis-connecting
node, are involved for the construction of porous supramolecular architecture with
calix[4]arene: linker ratio, equal to 6:12 or 6:8 for edge or face-linked octahedra, respectively.
The formed species present the following formula: [M"24(ns-X)6(YTCA)sL12]% (X = Cl or OH)
[M'4(us-H20)6(YTCA)sL12] for edge-linked species (Figure 36) or [MY4(ps-
X)G(YTCA)ﬁLS]G_ (X =Clor OH) [MHz4(p4-H2O)s(YTCA)ﬁLs]+ (Y =-,D,P, SOz) for face-
linked species (Figure 42), where L are a di- or tritopic ligands and Y represents the TCA

derivatives shown in Figure 35.

‘\". a ¢LU l s
H4SO.TCA H4sDTBSO, TCA H4SOsSO. TCA H4'"*"SO,TCA H4*'SO,TCA

Figure 35: Schematic representation of the TCA derivatives used for the formation of octahedral cages

In this part, all the reported compounds present the same coordination pattern. The
synthesis of such coordination species will not be discussed and is based on solvothermal
reactions of metal salts, corresponding thiacalix[4]arene and the ligand in stochiometric
conditions in DMF. For these compounds, there are several applications, and especially gas
sorption properties due to their intriguing structure, displaying tuneable pore size. (see § 6. 2.)

4.3.1. The use of ditopic carboxylate linkers: [M"24(us-X)s(YTCA)sL12]* (X = Cl
or OH) [M"4(us-H>0)s(YTCA)sL 1]
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Figure 36: Schematic representation of octahedral cages [M™4(ps-X)s(YTCA)sL12]® (X = Cl or OH) [M™24(pis-
H20)s(YTCA)sL12]

4.3.1.a. HiTCA and terephthalate based anionic MOCs

The only examples of anionic octahedral cage of anion type, involving
thiacalix[4]arene-cobalt! clusters and terephthalate anion (1,4-BDC?) as linear ditopic organic
linker was reported by Hong et a/ in 2012 [108]. The compound presents the formula [Co™4(p4-
Cl)e(TCA)6(1,4-BDC)12]% (Figure 37 a), and displays a spheric cavity volume of ca. 700 A3
and height triangular portals with side length of ca. 6.5 A. Some gas sorption measurements
were performed (§ 6. 2. and table 2).

Using a Fe(II) salt instead of a Co(II) salt, a similar compound of formula [Fe'4(ps-
Cl)6(SO.TCA)s(1,4-BDC)12]% (Figure 37 b) was synthesized [109] that also present some
interesting gas sorption properties (§ 6. 2. and table 2).

These are the only examples of compounds of formula [M"4(ps-Cl)s(TCA)sL12]% based
on TCA.

4.3.1.b. HiSO:TCA and terephthalate derivatives based
MOCs

Switching to the more coordinating SO,TCA, a large variety of octahedral compounds
is obtained.

A neutral cage of formula [Co'24(ps-H20) 6(SO2TCA)6(1,4-BDC)12 was generated using
sulfonylcalix[4]arene (H4SO>TCA) [110] (Figure 37 ¢), and an analogous compound based on
Ni(II) was also reported [99]. Moreover, similar coordination compounds of general formula
[ML4(us-H20)6(Y)6(1,4-BDC)12] (M= Co, Ni or Mg), involving upper rim derivatives of
sulfonylcalix[4]arene (Y), decorated with p-tert-butyl (SO.TCA), p-tert-pentyl (*"SO,TCA)
and p-tert-octyl (**“'SO,TCA) groups (see TCA derivatives Figure 35), were also prepared
(Figure 37 d) [110]. For these compounds, the size of the cavity is ca. 16.9 x 16.9 x 16.9 A3
and they have demonstrated a high adsorption capacity towards methylene blue and aspirin
molecules in solution as well as in the solid state (§ 6. 4. and table 4). Their gas sorption
properties were reported (§ 6. 2. and table 2).

A novel approach to access tuneable assemblies of MOCs in two-dimensional thin films
was implemented using a chloroform solution of [Co'24(ps-H20)s(SO2TCA)g(1,4-BDC);12]
deposited onto air-water interface [111]. The orientation of MOCs molecules within the
Langmuir films was revealed to be strongly dependent from the acidity of the aqueous subphase.
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Figure 37: A portion of the X-ray structure of {M24}-MOCs octahedral cages of general formula [Co'4(pu4-
X)s(YTCA)es(1,4-BDC)12] based on terephthalate anions (1,4-BDC) and TCA derivatives (Y = -, D, P, SO, see
figure 3) (a) HsTCA, leading to the anionic cage [Co'(pu-Cl)s(TCA)s(1,4-BDC)12]%, (b) HiSO2TCA leading to
the anionic cage [Fe™24(1u-Cl)s(SO2TCA)s(1,4-BDC)12]%; (¢) HsSO2TCA leading to the neutral cage [Co™24(pu-

H20)6(SO2TCA)s(1,4-BDC)12] and (d) Ha**SO.TCA leading to the neutral cage [Co24(pu-
H20)6(*“*SO2TCA)s(1,4-BDC)12. Solvent molecules are not presented for the sake of clarity. Adapted from Ref.
[108], [109] and [110].

Then series of isoreticular sulfonylcalix[4]arene-capped porous octahedral coordination
cages were obtained using the functionalized derivatives of terephthalate anion: 2-bromo- [99],
2,5- dihydroxy - [99], 2,3-dihydroxy- [112], 2-amino- [113], 2-imidazolyl- [114] substituents
on 1,4 dibenzoate anions, giving rise to neutral compounds displaying the following formula
[ML4(us-H20)6(SO2TCA)6(Ln)i2] (M = Co, Ni, Zn; n =1-5). For all these compounds, the size
of the cavities is ca. 17.1 x 17.1 x 17.1 A3 All presented examples demonstrate a high
reproducibility of the supramolecular connectivity pattern: independently on the nature and size
of the side-appended group, the formation of octahedral coordination cages was observed.

However, the appearance of the grafted functional groups significantly affects their
properties. In particular, it is found out that the solubility of [Ni'l24(ps-H20)(SO2TCA)6(Ln)i2]
(n=1-3) cages in DMF, chloroform, methylene chloride, acetone, THF, benzene, toluene, ethyl
acetate can be significantly increased compared with the solubility of the parent [Co'4(4-
H>0)6(SO2TCA)6(1,4-BDC)12] compound [99] [110].

The anchoring of two hydroxy groups at 2 and 3 positions of the terephthalate anion
yielded to an octahedral cage [Co'24(ps-H20)6(SO2TCA)s(2,3-dihydroxy-1,4-BDC)12] [112]
containing large channels of ca. 8.0 A that enables the guest encapsulation (eosin Y and
methylene blue) (§ 6. 4. and table 4) (Figure 38 a). While the anchoring of 2,5- dihydroxy on
the terephthalate anion yielded a compound [Ni'h(ps-H20)6(SO2TCA)6(2,5-dihydroxy-1,4-
BDC)2] that presents a high surface area [99] (§ 6. 2. and table 2) (Figure 38 b). The analogous
compound based on 2-bromo1,4-BDC (or 2-methyl 1,4-BDC) was also reported, together with
the study of its gas sorption properties [99] (§ 6. 2. and table 2) (Figure 38 c).

The insertion of amino group at the benzene ring of terephthalate resulted in the
formation of a compound presenting the following formula [Zn'24(ps-H20)6(SO2TCA)s(2-
NHb»-1,4-BDC)12], [113] which demonstrated exciting adsorption ability, achieving high Xe/Kr
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separation performance (§ 6. 2. and table 2). Other related MOCs based on L = 3,3'-diamino-
1,1'-biphenyl-4,4'-dicarboxylate or 3,3”-diamino-1,1":4',1"-terphenyl-4,4"-dicarboxylate) were
reported [113] which were also investigated for their gas sorption properties (§ 6. 2. and table
2).

Positively charged octahedral cages [M'"4(us-H20)6(SO2TCA)6(2-Im-1,4-BDC)12]'2*
[114] (M=Co, Ni) were designed (Figure 38 d), using an imidazolium substituent anchored into
the side position of terephtalic acid (2-Im-1,4-BDC); I', CI" or sulphate anions were found to be
present in the unit cell. The [Co24(ps-H20)6(SO2TCA)6(2-Im-1,4-BDC)12]'?* cage presents high
solubility in epoxides, and provided enhanced performance for CO> cycloaddition catalysis (§
6. 3. and table 3).

a b c d

Figure 38: A portion of the X-ray structure of octahedral cages of general formula [M"4(p4-
H20)6(SO2TCA)s(L)12] based (a) L = 2-bromoterephthalate anion and M = Ni; (b) 2,5-dihidroxyterephthalate
anion and M = Ni (c) 2,3-dihidroxyterephthalate anion and M = Co (d) positively charged cage L = 2-
imidazolylterephthalate anion and M = Ni. H atoms and solvent molecules are not presented for the sake of
clarity and disorder was found for compound presented in (c) and (e) where atoms have been omitted. I-atoms
are represented in violet. Adapted from Ref. [99], [114] and [112].

The use of modified ditopic organic linkers was investigated. For example,
anthraquinone-1,4-dicarboxylate anionic linker (1,4-AQDC) was used, leading to the formation
of a neutral compound of formula [Co'4(ps-H20)s(SO2TCA)s(1,4-AQDC)12], (Figure 39)
[105]. It is interesting to note that, for this compound, the anthraquinone moiety is nonbonding
and the compound presents a cavity size of 17.0 x 17.0 x 17.0 A3, This MOC exhibits a lower
activity and stereoselectivity in photocatalysed cycloaddition reactions (§ 6. 3. and table 3).

Figure 39: A portion of the X-ray structure of neutral octahedral cage of general formula [Co™24(pu4-
H20)6(SO2TCA)s(1,4-AQDC)12] (AQDC = anthraquinone-1,4-dicarboxylate dianion. Solvent molecules are not
presented for the sake of clarity. Adapted from Ref. [105].
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4.3.1.c. An example involving HiTCA and N,O donor multitopic ligand

In 2014, an example involving the multitopic ligand 2,2'-Bipyridine-4,4'-dicarboxylic
Acid (Hzbpdc) and H4TCA was provided by Bi and Liao, which demonstrated the formation of
anionic octahedral cages of formula [[M"4(TCA)(u-Cl)]2[M"4(TCA)(u-SO4)]4(bpdc)s]> (M =
Fe or Co) [115]. In these isostructural compounds (figure 40), 8 bpdc? anions are paving the
octahedral faces and two types of shuttlecock-like units are present in the cage: [M"4(ps-
CHTCAJ** and [M'"4(us-SO4)TCAT** (M = Fe or Co), so that the cages adopt the unconventional
2" charges. The gas sorption and magnetic properties (Co compound) of both compounds were
studied.

Figure 40: A portion of the X-ray structure of anionic octahedral cage of general formula [[M"4(TCA)(p-
CD2[MIY(TCA)(u-SO4)]4(bpdc)s]* (M = Fe or Co) (bpdc = 2,2'-Bipyridine-4,4’-dicarboxylate dianion. Solvent
molecules are not presented for the sake of clarity. Adapted from Ref. [115].

4.3.1.d. HiSO>TCA and metal-organic linker based MOC

This is the only example of metallic based ditopic ligand used for the formation of
{Zn24Mn12}-MOC octahedral TCA-cage provided in the literature.

Using chiral metallosalen Mn(Ill)-based complex (MnL), bearing outward orientated
carboxylate groups self-assembled with the Zn'4-sulfonylcalix[4]arene clusters afforded the
formation of a neutral chiral octahedral cage of formula [Zn"24(ps-H20)6(SO2TCA)s(MnL)12]
[116] (Figure 41), displaying an inner cavity size of ca. 28.4 x 28.4 x 28.4 A® with trigonal
window dimension of 18.6x18.7x19.2 A3 (including the van der Waals radii), which is high for
octahedral cages. The permanent porosity the cage was studied through CO; adsorption (§ 6. 2.
and table 2) and the compound reveals to present interesting enantioselective catalysis (§ 6. 3.
and table 3), due to the large accessibility of the Mn centres.
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Figure 41: A portion of the X-ray structure of neutral octahedral {Zn2sMn12}-MOC of general formula [Zn™4(pus-
H20)6(SO2TCA)s(MnL)12] (L = chiral metallosalen dicarboxylate ligand). Solvent molecules are not presented
for the sake of clarity. Adapted from Ref. [116].

