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 Impact of flexible succinate connectors on the formation of 
tetrasulfonylcalix[4]arene based Nano-sized polynuclear cages: 
structural diversity and induced chirality study 
Mariia V. Kniazeva,a Alexander S. Ovsyannikov,a* Aida I. Samigullina,a Daut R. Islamov,b Aidar T. 
Gubaidullin,a Pavel V. Dorovatovskii,d Vladimir A. Lazarenko,d Svetlana E. Solovieva,c Igor S. Antipin,c 
Sylvie Ferlaye* 

The building of new Supramolecular Coordination Containers obtained through the linking of tetrasulfonylcalix[4]arene (3-
4H) based transition metal tetra- or trinuclear clusters by succinic acid (suc) as a flexible aliphatic connector possessing high 
conformational mobility and rotational freedom, produced a variety of three different polynuclear species in the crystalline 
phase, which were characterized by X-ray diffraction on single crystals and powder. In the case of CoII and NiII cations, the 
formation of unique chiral-induced isomorphous supramolecular architectures generated by interconnection of dimeric M8-
cages with the co-crystallized M(OH)2DMF4 neutral species via H-bonding was observed. Moreover, it was found that, in 
contrast to what was observed with NiII cations, the use of Cobalt(II) ions in the same multicomponent system, led to the 
formation of achiral M8-cages which was characterized by the presence of both left- and right-handed succinic acid moieties 
within the supramolecular entity structure. Finally, the coordination of ZnII cations with 3-4H and succinic acid produced the 
generation of dimeric M6-cages where two trinuclear [Zn3-3]2+ cationic clusters were bound by two succinic carboxylate 
units.  

Introduction 
Nanosized discrete supramolecular entities such as metal-
organic coordination cages1,2,3 or polyhedra4 are the object of 
particular attention, due to their wide potential applications in 
biological, medical, environmental, and industrial fields.5,6,7,8 
The key strategy for designing such Supramolecular 
Coordination Cages (SCCs) with desired properties is based on 
the rational choice of the used components. The controlled 
formation, in self-assembly conditions, of coordination 
compounds tunable different shape and size may be achieved 
within the ligand scaffold, by pointing the coordinating sites in 
preorganized fashion, for example. In this respect, the use of 
macrocyclic compounds of the metacyclophane family9,10 is a 
powerful tool to grow large coordination capsules, due to their 
unlimited possibilities of functionalization of the 
metacyclophane moiety.  
Among the accessible metacyclophanes, one should mention 
the calix[4]arene11 (1-4H, figure 1) and, especially, 
thiacalix[4]arene12  (2-4H, figure 1) as well as 
tetrasulfonylcalix[4]arene13,14 (3-4H, figure 1) based 
polydentate macrocyclic ligands, owing to the preorganized 
orientation of the coordinating sites, when adopting their cone 
conformation. They possess the fascinating ability to form 
various polynuclear homo- and heterometallic clusters when 
coordinated to d/f metal cations15,16,17,18,19 exhibiting attractive 
luminescence properties20,21,22,23,24,25,26 and magnetic 
behavior.27,28,29,30,31,32,33,34 Also using 1-4H and 2-4H in cone 
conformation as a building species, the formation of extended 
coordination networks in the crystalline phase was extensively 
documented.35 

 
Figure 1. Classical p-tert-butylcalix[4]arene (1-4H), p-tert-butylthiacalix[4]arene (2-4H) 
and p-tert-butyl-tetrasulfonylcalix[4]arene (3-4H). 

For the formation of clusters, the coordination of calixarene to 
metallic cations leads to nanozised species where the cluster 
core is maintained between the oppositely disposed ligands. 
Through this approach, the use of unsubstituted 14-, behaving 
as a tetradentate coordination ligand containing four O-donor 
atoms, leads to a mononuclear species when combined with d 
metallic cations, whereas in the case of multidentate 34- or 24- 
ligand, the formation of tetranuclear species is generally 
observed (figure 2).  



 

 

Figure 2. Differences in coordination mode of p-tert-butylcalix[4]arene (14-), p-

tert-butylthiacalix[4]arene (24-) and p-tert-tetrasulfonylcalix[4]arene (34-)  towards 

metallic d cations (purple spheres). 

