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Nanosized chiral octahedral Mz, coordination cages were prepared via self-assembly of sulfonylcalix[4]
arene tetranuclear M(i) clusters (M = Co or Ni) with enantiomerically enriched linkers based on tris(dipyrri-
nato)cobalt(i) complexes, appended with peripheral carboxylic groups. Two pairs of enantiomers of
cages were obtained and unambiguously characterized from a structural point of view, using single crystal
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X-ray diffraction. Chiral-HPLC was used to evidence the enantiomers. In the solid state, the compounds
present intrinsic and extrinsic porosity: the intrinsic porosity is linked with the size of the cages, which
present an inner diameter of ca. 19 A. The obtained solid-state supramolecular architectures demon-
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Introduction

Permanently nanoporous molecular coordination cages (con-
tainers or capsules) and metal-organic cages (MOCs) or poly-
hedra (polygons) (MOPs)"® belong to the well-known class of
supramolecular cages that have attracted much attention over
the last few decades. Owing to their nanosize and stability,
these compounds present porosity in the solid state due to the
presence of an internal cavity inherent to their molecular
nature, and also the additional extrinsic porosity resulting
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strated good performances as adsorbents for water and 2-butanol guest molecules.

from the specific packing of molecules in the crystal.” The
applications of such porous symmetrical entities cover fields
such as host/guest chemistry,® molecular separation/
storage,”'® sensing,'’ catalysis,">™* drug delivery’® and bio-
medical applications.®'” These compounds have been often
compared to their analogues metal-organic frameworks
(MOFs), but they present the advantage of being soluble,
which simplifies their purification and use.

Thanks to infinite synthetic possibilities, a large variety of
MOCs have been reported, although their formation mainly
results from self-assembly of one type of ligand and metal
ion."®'? The use of components being able to display some
specific intermolecular interactions with guest molecules and
the understanding of their assembly are key parameters for the
control and the optimization of the porosity and the selectivity
of these molecular compounds.

In this context, it is all the more interesting to use intrinsi-
cally porous starting components. Cavity-shaped calixarenes
are thus good candidates to build nanosized highly porous
compounds. Thiacalix[4]arene®® (H,TCA) and its oxidized ana-
logue sulfonylcalix[4]arene®’ (H,SO,TCA) in cone confor-
mation (Fig. 1a) are attractive building blocks, presenting a
hydrophobic cavity. As classical calix[4]arenes,”>** they have
demonstrated a fascinating ability of selective trapping
different small organic molecules or gases.>**®* When com-
bined with divalent metal ions, these building blocks can lead
to the formation of nanosized MOCs. The first porous coordi-
nation cage based on the macrocyclic thiacalixarene was
reported in 2012.%” Several coordination cages based on thiaca-
lixarenes have since been reported:*®*° coordination clus-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Tetrasulfonylcalix[4larene (H4SO,TCA%") in cone confor-
mation and (b) the tris(dipyrrinatocarboxylic)-cobalt(i) complex
(Co"(HL)5) as building blocks for the formation of nanosized cages.

31,32 27,33

ters,>® capsules or (super)containers, and cages,
leading, as we recently reviewed, to polyhedra displaying a
large variety of adaptable geometries.>* The strategy to form
MOCs using H,TCA or H,SO,TCA is generally based on the
combination of in situ generated “shuttlecock-like” [MX(p,-
H,0)TCA]*" (or [MY(j,-H,0)SO,TCA]*") building blocks, acting
as tetrakis-connecting nodes, with negatively charged polytopic
carboxylate ligands.?® This approach has been efficiently
exploited for the design of new thiacalixarene-based MOCs,
exhibiting different smart properties. Among them, chiral thia-
calixarene-based MOCs, demonstrating homochirality,*®*” are
of particular interest: for example, using the salen metalloli-
gands incorporating stereogenic centres on the organic back-
bone, octahedral homochiral thiacalixarene cages are formed,
in which exciting regio- and enantioselective photodimeriza-
tion was demonstrated.>®

Chiral MOCs***® may find applications in the fields of
chiral memory,"" stereochemical communication,*” enantio-
selective recognition and separation’> or enantiomeric
catalysis.*®**** The formation of chiral polyhedral MOCs
results, in most of the cases, from the introduction of stereo-
genic centres into the polyhedral entities to remove inversion
centres and mirror planes inherent to symmetrical cages.