4.3.2. The use of tritopic symmetrical organic carboxylate linkers: [M">4(uy-

X)s(YTCA)Ls]5 (X = Cl or OH) [M"24(u4-H>0)5(YTCA)sLs]

¢

Figure 42: Schematic representation of octahedral cages [M™4(ps-X)s(YTCA)sLs]® (X = Cl or OH) [M™a4(pus-
H20)s(YTCA)sLs]

Besides the examples involving ditopic ligands, a huge number of resulting octahedral
TCA-based cages have been reported using rigid tritopic ligands.

4.3.2.a. HiITCA/H,PTCA based MOCs

The first example of anionic octahedral coordination cage was provided by Zhang et al.
in 2012, while using 1,3,5-tricarboxylate (1,3,5-BTC?) (trimesate) and [Cos-TCA]-clusters
leading to an anionic compound of formula [Co'4(ps-Cl)s(TCA)6(1,3,5-BTC)3] (Figure 43 a)
[117]. The diameters of the internal spherical cavity are found to be equal to approximately 17
A.

Two isoreticular compounds were reported: an anionic [Fe'24(us-Cl)s(TCA)s(1,3,5-
BTC)s]% was observed together with its adsorption properties, including of C»/Cs-hydrocarbons
separation [109] (§ 6. 2. and table 2) and a neutral [Mg"24(ps-H20)6(TCA)s(BTC)s] [118], that
presents good sensing towards species like Fe(Ill), MnO4 anion, nitrobenzene and 2.4-
dinitrophenol in aqueous medium (§ 6. 4. and table 4).

Using H4PTCA (Figure 35), an isoreticular compound of formula [Co'a(us-
Cl)6(PTCA)s(1,3,5-BTC)s]> was also obtained, presenting a slightly larger cavity [117] (Figure
43 b).
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It is possible to increase the length of the linker by using 1,3,5-tris(4-
carboxyphenyl)benzene (H3BTB) acting as tris-connecting triangle linker. Using H4TCA, a
[Co'u(psa-Cl)s(TCA)s(BTB)s]® cage displaying the inner cavity size of ca. 17 A, and the same
inner size was also observed while using H4PTCA (Figure 35) leading to a compound of
formula ([Co™4(ps-Cl)s(PTCA)s(BTB)3]®) (Figure 43 c¢-d) [117]. The N sorption studies of
activated cages were reported together with iodine uptake (§ 6. 2. and table 2).

a b c d

Figure 43: A portion of the X-ray structure of anionic {M24}-MOCs of general formula [Co"4(p4-
CDs(L1)s(L2)s]%, (a) L1 = TCA, L2= benzene-1,3,5-tricarboxylate (1,3,5-BTC); (b) L1 = PTCA, L2= benzene-
1,3,5-tricarboxylate (1,3,5-BTC); (c) L1 = TCA, L2= 1,3,5-tris(4-carboxyphenyl)benzene (BTB); (d) L1 =
PTCA, L2= 1,3,5-tris(4-carboxyphenyl)benzene (BTB). Solvent molecules are not presented for the sake of
clarity. Adapted from Ref. [117].

Using the parent tritopic ligand pyridine-2,4,6-tricarboxylate (2,4,6-PTC?") presenting
the same metrics than 1,3,5-BTC?, an isoreticular species was obtained, and in the reported
conditions, alkali cations were found to be present in the anionic cage of formula [Co">4Naa(ps-
Cl)s(TCA)s(2,4,6-PTC)s]> (Figure 44) [119], with a cavity size of ca. 12.8 x 12.8 x 12.8 A3,
The post-synthetic modification by ion exchange of Na® with Cu?" afforded the Cu@Co24
cluster, exhibiting interesting photocatalytic properties (§ 6. 3. and table 3).
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Figure 44: A portion of the X-ray structure of anionic [Co"24Na4(pu-Cl)s(TCA)s(2,4,6-PTC)s]*; PTC = pyridine-
2,4,6-tricarboxylate. Solvent molecules are not presented for the sake of clarity. Sodium atoms are represented in
orange. Adapted from Ref. [119].

4.3.2.b. HiSO,TCA derivatives based MOCs

As expected, a switch from H4TCA to H4§SO.TCA, reacting with Co(II) ions in presence
of H31,3,5-BTC, resulted in formation of an anionic octahedral cages of general formula
[M4(ps-L)s(SO2TCA)6(1,3,5-BTC)s]% (L=OH- or CI") (cavity size of approximately 15 A,) or
neutral [M"4(us-H20)6(SO2TCA)6(1,3,5-BTC)s] cages (M=Fe, Ni, Co, Mg,) [120], [121],
[109]. (Figure 45 a). When BTC is replaced by the more flexible cyclohexane analogue CTC?

(cyclohexane-1,3,5-tricarboxylate), a compound of formula [Co'hau(s-
H20)6(SO2TCA)6s(CTC)s] was obtained [122] (Figure 45 ¢), evidencing the adaptability of such
systems.

The neutral analogues [M"4(u-H>0)s(DTBSO>TCA)s(1,3,5-BTC)s] (M = Ni or Co) (Figure
45 b) and [Co'4(us-H20)s(DTBSO,TCA)s(CTC)s] (Figure 45 d) compounds were also
obtained, while H4DTBSO,TCA was HsSO,TCA with eliminated ter-Bu groups
(HsDTBSO,TCA) (Figure 35). The size of the cavity of these compounds is ca. 14.1 x 14.0 x
14.0 A3,

The adsorption properties of these species were investigated showing a high CO2/N; or Cs- over
C»- sorption selectivity [121] [109] (§ 6. 2. and table 2).

a b c d

Figure 45: A portion of the X-ray structure of octahedral {M24}-MOCs (a) [Co™24(pua-H20)6(SO2TCA)e(1,3,5-
BTC)s] (b) [M™4(us-H20)s(DTBSO2TCA)6(1,3,5-BTC)s] (M = Ni or Co) (¢) [Co24(pu-H20)s(SO2TCA)s(1,3,5-
CTC)s] and (d) [Co"24(ps-H20)6(DTBSO2TCA)6(1,3,5-CTC)s]. Solvent molecules are not presented for the sake

of clarity. Adapted from Ref. [121] and [122].

The same way as it was reported for TCA based octahedral cages, with SO, TCA, the
incorporation of larger triangular linkers such as H3;BTB (1,3,5-tris(4-carboxyphenyl)benzene)
afforded octahedral cages of general formula [M'4(us-OH)e(SO.TCA)s(BTB)s]®
[120],[123],[ 124], [125] (Figure 46 a) (M = Co, Ni and Mn). These cages were studied for their
gas sorption abilities (§ 6. 2. and table 2), their drug delivery abilities [123] (§ 6. 5. 3.) and their
catalytic activity in the Knoevenagel condensation [125] (§ 6. 3. and table 3).
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It was demonstrated that the enhancing of the encapsulation abilities of the octahedral
cage towards cationic guest molecules can be achieved by replacement of the anionic
macrocycle from SO.TCA* to highly charged (SO3)SO,TCA® ligands (Figure 35), affording
the formation of the super-negatively charged [Co"24(us-OH)s((SO3)SO2TCA)s(BTB)s]*"- cage
(Figure 46 b) [124], [125], [126], [127], with cavity size of ca. 24.5 x 24.5 x 24.5 A3. The
anionic character of that cavity showed strong electrostatic interactions towards positive guests
(§ 5.4. table 4), as well as carbonium ions, generated during the Knoevenagel condensation
reaction, with an enhanced catalytic activity [125] (§ 6. 3. and table 3). In addition, a
Ru(bipy)Cl: catalyst (bipy = 2,2’-bipyridine) catalyst was encapsulated in it for high catalytic
activities performances [126] (§ 6. 3. and table 3). The highly negatively charged cages were
also used for the stabilization of in situ formed 3d (Co/Ni/Cu) and 4d (Ru/Rh/Pd) metallic NPs
and their catalytic activity was studied [127], [128] (§ 6. 3. and table 3).

A derivative of BTB? ligand, 2-NH>-BTB? was used for the formation of [M"4(4-
OH:)s(SO2TCA)s(2-NH2BTB)g] neutral porous coordination cages (M = Co, Mn and Mg) and
their capacity in energy storage devices evaluated [129] (§ 6. 5. 1.) (Figure 46 c).

The use of more electron deficient linker, displaying a similar size and geometry,
4,4' 4"-[1,3,5]triazine-2,4,6-triyl-tribenzote anion (TATB?) in combination with HsSO,TCA
and Fe(II) ions led to formation of an anionic cage [Fe'4(pu-Cl)s(SO2TCA)s(TATB)s]® (Figure
46 d) [109] or neutral cages [M'24(ps- OH2)6(SO.TCA)s(TATB)s] (M = Co, Mn and Mg) [129]
with cavity size of ca. 24.3 x 24.3 x 24.5 A3. The gas sorption (CO2/N; or C3- over Ca- sorption
selectivity) properties of [Fe'h(pu-Cl)s(SO2TCA)s(TATB)s]% were carefully analysed [109] (§
6. 2. and table 2) as well as their activities in energy storage devices [129] (§ 6. 5. 1.).
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Figure 46: A portion of the X-ray structure of anionic {M24}-MOCs of formula (a) [Co™24(pu-
OH)s(SO2TCA)s(BTB)s]*; (BTB =1,3,5-tris(4-carboxyphenyl)benzene); (b) [Co'24(ps-
OH)s((SO3)SO2TCA)s(BTB)s]*%; (¢) [MM24(ps-OH2)6(SO2TCA)6(2-NH2BTB)s] and (d) [Fe24(pu-
C1)s(SO2TCA)s(TATB)s]* TATB = 4,4',4"-[1,3,5]triazine-2,4,6-triyl-tribenzoate. Solvent molecules are not
presented for the sake of clarity. Adapted from Ref. [120], [124], [129] and [109].
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The increase of the inner cavity size of the face-directed SO TCA based cages till 23 A
was achieved using 4,4°,4>’-(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl))tribenzoate (BTE?),
leading to octahedral cages of [Co'24(ps-H20)6(SO2TCA)s(BTE)s] (Figure 47 a) [120]. Twelve
shuttle-like apertures were located on the edges of the coordination octahedron with the portals
surface of ca. 16.8 x 9.6 A. The gas sorption properties of these species were studied (§ 6. 2.
and table 2)

The further elongation of the panel linker by the use of 4,4',4"-(benzene-1,3,5-triyl-
tris(benzene-4,1-diyl))tribenzoate (BBC?") resulted in the formation of the giant octahedral cage
[Co'4(ps-OH)s(SO2TCA)6(BBC)s]® with inner cavity diameter of 27 A (Figure 47 b) [123],
[129]. Twelve apertures, located on the octahedron edges, exhibit the portals having a surface
of ca. 20 A x 11 A. Further the [Co'4(pu-OH)s(SO.TCA)s(BBC)s]® cage was used for the drug
Ibuprophen uptake/release from the solution (§ 6. 5. 3.). The same cage was also involved in
energy storage devices [129] (§ 6. 5. 1.).

Using a larger and highly rigid tricationic species (tribenzoate derivative of N-
phenylene-phenothiazine (PPT)), neutral octahedral cages of formula [MYu4(p-
H,0)6(SO2TCA)6(PPT)s] (M = Zn, Ni, Co), with inner cavity diameter of ca. 31 A (Figure 47
c), are obtained [130],[131],[132], that were used as cargo for drug transports towards multiple
cancer cells (§ 6. 5. 3.).
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Figure 47: A portion of the X-ray structure of {M24}-MOCs of formula (a) [Co"4(ps-H20)s(SO2TCA)s(BTE)s]
BTE =4,4>,4>’-(benzene-1,3,5-triyl-tris-(ethyne-2,1-diyl)))tribenzoate; (b) [Co™4(ps-OH)s(SO2TCA)s(BBC)s]*
BBC = 4,4’ 4"-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate and (c) [Zn24(ps-H20)s(SO2TCA)s(PPT)s]
PPT = N-phenylene-phenothiazine derivative. Solvent molecules are not presented for the sake of clarity.
Adapted from Ref. [120], [123] and [130].