 
Moreover, it was shown that 3d metal based clusters supported 
by thiacalix[4]arene 2-4H or tetrasulfonylcalix[4]arene 3-4H 
platforms can be linked by the polydentate N-36,37 and/or- O-
donor co-ligands (linkers) leading to the formation of 
polynuclear compounds of various nuclearities and presenting 
hierarchical pores, which are able to exhibit different smart 
properties such as selective adsorption, catalysis, 
encapsulation, sensing or separation.38,39,40  
The three components approach involving 
tetrasulfonylcalix[4]arene 3-4H, metallic cations and polytopic 
carboxylate ligands has been successfully studied for the 
formation of polyhedral cages, involving the [3-M4(OH2)]4+ units 
(“shuttlecock”-like building blocks, figure 3).41 Depending on 
the nature of the used ligand L, different types of SCCs 
presenting various nuclearities may be obtained (see figure 3): 
dimeric M842,, square-like M1643,44, and octahedral 
M24,45,44,45,46,47,48,49,50,51,52,53 (M = Co, Ni or Zn) nanosized cages 
presenting appealing catalytic properties and also drug delivery 
abilities, have been reported during the last decade.  
To the best of our knowledge, only linkers possessing rigid V-
shaped and linear geometry lead to high nuclearity clusters (M16 
or M24 cages), as shown in figure 3. In addition and as already 
mentioned, smaller containers have been reported, M8 
coordination compounds (M = CoII, NiII and sometimes ZnII), 
while using dicarboxylate connectors like angular flexible 
dicarboxylate linkers with phenyl groups54,55,56 camphoric 
acid,57 pyridinium-dicarboxylate58,59 1,2-benzenedicarboxylic 
acid or 2,3-naphthalenedicarboxylic acid.60 One can see that the 
used connectors are either short or present a point a flexibility 
between the phenyl groups spacers. The formed M8 SCCs 
present two types of cavities: two exo and one endo where the 
[3-M4(OH2)]4+ have been fused by the L connectors (figure 3).  
 

 
Figure 3. Formation of isomeric Supramolecular Coordination Cages (SCC) displaying 
different geometries and resulting from the three-components approach, by bridging 
“shuttlecock”-like [3-M4(OH2)]4+ building blocks based on tetranuclear clusters of 
tetrasulfonylcalix[4]arene 34- with divalent cations M2+, and V-shaped or linear 
dicarboxylic ditopic connectors L.   

 
However, the use of conformationally flexible ditopic 
carboxylate compounds was not investigated, although it may 
lead to new supramolecular coordination cages able to adapt 
their inner endo cavity for accommodation of appropriate 
molecular guests. Moreover, a study of the use of flexible 
connectors for the formation of MOFs, was successfully 
demonstrated by the formation of new stimuli responsive MOFs 
resulting from the use of such flexible aliphatic linker leading to 
a generation of material exhibiting tunable gas adsorption 
properties.61  
Herein we report on the synthesis and solid-state 
characterization of unique adaptative SCCs resulting from the 
three-components approach and the fusion of two tetranuclear 
or trinuclear tetrasulphonylcalix[4]arene based species by 
flexible succinic acid, in basic conditions, leading to hexanuclear 
and octanuclear nanosized containers respectively. 

Results and discussion 
The formation of three types of four nanocontainers is 
presented below, together with their structural description. 

Description of achiral structure of 32Co8(suc)4 

The slow liquid diffusion, of a MeOH solution of stochiometric 
quantity of triethyl amine (10 equivalents) as a base, into a DMF 
solution with dissolved metal (II) nitrate salt, 3-4H and succinic 
acid mixed in molar ration 1/4/2, was used and led to the 
formation of two types of crystals differing by their colors and 
shapes (see experimental part).  
The first one, slight rose needles, is the achiral compound 
32Co8(suc)4, which can be described by the general formula 

“shuttlecock”-like building block

HOOC-R-COOH
(L)

MII
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Octahedral SCC
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[32Co8(OH2)2(suc)4]·2DMF. Compound 32Co8(suc)4 crystallizes in 
the centrosymmetric P-1 space group (see crystallographic 
table 1). This octanuclear complex is a neutral symmetrical 
dimeric compound (figure 4a) composed of two succinate 
moieties (suc2-), one tetranuclear cluster based on 34-, one µ4-
H2O molecule and one DMF uncoordinated molecule. Each 
calixarene moiety form exo cavity with located disordered 
solvate DMF molecule inside.  
One tertiobutyl group belonging to 34- is found to be disordered. 
The formation of the octanuclear complex appears as the fusion 
of two tetranuclear “shuttlecock”-like [3Co4(OH2)]4+ cationic 
units by the flexible succinate di-anion, leading to an adaptative 
symmetrical coordination “cage”. 
In the obtained neutral nanocontainers of 32Co8(suc)4, each 
Co2+ metallic centers adopt a deformed octahedral geometry, 
where the coordination sphere around the metallic centers is 
formed by two µ2-phenoxo from 34-, one O from the sulfonyl 
groups of 34-, two oxygens from the succinate ligands, and one 
O from the  µ4-bridging water molecule, as frequently reported 
in the literature for similar systems.62,63 The distances around 
the metallic centers are in accordance with the oxidation state 
+II of the metallic centers, as shown in table 2.  
 

 
a  

b 

 
c 

Figure 4. The structure of 32Co8(suc)4 obtained by X-Ray diffraction on single crystals: a) 
the different components with one disordered DMF molecule in the exo cavity b) the 
formed endo cavity of the nano-container and b) the packing of the complexes in the xOz 
plane. H atoms are omitted for clarity. For bond distances and angles see the text and 
Table 2. 