Recently, we designed octahedral MOCs, resulting from the
linkage of tetranuclear nickel(u) or cobalt(u) clusters supported
by sulfonylcalix[4]arene by using the racemic tris(dipyrrinato)
cobalt(m) complex [rac-Co(L);] (Fig. 1b), appended with peri-
pheral carboxylic acid groups, which were successfully used for
methane separation from C,-hydrocarbons.’® Taking into
account that such kinds of chelated metalloligands can exist
in two enantiomeric forms (A or A), it can be assumed that
the use of enantiopure triangular linkers can afford the for-
mation of face-directed octahedron shaped thiacalixarene-
based cages, displaying homochirality. The use of a metalloli-
gand, where the stereogenic center is the metal complex, has
been scarcely reported in the literature until now for the for-
mation of coordination cages,”””*® and, to the best of our
knowledge, not with thiacalixarene-based cages.

In this work, we report on the first example of sulfonylcalix
[4]arene-based octahedral MOCs, displaying face-controlled
chirality induction, due to insertion of an enantiopure metallo-
center, based on the tris(dipyrrinato)cobalt(m) complex with

This journal is © The Royal Society of Chemistry 2025
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the peripheral carboxylic acid groups [A-Co(L);] and [A-Co(L);]
(Fig. 1b). A series of four enantiomerically pure porous coordi-
nation compounds have been synthesized and characterized.
The preliminary adsorption properties towards chiral guests
were studied.

Results and discussion
Formation of enantiomerically pure connectors

In order to obtain the enantiopure tris(dipyrrinato)cobalt(ur) pre-
cursors, an adaptation of the method described by Wuest et al.,*
and based on the interaction with the chiral reaction partner
(—)-cinchonidine followed by separation of formed diastereomers
by dissolving in THF and column chromatography under acidic
conditions, was successfully applied to isolate A-Co(HL); and
A-Co(HL); (see the Experimental section; see also Fig. 3a). The
enantiomeric enrichment of the complexes was confirmed by cir-
cular dichroism (CD) as presented in Fig. 2. In addition, chiral
HPLC demonstrated a retention time of 16.70 min for A-Co(HL);
and 14.87 min for A-Co(HL);. According to the integration of
peaks, the value of ee was estimated to be 92% for A-Co(HL); and
85% for A-Co(HL); (Fig. S1 in the ESIT).

These data suggested that the compounds are enantiomeri-
cally enriched. The fact that they are stable in a THF solution
and also in the solid state allows them to be used for the for-
mation of cages.

Formation and characterization of homochiral octahedral M;,
cages

Using the same conditions as previously described,*® a one-pot
three-component reaction for obtaining octahedral cages was
performed with a 4:3:12 mixture of A/A-Co(HL);, H,SO,TCA,
and MCl,-6H,0 (M = Co or Ni) with Et;N (30 eq.) in a 1/1 N,N-di-
methylformamide (DMF) and MeOH mixture (see the
Experimental section). The slow diffusion technique (see the
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Fig. 2 CD spectra of A-Co(HL)s and A-Co(HL)s (RT, 5 x 10> M, THF,
2 mm).
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Experimental section) at RT led to red single crystals in 53-78%
yields. The crystals are soluble in dichloromethane (DCM). Two
series of enantiomers were obtained, and they were all character-
ised first using single-crystal X-ray diffraction (SCXRD). The four
compounds are isomorphous and crystallize in the non-centro-
symmetric R32 trigonal space group (see the crystallographic
table, Table 1) and the asymmetric unit is shown in Fig. S2 in
the ESLj for each compound. The four compounds are rep-
resented by one of the two following general formulae:
[M",SO,TCA(j1,-OH,)J6[A-Co™(L);]s-nDMF-mH,0 or [M",SO,TCA
(14"OH,)[6[A-Co™(L);]snDMF-mH,0 (M = Co or Ni). The cages
are formed from six [1-MY(p-H,O)]*" “shuttlecock-like” units,
forming the vertices of the octahedron, and eight enantiomeri-
cally pure A/A-Co(HL);*" units (see Fig. 3a), forming the eight
faces of the octahedron, and thus each connecting three vertices
(Fig. 3b). The characteristic distances of the species are shown in
Table 2. The distances within the cages will not be further dis-
cussed here. The dimensions of the nanosized cages are approxi-
mately 46.5 x 46.5 x 46.5 A® and the inner cavity has a diameter
of ca. 19 A.