4.3.3. The use of tritopic N,O-donor organic linkers.
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A few N,O-donor organic linkers were also reported for the formation of octahedral
cages. Their lower symmetry is not in favour of the formation of such symmetrical species. The
compounds present a small cavity size.

Two examples based on the use of H4TCA thiacalix[4]arene and one based on H4+SO,TCA are
reported here below.

The first one was obtained while using 1H-1,2,3-triazole-4,5-dicarboxylate anion behaving as
a deformed tritopic ligand, and leading to an anionic compound of formula
[Cos(TCA)(SO4)]6(L)s(HCOO)s!* (L =1H-1,2,3-triazole-4,5- dicarboxylate) [29b] (Figure 48
a) with cavity size of ca. 5.3 x 5.3 x 5.3 A3, The gas sorption properties of such compound were
measured (§ 6. 2. and table 2) and also their affinities towards polluting Hg?" cations (§ 6. 4.
and table 4).

The second one was obtained using imidazole-4,5-dicarboxylate anion (IDC?’), and the anionic
Coz6 compound presents the following formula [Co'i3(u3-Cl)s(H20)12(TCA)s(Co''s-(IDC)12]*
(Figure 48 b) [133] with cavity size of ca. 4.8 x 6.2 x 13.1 A3, It was formed from the less
encountered [Co'3SO,TCA]*" shuttlecock-like units bridged by the in situ formed cuboid
[Co's-(IDC)12]* complex located at the centre of the octahedron, leading to a deformed
octahedral species. The oxygen reduction catalytic activities of this species were explored (§ 6.
3. and table 3).

The last recent example based on the use of HsSO,TCA and 1,3-bis-(1H-1,2,3-triazol-
5-yl)benzene (H,BDT) leading to isostructural anionic octahedral compounds of formula
[ML4(us-OH)4(SO.TCA)sBDT]s]® (M = Co, Fe) which gas sorption properties were studied (§
6. 2. and table 2) [107].

a b c

Figure 48: A portion of the X-ray structure of anionic octahedral cages of formula (a)
[Co4(TCA)(SO4)]s(L)s(HCOO)s'* (L =1H-1,2,3-triazole-4,5-dicarboxylate anion), (b) {Cozs} [CoMis(us-
Cl)s(H20)12(TCA)s(Co"s-(IDC)12]% and (b) [M"24(pus-OH)4(SO2TCA)sBDT]s]* (M = Co, Fe) (L = 1,3-bis(1H
1,2,3-triazol-5-yl)benzene anion). H atoms and solvent molecules are not presented for the sake of clarity.
Adapted from Ref. [29b], [133] and [107].

4.3.4. The use of tritopic symmetrical metal-organic carboxylate linkers

This is the only example of metallic based tritopic ligand used for the formation of
octahedral {M24Cos}-MOCs, that was reported by our team.
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A Co'-dipyrrine carboxylate complex (Co'™-dipyr) combined with Hs«SO,TCA, leads
to the formation of racemate supramolecular octahedral containers Mb»sCos [MMo4(ps-
H,0)6(SO2TCA)6(Co"-dipyr)s] (M=Co, Ni), with an inner cavity of ca. 19 A (Figure 49) [134].
The compounds reveal interesting gas sorption properties with highly selective adsorption of
C»-hydrocarbon gases versus CHa (§ 6. 2. and table 2).

Figure 49: A portion of the X-ray structure of neutral octahedral {M24Cos}-MOCs of formula [M™4(pu4-
H20)6(SO2TCA)s(Co™-dipyr)s] (M=Co, Ni) (Co"-dipyr =Co™-dipyrrine carboxylate complex). Solvent
molecules are not presented for the sake of clarity. Adapted from Ref. [134].

4.3.5. The use of tritopic deformed organic carboxylate linkers

The possibility to control the distortion of the octahedral cages is illustrated by using of
5-[(4-carboxybenzyl) amino]-isophthalate anion (BBDC?*) (also combined with cis,cis-
cyclohexane-1,3,5-tricarboxylate anion CTC%*). Two tetragonal- and trigonal-elongated
octahedral coordination containers of formula [Co'4(us-H20)6(SO2TCA)s(BBDC)s(CTC):]
and [Co'24(us-H20)6(SO2.TCA)s(BBDC)s], (Figure 50 a-b) were obtained [122]. [Co'pa(ps-
H>0)s(SO,TCA)s(BBDC)s], displays two types of apertures: four small openings with
dimensions of ca. 1.0 x 2.3 A, similar to those observed in its BTC-based analogue [121], and
eight much longer windows (length of ca. 8.6 A). [CoM4(pu-H20)6(SO2TCA)s(BBDC)s(CTC),]
also displays two types of windows, containing six small apertures (ca. 1.0 x 2.3 A) and six
elongated portals (ca. 8.6 x 1.7 A). The combination of both Brensted-acidic (ju-H>0O) and
Bronsted-basic (-NH-) centres promoted the acid-base dual catalytic reactivity toward the
Knoevenagel condensation catalysis (§ 6. 3. and table 3).
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Figure 50: A portion of the X-ray structure of neutral octahedral deformed cages based on (a) tetragonal
elongated [Co"24(uu-H20)s(SO2TCA)s(BBDC)s] and (b) trigonal elongated [Co'4(p4-
H20)6(SO2TCA)s(BBDC)s(CTC)2]. H atoms and solvent molecules are not presented for the sake of clarity.
Adapted from Ref. [122].

4.3.6. The use of tetratopic carboxylate linkers

Another example of formation of deformed octahedron-shaped cage was provided using
the tetratopic (R-/S-) enantiopure 4,4',6,6'-tetrakis-(4-benzoic acid)-1,1'-s-pinol phosphonate
anion (PA), behaving as the triangular panelling ligand. The generated neutral chiral cage, with
inner cavity of 21 x 21 x 32 A3 presented the formula [M"4(ps-H20)6(SO2TCA)s(HPA)s] (M
= Co, Ni) and intermolecular H-bonded assembly due to interaction of exo orientated COOH
binding sites, leading to formation of unique robust and porous 3D molecular network in the
crystalline phase (Figure 51)[135]. The cage cavity features a large internal volume (~3339 A?),
containing two kinds of apertures: the large one of 12 x19 AZ? and the small one of 10 x 15 A2
leading to the highest porous thiacalix[4]arene based MOCs (SA = 1239 m?g™!), and their gas
sorption properties were evaluated (§ 6. 2. and table 2). In addition, its chiral character was
explored for high performance enantioselective catalysis (§ 6. 3. and table 3).

Figure 51: A portion of the X-ray structure of the neutral chiral octahedral cage of formula [M4(pu-
H20)6(SO2TCA)s(HPA)s] (M=Co, Ni) (HPA = 4,4',6,6'-tetrakis(4-benzoic acid)-1,1'-spinol phosphonate) .
Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [135].

5. Atypical geometries for high nuclearity clusters and cages

The use of small, unsymmetrical or more sophisticated ligands for the formation of high
nuclearity TCA based species leads to unusual geometries of the finite objects, some of them
being cages. And for the observed geometries (different from square or octahedral cages that
are rationalizable, as shown in § 4) the prediction of the final geometry is not always possible.
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All the presented compounds are obtained in solvothermal conditions using three types
of ligands: only HsTCA, H4{DTCA or HsSO,TCA (see Figures 2 and 34) have been used for the
formation of the cages.

5.1. Homometallic TCA based compounds using O donor linkers

The use of HYTCA combined with short oxalic acid, M(AcO): in basic conditions leads
to two {My} isostructural compounds with the core of formula [M9(HTCA )3(0x)3Cl3(H20)¢]
(M = Co, Ni) [136]. The compounds are built from the fusion of 3 [M'sHTCA]* (partially
deprotonated HTCA?- species) by ox?-and chlorine anions. It forms very tight triangular-shaped
species (Figure 52 a), that present efficient abilities for the reduction of 2, 4-dinitrophenol (§ 6.
3. and table 3).

A cluster presenting a similar shape was observed by the reaction of more coordinating
H4SO,TCA, 2,5-thiophenedicarboxylic acid (H;TDC) and CoCl,, with the formation of a
{Co12} anionic compound of formula [Co"2(SO2TCA)3(TDC)sCls] (Figure 52 b) [137]. The
compound results from the linking of 3 [Co'4(us-H,0)SO.TCA]* shuttlecock-like units by
TDC % and chlorine anions. While using a nickel salt, a neutral {Nix}-MOC of formula
Ni'2(SO,TCA)s(TDC)12(H20)s species was obtained, presenting a trigonal prism shape,
resulting from the fusion of 2 Nii» species, analogous to the above described Coi2 compound,
by TDC - anions (without Cl-anions) (Figure 52 c¢) with a cavity diameter of ca. 10.3 A. In the
cavity of this compound, behaving as a cage, Pt metallic nanoclusters were confined, by the
reduction (by the cage) of a H2PtCls solution. The resulting Pt@Ni24 compound exhibits high
electrocatalytic activity toward hydrogen evolution reaction (§ 6. 3. and table 3) [137].

A deformed tetrahedral example was provided by the combination of HyTCA, CoCly, 5-
sulfoisophthalic acid sodium salt in basic conditions, it leads to a {Co1s} compound presenting
the formula [Co'4CI(TCA)(CH30OH)]4(SIP)4(HCOO), (Figure 52 d), where SIP = 5-
sulfoisophthalic acid. The compound presents a tetrahedral shape, and results from the fusing
of [Co4(us-C1)TCAJ** shuttlecock-like units by 5-sulfoisophthalate and acetate anions [138].
It is interesting to note that the used ligand is an isophtalate derivative, and in this case, no
square-like compound is observed. The magnetic properties of the compound were evaluated
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Figure 52: A portion of the X-ray structure of the neutral clusters based on TCA and SO.TCA (a) {Mo}
triangular -shaped compound of formula [M"s(HTCA)3(0x);Cl3(H20)s] (M = Co, Ni) (b) {Co1}2 triangular -
shaped compound of formula [Co'12(SO2TCA)3(TDC)sCls] (c) trigonal prism -shaped {Ni24}-MOC of formula
Ni24(SO2TCA)s(TDC)12(H20)s and (d) deformed tetrahedron-shaped {Co1s} compound
[Co™4CI(TCA)(CH30H)]4(SIP)s(HCOO).. Solvent molecules are not presented for the sake of clarity. Adapted
from Ref. [136], [137] and [138].

5.2. Homometallic TCA based clusters using N donor linkers

The use of N donor linkers yielded series of three {Coi4} compounds, by the
combination of upper rim dealkylated HiDTCA (Figure 2), Co''Cl, (or Co" (Ac),) and HAD
(HAD = adenine) (and sometimes DMA [139]. This leads to the formation of deformed
triangular or trigonal-shaped {Co14} compounds of formula:
[Co''14(DTCA)3(AD)s(HAD):Cl;,(HCOO)3], [Co14(DTCA)3(AD)sClsa(HCOO)s(H20)] and
[Co'l14(DTCA)3(AD)s(OH)3(CH3COO)7(H20)2], where deprotonated/partially deprotonated
adenine, acetate and hydroxo anions are bridging 3 [DTCACo4]* units (Figure 53 a-c). In
addition, as observed for each compound, 2 Co*" species (in different environment) are also
involved in the bridging. The gas sorption properties of these compounds (§ 6. 2. and table 2)
were measured.