The succinate ligands are slightly deformed and the diameter of 
the inner resulting endo cavity is ca 7Å, as shown in figure 4b. 
The disordered DMF molecules located in the exo cavities are 
interacting with aromatic rings by CH- p weak interactions. The 
complexes are stacked together in ribbons along the a axis 
without any specific interactions, displaying face to face 
orientation of symmetrical calixarene exo cavities, as shown in 
figure 4c. 
The crystallinity and phase purity of the as-synthesized 
materials were studied by the powder X-ray diffraction (PXRD), 

as shown in figure S1 (see SI). The analysis of the observed 
pattern revealed the presence of a mixture of two crystalline 
phases in the polycrystalline powder obtained in slow diffusion 
conditions. 
 
Description of the isostructural chiral cages 32M8(suc)4-M (M = Co, 
Ni) 

In order to establish the nature of the other crystalline phase 
observed while crystallizing 32Co8(suc)4, another crystal distinct 
from the first one, with an intense pink color and a prismatic 
shape, was analyzed using X-ray diffraction. It revealed the 
formation of a chiral complex composed of the same 
components as the one reported for 32Co8(suc)4, but differs by 
the presence of co-crystallized neutral species of formula 
Co(OH)2(DMF)4, giving rise to the complex of general formula 
[32Co8(OH2)2(suc)2)4]•2Co(OH)2(DMF)4•2H2O•4DMF 
(32Co8(suc)4-Co). Surprisingly the formation of the isomorphous 
analogue of 32Co8(suc)4-Co was observed when NiII(NO3)2 6H2O 
was mixed with succinic acid and 3-4H under solvotermal 
conditions (see experimental part). It is important to note that 
the use of NiII(NO3)2 6H2O in comparable mild condition leads to 
a mixture of undefined  compounds. 
Both 32M8(suc)4-M compounds (M=Co or Ni) crystallizes in the 
non-centrosymmetric chiral P42212 space group (see 
crystallographic table 1), with Flack parameter of -0.020(2) and 
0.031(8) for M = Co and Ni, respectively, suggesting that the 
investigated single crystals are homochiral.  
The independent part of 32M8(suc)4-M (M=Co or Ni) consists of 
32M8(suc)4 complex, that is similar to one described above, two 
free water molecules and neutral MII(DMF)4(OH)2 (M = Co or Ni) 
units, as shown in figures 5 a and b for M = Co and Ni 
respectively. In addition, for the Co complex, four DMF 
molecules located in calix[4]arene exo cavities were also refined 
in the unit cell. In the crystals of 32Co8(suc)4-Co and 32Ni8(suc)4-
Ni some tertiobutyl groups and phenyl moieties of the 
macrocyclic fragments are also found to be disordered. Both 
compounds 32Co8(suc)4-Co and 32Ni8(suc)4-Ni are isomorphous 
but also solvates. 

 
a        b 

Figure 5. The general components, established by X-Ray diffraction on single crystals for 
a) 32Co8(suc)4-Co and b) 32Ni8(suc)4-Ni. H atoms are omitted for clarity (except those 
located on hydroxyl and, when possible, water molecules). For bond distances and angles 
see the text and Table 2.  

As in the case of the previously described compound 
32Co8(suc)4, compounds 32Co8 (suc)4-Co and 32Ni8(suc)4-Ni, are 
similar by the coordination environment and bond distances 
around the metallic centers coordinated to 34- and in 
accordance with the oxidation state +II of Cobalt and Nickel 
atoms, as shown in table 2.  



 

 

The presence of neutral MII(DMF)4(OH)2 (M = Co or Ni) 
complexes (figure 6 a) in the unit cell appears very intriguing. 
Interestingly, this type of neutral Ni mononuclear species 
located in the unit cell of neutral SCC octahedral M24-cage based 
on 3-4H prepared in solvothermal conditions, has also been 
recently reported,45 presenting NiII-OH distance of 1.988Å, 
whereas for 32Ni8(suc)4-Ni, the NiII-OH distance was equal to 
1.958(11). Another related isolated complex involving Co(II) 
ions was also reported, displaying CoII-OH distance of 2.095Å, 
whereas for 32Co8(suc)4-Co, it was found out  the CoII-OH 
distance equal to 2.011(6). This fact unambiguously indicates 
the presence of neutral complex MII(DMF)4(OH)2 (M = Co or Ni) 
in 32Co8(suc)4-Co and 32Ni8(suc)4-Ni, formed in basic conditions 
during the self-assembly process. 