View Article Online
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Disorder is observed in the N6 environment around the
cobalt(m) cations of the (Co™L;)*” carboxylate connectors. The
Flack parameters were refined for the four compounds (see the
crystallographic table, Table 1), but were found to deviate too
much from zero to be relied upon; therefore the absolute con-
figurations assigned were based on the presence of unchan-
ging chiral centres used in the syntheses. The inability to cor-
rectly refine the Flack parameters in all structures can be
attributed to the large amount of electron density belonging to
disordered solvent molecules (calculated porosity >70%) that
was accounted for using SQUEEZE within PLATON.>®

For the 4 compounds, when analyzed in their mother
liquor, well-defined powder XRD patterns could be observed
(see Fig. S3 in the ESI}), demonstrating their perfect isostruc-
turality, but slightly deviating from the corresponding calcu-
lated diagram, due to the dynamic presence of a high number
of solvent molecules in the unit cell, which causes some reor-
ganization of the position of the cages in the unit cell. When
exposed to air, the PXRD patterns of the four powdered com-
pounds indicate amorphization, as previously observed for the

Table 1 Crystallographic data for [M4SO,TCA(p4-OHy)lg[A/A-Co(L):] (M = Co or Ni), recorded at T = 120 K

Compound [C0,SO,TCAJ[A-Co(L);]s  [C0sSO,TCAJ[A-Co(L);]ls  [NisSO,TCA]s[A-Co(L);]s [Ni;SO,TCA];[A-Co(L)3]s
Formula® Co24H504C03,N450126524 Ce24H504C035N450126524 Co24H504C05N4gNi»40165,4 Co24H504C05N4gNiz4 0126524
Formula weight (g mol™) 13 346.06 13 346.06 13340.78 13340.78
Colour & habit Red block Red block Red block Red block
Crystal dimensions (mm) 0.30 x 0.34 x 0.43 0.24 x 0.34 X 0.38 0.27 x 0.30 X 0.35 0.21 x 0.32 x 0.45
Crystal system Trigonal Trigonal Trigonal Trigonal
Space group R32 R32 R32 R32

a(A) 37.0736(6) 37.9778(10) 37.0388(3) 36.9578(6)
b (A) 37.0736(6) 37.9778(10) 37.0388(3) 36.9578(6)
c (&) 190.622(3) 190.170(4) 190.1726(19) 190.122(2)
a () 90 90 90 90

5 90 90 90 90

7(9) 120 120 120 120

V(A) 226 898(8) 237 538(13) 225 939(5) 224 892(8)
zZ 6 6 6 6

Peale. (€ cm®) 0.586 0.560 0.588 0.591
F(000) 41040 41040 41184 44312

u (mm™) 3.245 3.100 1.561 1.568
Temperature (K) 120.0(1) 120.0(1) 120.0(1) 120.0(1)
Omax [°] 61.2 51.3 61.2 61.2

Total reflections 331644 298743 290455 309391
Independent reflections 77 167 57138 77139 76 366
Reflections (I, > 20{L,)) 33790 34910 49201 48433
Rine 0.159 0.101 0.102 0.066
Parameters 2296 2257 2274 2270
Restraints 321 294 384 109

GooF (F?) 0.892 0.985 0.923 1.023

R, (I > 20(1,)) 0.0830 0.0873 0.0554 0.0549

R, (all reflections) 0.1476 0.1282 0.0848 0.0861
WR, (Io > 20[I,]) 0.2070 0.2420 0.1319 0.1495
WR, (all reflections) 0.2531 0.2756 0.1492 0.1680
Largest peak (e A™) 0.568 0.517 0.513 0.424
Largest hole (e A™) —0.526 —0.564 —0.447 —0.451
Flack parameter” 0.422(4) 0.242(5) 0.215(5) 0.181(4)
CCDC 2374431 2374315 2374432 2374330

“SQUEEZE® within PLATON was used to account for the large amount of heavily disordered solvates within the cavities of the compounds. No
adjustments were made (formula, formula weight, density, etc.) to account for the use of SQUEEZE. ” All compounds were refined as 2-com-
ponent inversion twins, as the use of PLATON SQUEEZE resulted in ambiguous values for the Flack parameters. As a consequence, the reported
Flack parameters can be ignored and are only reported herein for completeness. The assignment of stereocentres were made based on the use of

unchanging chiral centres in the synthetic precursors.
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Fig. 3 XRD analysis of the formed [M4SO,TCA(ns-OHy)lglA/A-Co
(L)s]lg-nDMF-mH,0: (a) enantiomerically pure A/A-Co(L);3>~ components
and (b) representation of the formed cages.

racemic parent compound,*®
coordination porous species.*®

The crystalline compounds were also characterized by a
variety of techniques including CD, ESI-MS, ion mobility mass
spectrometry (IM-MS), and chiral HPLC.

The ESI-MS data (Fig. S4 in the ESI}) demonstrated the
abundant formation of dipyrrin-based MOCs at the m/z range
of 2220-2230, which corresponds to intact MOCs on the 6~
charge state with some nH,O/mDMF adduct formation, which
is common for such types of materials. The 6~ charge state
can be related to the deprotonation of p,-OH, in each shuttle-
cock moiety.