The same nuclearity was observed while mixing H4sTCA, Co!Cl, and 1H-tetrazole
(HTz): a {Co14} trigonal cluster of formula [Co'14(TCA);Cl3(Tz)12(H20)s] was formed (Figure
53 d) [140], with the fusing of [Co'4(TCA]*" shuttlecock-like species by [Co' (OH2)3Tz3]**
species. While annealing the cluster into CosSg NPs, products of different compositions are
obtained and used as electrode for supercapacitors (§ 6. 5. 1.).

a b c

Figure 53: A portion of the X-ray structure of the {Co14} cationic clusters, obtained using N donor ligands and
TCA and DTCA (a)-(c) deformed triangular-shaped cluster of formula
[Co"14(DTCA)3(AD)s(HAD)2Cl7(HCOO)s], [Co™14(DTCA)s(AD)sCla(HCOO)s(H20)] and
[Co'14(DTCA)3(AD)s(OH)3(CH3CO0)7(H20)2] and (d) {Coi4} trigonal cluster [Co14(TCA)3Cl3(Tz)12(H20)s]
Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [139] and [140].

A very interesting {Co32} tetragonal prismatic cluster has been obtained while mixing
H4TCA, Co(Ac)2, 1,3-dicyanobenzene and NaNz. The compound adopts the formula
[Co''4(TCA)CI]sL4(N3)sClg (HoL = in situ generated 1,3-bis-(2H-tetrazol-5-yl)benzene), where
[Co'"4(TCA]*" shuttlecock-like units are bridged by chloro-, azido- and the in situ generated L
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anions (Figure 54) [141]. It forms a porous cage with a cavity size of ca. 6.0 x 6.0 x 10.4 A3,
exhibiting tetragonal arrangement, which porosity was confirmed by gas sorption
measurements (§ 6. 2. and table 2). ). Within its cavity, the Au metallic nanoclusters were
confined (Au@Co32), by the reduction of a HAuCls solution with NaBH4 [142] and larger
metallic clusters have been formed outside the cages (Au/Cos2) The resulting Au@Cosz
compound exhibits high electrocatalytic activity towards nitroarene reduction and organic dye
decomposition (§ 6. 3. and table 3).

Figure 54: A portion of the X-ray structure of TCA based Cos2 tetragonal prismatic cluster of formula
[Coa(TCA)CI]sLa(N3)sCls (L= bis-tetrazolyl derivative). Solvent molecules are not presented for the sake of
clarity. Adapted from Ref. [141].

5.3. Homometallic TCA based clusters using isophtalate derivatives N/O
donor linkers

The use of N/O donor linkers yielded compounds presenting also high nuclearity. For
the formation of the presented compounds, only H4TCA has been used. Some of the compounds
are obtained when two different ligands are mixed.

5.3.1. Using imidazole-4,5-dicarboxylic acid (H;IDC)

Two reported compounds are based on the use of imidazole-4,5-dicarboxylic acid
(H3IDC). They differ by their synthetic conditions, but their components are analogous.

AV -shaped {Nii4} clusters of formula Ni'';4(TCA)s(IDC)2(H.0)3(DMF)CI, (Figure 55
a) [143] was formed by fusing two deformed [TCA:Ni4] sandwich like units with two
[Ni"yTCA]* shuttlecock-like species, additional Ni** cations, IDC3- and bridging chloro anions.
The magnetic properties of the compounds were measured (§ 6. 1. 1. and table 1).

The combination of HsTCA, Ni''Cl, and H3IDC yielded the formation of a Nizs open
icosahedron-shaped cage of formula Ni'3Cli2(H2TCA)12(IDC)12 (Figure 55 b) [133] with
cavity diameter of 13.9 A. The formation of this cage was based on the coordination of 12
[Ni"sH,TCAJ?** (partially deprotonated TCA) units with 12 imidazole-4,5-dicarboxylate. The
oxygen reduction reaction (ORR) activity of this compound has been evaluated (§ 6. 3. and
table 3).
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a b

Figure 55: A portion of the X-ray structure of high nuclearity neutral compounds obtained from H4TCA,
imidazole-4,5-dicarboxylate anion (IDC) and Ni?*, leading to (a) a of V -shaped {Nii4} cluster
Ni'14(TCA)s(IDC)2(H20)3(DMF)CL: (b) Niss open icosahedron -shaped cage of formula
Nill36Cli2(H2TCA)12(IDC)12. Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [143]
and [133]

5.3.2. Using imidazole-4,5-dicarboxylic acid and an ancillary ligand

A series of four Nij4 compounds was obtained by mixing H4TCA, NiCl, and imidazole-
4,5-dicarboxylic acid (H3IDC) and an additional ligand: isophthalic acid (H.BDC), 1,3,5-
benzenetricarboxylic acid (H2TDC), 5-(5-fluoropyridin-3-yl)isophthalic acid (H.FPBDC) and
5-(pyrimidin-5-yl) isophthalic (H,PBDC) [143].

The V-shaped compounds appear to all have the same Nil'14(TCA)s(IDC)2(H,0)2(DMF)
core (Figure 56 a-d) and were resulting from the linking of two deformed [TCA2Co4] sandwich
like units by two [Ni"4yTCA]*" shuttlecock-like species, additional Co?* cations, IDC3- and the
corresponding carboxylate anion, leading thus to a series of compounds of formula:
Nill4(TCA )s(IDC)2(H20)2(DMF)2(BDC), Nill}4(TCA)s(IDC)2(H20)2(DMF)2(BTC),
Nill}4(TCA )s(IDC)2(H20)2(DMF)2(FPBDC), Nill}4(TCA)s(IDC)2(H20)2(DMF),(PBDC). The
magnetic properties of the series were measured (§ 6. 1. 1. and table 1).
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Figure 56: A portion of the X-ray structure of a series of four V -shaped {Nii4} species assembled from TCA,
two deformed [TCA2Cos] sandwich like units formed by two [Ni'yTCA]*" shuttlecock-like species, additional
Co?** cations, IDC* and the corresponding carboxylate anion (a) BDC Nil'j4(TCA)s(IDC)2(H20)2(DMF)2(BDC)
(b) BTC Ni'li4(TCA)s(IDC)2(H20)2(DMF)2(BTC) (¢) FPBDC Nil'j4(TCA)s(IDC)2(H20)2(DMF)2(FPBDC) and
(d) PBDC Nil'i4(TCA)s(IDC)2(H20)2(DMF)2(PBDC). Solvent molecules are not presented for the sake of clarity.
Adapted from Ref. [143].

5.3.3. Using isophtalic derivatives

As reported in [96], while mixing H4sTCA 5-(pyridin-3-yl)isophthalic acid or 5-(5-
fluoropyridin-3-yl)isophthalic acid with Co?" cations leads to the formation of square-like cages
(§4. 3. 3). Using the same components, but different synthetic conditions (presence of
tetramethylammonium hydroxide), two isostructural {Cois} deformed tetrahedral clusters of
formula [Co'4(TCA)CI1]4(L)4(HCOO)4(H20)4] were obtained (Figure 57 a-b) [96], resulting
from the fusing of 4 [Co'4(us-CI)TCA]*" shuttlecock-like species with L. The compounds
exhibit selective sorption of organic dyes (§ 6. 4. and table 4).

Figure 57: A portion of the X-ray structure of the clusters based on TCA and the use of N/O donor bridging
ligands (a and) (b) two isostructural {Cois} deformed tetrahedron clusters of
formula[Co'4(TCA)C1]4(L)4(HCOO)4(H20)4]} (L = 5-(pyridin-3-yl)isophthalate or 5-(5-fluoropyridin-3-
yl)isophthalate. Solvent molecules are not presented for the sake of clarity. Adapted from Ref. [96] and [133].

5.4. Heterometallic TCA based clusters using O donor linkers

In relation with the heterometallic clusters presented in § 2.2.2.d., there is an interesting
report of a series of heterometallic NasNi'l,4Ln'"4 cages based on the use of different rigid O
donor dicarboxylic ligands of different lengths (Figure 58 a-d) [144]: 1,4-Benzenedicarboxylic
acid (H.BDC) or terephtalic acid, 2,6-naphthalenedicarboxylic acid (H.NDC), 4.,4'-
biphenyldicarboxylic acid (H2BPDC) and 2,2"-bipyridine-5,5'-dicarboxylic acid (H.BIPY). A
series of cationic compounds of general formula
[N21.4Nin4LnIH4(TCA)6L3((303)6(OH)8C14(H20)10]10+ (L ZBDC, NDC, BPDC and BIPY, and Ln
= Dy except for BDC where Ln = Dy and Tb) were reported and they were the stepwise results
of the fusing of already reported [NaxNi''j2Ln"(TCA)3(CO3)3(OH)4(Cl)2(OAc)s(dma)s]* *
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units [59] by L ligands of different lengths. In this case, due to the presence of bimetallic species,
the octahedral cages were not observed. The magnetic properties (§ 6. 1. 1. and table 1) and gas

sorption properties (§ 6. 2. and table 2) of these interesting cages were reported.
. [ SN

LN 'a’l 4:‘ 3y .i{u

Figure 58: A portion of the X-ray structure of the cationic NasNi''sLn""4 cages based on the use of

[NazNij2Ln"(TCA)3(CO3)3(OH)4(Cl)2(OAc)s(dma)s]* * units and L ligands, with general formula
[NasNi4LnMy(TCA)sL3(CO3)s(OH):Cla(H20)10]'** (a) L =BDC (b) L = NDC (¢) L = BPDC and (d) L = BIPY.
Solvent molecules are not presented for the sake of clarity and (b) presents disordered naphthalene moieties.
Adapted from Ref. [144]

5.5. Super-high nuclearity cages using isophtalate derivatives N/O donor
linkers

Finally, a giant cage-like clusters of very high nuclearity will be presented here below.

A {Nis}-MOC was obtained by mixing HsTCA, Ni''Cl, and 5-(pyridin-4-yl)isophthalic
acid  (H,PIP), presenting the  formula  [Ni'4(TCA)]io(Cl)s(PIP)i6(HPIP)o.775
(HCOO)1225(C0O3)0.9868(MeaNCOO)1.0132(DMF)o.93024  where 10 [Nily(us-CI)TCAJ**
shuttlecock-like species were fused with PIP? and HPIP- (deprotonated and partially
deprotonated), carbonate and formate anions (Figure 59 a) [145] with a cavity diameter of 16.7
A. The formed cage can be seen as a hexadecahedron (faces occupied by PIP?> anions) with a
gyroelongated square bipyramidal geometry (J17 Johnson solid). The gas sorption properties
of this {Ni4o} cage were evaluated (§ 6. 2. and table 2).

The {Muag}-MOCs were obtained from the combination of HsTCA, M"'Cl, (M = Co, Ni)
and 5-(1H-tetrazol-1-yl) isophthalic acid (L). This leads to two isostructural compounds of
formula [M'4s(TCA)12(L)13Cli2(H20)s] (M = Co, Ni) [146], build from the bridging of 12
[M4CITCAT?* shuttlecock-like units by L? (Figure 59 b) with a cavity diameter of 22.3 A. It
can be described as a merohedral convex icosahedron with 18 triangular faces or as a deformed

icosahedron with 20 triangular faces. The sorption of small molecules was studied (§ 6. 2. and
table 2).

Finally, the highest reported nuclearity cluster involving calix[4]arene derivatives was
{M72}-MOCs, obtained from the combination of H4sTCA, MCl> (M = Co, Fe, Ni) and
diisophthalic acid (H4TADIPA), leading to isostructural anionic compounds of formula
(MH72C118(TCA)18(TADIPA)16(H20)g (HCOO)4 (M = Co, Fe, Ni), where 16 [MH4(H4-
CI)TCAJ** shuttlecock-like units are fused by formate and L?" anions [147] (Figure 59 ¢) with
a cavity size of 30.3 x 32.8 x 12.3 A3, The deformed hexadecahedron can described as a
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compressed double-decker hexagonal prism. these polynuclear species were used for
stabilization of Pd nanoparticles inside the pores, leading to composite material Pd@Co72, and
were involved in the hydrogen evolution reaction (HER) (§ 6. 3. and table 3).

a b c

Figure 59: A portion of the X-ray structure of the highest nuclearity cluster complexes observed for cages based
on TCA and used of N/O bridging ligands (a) {Nis}-MOC, a hexadecahedron (faces occupied by PIP* anions)
with a gyroelongated square bipyramidal geometry of formula [Ni4(TCA)]10(Cl)s(PIP)1s(HPIP)o.77s
(HCOO0)1.225(CO3)0.9868(Me2NCOO)1.0132(DMF)0.93924 (b) {Coas}-MOC merohedral convex icosahedron with 18
triangular faces or as a deformed icosahedron with 20 triangular faces of formula [M"g(TCA)12(L)18Cli2(H20)s]
(M = Co, Ni) and (c) {Co72}-MOC deformed hexadecahedron can be seen as a compressed double-decker
hexagonal prism pressed from the top and bottom hexagonal faces of formula
(M17,CLig(TCA)18(TADIPA)16(H20)s (HCOO)4 (M = Co, Fe, Ni). Solvent molecules are not presented for the
sake of clarity. Adapted from Ref. [145], [146] and [147].