 

 

 

a b c 
Figure 6. For 32M8(suc)4-M (M = Co or No), a) the co-crystallized neutral  NiII(DMF)4(OH)2 
complex, b) the origin of chirality in 32M8(suc)4-M, side view and c) top view of helical 
structure of 32M8(suc)4 unit screwed along the principal C4 symmetry axis. H atoms are 
omitted for clarity (except those located on hydroxyl groups displaying disordered 
character).  

It is worth noting that, in both compounds, there are no chiral 
centers in the starting components forming the crystals of 
32M8(suc)4-M, but the observed chirality arises (i) from the 
MII(DMF)4(OH)2 (M = Co or Ni) complexes, by four screwed DMF 
around the MII-cation (a chirality) and also (ii) from the 
conformational change within the 32M8(suc)4 unit imposed by 
the left-handed (or right-handed) screwed calixarene caps along 
the principal C4 axis (figure 6b) of the opposite (3M4(OH2)) 
moieties leading to the overall helicate structure with the 
rotation angle equal to 11.2° (figure 6c). 
As it was found out, the generation of this chiral structure is 
supported by formation of 1D H-bonded chain along the c axis, 
which occurs between M-OH moieties of the MII(DMF)4(OH)2 
complexes and the dimeric calixarene based units with the 
distances Osuc-OM(OH) of 2.734(5) and 3.178(5) Å for M = Co and 
2.777(6) and 3.170(5) Å for M = Ni (figure 7a). All calixarene 
based building blocks located in the 1D H-bonded molecular 
architecture display the same induced left-handed (or right-
handed) chirality, as shown in figure 7b. The H2O molecules also 
interact with the carboxylate moieties through hydrogen 
bonding with O-O distances of 2.913(5) and 3.458(6) Å for M = 
Co and 2.931(5) and 3.432(5) Å for M = Ni, respectively. Despite 
of the conformational change within the structure of dimeric 
calixarene complex, the hydrophilic pockets in the endo cavities 
of the formed nano-containers displays practically the same 
diameter of ca 7Å as observed in 32Co8(suc)4 (figure 7a). 

The formed chiral 1D supramolecular chains running along the 
c axis, are arranged in perpendicular fashion in the xOy plane in 
the unit cell, as shown in figure 7b. 

  
a b 

Figure 7. For 32Ni8(suc)4-Ni a) the 1D H-bonded chain formed in 32Ni8(suc)4-Ni, together 
with the endo cavities of the nano-container, where H-bonds are represented in dashed 
lines. The coordinated DMF molecules are represented in violet. and b) the crystal 
packing of in the xOy plane showing the perpendicular stacking of 1D H-bonded chains. 
H atoms are omitted for clarity (except those located on hydroxyl and, when possible, 
water molecules). For bond distances and angles see the text and Table 2. 

 

The crystallinity and phase purity of the as-synthesis Ni-based 
crystalline material were confirmed by the powder X-ray 
diffraction (PXRD) patterns, shown in figure S2 (see SI). 
For 32Ni8(suc)4-Ni, the TGA trace confirms the presence of 4H2O 
and 4DMF molecules in the unit cell, as refined by XRD (figure 
S4, SI). 
 
Description of the structure of 32Zn6(suc)2 

The combination of 3-4H with ZnII(NO3)2•6H2O and succinic acid 
(suc-2H) in 1/4/2 molar ratio (3-4H/M/L) under solvothermal 
conditions afforded crystals of targeted Zn-based complex 
32Zn6(suc)2 (see experimental part). The structural analysis 
revealed that it crystallizes in the centrosymmetric 
orthorhombic Pbcn space group (see crystallographic table 1) 
giving rise to crystals of formula [32Zn6(suc)2(OH2)2(DMF)4]•10 
DMF). It should be noted that, contrary to the previously 
described 32Co8(OH2)2(suc)4 synthesis, the use of slow liquid 
diffusion techniques leads to the formation of crystals of initial 
calixarene complex with NEt3.  
As confirmed by the X-ray diffraction on single crystal, 
32Zn6(suc)2 is composed of two tetradeprotonated calixarene 
moieties 34-, each coordinated to three divalent zinc cations 
forming two clusters connected by two deprotonated succinate 
anions (suc2-), as shown in figure 8a. Besides, one molecule of 
water laying in the center of the trinuclear clusters in the 
common vertices of the formed ZnII octahedrons and four DMF 
molecules complete the coordination spheres of Zn-atoms. In 
the crystal, one can also find ten others disordered DMF 
molecules and among them, one is present in the exo 
hydrophobic cavity of the calixarene moiety, with weak CH-p 
interactions.  
This hexanuclear (3Zn3(OH2)(suc)(DMF)2)2 complex is 
symmetrical and neutral and presents a center of symmetry 
located in the middle of the endo cavity. One tertiobutyl group 
belonging to 34- is found to be disordered.  
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The succinate ligands are deformed and the diameter of the 
inner cavity is decreased to ca 5Å, as shown in figure 8b, 
compared to the one reported in three related compounds. 
In the neutral complex, the Zn atoms are in deformed 
octahedral geometries, with Zn-O distances shown in table 2 
accounting for a +II oxidation state of Zn.  