In addition to ESI-MS, IM-MS measurements were per-
formed. P"CCSy, values were obtained, ranging from 1830.0 to
1846.1 A% in agreement with the values calculated from the
single-crystal XRD structure: 1862.72 A* (see calculations in
the ESI}).

and more generally for large
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The obtained ESI-MS and IM-MS data account for the for-
mation of the nanosized species. It is worth mentioning that
the obtained MS data are also strong evidence of the high
stability of MOCs in solution.

The CD spectra of the chiral cages [Ni;SO,TCA(j1,-OH,)]6[A-
Co(L);]s and [NizSO,TCA(p4-OH,)]6[A-Co(L)3]s in DCM solution
show curves with peaks at 515 nm and 465 nm, which are
almost perfect mirror images providing evidence, in both
cases, of a high enantiomeric excess (ee) (Fig. 4, and Fig. S5 in
the ESIT for [Co,SO,TCA(p4-OH,)]6[A/A-Co(L);]). The obtained
values of ellipticity are 421.29 and -479.56 mdeg for
[Ni,SO,TCA(p4-OH,)]6[A-Co(L)3]s and 395.16 and 452.06 mdeg
for [Ni,SO,TCA(p,-OH,)]s[A-Co(L)3]s, which are much larger
than the ones observed for the connectors: A-Co(HL); (—98.47
and 144.44 mdeg) and A-Co(HL); (91.9 and —131.7 mdeg).
This confirms their presence in a large species.

The strong evidence regarding the large ee for [Co,SO,TCA
(1a-OH,)J[A/A-Co(L);] and [Ni,SO;TCA(k,-OH,)]A/A-Co(L);]
cages was provided using chiral HPLC experiments. The chiral
HPLC experiments demonstrated the formation of chiral MOCs
with ee up to 97%. The data of the HPLC experiments are sum-
marized in Table 3 and are presented in Fig. S6 in the ESL.}

Sorption properties of octahedral M;, cages in the solid state

Gas adsorption of some calixarene-based MOCs has been
recently reviewed.>® However, there are only a few reports on
vapor sorption by MOCs. They include water sorption studies
in polyoxometalate-based cages,®® as well as very interesting
reports on fluorescence switchability by CHCl; vapor sorp-
tion®* or colour change induced by ammonia vapor intake*
tetrahedral MOCs.

The sorption properties of the four MOCs have been investi-
gated by the gravimetric dynamic vapor sorption method.
Freshly filtered-off samples were desolvated under dry N, flow
with a stepwise increase in temperature from 25 to 120 °C. The
initial decrease in mass is very fast (Fig. S7 in the ESI}), indi-
cating that the release of solvents from crystallization (DMF
and MeOH) starts at room temperature immediately upon
removal from the mother liquor, for [Co,SO,TCA(j1,-OH,)]6[A-
Co(L);]s. For all samples, the registered mass loss of about
48% corresponds roughly to the release of 166 DMF molecules
per formula unit (one cage).

The water sorption isotherms, for the four compounds,
show almost linear change of mass with increasing relative
humidity (RH) and narrow hysteresis (Fig. 5). At 90% RH, the
amount of adsorbed water reaches only 10-12%, which corres-

Table 2 Characteristic distances around the metal ions in the structure of MOCs based on the chiral dipyrrin connectors A-Co(HL)3 and A-Co(HL);

[M4SO,TCA(j14-OH,)]6[A,A-Co(L);]s-nDMF-mH,0 (M = Co™ or Ni")

M-Og,0), A

M-M, A Co-N, A

[C04S0,TCA]{[A-Co(L);]s 2.196(9)-2.267(9)
[C04S0,TCA]([A-Co(L);]s 2.114(10)-2.304(9)
[Ni;SO,TCA]s[A-Co(L)s]s 2.149(5)-2.235(5)
[Ni,SO,TCA][A-Co(L);]s 2.160(5)-2.215(6)

This journal is © The Royal Society of Chemistry 2025

2.988(4)-3.027(3)
2.970(5)-3.030(3)
2.957(2)-2.994(2)
2.944(2)-2.983(3)

1.857(14)-1.954(14)
1.860(9)-1.970(9)
1.880(5)-1.950(5)
1.883(8)-1.949(5)
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Fig.4 CD spectra of [NigSO,TCA(ns-OH,)lg[A-Co(l)s]lg and

[NizSO,TCA(n4-OHy)lg[A-Co(L)slg (RT, 5 x 107> M, DCM, cuvette length
=2 mm).