6. Application of the finite thiacalix[4]arene based supramolecular
species

6.1. Magnetic and optical properties

6.1.1 Magnetic properties

The magnetic properties of the calix[4]arene compounds are well documented. As
already mentioned, Brechin ef al. reported in 2009 on the calix[4]arene coordination abilities
for the formation of Single Molecules Magnets [24], and later, in 2020, a comprehensive review
has been published by Fuller et al. summarising the recent achievements in this field [25].

The magnetic properties of thiacalix[4]arene based complexes are found to be relatively
classical in terms of quantification of the magnetic interaction between paramagnetic ions, and
no further applications of these species have been described. The properties of the formed high
nuclear species and cages are almost based on the properties of the [MU4(us-X)YTCA]™
shuttlecock-like square species [28 c, e, f] (Y =-, D, P, SO», see figure 3 and M = paramagnetic
cation), that, depending on the nature of the M ion, display different behaviour: weak
antiferromagnetic coupling between Mn(Il) (J = -5.57 cm™!) or Fe(I) (J = -4 cm™"). Increasing
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the nuclearity lead sometimes to complex behaviours. The results are gathered in table 1,

presented below.

Table 1: Comparison of the observed magnetic properties in high nuclearity thiacalix[4]arene

based clusters and cages.

Compound Type of Paramagnetic Reported Referenc
compound Metals involved interactions e
between M
T
{83H§§28?gﬁ;iEgﬁﬁﬁi-gffgéﬂ;%nh (dman] Pocket-like Cos Co(II) Antiferromagnetic | [83]
[M"5(HTCA)3(0x)3Cl3(H20)s] (M = Co, Ni) ;r/}? I;}%giﬁ?haped M Igl(i)((IIII)) Antiferromagnetic | [136]
[Fe';)TCA4Cli4] Fused sandwiches | Fejo Fe(1) Antiferromagnetic [28¢]
[Co"1o(TCA)s(N3)4] Fused sandwiches | Fejo Co(II) - [29a]
1l
[V (PTCAMHCOO) e COp M- M Deformedcage | M2 | o) | Antiferromagnetic | [66]
[Co"12(SOTCA))4(5-NH,-tz)s(CH;0H)s) Square Cois Co(II) Antiferromagnetic [67]

NazMle PTCA 3 O3PPh 6 -HzO -Cl ¥) M= Ni, Co Deformed M12 Co(I1 . .
{NMM“16§sozTc)1£)4(031)%1(5;(m-cgﬁlp(c)}ig)ﬂp] (M= %\Ii, Co) | Nanospheres Mis Ni((II)) Antiferromagnetic | [63]
[Co"14(OH),-(SO.TCA)4(5-ph-tz)10(5-ph-tzH)>(CH;0H), | Deformed cage Cois Co(II) Antiferromagnetic [67]
Nil}4(TCA)(IDC)>(H,0)3(DMF)Cl,

Nilj4(TCA)s(IDC)>(H20)2(DMF),(BDC)

Nill;4(TCA)s(IDC)o(H20),(DMF),(BTC) Seesaws Nig Ni(I) strong . [143]
Nill,y(TCA)¢(IDC)>(H:0)2(DMF)»(FPBDC) antiferromagnetic
Ni'l}4(TCA)6(IDC)>(H20)2(DMF),(PBDC)

MIlH]4 SOzTCA 3 tBuPO3 6 -OH 3C1 Hzo CH}OH Deformed Mn14 . .
{Mnﬂl6EsozTCA§3EPhPO,;)3(&?04)(214-31{)30)1((1{20)(0)}]130}1)4] Nanospheres Mn, | MoD | Antiferromagnetic | [64]
[Co'"4CI(TCA)(CH30H)4(SIP)4(HCOO), Tetrahedral cage Coie Co(II) Antiferromagnetic [138]
[Co"6(TCA)4(14-CDa(HCOO)(u-Mtta)s(u-Mtta)s] metallamacrocycle | Coie Co(II) Antiferromagnetic [66]
[Ni";sNag(TCA)s(3-S-trz)sCls(H20)s] Flying saucer-like | Nijg Ni{D) Antiferromagnetic [57]

COllzo TCA 5 -HzO 3-OH 4 HPO4 3 Deformed COzo . . 62
{Co”24E(TCA))£?PO4)82$-C1)6]) (PO Nanospheres Con | C0UD Antiferromagnetic %63}
[Co"y(TCA)(trz),Clo(CH;OH)(H20)]s Metallamacrocyle | Coos Co(II) Antiferromagnetic [73]
[Co"24(SOTCA)s(trz);16(CH3;0H)s] Metallamacrocyle | Coos Co(II) Antiferromagnetic [75]
[Mn'"4(TCA)6(pi3-OH)s(u-Cl)3(ps-CO3)6-(CH;CH,OH)g] Nanosphere Mnys | Mn(Il) :;rg‘flegmmagne e | [60]
[Co4(TCA)s(MO4)sCls][HPM2040] (M = Mo and W) Nanosphere Coos Co(II) Antiferromagnetic [55]
[Co'4(TCA)6(p4-Cl)s(1,4-BDC)12] Octahedral Cage Coos Co(II) Antiferromagnetic [108]
[[Co"4(TCA)(u-CD)]2[Co"4(TCA)(u-SO4)]4(bpde)s]* Octahedral Cage Coxs Co(II) Antiferromagnetic [116]
[Co"7(TCA)6(3-SH-trz)s(di-S-
tr2)4(CO3)0.25(SO3)0.75Clio(OH)2(CH30H)2(H20)4] Co
[Co',8(TCA)6(3-SH-trz)s(di-S- Flying saucer-like C 27 Co(II) Antiferromagnetic [57]
tr2)4(SO4)Cl0(OH)4(CH30H)4(H20)s] 028
[COllzg(TCA)s(trZ) 1(,(CO3)C11 1(OH)3(CH3OH)2(H20)(,]

[Colly(TCA)CI]sLa(N:)sCls g;fl‘;rslgﬁgre Cos Co(1I) Antiferromagnetic | [141]
[Co"24CoMg(113-0)24(H20)04(TCA)4] Nanosphere Cox Co(ID) Antiferromagnetic [50]
[Nd™;o(SO.TCA)4(MePO3)4(Cl)2(OH)s(H,0)2(DMF)s(MeOH); ] . .

[Nd"11(SO, TCA)s(PhPO3)§(Cl)2(OH)o(DMF), ] Deformed N | Andrermomagnetic |
[Nd"15(SO,TCA)s(PhPO3)5(CO3)s Nanospheres N (| Andweak [65]
(HCOO)7(OH)3(H20)7(DMF)5] 19 erromagnetic
[NazNiH12Lanz(TCA)3(},l7-CO3)3(},l3-OH)4(},L3-Cl)z-(OAC)s(dma)ﬂ vertex-fused NiioL Ni(H) SMM behaviour 59
(Ln =Dy or Tb) tricubane cores f2-m Ln(III) Antiferromagnetic [59]
[NasNi,4LnMy(TCA)6L3(CO3)s(OH)sCls(H20)10]'*" (L =BDC, Double vertex- Ni(II) Antiferromagnetic
NDC, BPDC and BIPY, and Ln = Dy except for BDC where Ln fused tricubane NizLny Ln(IIT) slow magnetic [144]

=Dy and Tb)

cores

relaxation behaviour

6.1.2 Optical properties
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The optical properties of thiacalix[4]arene based clusters and cages mainly concerns the
decorated Au (or Ag) NPs. As already reported, the absorption of such species (Agss
([Agzs(H2TCA)2(TCA)(C=CBu")16](SbFé)3 or  isostructural Agsis and < Ag:Ag
([Ag34(TCA)3(CECBu‘)g(tfa)4(CH3OH)3] SbFs and
[AgzsAu(TCA)3(C=CBu')s(tfa)s(CH30H)3]SbF¢), figures 4 b-d) in solution depends on the
number and nature of metallic atoms in the core [39], [40]. This was also supported by
calculations. The  higher  nuclearity = compounds  for  example {Agss}
(Agss(TCA)s(EtS)32(OAc)s]) exhibited a wide visible light absorption, which promoted a
photocurrent response, when illuminated [43]. An analogous behaviour was observed in case
of the heterometallic NPs of formula [Agis(M020sPTCA)s], [Ag1sS(M020s5(PTCA))2] [45] or
[(M06022)@H3Ag49(MO3)o(M0O4)-(TCA)s(iPrS)i1s(CH3CN)2(H20)]  [47]. The  highest
nuclearity cluster, {Agiss} (Agiss(CyS)40(TCA)sClz) also exhibited intense absorption in the
visible region, together with photothermal effect up to 60°C [44] (§ 6. 5. 2.).

The  mixed  4d-3s compounds of  formula  MogNag(p3-O)i2(pn-O)s-
(TCA)z(HzTCA)4(CH3OH)4] and [MOgNag(u4-O)4(u3-
0)3(nO)4(TCA)2(H2TCA)4(CH30H)s5(H20) showed UV-vis absorption up to 700 nm with band
gaps between 1.98 eV and 1.75 eV [56], caused by the Mo-S interactions, as established by
DFT calculations.

The emission properties have been also reported for some of the compounds. The
[H2Cd4(TCA-02)6(POs)sCls(DMF)s] {Cdas} cluster exhibits emission properties (around 385
nm) when irradiated at 325 nm that are modified after its photocatalytic activity [61].
Lanthanide based high nuclearity clusters displayed, as expected, photoemission ability. The
{Ndio} (INd™,o(SO2TCA)4(MePO3)4(Cl)2(OH)4(H20)2(DMF)s(MeOH).)), {Ndi1}
([Ndml 1(SOzTCA)3(PhPO3)6(C1)2(OH)6(DMF)12]) and {Ndlg}
(INd™9(SO2TCA)s(PhPO3)s(CO3)s(HCOO)7(OH)s(H20)7(DMF)12]) complexes have shown
NIR intense emission, associated with the characteristic bands of the Nd(III) cation, at RT when
irradiated at 375 nm [65].

6.2. Gas storage and separation

The presented results were obtained on the basis of analysis of solid-gas sorption.

The pioneering work on compounds, containing calix[n]arene derivatives, reported by
Atwood et al., revealed that calix[4]arene nonporous supramolecular structure are able to
absorb N2, O, CO, CO», C2H,, CH4 and nitrogen oxides with some degree of selectivity [148].
After that, a lot of studies, concerning Coordination polymers based on calix[4]arene have been
performed [14].

In this part, the data about the sorption properties of the clusters and cages based on
thiacalix[4]arene building blocks, towards rather small gas and solvent molecules, are gathered
in Table 2. The obtained results correlate rather well with those reported for other metal-organic
cages, recently reviewed by Bloch et al., especially concerning the octahedral {M24} and
square-like {Mis¢} species [149]. It was established that octahedral cages [[Co"4(TCA)(u-
C)]2[Co"4(TCA)(u-SO4)]a(bpdc)s]* [116] and [M24(ps-H20)6(SO2TCA)s(HPA)s] (M=Co and
Ni) [135] exhibit the highest surface area (table 2).
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Table 2: Comparison of the observed gas sorption properties in high nuclearity

thiacalix[4]arene based clusters and cages.