 

 

a b 
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Figure 8. The structure of 32Zn6(suc)2 obtained by X-Ray diffraction on single crystals: a) 
the different components and b) the endo cavities of the nano-container and c) the 
packing of the clusters in the xOz plane. H atoms are omitted for clarity. For bond 
distances and angles see the text and Table 2. 

In the crystal, the complexes are stacked parallelly along the c 
axis, as shown in figure 8c, forming interpenetrated ribbons, 
with free DMF molecules located in the interstices. 
 
The crystallinity and phase purity of the as-synthesis materials 
were confirmed by the powder X-ray diffraction (PXRD) 
patterns, shown in figure S3 (see SI), demonstrating the good 
match of XRPD patterns between experimental diffractogram 
and simulated one obtained from single crystal X-ray diffraction. 
 
For 32Zn6(suc)2, the TGA trace confirm the presence of 2H2O and 
7 DMF molecules (figure S4, SI). 
 
Discussion 

As it was demonstrated, the use of flexible succinic acid for the 
building of Supramolecular Coordination Cages based on 3-4H, 
led to four coordination compounds of three different types. In 
all cases, the polynuclear clusters, “shuttlecock”-like building 
blocks containing three or four metallic cations in the cluster 
core, are found in the supramolecular entities of general 
formula (3Mx(suc)y)2 (M = Co and Ni, suc is the succinate ligand, 
x = 3 or 4, y = 1 or 2).  
Despite using analogous starting compounds for the synthesis, 
the three types of observed SCCs are: 1) symmetrical achiral 
Co8-cage built from two tetranuclear clusters fused by four 
succinate linkers (32Co8(suc)4), 2) chiral M8-cage (M = Co, Ni) 
composed of two tetranuclear moieties connected by four 
succinate linkers (32Co8(suc)4-Co, 32Ni8(suc)4-Ni) and 3) achiral 

symmetrical Zn6-cage resulting from interaction of two 
trinuclear clusters via two succinate ligands (32Zn6(suc)2) (figure 
9).  

   
(32Co8(suc)4) (32M8(suc)4-M (M=Co or Zn) (32Zn6(suc)2) 

 
Figure 9. Schematic representation of the three types of obtained SCCs. 

 
Indeed, the flexibility of succinate linkers as well as the nature 
of the used transition metal cations play the crucial role in the 
formation sulfonylcalix[4]arene based SCCs. The evaluation of 
the torsion angles of the CH2 groups in the carbon chain of 
succinate ligand and their mutual orientations is also indicating 
the flexibility of the used ligand and the consequence of this is 
the size of the endo cavities of the formed nanocontainers 
(table 3).  

Table 3. Torsion angle in the succinic linker and the size of endo cavities observed for 
obtained supramolecular compounds. 

 
 32Co8(suc)4 32Co8(suc)4-Co 32Ni8(suc)4-Ni 32Zn6(suc)2 

 
    

Torsion 
angle (o) 

±61.6 (9), 
±69.8 (8) 

+(-)61.2 (5) +(-)59.3 (9) 
+90.7 (7) 
-103.6 (7) 

Size of 
endo 

cavity (Å) 
7 7 7 5 

 
Unfortunately, for Co-based compounds (32Co8(suc)4 and 
32Co8(suc)4-Co), it was not possible to determine the 
experimental conditions to shift the equilibrium to one of both 
compounds, whereas the use of NiII cations in solvothermal 
conditions led to formation of only one crystalline phase that 
presumably is related with interplay of thermodynamic and the 
kinetic factors affecting on the equilibrium in the complex 
multicomponent Co and Ni based supramolecular systems.   
Concerning the use of ZnII cations, the nuclearity of the obtained 
complexes appears to be controlled also by different factors, 
but the most important can be related to the particular affinity 
of the ZnII cations to form trinuclear Zn(II) species when 
coordinated to tetrasulfonylcalix[4]arene62,63 and 
thiacalix[4]arene, as already observed.64  



 

 

If achiral complexes 32Co8(suc)4 and 32Zn6(suc)2 contain both 
left-handed as well as right-handed succinic moieties in the 
complex structure, for chiral 32Co8(suc)4-Co and 32Ni8(suc)4-Ni 
compounds, only one type (left-handed or right-handed) of 
succinic moieties is present in the unit cell. The formation of 
chiral nanosized cages based on calixarene and on 
tetrasulfonylcalix[4]arene has been scarcely reported in the 
literature: one example for the formation of octahedral M24 
cages has been provided53 and for the formation of M8 cages 
examples have been reported stating from a chiral ditopic 
ligand.57 Although the case of induced chirality in the crystalline 
state, starting from achiral compounds has been well 
documented in the literature,65,66,67 this work presents the first 
example of the formation of chiral crystalline coordination 
compounds resulting from the H-bonding between the two 
different components: metal-calixarene based nanocontainers 
and MII(DMF)4(OH)2 neutral species.  