Table 3 For MOCs based on the chiral dipyrrin connectors A-Co(HL)s
and A-Co(HL)s: the retention time and ee using chiral HPLC

Retention time, min ee, %
[C04SO,TCA(j14-0H,)]6[A-Co(L);]s 51.05 97
[C04SO,TCA(p4-OH,)]s[A-Co(L)3]s 28.10 96
[Ni,SO,TCA(j14-OH,)]6[A-Co(L);]s 51.06 95
[Ni,SO,TCA(j14-OH,)]s[A-Co(L);]s 28.14 92

124 Water sorption isotherms
at 25°C
10 +
2
~ 8-
(0]
[®)]
G
5 61
2]
o
= 44 Sorption / desorption
—e— —0—Co-A-Co
2 ® o— Co-A-Co
—e— —0— Ni-A-Co
0 —e— —0—Ni-A-Co
T T T T T

0 20 40 60 80 100
Relative humidity / %

Fig. 5 Water sorption isotherms at 25 °C for [M4SO,TCA(u4-OH))lg[A/
A-Co(L)z].

ponds to about 80 H,O molecules. We assume that the
adsorbed water molecules are located mostly around the eight
shuttlecock moieties, where the sulfonyl and carboxylic groups
facilitate the formation of hydrogen bonds. The small mass
increase indicates that water does not fill the full volume of

1984 | Nanoscale, 2025, 17, 1980-1989
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the cage, most probably due to its large size and mostly hydro-
phobic inner surface formed by phenylene and pyrrolyl rings.
After the desorption process, about 12 water molecules (1.6%)
are retained. In the second sorption cycle, the same maximum
amount of water is reached and the hysteresis becomes even
narrower (Fig. S8 in the ESI}). After water sorption, the
samples can be reactivated at 120 °C to regain the original
sorption capacity. The small differences between the four com-
pounds (slightly lower sorption for [NisSO,TCA(j1,-OH,)]s[A-Co
(L);]s and increase in sorption at high RH for [Ni,SO,TCA(j,-
OH,)[¢[A-Co(L);]s) may be related to the different sizes of
crystallites.

The sorption of 2-butanol was studied in order to evaluate
the potential of the cages in enantioselective sorption. Initial
experiments were conducted on the racemic mixture. In con-
trast to water sorption, the compounds show a sharp initial
intake of 2-butanol (over 10% mass increase at 5% p/p,), con-
sistent with their porous characteristic (Fig. 6). Then the mass
increase is almost linear and reaches about 42%, which corres-
ponds to an intake of 76 molecules per formula unit. More
effective sorption of 2-butanol than that of water may be con-
nected with its lower polarity and larger size, which facilitate
trapping within the cages. However, the adsorbed amount of
2-butanol is much too small to fill the voids in the structure
originally occupied by the crystallization solvent, which corro-
borates the supposed collapse of the crystal lattice upon deso-
Ivation. Like in the case of water, some 2-butanol is retained
after desorption (10-16 molecules), and in the subsequent
sorption cycles (Fig. S9 in the ESI}), the sorption hysteresis
becomes narrower. The retained 2-butanol can be removed by
activation at 120 °C. There are some small differences in the
adsorbed amount of 2-butanol between the compounds. Like
in the case of adsorption of water, [Ni;SO,TCA(p4-OH,)]s[A-Co
(L)s]s shows the highest intake and [NiySO,TCA(j,-OH,)]6[A-

50
Racemic 2-butanol
40 -
X
o 30
()]
C
(]
S
o 20
@
S —e— Co-A-Co
104 —e— Co-A-Co
—eo— Ni-A-Co
—e— Ni-A-Co
04
T T T T T
0 20 40 60 80 100
plpg ! %

Fig. 6 Racemic 2-butanol sorption isotherms at 25 °C for [M4SO,TCA
(ng-OHy)I6[A/A-Co(L)s]; full circles — sorption, empty circles -
desorption.
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Co(L);]s shows the lowest intake. However, we also observed
some variations in sorption between different batches of the
same compound. They included varied sorption kinetics (time
to achieve equilibrium in each step) and the maximum mass
increase differing up to 2%. This behaviour confirms our
hypothesis that the differences in sorption characteristics are
connected with the crystal size and the extent of their collapse
upon the loss of crystallization solvent. The dependence of gas
or vapor sorption properties on the post-synthetic treatment,
including contact with water or organic solvents, was also
observed in other MOC structures.>>>¢

In order to check whether there is a preferential sorption of
one enantiomer, we performed analogous sorption studies
using enantiopure S-2-butanol. The resulting isotherms
(Fig. S10 in the ESI}) practically coincide with those of racemic
2-butanol within the observed differences described above.
Therefore, we may conclude that the cages, despite their chiral-
ity, do not show enantioselectivity towards 2-butanol.
Successful separation of 2-butanol enantiomers was found for
some chiral 2D and 3D MOFs.”” ™ In all these cases, the size
of the voids in the porous MOF structures is much smaller
than the dimensions of the inner cavity of the [M;SO,TCA(j14-
OH,)J¢[A/A-Co(L);]s cages. Therefore, we believe that the lack
of enantioselectivity is caused by the fact that 2-butanol mole-
cules can adopt different conformations inside the large cages
without direct interactions with the cage chiral skeleton.