Type of 21 Type of Adsorption of
Compound compound BET surface (Nz) m'g isotherm other gas/solvents Reference
[Co'lg(TCA)2(CAM),(114-H,0),Cla] Pocket-like
[Co's(SO.TCA),(CAM)s(1u-Cl)o(CH;OH)x(dma),] | Cos 453, 317 Typel Hs, €O and CHy [83]
COz/Oz and COz/Nz
. adsorption
[(SO,TCA),Nills(u-H,0)][(MDB)4] E‘(’)"ket like | ¢35 Type I selectivity [89]
§ Solvents: Benzene,
MeOH
" Pocket -like
[(SO2TCA),Co'lg(-OH),][(NDC)4] Cos 247 Type I H,, CO, [85]
CO»
[(SO,TCA )M (p-X)2][(TPCD)4] Pocket -like | 485 (Mg), 399 (Mn) 596 H, (mmol/g) [92]
(M = Mg, Mn, Co, and Ni; X = OMe; H,0) Mg (Co) 619 (Ni) 3.84 (Ni) [150]
3.87 (Co)
. . Solvents: HO
1L( _ ’
(docaliOn(SOTCARM (OO, | Pocket-lke | 77 (Co) MCO, EOHand | (93
6 CH;C(O)CH;
[(SO:TCA)CO"s(u-H:0RI(NDC-X)s] (X = Br, H) | (0K | 300 (x = By Typel | I adsorption [86]
[Co14(DTCA)3(AD)sClLy(HCOO)s(H,0)] Co 80 [139]
[Co14(DTCA);(AD)s(OH)3(CH3;C00)7(H20),] 4 227
[[(TCA)Coli5(a-CL)](IP)s*[(CH:)iNTs cuare-like ) 409 Typel [94]
[(SO,TCA)Ni" (p-H20)4][(1,3-BDC)s] Square-like | 803 (1,3-BDC) Tyne I CB);SS]? ij’évggsz [97]
[(SO2TCA)4Co16(11-H,0)4][(5-SO3-1,3-BDC)s] Niss 446 (5-SOs-1,3-BDC) yp Hy (mmol/g) 3.30 [150]
Ha[(TCA),Co™6(u-Cla][(L")s]} g‘(l)‘::‘re'hke 230 Type I [96]
[(SOzTCA)4MH]6(u-H20)4] [Lg] (M = CO, Ni) .
S-methyl-1,3-benzenedicarboxylate anion = L1 2;% Eﬁi’ ig
5- bromo-1,3-benzenedicarboxylate anion = L2 Square-like 238 (C ’ L3) CO, [99]
5-sulfo-1,3-benzenedicarboxylate anion = L3 Mis 403 (N(i)’L 4) H, (mmol/g) 4.39 [150]
S-propoxy-1,3-benzenedicarboxylate anion = L4 2 (C ’L 5)
5-heptoxyoxyisophthalate anionc = L5 0,
[Zn'4(SO,TCA)(ps-OH)4-(5-Me-im-1,3-BDC)sCls ;guare'hke Type I Co, [101]
16
[(SO,TCA)4Co'15(11-H,0)4][(5-Pr-1,3-BDC)g] Square-like | 426 Tyoe I1 [100]
[(SOzTCA)4COH16(}1-H20)4] [(5-N3-1,3-BDC)3] C016 37 My
[(SO;TCA)sCol! 5(114-OH)4][BDT]s]* g‘})‘jjre'hke 307 Type I H,, CO, and CH, [107]
[(SO,TCA)M" 14(u-H20)4][(5-N-1,3-BDC)s](M =
Co or Mg) (5-Ac-1,3-BDC = 5-amino isophthalate
anion), I Square-like
(SO2TCA),Colis(1-H0):][(5-Ac-1,3-BDO)] (5- | 1y 19-349 Type I N, CO;, [102]
Ac-1,3-BDC = 5-Acetylamide isophthalate anion 16
y p
(SO, TCA)Mg" 16(1-H20)4][(5-hex-1,3-BDC)g] 5-
Hexanoylamide isophthalate anion)
[CoMy(pus-CI)(TCA)s(1,4-BDC)12]* ggzjhedml 512 Typel | Hy, COs [108]
[Fe'4(tu-Cs(TCA)s(1,3,5-BTC)s]* 217
[Fe'y(1i-C(SO:TCA)(14-BDC) o] Fe sl T idrocarbons
[Fe'l(s-Cl)s(SO.TCA)s( TATB)g |- 879
[[Co"(TCA)(u-CD)2[Co"s(TCA) (- Octahedral
SO4)]a(bpde)s > Cage 1211 Type I N> CO, [116]
[Co'y(pu-Cl)s(TCA)s(1,3,5-BTB)g | Octahedral | 605
[Co'by(1s-C6(PTCA)g(1,3,5-BTB)s] Cons 568 Typel | Moo [117]
. N2, Oz
[M'L4(us-H20)(SO.TCA)(1,4-BDC)12] (M= Co, | Octahedral | 523 (SO, TCA) (M = Ni) ’ . [110]
Ni) Moy 423 (SO,TCA) (M= Co) | TYP° 02/N; adsorption 150

selectivity for
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[Ni'%y(pa-

H,0)(*e"SO,TCA)s(
1,4-BDC)2]
H, (mmol/g) 3.41
(N1)
[MHz4(},l-H20)6(S02TCA)4] [le] (M = CO, Nl) 437 (Nl Ll) ﬁozmmol/ )
2-methyl-1,4-benzenedicarboxylate anion= L1 Octahedral 410 (Ni’ 12) 2 25 (Ni LZ% [99]
2-bromo-1,4-benzenedicarboxylate anion= L2 Moy 507 (Ni’ L3) 3’ 41 (I\fi 13) [150]
2,5-dihydroxy-1,4-benzenedicarboxylate anion= L3 2.5 (Ni, 12)
[Zn"24(1u-H>0)5(SO-TCA)s(2-NH>-1,4-BDC) 2]
[(FexsCls(TCA)s(L1)s)1* CO,
[(Fe2sCl(SOTCA)6(L1)s)]* 850 (L1, TCA) Xe/Kr separation
[(Fe2sCl(SOTCA)6(L2)s)]* Octahedral 363 (L1, SO, TCA) H> (mmol/g) [113]
[(Fe2sClg(SOTCA)6(L3)12)]* Fex 511 (L2, SO, TCA) 3.44 (L2, SO,TCA) 150
trimesate anion= L1 879 (L3, SO, TCA) 3.03 (L1, SO.TCA)
terephthalate anion= L2 3.85 (L3, SO.TCA)
triazine-trisbenzoate anion = L3
Octahedral 928 N, sorption
il R
[Co'4(psa-H20)6(SO2TCA)6(BTE)s] Cons 770 Type 1 I, sorption [120]
[(Co24(14-OH)6(SO2TCA)s(OH)6(L)s)1*
L1=4,4"4"-(benzene-1,3,5-triyl-tris(benzene-4,1- Octahedral 558 (L1) [123]
diyl))tribenzoate anion Coos 410 (L2)
L2 =4,4'4"-benzene-1,3,5-triyl-tribenzoate anion
. Octahedral CO»/N; sorption
1l _ }
[Ni'h4(us-H20)6(DTBSO,TCA)6(1,3,5-BTC)s] Niss 230 (SO,TCA) selectivity [121]
Octahedral 488 (Fe
[M™4(us-OH)4(SO,TCA)sBDT]s]% (M = Co, Fe) Mo 550 ECO)) Type 1 H», CO; and CH4 [107]
Deformed
[[Cos(TCA)(SO4)]6(L)s(HCOO)s]'>
1H-1,2,3-triazole-4,5-dicarboxylate anion Occi)tahedral 242 Typel No, Ha [290]
24
Deformed 1239 (Co)
[M™4(s-H20)6(SO.TCA)(HPA)s] (M=Co and Ni) | octahedral 1 . Type 1 N, [135]
v 92 (Ni)
[M"24(114-H20)6(SO.TCA)¢(Co"-dipyr)s] (M=Co, .
. : N Octahedral 417 (Ni) CO,, CHs, CoH,
1 — CollL, ) ) )
i\gl)n(pclgx dipyr = Co"'-dipyrrine carboxylate MauCos 462 (Co) CoHy and CoHe [134]
[Zn"4(1s-H20)(SO,TCA )o(MnL) ] ggj;fial 185 N: €O, [116]
[COzo(TCA)5(u-H20)(}L3-OH)4(HPO4)3] COzo 388 Type 1 [62]
Coso
[C0H30(TCA)5(pdC)12(M60)6(M€OH)3(H20)6] 384
[Colbo(TCA)(pde) 12(MeO)o(Ha0) 2] metallamacr 591 Type I N2 [76]
ocycles
[NasNi'L,Ln"4( TCA)sL3(CO3)s(OH)sCls(H20)10]' ;‘7‘2 Ei iﬁgg’ i“ igyg
*(L=BDC, NDC, BPDC and BIPY, and Ln =Dy | NaNizalnis | gr0 1" “ppp- ‘Ll :g ) H, [144]
except for BDC where Ln = Dy and Tb) _ ’? n7 y
868 (L =BIPY, Ln =Dy)
Deformed
[Co™(TCA)CI]sLa(N3)sClg
L = 1,3-bis(2H-tetrazol-5-yl)benzene) I(\:T:lzosphere 665 [141]
[Ni"4(TCA)]10(C1)s(PIP)16(HPIP)g 775 Deformed CO», CHa4, CoHg,
§4HCOO)1.225(CO3)0.9868(M62NCOO)1.0132(DMF)0.939 Nanosphere | 646 21}_(114%3{88 [145]
H,PIP = 5-(pyridin-4-yl)isophthalic acid Niso selectivity
Merohedral gcﬁ’ CaI:?l’ CC ﬁ4’
[MLg(TCA) 12(L)15Cli2(H20)s] (M = Co, Ni) icosahedral | 582 cﬁj’cmg i [146]
Cos selectivity

6.3. Catalysis and Photocatalysis

The geometries and presence of metals in such high nuclearity supramolecular clusters

and cages make them good candidate for catalysis and sometimes photocatalysis [151].

60




Recent advances in Porous Coordination Cage catalysed reactions were thoroughly
reviewed in 2019 [7]. The use of thiacalix[4]arene derivatives for the formation of catalytically
active clusters has been exhaustively documented in 2021 [152,153]. Herein, we present the

summary of the catalytic activity exhibited by the species, described in this review, showing
their strong ability to be involved in many different reactions. The obtained results are gathered

in the table 3.