Conclusions 
In this work, the formation of adaptative metal-organic 
nanocontainers or Supramolecular Coordination Cages using 
the three components approach based on 
tetrasulfonylcalix[4]arene (3-4H), metallic salts and flexible 
succinic acid as organic linker, was demonstrated. As a result, 
the generation of four new SCCs of three different types, 
displaying dimeric-like structures and differing by the number 
of involved metallic centers and conformational behavior of 
succinic acid moieties, have been observed in the crystalline 
phase. All obtained compounds have been characterized from a 
structural point of view using X ray diffraction on single crystal 
and powder, when possible. Among them, two complexes 
32Co8(suc)4 and 32Zn6(suc)2 represent the achiral symmetrical 
species, whereas for others two isomorphous compounds 
32M8(suc)4-M (M = Co or Ni) where induced chirality involving 
the hydrogen bonding between the initially achiral crystal 
components was observed. It was shown that the crystal 
structure of the obtained coordination compounds depends of 
the nature of the used metallic cation, number of flexible 
organic linkers and the presence of co-crystallized 
MII(DMF)4(OH)2 neutral species within the unit cell.  
 
For obtained chiral nanocontainers, applications in the field of 
enantiomeric separation, recognition of chiral molecular 
compounds and asymmetric catalysis is currently under 
investigation.  
In addition, the use of tetrasulfonylcalix[4]arene building blocks 
when combined with other flexible organic polycarboxylate 
linkers containing for example longer carbon chain or additional 
chiral centers encored within the linker framework is expected 
to be a powerful tool to construct new functional adaptative 
supramolecular nano-containers. 

Experimental 
Synthesis 

Tetrasulphonylcalix[4]arene 3-4H were synthesized following 
the earlier described procedure.13 All solvents and reagents 
used for the synthesis were of analytical grade and used without 
further purification. Succinic acid, nitrate salts of nickel (II) and 
cobalt (II) were purchased from Sigma-Aldrich (Darmstadt, 
Germany). 
32Co8(suc)4 and 32Co8(suc)4-Co  

At RT, in a crystallization tube (diameter 12 mm and height 12 
cm) a clear DMF solution (4 ml) containing 3-4H (30 mg, 0.035 
mmol) succinic acid (8 mg, 0.07 mmol) and Co(NO3)2•6H2O (40 
mg, 0.14 mmol) was deposited, upon which a DMF/MeOH 
mixture (1/1, 2 ml) was layered. Then, a solution of NEt3 (0.05 
ml, 0.35 mmol) in MeOH (4 ml) was slowly added. A liquid 
diffusion at the room temperature produced single-crystals 
suitable for X-ray diffraction after 2 weeks. As attested by XRPD 
analysis, the obtained crystalline phase was composed of only 
two phases including to 32Co8(suc)4 (slight rose needles) and 
32Co8(suc)4-Co (intense pink prisms). 
 
32Ni8(suc)4-Ni  

In a Pyrex crystallization reactor equipped with a screw cap, 3-
4H (30 mg, 0.035 mmol), succinic acid (8 mg, 0.07 mmol) and 
Ni(NO3)2•6H2O (40 mg, 0.14 mmol) were dissolved in a 
DMF/MeOH solution (1/1, 10 ml). Then, the solution was 
heated under MW irradiation conditions (100 W) and stirred for 
4 hours. After cooling and filtration, green single crystals 
suitable for X-ray diffraction analysis were obtained upon slow 
evaporation of the mother liquor at room temperature in 7 
days. Total yield: 45 mg (42 %, according to ligand 3-4H). Anal. 
Found for C108H138N4O50S8Ni9 : C, 42.16; H, 4.52; N, 1.82 %. Calc. 
C, 43.20; H, 4.68; N, 2.05 %. IR (KBr, cm−1) υ: 3438 (m), 2962 (s), 
1668 (m), 1607 (s), 1494 (s), 1454 (s), 1292 (s), 1264 (s), 1137 
(m), 1084 (s), 906 (m), 841 (m), 801 (s), 627 (m), 569 (s), 488 
(m). (see figure S5, ESI). 
 