Experimental
Synthesis

General. All reagents and solvents were of analytical grade
and purchased from commercial sources and were used
without further purification. The syntheses of (H,SO,TCA)*
and the racemic rac-Co(HL,); (L = 5-(4-carboxyl-phenyl)-4,6-
dipyrrinato) were performed as previously described.®>®> The
separation of rac-Co(HL,); is adapted from a previously
reported procedure.*®

Chiral separation for A/A-Co(HL);. Tris[5-(4-carboxyphenyl)-
4,6-dipyrrinato] Co(ui) (rac-Co(HL,)3) (0.350 g, 0.4 mmol) and
(=)-cinchonidine (0.2425 g, 0.8 mmol) were dissolved in 20 mL
of THF. The reaction mixture was refluxed overnight, then
cooled in a fridge, filtered off and washed one time with cold
THF to afford a red solid (A) and a red filtrate (A).

Both compounds display the same NMR data; below is the
numbering scheme used for NMR data.

A-Co(HL,), ; A-Co(HL,);
HO OH HO OH

This journal is © The Royal Society of Chemistry 2025
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"H-NMR (DMSO-ds, 500 MHz, 25 °C) § ppm: 8.08 (d, J = 7.8
Hz, 6H, H>), 7.56 (d, J = 7.8 Hz, 6H, H"), 6.64 (m, 6H, H%), 6.45
(m, 6H, H"), 6.35 (m, 6H, H?).

A-Tris[5-(4-carboxyphenyl)-4,6-dipyrrinato] Co(m) (A-Co(HL);).
The red solid was dissolved in a mixture of ethyl acetate/tri-
fluoroacetic acid (EA/TFA = 100/0.3) and then purified by
column chromatography (SiO,, eluent - EA/TFA = 100/0.3); it
afforded a bright red solid (77%, 0.135 g).

CD (5 x 10™° M, THF, 2 mm): 465 nm (¢ = —98.47 mdeg),
515 nm (0 = 144.44 mdeg).

Chiral HPLC (ChiralPak IA, hexane/THF/TFA = 80/20/0.1, flow
rate = 0.8 mL min~*, A = 470 nm, 25 °C): 16.70 min, ee = 92%.

A-Tris[5-(4-carboxyphenyl)-4,6-dipyrrinato] Co(m) (A-Co(HL);).
The obtained filtrate was evaporated and the dark red residue
was dissolved in the mixture EA/TFA = 100/0.3 and then puri-
fied by column chromatography (SiO,, eluent — EA/TFA = 100/
0.3); it afforded a bright red solid (63%, 0.111 g).

CD (5 x 10> M, THF, 2 mm): 465 nm (¢ = 91.9 mdeg),
515 nm (6 = —131.7 mdeg).

Chiral HPLC (ChiralPak IA, hexane/THF/TFA = 80/20/0.1,
flow rate = 0.8 mL min~}, A = 470 nm, 25 °C): 14.87 min, ee =
85%.

Crystallisation for [M,SO,TCA(j1,-OH,)]s[A/A-Co(L);]s (M =
Ni or Co). The same procedure was applied for the four
compounds.

(A/A-Co(HL,)3) (0.03 g, 0.03 mmol), sulfonylcalix[4]arene
(0.02 g, 0.02 mmol) and cobalt(u) chloride hexahydrate
(0.022 g, 0.094 mmol) were dissolved in 5 mL of DMF and then
were placed in a tube. A mixture of 1 mL of MeOH and 1 mL of
DMF was placed in the tube above the DMF solution.
Triethylamine (0.03 mL, 0.23 mmol) was dissolved in 3 mL of
MeOH and the triethylamine solution was placed in the tube
above the mixture of DMF and MeOH. The tube was sealed
and left for two weeks. Octahedral red crystals suitable for
further analysis were collected via filtration.

[C04SO,TCA(j1,-OH,)]6[A-Co(L);]s. Yield = 55%.

ESI-MS: calculated m/z for [M + H,0 — 6H]®™ 2226.3, m/z
found 2224.4.