Table 3: Comparison of the observed catalytic properties for high nuclearity thiacalix[4]arene

based clusters and cages

Compound Type of compound Explore catalytic reaction Efficiency Reference
D ted NP . .
[Aga1-(TCA)3(O2PPhs)e]SoFe mZZerlae ggl keinel Agyy | Teduction of 2 4-nitrophenol [38]
[Ms(HTCA )3(0x):Cl5(H20)6] (M = Co, Ni) triangular-shaped Mo reduction of 2,4-nitrophenol High efficienc 136
species P & Y
[(M06O22)@H3Ag49(MO3)9(M0O4)- polymolybdate- . . 44.75% CO faradaic
(TCA)g(iPrS)15(CH;CN)o(H0)] templated {AgsMoyg} | Sectrocatalytic COzreduction | e to) o [47]
[Co"2sNay(1s-C1)s(TCA)o(2,4,6-PTC)s]> ggzjhedml cage Photocatalytic CO; reduction | High selectivity Co/Cu [119]
[(SO,TCA):M"g(u-OH),][(CBPy)4] (M = Co i electrocatalytic oxygen overpotential of 0.290
and Ni) Barrel-like Ms evolution reaction (OER) Vat 10 mA cm—2 [50]
[COst(TCA)G-
(HL),Cli(HCOO)(CH;0)(OH)(DME) 1o(H: . overpotential of 0.364
0)s] Coe electrocatalytic oxygen V (Co26) at 10 mA [68]
[Ni's(TCA)s(HL)6(PO4)2(s- Ni,s metallacycle evolution reaction (OER) om-2
0),Cl(CH30H)14(H,0)2(DMF)3][(CH3NH,C
Hs)a]
Square-like electrocatalytic oxygen overpotential of 0.285V
1l ()
[(SO:TCA)sFe sCo s(u-H0)][BTTls FellsCo'l evolution reaction (OER) at 10 mA cm—2 [106]
ultra-stable
(NH4)[M4(TCA)CI[(M0Y0,),S(CH30)14] Cluster electrocatalytic oxygen 366.8 mV at 40.0 mA 53
(M =Co or Ni) MsMog evolution reaction (OER) cm—2 for more than 150 [53]
hours
_ | Coos .
[Co"ig(u3-Cls(H20)12(TCA)s(Cos-(IDC)12]6 electrocatalytic oxygen
NillysCLo(H;TCA)12(IDC) 2 gftahedml cage evolution reaction (OER) E1/20f0.786 V [133]
36
. . electrocatalytic Glucose peak potentials of +0.3
[Ni;sCls(TCA)s(MNA)s] Ni;s metallacycle Oxidation and 1046 V [77]
electrocatalytic Glucose oxidative peak at +0.40
[Nizo(TCA)s(L)s(SO4)sCls]> Niy metallacycle Oxidation Y V and a reductive peak [29c¢]
at+0.33 V
distinguishable
[Ni"y(TCA)]2[(Mo"sMo03"1024)(PO4)] NigMog heterometallic electrocatalytic Glucose Zfdcgl(; i?f:g;i:};??smg [54]
1 VMoVl :dati
[Ni"4(TCA)2[(Mo*sMo"'3024)(OH)(CO3)] cluster Oxidation performances for
glucose
M@[Ni"5Clg(TCA)s(MNA)g] . hydrogen evolution reaction AuPd@ shows excellent
M = Au, Pd, Ir, Ru, Rh, Pt Nis metallacycle (HER). HER [77]
HE value 47.75 pmol
hydrogen evolution reaction
H>Cd"24(TCA-02)5(POs)sCls(DMF Co cluster Y 61
[FCd Jo(POCli( ) * (HER) HE rate 1.36 mmol g —1 [61]
h-1
Nyl L . . . . current density of 10
124(SO2TCA)6(TDC)12(H20)6 Niy4 trigonal prismatic hydrogen evolution reaction
Pt@Niz cage (HER) mA- cm—2-ug—1 Pt at [137]
the potential of —-0.48 V
[(SO,TCA),Co"s(u-H,0),][(CBAB)4] Knoevenagel condensation of 2- | 0%
[(SO,TCA),Cos(u-H,0),][(MDB)4] Pocket -like Mg naphthaldehyde and 14% [87]
[(SO,TCA)LNi'g(u-H,0):][(ADBD)4] malononitrile 92%
qg . Up to 95% with
%(SOzTCA)zNI s(u-H20)2][(ADBD)4] Pocket -like Ms Knoevenagel condensation of aldehydes of size fitting [88]

(SOzTCA)zZHHg(M-HzO)z] [(MDB)4]

aldehydes and malononitrile

the one of the pocket
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[Cos(1u-OH)(SO.TCA)]6(BTB)s]*

Octahedral cage

Knoevenagel condensation of

Catalytic cycle is

[
[[Cos(1s-OH)(SO3SO,TCA)o(BTB)s]** Coos aldehydes and malononitrile provided [125]
11 } Knoevenagel condensation of Efficiency depends on
%g81124EM_gzggGggﬁgigﬁgggggt"%CTC)ﬂ ggtahedral cage 1,3-indanedione and aromatic the size of the aromatic [122]
2T e SV L A)e s 24 aldehydes. aldehyde
[Z0"4(SO,TCA)(1s-OH) J4-(5-Me-im-1,3- Square-like formylation reaction of Compound adsorbed on
BDC)sCl Zn morpholine with CO2 phenylsilane, can be [101]
st 10 orphotine wi recycled and high yield
Square-like [2 + 2] photocycloaddition of 440 nm irradiation, high
[(SO2TCA)4Co"16(u-H20)4][AQ]s chalcones in syn-HH yield and [105]
Cois ..
cyclobutanes stereoselectivity
oxidative kinetic
resolution of racemic
* oxidative kinetic resolution of | secondary alcohols with
[Zn'4(ua-H0)s(SO,TCA)6(MnL) ] Octahedral ZnpMn,, | Facemic secondary alcohols §gg;od) conversions (32- [116]
* epoxidation of olefins excellent-to-high
enantio- selectivities
(81-99.1% ee)
Asymmetric [3 + 2] coupling of
indoles with quinone . L
[M14(14-H,0)(SO, TCA)o(HPA)] (M=Co | Octahedral cage monoamine snetloselectivitios up "
and Ni) Mo t0 99.9% ee [135]
. ) Recyclibility
Friedel-Crafts alkylation of
indole with aryl aldimines
[Co4(pu-Ho0)6(SO2TCA)6(2-Im-1,4- Coa“:hedml cationic cycloaddition reaction of CO2 | More than 90% yield [14]
BDC)1]'** ¢ ng . on epichlorohydrin can be recycled
Octahedral cage [2 + 2] photocycloaddition of 440 nm irradiation, low
[Co™4(pu-Ho0)6(SO,TCA)4(1,4-AQDC)12] Cons chalcones in syn-HH yield and [105]
cyclobutanes stereoselectivity
[[Co"4(ps-H,0)-(SO,TCA)o(BTB)s]* Octahedral cage
[Co™4(pu-OH)6((SO3)SO.TCA)s(BTB)s]3*- Cos Hydrolysis of ammonia-borane | High catalytic activity [124]
Co NPs@Coyq Co NPs@Coy4
[Collay(1u-OH)((SO5)SO,TCA)(BTB)g - | Octahedral cage Hydrolysis and methanolysis of | pp. b oo . 0
Ru NPs@Coy4 Cox borane ammonia High catalytic activity [127]
Ru NPs@Coo4
[Co'l4(11s-OH)e((SO3)SO.TCA)6(BTB)s " gf)tahedr al cage Methanolysis and hydrolysis of | .o oo (125]
Ru/Rh/Pd/Co/Ni/Cu NPs@Co24 NP2s4@C024 ammonium borane & Y y
triangular-shaped M. *hydrogenation of other
[M(HTCA)3(0x);Cl3(H20)6] (M = Co, Ni) species ’ nitroarene derivatives [136]
*reduction of nitrobenzene
[(SO,TCA),Co"s(u-H,0),][(CBAB)4] Y . . .
[(SO,TCA),Colly(11-H,0), [ [(MDB).] Pocket-like Mg Rhodamine B isomerization [87]
High catalytic activity
*[Co'4(1s-OH)(SO3SO, TCA)|o(BTB)s ™ gf)tahedml cage photo-degradation of methylene | and recycling [126]
[Ru(bpy);]** @Co24 R Lzlsz )P @Co blue (MB) Catalytic cycle is
y)s 24 provided
[MI(HTCA)3(0x)3Cls(H20)] (M = Co, Ni) ;gzgi‘;la”haped My Catalytic degradation of (MB) | High efficiency [136]
Au@[COH4(TCA)C1]gL4(N3)gClg
H,L = in situ generated 1,3-bis(2H-tetrazol-5- gg;;sg:gonal Catalytic degradation of dye [142]
yl)benzene
photo-induced oxidations:
* Photocatalytic selective
. - oxidation of thloethers (M:Zn) Specificity depending
[M"24(14-H20)s(SO.TCA)s(PPT)g] (M = Co, | Octahedral cage * Photocatalytic oxidative
. . . . on the nature of the [132]
Zn and Ni) May coupling reactions of amines
. metal
(M=Ni)
* autoxidation of
aldehydes(M=Co)
[Cu”12(TCA)3C13(P1’1PO3)12(H20)2]3_ C1112 and Culs . .
[Cull( TCA)sCL(PhPO3)s]* metallamacrocycles Sulfide oxidation [72]
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6.4. Molecular sensing

Due to intrinsic porosity and accessible chemical sites for binding the guest molecules, the
coordination cages and clusters are able to be involved in molecular recognition processes,
which can be used for molecular sensing or separation performances. Several properties are
reported, based mostly on liquid-liquid or solid-liquid extraction data, that are gathered in Table

4.

Table 4: Comparison of the molecular sensing abilities in solution of high nuclearity
thiacalix[4]arene based clusters.

T f Ref
Compound conzg zlfn d Recognized molecules Comments eceeren
methyl orange (MO) e
(CrO):Cls@Agss(PTCA)(iPrS)12(CH;CN)g] Agis methylene blue (MB) Specificity for MB and RhB [42]
. (UV measurements)
rhodamine B (RhB)
W 0 methyl orange (MO) Full extraction of MB
{ggﬁg:gzgguggu_gzgﬂ&1(\24];) f];“)]] g‘(’)"ket like 1 cthylene blue (MB) And selectivity from MB-MO [87]
: 20782 R 4 § eosin Y (EY) mixtures (UV measurements)
[(SO,TCA),MIy(u-OH),][(NDC)4] (M = Co, Ni) 1I\’/i)gcket -like gz)e;til;yﬁlfr(% gl)ue (MB) glt;ﬁlc\:/llgl_t E:})aratmn of MB from [85]
[(SO,TCA)Ni" (n-H20)4][(1,3-BDC)s] Square-like Liquid/liquid and also solid-
[(SO,TCA)NI" 1 (u-H20)4][(5-S0s-1,3-BDC)s] Niis methylene blue (MB) liquid extraction [97]
s Square-like methylene blue (MB)
11 . 1
H4{[(TCA)4CO 16(“ Cl)4] [(L )8]1 Coys rhodamine B (RhB) [96]
methyl blue (MB), .
metallacycle .ol . Large absorption of RhB
[Co"3,Clg(TCA)s(pdc)s(H20)16] disodium fluorescein (NayF1) g [76]
Cos rhodamine B (RhB) Selectivity for RhB over NayF1
high adsorption capacity of MB
[Colu(1s-H20)6(SOTCA)g(2,3-dihydroxy-1,4- Coa“:hedml gfstill‘lyﬁl(b(%‘ggMB)’ Excellent selective separation 12
BDC)12] C og rhodamine B (RhB) performance of MB/EY or
24 MB/RhB dye mixtures
Rhodamine B
[Co'4(s-OH)-(SO.TCA) «(BTB)s] Coa“:hedml Methylene Blue [125]
[Co™4(1u-H,0)-(SO3SO.TCA) ¢(BTB)s]** C ng s Methyl Orange
EosinY
[M"(us-H20)(SO,TCA)4(1,4-BDC)12] (M = Co, Ni) .
Absorption of 7 eq of MB and
11 _ tpen: _ =
I[\ll\i/[) (- H0)(PSO,TCA)(1,4-BDC) 1] (M = Co, COacgt:hedral methylene blue (MB) 30 eq of aspirin in solution [110]
[MIL(114-HL0)( PS80, TCA)g(1,4-BDC)12] (M = Co, My Aspirin And more at the solid/liquid
Ni) interface
Octahedral
(- ~ 30- cage
Eﬁl‘zb“(“)“ ]Iffcg)chOﬁOZTCA)MBTB)g] Co methylene blue (MB) [126]
Py o [Ru(bpy)sT*
@Co24
Pocket-like Mg Pocket-like 13 aromatic amines specific recognition of 2- [91]
Zng picolylamine
[(SO,TCA)M!(1-H,0),][PIP]s (M = Co, Zn) lf‘/i‘:are'hke proton (from trifluoroacetic acid) [104]
[Cos(TCA)(SO4)]s(L)s(HCOO)sA Deformed Selective adsorption of Hg?*
A = (CoHs);NH* octahedral Hg** Adsorption of 330 mgg’! [29b]
L = 1H-1,2,3-triazole-4,5-dicarboxylate anion Con High removal efficiency
i Selective sensing of Fe** and
3+
. Octahedral Fe™, MnOy, MnOy ions
g 24(H4-H2U)e 6(1,3,0- 8 nitrobenzene . .
M H>0)6(TCA)s(1,3,5-BTC b B 118
Mga4 2 4-dinitrophenol (2,4-DNP) Selective sensing of NB and
’ P i 2,4-DNP among nitro aromatics
6.5. Other properties
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In this section there are reported other properties that thiacalix[4]arene based high nuclearity
clusters and cages are able to exhibit.