32Zn6(suc)2  

The same procedure, as described for 32Ni8(suc)4-Ni, was 
applied, using Zn(NO3)2•6H2O instead of Ni(NO3)2•6H2O salt. 
The colorless crystals were formed in 9 days after cooling and 
filtration of the mother liquor. Total yield: 60 mg (50 %, 
according to ligand 3-4H). Anal. Found for C130H196N14O48S8Zn6 : 
C, 46.31; H, 5.86; N, 5.82%. Calc. C, 46.75; H, 5.95; N, 5.92 %. IR 
(KBr, cm−1) υ: 3442 (m), 2961 (s), 2923 (s), 1656 (s), 1606 (s), 
1537 (s), 1493 (s), 1452 (s), 1401 (m), 1290 (m), 1264 (m), 1134 
(m), 1083 (s), 799 (m), 625 (m), 561 (s). (see figure S5, ESI). 
 
Characterization techniques 

Elemental analysis was performed on a Vario Macro CHN 
Analyzer (Elementar Analysensysteme GmbH, Langenselbold, 
Germany). 
Infrared spectra (IR) of milled crystalline samples in KBr were 
recorded on a Tensor 27 Fourier-transform spectrometer 
(Bruker) in a range of 4000-400 cm−1 with an optical resolution 
of 4 cm–1 and an accumulation of 32 scans. 
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Single-Crystal X-ray diffraction  

Data set for single crystals 32Co8(suc)4-Co was collected on a 
Rigaku XtaLab Synergy S instrument with a HyPix detector and 
a PhotonJet microfocus X-ray tube using Cu-Kα (1.54184 Å) 
radiation at 100 K. Images were indexed and integrated using 
the CrysAlisPro data reduction package. Data were corrected 
for systematic errors and absorption using the ABSPACK 
module. The GRAL module was used for analysis of systematic 
absences and space group determination. Using the Olex 2 
software,68 structure was solved by direct methods with 
SHELXT69 and refined by the full-matrix least-squares on F2 using 
SHELXL.70 Non-hydrogen atoms were refined anisotropically. 
Absolute configuration of 32Co8(suc)4-Co was established by 
anomalous-dispersion effects in diffraction measurements on 
the crystal. DMF molecule and tert-butyl fragments were 
disordered over two positions. DMF molecules were located 
with the aid of Ilia's Fragment Library71 and subsequently 
refined with constraints and restraints.  
Diffraction data for single-crystals of 32Ni8(suc)4-Ni, 32Co8(suc)4 
and 32Zn6(suc)2 were collected at 100 K on the ‘Belok/XSA’ 
beamline (λ = 0.79370 Å, φ-scans) of the Kurchatov Synchrotron 
Radiation Source (Moscow, Russian Federation).72,73 Diffraction 
patterns were collected using Mardtb goniometer equipped 
with Rayonix SX165 2D positional sensitive CCD detector at 100 
K. In total, 300 frames were collected with oscillation range of 
1°. The data were indexed, integrated and scaled, absorption 
correction was applied using the XDS program package.74 The 
structures were solved by direct methods with software 
SHELXT.69 The structural model was investigated and refined by 
using Olex 2 software68 by a full-matrix least-squares method on 
F2 with anisotropic displacement. All hydrogen atoms were 
placed in calculated positions and included in the refinement 
within the riding model with fixed isotropic displacement 
parameters Uiso(H) = 1.5Ueq(O), 1.2Ueq(N), and 1.2Ueq(C). 
 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/datarequest/cif. CCDC: 32Co8(suc)4: 
2116175; 32Co8(suc)4-Co: 2116177; 32Ni8(suc)4-Ni: 2116176 and 
32Zn6(suc)2: 2116178. 
 

X-ray diffraction on powder 
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Powder diffraction studies (PXRD) diagrams were collected on 
polycrystalline samples at the room temperature (293(2) K), on 
a Bruker D8 diffractometer using monochromatic Cu-Kα  
radiation with a scanning range between 2° and 40° at a scan 
step size of 2° min-1.  
 
TGA measurements 
A TG/DSC NETZSCH (Selb, Germany) STA449 F3 were used for 
the thermal analysis (thermogravimetry/differential scanning 
calorimetry) in which the variation of the sample mass as a 
function of temperature and the corresponding heats are 
recorded. An approximately 15 mg sample was placed in an Al 
crucible with a pre-hole on the lid and heated from 25 to 500°C. 
The same empty crucible was used as the reference sample. 
High-purity argon was used with a gas flow rate of 50mL/min. 
TGA measurement were performed at the heating rates of 5 
K/min. 
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Table 1. Crystallographic data for 32Co8(suc)4, 32Ni8(suc)4-Ni, 32Co8(suc)4-Co and 32Zn6(suc)2 

 32Co8(suc)4 32Ni8(suc)4-Ni 32Co8(suc)4-Co 32Zn6(suc)2 

Compound 
Formula 

C102H118Co8N2O44S8 C108H138N4Ni9O50S8 C120H162Co9N8O54S8 C130H196N14Zn6O48S8 

Crystal class Triclinic Tetragonal Tetragonal Orthorhombic 
λ, Å 0.7927 0.7937 1.54184, CuKα 0.7931 