IM-MS: found ""CCSy, = 1833.6 A,

Elemental analysis (Cg24Hs504C03,N450126524-40DMF-22H,0):
% calculated: C, 53.62%; H, 5.01%; N, 7.40%; % found: C,
53.62%; H, 5.01%; N, 7.37%.

CD (5 x 107° M, DCM, 2 mm): 467 nm (6 = 418.23 mdeg),
518 nm (0 = —463.17 mdeg).

Chiral HPLC (ChiralPak IA, hexane/DCM/ethanol = 90/5/5,
flow rate = 0.5 mL min~", 4 = 450 nm, 25 °C): 28.10 min, ee =
96%.

[C04SO,TCA(j14-OH,)]6[A-Co(L);]s. Yield = 74%.

ESI-MS: calculated m/z for [M + H,0 — 6H]®™ 2226.3, m/z
found 2227.5.

IM-MS: found ""CCSy, = 1830.0 A,

Elemental analysis (Cg24H504C03,N45012652442DMF-23H,0):
% calculated: C, 53.52%; H, 5.05%; N, 7.49%; % found: C,
53.54%; H, 4.95%; N, 7.49%.

CD (5 x 107> M, DCM, 2 mm): 467 nm (# = —401.79 mdeg),
518 nm (@ = 433.51 mdeg).
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Chiral HPLC (ChiralPak IA, hexane/DCM/ethanol = 90/5/5,
flow rate = 0.5 mL min~?, A = 450 nm, 25 °C): 51.06 min, ee =
97%.

[Ni,SO,TCA(p4-OH,)]6[A-Co(L);]s. Yield = 78%.

ESI-MS: calculated m/z for [M + H,0 — 6H]®” 2225.3, m/z
found 2224.4.

IM-MS: found ""CCSy, = 1846.1 A,

Elemental analysis (Cgz4H504C0gNizsN450126524-41DMF-34H,0):
% calculated: C, 52.93%; H, 5.11%; N, 7.35%;% found: C, 52.92%;
H, 5.08%; N, 7.36%.

CD (5 x 107° M, DCM, 2 mm): 464 nm (@ = 421.29 mdeg),
517 nm (0 = —479.56 mdeg).

Chiral HPLC (ChiralPak IA, hexane/DCM/ethanol = 90/5/5,
flow rate = 0.5 mL min~*, A = 450 nm, 25 °C): 28.15 min, ee =
92%.

[Ni,SO,TCA(p4-OH,)]6[A-Co(L);3]s. Yield = 53%.

ESI-MS: calculated m/z for [M + H,0 — 6H]®" m/z 2225.3
found m/z 2226.2.

IM-MS: found ""CCSy, = peak not resolved.

Elemental analysis (Cg,4H504C0gNiz4N450126524-41DMF-31H,0):
% calculated: C, 53.10%; H, 5.09%; N, 7.38%; % found: C,
53.09%; H. 5.07%; N. 7.39%.

CD (5 x 107> M, DCM, 2 mm): 464 nm (6 = —395.16 mdeg),
517 nm (0 = 452.06 mdeg).

Chiral HPLC (ChiralPak IA, hexane/DCM/ethanol = 90/5/5,
flow rate = 0.5 mL min~*, A = 450 nm, 25 °C): 51.04 min, ee =
95%.

Characterization techniques

Elemental analysis was performed on a Vario Macro CHN ana-
lyzer (Elementar Analysen systeme GmbH, Langenselbold,
Germany).

ESI-MS and ion mobility mass spectrometry. Ion mobility
mass spectrometry experiments were performed with an
Agilent 6560 ESI-IM-QTOF mass spectrometer equipped with
a dual AJS ion source and a Drift Gas Upgrade Kit (Agilent
Technologies, USA). Samples of [M;SO,TCA(p,-kOH,)]6[A,A-
Co(L)3] (M = Co or Ni) (0.005 g) were suspended in 250 pL of
DCM and then filtered and the solution was diluted with 1 or
5 puL mL~" ACN. All measurements were done using negative
mode (—)ESI at an extended m/z range with N, and He as
drift gases. The samples were injected into the ESI source
with a flow rate of 5 pL. min~". A dry gas temperature of
225 °C, a dry gas flow rate of 2 L min™", a nebulizer pressure
of 5 psi, a sheath gas temperature of 225 °C, and a sheath
gas flow rate of 5 L. min~" were used. A capillary voltage of
4000 V, a nozzle voltage of 2000 V and a fragmentor voltage
of 400 V were set as source parameters. In the IM-MS experi-
ments with N, drift gas (He values in parentheses), the drift
tube pressure was set to 3.95 Torr and high-pressure funnel
to 3.80 Torr (3.70 Torr). In the single-field IM experiments,
the drift tube entrance and exit voltages were set as 1574 V
(875 V) and 224 V (133 V), respectively. A trap filling time of
10 000 ps (5000 ps) and a trap release time of 150 ps (350 ps)
were used. Collision cross-section (CCS) values were deter-
mined using multifield measurements and then the drift
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tube entrance voltage was varied from 1074 V to 1674 V with
100 V increments (563 to 875 V with 52 V increments). Before
sample introduction, ES tuning mix (Agilent Technologies)
was measured as a quality control sample for CCS values.®?
Data were analysed using MassHunter Qualitative Navigator
(B.09.00) and MassHunter IM-MS Browser (B.08.00) from
Agilent Technologies, USA.