6.5.1 Energy storage/production application

There are few examples concerning the direct use of thiacalix[4]arene based high
nuclearity clusters in energy storage/production devices.

For the neutral octahedral cage [Mn'4(us-H20)6(SO2TCA)6(1,3,5-BTC)s, a moderate
gravimetric capacitance of 75 F g! as electrode material in energy storage devices was
investigated [154].

The electrochemical behaviour and energy storage mechanism as flexible
supercapacitors of series of octahedral Coordination cages with different cavity sizes have been
investigated: octahedral compounds [[(M"4(us-H20)(SO2TCA)]6(Ln)s] (L1 = trimesate, L2 =4,
4', 4"-s-triazine-2, 4, 6-triyltribenzoate (TATB), L3 = 1, 3, S5-tris-(4'-carboxy[l, 1'-
biphenyl]-4-yl)benzene and L4  3,3"-diamino-5'-(3-amino-4-(ethoxycarbonyl)phenyl)-
[1,1":3',1"-terphenyl]-4,4"-dicarboxylate and M = Co, Mn or Mg). Especially [M"4(u-
OH2)s(SO.TCA)s(TATB)s] (M = Co, Ni) exhibit a high molecular capacitance of 2510 F mmol~
l'at 0.5 A g! and rare activation feature, resulting in an unprecedented 115% capacitance
retention after 10000 cycles [129].

For example, when annealing at 650°C under N; the {Cou}
[Co''4(TCA)(trz)>Clo(CH30H)(H20)]s metallamacrocycle [73], Co9Ss nanoparticles have been
obtained. They have displayed excellent rate performance, coulomb efficiency and cyclic
stability when used as modified electrode material additive for ion Li-batteries [74].

The high nuclear [Co"14(TCA)3Cl3(Tz)12(H20)s] compound, when annealed, also forms
stable Co9Sg nanoparticles. This compound was tested as supercapacitor by embedding in a
composite electrode, displaying the capacitances of 83.7% at 2 A g! and 70.0% at 5 A g!
(303.3 Fg'!). In addition, the electrode showed high charge-discharge reversibility with a
capacity retention of 96.3% and average columbic efficiency of 98.2% after 1000 cycles at 2.0
A g'[140].

The Pb"Ti!V7(u2-O)s(OH)s-(TCA)6](OH): cluster an heterometallic highly symmetrical
and soluble Pb/Ti cluster [58], was used as film in a perovskite solar cell device displaying a
power conversion efficiency of ca. 15%, that was stable for more than 500 hrs (with 70% of
efficiency).

6.5.2 Photothermal effect

The photothermal effect has been also documented several times for thiacalix[4]arene
based high nuclearity clusters, showing their high efficiency.

The decorated Ag-NP Agiss (Agiss(CyS)s0(TCA)sClz) was in depth investigated
concerning its atomic scaled electronic/hole distribution, and this leads to an intense
photothermal effect [44]. This effect was also observed for the reported [Ag72] cluster [48].

The {Niis} [(TCA)sNii6(u-Cl)4][(5-NH2-1,3-BDC)s] square-like cage [94,155] was
post-synthetically modified by reaction with ferrocene (Fc) aldehyde affording [Niie-Fc-x]
complexes (x =1, 2, 4, 8). The [Nije-Fc-x] (x=4,8), that exhibit synergistic photothermal

64



conversion properties, due to the presence of the ferrocene inside the cavities, but also to the
charge transfer between Fc groups and {Niis} clusters.

In the heterometallic {Cui2} [Cu's(HTCA)]2[Culs(2-PyS)e] cluster, the electron and hole
distribution showed that Cu: is an efficient photothermal conversion material both in the solid
state and in water/N,N-dimethylformamide solvents [69].

6.5.3 Drug molecules adsorption/transport

Finally, the drugs adsorption properties were evidenced for thiacalix[4]arene based high
nuclearity cages. Moreover, some studies went a step further by providing drug transport and
delivery, performed by these coordination species.

The square-like {Zni¢} compound of formula [(SO2TCA)sZn'6(u-H20)4][PMTC]4 was
used for the encapsulation of anti-inflammatory drugs: including naproxen (NPX), diclofenac
sodium (DCF), and aspirin (APhe). This was revealed by systematic host-guest studies using
NMR technics. The drug release process was found to be pH responsive. The cages, loaded
with drugs, have demonstrated a very good biostability and biocompatibility [101].

Some of reported octahedral cages, displaying large inner cavity size, have been also
tested for this application purpose.

The anionic octahedral cages [(Co24(ps-OH)s(SO2TCA)s(BTB)s)]1% (BTB = 1,3,5-tris(4-
carboxyphenyl)benzene) and [Co'4(ps-OH)s(SO2TCA)s(BBC)s]® (BBC =4,4',4"-(benzene-
1,3,5-triyl-tris-(benzene-4,1-diyl))tribenzoate) were studied as ibuprofen (Ibu) guest receptor
by NMR and IR spectroscopies. The drug release was proved by dialyzing the Ibu-loaded
samples against phosphate buffered saline solution, and showed that 67% of the loaded drug
was released within 7 hours [123].

The neutral octahedral cage [Co'24(ps-H20)6(SO2TCA)6(1,3,5-BTC)s] was investigated
towards the recognition of some well-known gastric proton pump inhibitors such as (R)-(+)-
rabeprazole sodium (D1) and (S)-(—)-pantoprazole sodium (D2) [156]. It was revealed that the
encapsulation of the drug occurs sequentially, first within the endo cavity of the cage, then with
the participation of the exo cavities of sulfonylcalix[4]arene backbones, and, finally, leading to
the cooperative binding, involving interactions via exo MOCs cavities interaction. The
encapsulation of guest molecules and drugs into the endo cavity of the cage was measured and
strong binding affinity was revealed (3.04 x 10° M! and 2.81 x 10° M for D1 and D2,
respectively).

The neutral {Cox4} octahedral cage [Co'bs(uu-H20)6(SO2TCA)6(PPT)s] (PPT =
tribenzoate derivative of N-phenylene-phenothiazine) have demonstrated the highest drug
delivery ability into the cells among its counterparts, studied up to date. The anticancer
(+)camptothecin drug was deposited inside the cage cavity for molecular transportation into a
series of cancel cells (HeLa cells, SKOV3 ovarian carcinoma cells, H1299 human lung cancer
cells, and HepG2 liver hepatocellula). The in vitro and in vivo experiments demonstrated that
the camptothecin-cage complex was able to permeate into the nuclei, demonstrating a rather
high cytotoxycity effect towards all studied tumor cells, especially against HeLa cell series with
ICso = 0.09 = 12 puM [130] [131]. The encapsulated drug complex displayed superior
cytotoxicity towards multiple cancer cells over the free drug. This has been also demonstrated
later, using the same neutral {Co4} octahedral cage [Co™4(ps-H20)6(SO.TCA)s(PPT)s], where
the cell entry mechanism, disassembly, and cytotoxicity have been deeply investigated [157].
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These examples are first promising preliminarily studies for the use of such species for
drug transport and delivery.

7. CONCLUSION AND OUTLOOKS

In the field of fascinating discrete coordination species generated using
Thiacalix[4]arene derivatives, the state of the art of current achievements in design and
applications obtained during last years, is provided in this review. It is important to note, that
in all the reported cases, the cone conformation of the macrocyclic ligands is observed, leading
to the formation of [M"4(us-X)YTCA]** (X = Cl, OH), [M"4(us-H20)YTCA]* or [MUs(ps-
X)YTCA]" (X = Cl, OH), [M'3(us-H20)YTCAT* (Y = -, D, P, SO», see figure 3) shuttlecock-
like units, that are the basis of the formation of the presented discrete species. It has been also
shown that the diversity of example has increased by switching from TCA derivatives to
SO>TCA macrocycle, displaying much stronger coordination ability towards a large array of
metal ions.

However, the remarkable binding affinity of TCA towards “soft” metal ions such as
Ag(I) and Au(I), resulting from the involvement of sulphur atoms in the coordination, produced
a number of exciting examples of Metal NPs, displaying strong M-M interactions, and held by
TCA derivatives together with other organic co-ligands. NPs with up to 155 atoms have been
revealed using XRD, giving rise to compounds that also exhibit specific optical and catalytic
properties.

Then, using no specific ligands or coordinating anions, the formations of spherical M4
or M3, species was observed. Variation of the nuclearity and shapes of these oxo-clusters could
be reached by adding some small linkers (small inorganic coordinating anions like CO3%,
CH3COO°, HCOO,, phosphate, etc..). In contrast, the formation of wheel-like
metallamacrocycles was observed while using multitopic small coordinating linkers (malonate,
phenylphosphonate, risedronate, pyrazole-3,5-dicarboxylate, 2-mercaptonicotinate or 1,3,4-
thiadiazole-2,5-dithiolate anions). In this case, the assembly of shuttlecock-like units bound by
linkers led to ring-like architectures with up to 32 metals within the metallamacrocycle.

The rationalization of the formed species appears more obvious with the formation of
pocket-like cages of general formula [M",(TCA),Ln]* (or [M"2(SO,TCA):Ln]?) (n =6 or 8
and m = 2, 3 or 4), where L is a flexible ligand bearing two terminal carboxylate coordinating
groups. In contrast, the square-like coordination assemblies of general formula
[MI(TCA)4Ls]P (or [M",(SO2TCA)4Ls]P) (n = 12 or 16) where L is a rigid linker, bearing
isophtalate or a tetrazolate anionic scaffold. Due to geometry factor it was revealed that the
square-like species display larger pores compared to pocket-like architectures, and they were
extensively studied for their gas adsorption properties.

The rationalisation reached its peak with the formation of octahedral cages. The
octahedral cages of general formula [M"4(ps-X)s(YTCA)6L12]* (X = Cl or OH) or [M"54(ps-
H>0)s(YTCA)sL12] (Y = -, D, P, SO, see figure 3) for edge-linked species were reproducibly
obtained by the use of rigid terephthalate-based linkers and also one metal-organic linker. For
the formation of [MHQ4(},L4-X)6(YTCA)6L8]6' (X =Cl or OH) [MHQ4(u4-H20)6(YTCA)6L8] (Y =
-, D, P, SO», see figure 3) (face-panelled species) the rigid linkers, displaying the triangular
disposition of binding sites (generally carboxylate) such trimesate or CTC, BTC triazine -based
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ligands etc were also used to reproducibly obtain the coordination cages of octahedral geometry.
The formed compounds present large cavities, and exhibit interesting molecular recognition
properties, as well as gas sorption and catalysis.

For the other used ligands (less symmetrical, less rigid) or the combination of ligands,
the obtained compounds (cages and high nuclearity clusters), the serendipity plays a significant
role for the formation of high nuclearities clusters, as well as the synthetic conditions, presence
of other species in the medium etc.

The obtained coordination species have been intensively studied for their intriguing

sorption properties, host-guest chemistry and related catalytic, storage/separation and sensing
activities and can be helpful in application in many different fields.
Despite the rapid development of porous materials with controlled cavity size and properties,
especially coordination cages, presented in this review, several challenges remain in this field.
For example, the exploration of similar species involving lanthanide metals would certainly
lead to species with tuneable magnetic/optical properties. Some attempts have been already
paid when the formed polynuclear thiacalix[4]arene based species were linked by carboxylic
moieties, leading to polymeric structure [158,159].

The formation of such porous coordination compounds has found application in the field
of drug delivery, which has been already successfully studied in vitro and in vivo. By modifying
the upper rim of thiacalix[4]arene platform as well as of the substituents, located at the side
position of the used linkers, one may achieve the selectivity in cell membrane permeability,
leading to decrease of the side effects, emerging upon the anti-cancer therapy, this is a very
important issue for the use of such species.

Finally, the possibility to combine different properties in only one material and, thus, to
construct various multifunctional systems make these fascinating coordination species
especially appealing objects for further investigation by paving the way for innovative
applications across diverse fields.
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