Space group P-1 P42212 P42212 P bcn 
Z 1 2 2 4 

Cell parameters a = 12.638(3)Å, 
b = 13.524(3)Å, 
c = 21.208(4)Å, 
α = 84.09(3)°, 
β = 84.24(3)°, 
γ = 64.85(3)° 

a = 22.981(3)Å, 
b =  22.981(3)Å, 
c =  13.534(3)Å, 

α = 90 °, 
β = 90 °, 
γ = 90 ° 

a = 22.99439(4)Å, 
b =  22.99439(4)Å, 
c =  13.59342(5)Å, 

α = 90 °, 
β = 90 °, 
γ = 90 ° 

a = 31.887(6)Å, 
b = 23.216(5)Å, 
c = 23.261(5)Å, 

α = 90 °, 
β = 90 °, 
γ = 90 ° 

V, Ǻ3 3257(1) 7148(2) 7187.41(4) 17220(6) 
M (g/mol) 2803.90 3077.09 3367.42 3371.70 

T, K 100(2) 100(2) 100(1) 100(2) 
Size, mm 0.2x0.34x0.43 0.05x0.05x0.10 0.106x0.168x0.32 0.010x0.050x0.050 

F(000) 1440 3188 3482 7064 
rcalc g/cm3 1.429 1.430 1.556 1.301 
µ, cm-1 1.623 1.827 9.769 1.340 
q, deg 3.284£q£30.955 1.979£q£31.011 2.718£ q £ 76.870 1.211£ q £ 28.141 

Refl. meas. 49598 23575 217463 105374 
Independ/ Rint 13943/0.0703 8096/0.0498 7477/0.0461 14774/0.1427 

Param./restr 694/37 482/107 572/200 964/141 
Refl. [I>2s(I)] 10952 6404 7338 9717 

R1 / wR2 0.1101/0.2865 0.0645/0.1705 0.0484/0.1408 0.0711/0.1866 
R1/wR2 

(all refl.) 
0.1267/0.3052 0.0810/0.1856 0.0491/ 0.1417 0.1087/0.2164 

Goodness-of-fit 1.022 1.051 1.059 1.025 
rmax/rmin (eǺ-3) 3.147/ -1.608 1.019/ -2.282 2.214/ -1.268 0.791/-0.741 

Flack parameter - 0.031(8) -0.020(2) - 

   



 

 

  

Table 2. Observed selected bond distances determined by X -ray diffraction on single crystals. 

 32Co8(suc)4 32Co8(suc)4-Co 32Ni8(suc)4-Ni 32Zn6(suc)2 

M-O in nanocontainer 

2.009(5) 
2.017(5) 
2.019(5) 
2.025(5) 
2.030(5) 
2.037(4) 
2.040(4) 
2.050(5) 
2.063(4) 
2.067(4) 
2.074(5) 
2.093(5) 
2.098(4) 
2.100(5) 
2.101(5) 
2.121(5) 
2.145(5) 
2.162(4) 
2.208(5) 
2.217(4) 
2.224(4) 
2.296(5) 

2.015(4) 
2.026(4) 
2.033(4) 
2.045(4) 
2.054(3) 
2.060(4) 
2.094(4) 
2.101(4) 
2.103(4) 
2.119(3) 

2.2040(17) 
2.2722(17) 

1.998(6) 
1.999(6) 
2.010(6) 
2.020(6) 
2.032(6) 
2.036(5) 
2.068(5) 
2.072(6) 
2.073(5) 
2.075(5) 
2.168(2) 
2.209(2) 

2.010(5) (DMF) 
2.014(4) 
2.018(4) 
2.023(4) 
2.027(5) 

2.028(4) (DMF) 
2.047(4) 
2.053(4) 
2.085(4) 
2.090(4) 
2.106(4) 
2.124(4) 
2.129(4) 
2.168(4) 
2.178(4) 
2.211(4) 

M-O in MII(DMF)4(OH)2 - 
2.011(6) 
2.091(6) 

2.114(18) (disorder) 

1.958(11) 
2.081(8) 

- 

M-M 

2.9924(16) 
3.0071(15) 
3.0104(15) 
3.0186(16) 

3.0059(11) 
3.0218(11) 

2.9673(15) 
2.9791(14) 

3.0122(10) 
3.0267(10) 
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The formation of three types of Supramolecular Coordination Cages is described, using the-three-components 
approach. The use of tetrasulfonylcalixarene, combined with metallic salts (Ni, Co and Zn) and the flexible succinate 
ancillary ligand, led to cages displaying different size of cavity. H bonded induced chirality was observed for both 
isomorphous cages.  

 

 