Single crystal X-ray diffraction. Single crystal X-ray data were
measured using a Rigaku SuperNova dual-source Oxford diffr-
actometer equipped with an Atlas detector using mirror-mono-
chromated Cu-Ka (1 = 1.54184 A) radiation. Data collection
and reduction were performed using the program
CrysAlisPro,** with an empirical absorption correction method
using spherical harmonics correction applied. The structure
was solved with intrinsic phasing (ShelXT)*® and refined by
full-matrix least squares on F> using the Olex2 software,*®
which utilises the ShelXL-2015 module.®” Anisotropic displace-
ment parameters were assigned to non-H atoms. All hydrogen
atoms were refined using riding models with U (H) of
1.5U,4(C) for sp® hybridized carbons and Ueq(H) of 1.2U.4(C)
for sp® hybridized carbons.}

Powder X-ray diffraction. Powder diffraction patterns were
recorded in the Debye-Scherrer geometry using a PANalytical
X'Pert PRO MPD diffractometer. Crystalline samples were
ground and sealed in glass capillaries under a mother liquor.

Solvent vapor sorption. Solvent vapor sorption isotherms
were measured at 298 K by a gravimetric dynamic vapor sorp-
tion method using a Surface Measurement Systems DVS
resolution apparatus in the p/p, range from 0 to 90% in N,
carrier gas. Freshly filtered off samples were placed in the DVS
chamber and activated under a dry N, flow with a stepwise
increase of temperature up to 393 K. All activation and
measurement steps were carried out to achieve a stable mass
of the samples (dm/dt = +0.002% min™).

HPLC. HPLC measurements were realized on a Shimadzu
Prominence HPLC system with a LC-20AD pump and
SPD-M20A PDA detector. The data were analyzed using
Labsolution software. The solvents used were of the HPLC
Chromasolv grade quality.

(A/A-Co(HL)3). 1 pL of the samples was injected into a
Daicel Chiral column IA (4.6 mm x 250 mm; 5 pm). The chro-
matographic conditions were the following: a flow rate of
0.8 mL mn", consisting of hexane/THF with 0.1% TFA at 80/
20 and 25 °C. All samples passed through a PTFE filter (pore
size: 0.2 pm) and were solubilized with hexane/THF at 50/50 as
an injection mixture at a concentration of around 0.8 mg
mL ™.

[M4SO,TCA(p4-OH,)]6[A/A-Co(L)3]s (M = Ni or Co). 1 pL
of the samples was injected into a Daicel Chiral column IA
(4.6 mm x 250 mm; 5 pm). The chromatographic con-
ditions were the following: a flow rate of 0.5 mL min "
with hexane/DCM/EtOH at 90/5/5 as the eluent mixture at
25 ©°C. All samples passed through a PTFE filter (pore
size: 0.2 pm) and were solubilized with DCM/EtOH at 86/14
as the injection mixture at a concentration of around
0.5 mg mL™".
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Conclusions

We reported a reliable approach for the synthesis of chiral
porous octahedral nanosized coordination cages, resulting from
the three-component assembly of sulfonylcalixarene, an enantio-
merically enriched tris-dipyrrin complex and metallic cations.
Two pairs of enantiomers were obtained and, to the best of our
knowledge, this is the first example of calixarene-based MOCs,
where a metallic stereogenic center is used, which leads to face-
induced chirality of the nanosized objects. This paves the way to
a new class of materials. The obtained supramolecular architec-
tures, which incorporate 32 metal cations and display large cav-
ities (ca. 19 A), exhibit internal and external porosity. The poro-
sity was illustrated through DVS measurements, and the com-
pounds display high water affinity (intake of up to 80 molecules).
The sorption of 2-butanol was also revealed to be high (up to
76 molecules) without any enantioselectivity towards enantio-
pure S-2-butanol. The enantioselectivity towards larger species
and the reactivity of these species as enantioselective catalysts
are currently under investigation.
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