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Reaction of CuCl,-2H,O with p-tert-butylthiacalix[4]larene (H4TC[4]A)
affords a [Cul,l cage whose metallic skeleton conforms to a truncated
octahedron in which the metal ions are strongly antiferromagnetically
coupled. A structurally related [Cull] cluster can be made using CuBr; in
an otherwise identical reaction.

Polymetallic complexes of Cu" represented the gateway to the
field of molecular magnetism, beginning with studies of copper
acetate' in the 1950s through to the development of magneto-
structural correlations in hydroxide- and halide-bridged dimers
in the 1970s and 80s.> Later research revealed the presence of
spin frustration in equilateral Cu" triangles and prompted
detailed studies into the mechanisms of magnetic exchange.?
Indeed, high symmetry molecules are often ideal model com-
plexes to examine geometric spin frustration, and for larger
nuclearity cages this can lead to some exotic behaviour includ-
ing enhanced ground-state degeneracy, low-lying singlets, non-
collinear ground states and unusual magnetisation plateaus/
jumps.* The synthesis of high symmetry molecules is however
not trivial.> One approach is to build small nuclearity, high
symmetry complexes such as triangles or squares, since these
are the building blocks of certain Archimedean and Platonic
(or Keplerate) polyhedra, and assemble them into larger species
often at high temperatures and pressures.® An additional
challenge comes in designing an organic ligand capable of
stabilising such building blocks, and an excellent candidate is
p-tert-butylthiacalix[4]arene (H,TC[4]A, Fig. 1). This versatile
molecule was first synthesised in 1997 and has since proved
to be a highly successful platform for a breadth of
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A [Cu),] truncated octahedron and its [Cug]
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supramolecular and coordination chemistry.”*® In the latter
area, the [S,0,] donor atom set typically leads to the formation
of square [M,] building blocks that can self-assemble to form
aesthetically pleasing molecular cages exhibiting a variety of
nuclearities and topologies."* This versatility is particularly
appealing to chemists interested in constructing high nucle-
arity cages of paramagnetic metal ions with a view to develop-
ing magneto-structural correlations and/or uncovering novel
magnetic phenomena. Surprisingly however, a search of the
Cambridge structural database for TC[4]A-supported Cu" cages
reveals just five hits: four [Cu,] squares and one [Cu;;Na,]
cluster.’® Herein, we outline the synthesis, structure and mag-
netic behaviour of a [Cujy] cage and a structurally related [Cuj]
building block.

Reaction of CuCl,-2H,0 with H,;TC[4]A in a basic dmf/MeOH
solution (see ESI,t for full details) leads to the formation of
brown single crystals after 3 days, upon slow evaporation of the
mother liquor. Crystals of [Cuy,(p4-TC[4]A)s(Hs-Cl)s(He-CO3)s
(1-OH)g(dmf)g]-22dmf (1-22dmf) were found to be in a triclinic
cell and structure solution was performed in the P1 space group
(see Fig. S1, ESIL, 1 shows the PXRD). The asymmetric unit (ASU)
contains two distinct half clusters (i.e. the unit cell contains two
[Cu,,] clusters which lie about independent inversion centres)

Fig. 1 The structure of p-tert-butylthiacalix[4]arene (H4TC[4]A). Colour
code: C = grey, O =red, S = yellow, H = white. Only the phenolic H atoms
are shown.
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Fig. 2 Different views of the molecular structure of complex 1. Colour
code: Cu = pale blue, O = red, S = yellow, Cl = green, C = grey. ‘Bu groups,
H atoms and solvent molecules of crystallisation are omitted for clarity.

and symmetry expansion affords the cage shown in Fig. 2. The
metallic skeleton (Fig. 3) of 1 describes a [Cuby] truncated
octahedron. The fully deprotonated TC[4]A ligands sit atop
the six square faces, bonding to the four Cu ions through four
p-O atoms and four terminal S atoms, as expected. Below the
square lies a p,-C1'~ ion, creating the [Cu4(TC[4]A)C]] building
block. Six of these building blocks are self-assembled into the
[Cu,,] unit by a disordered combination of six ps-CO;>~ ions
and six u-OH'~ ions (see the CIF file/ESI,t for full details),
which lie in the hexagonal faces of the truncated octahedron.
The carbonate anions originate from CO, fixation. Perhaps
counter-intuitively, the deliberate addition of CO;*>” ions to
the reaction mixture, in the form of Na,CO;/NaHCO3;, prevents
crystal formation.

This journal is © The Royal Society of Chemistry 2025

Fig. 3 (A) Bonding modes of the TC[4]A ligand/Cl ion and the formation
of the [Cu4(TC[4])Cl building block. (B) Metallic skeleton of 1 highlighting
the truncated octahedron topology. (C) and (D) Different views of the
magnetic core of 1. Colour code: Cu = pale blue, O = red, S = yellow,
Cl = green, C = grey. ‘Bu groups, H-atoms and solvents molecules of
crystallisation are omitted for clarity.

The Cu ions are all six coordinate and in Jahn-Teller
(JT) distorted {CuO,SCl} environments with the JT axis directed
along the S-Cu-Cl vector (Cu-O, ~1.60-2.10 A, Cu-S,
~2.59-2.63 A, Cu—Cl, ~2.65-2.67 A). A dmf molecule sits in
each of the calixarene cavities, although two were handled
using a solvent mask during structure refinement. The self-
assembly of the six [Cu4(TC[4]A)Cl] moieties gives rise to a small
encapsulated space at the centre of the [Cuy,] cluster that is
occupied by three disordered H,O molecules. These are
H-bonded to both the p,-Cl'~ ions and the O-atoms of the
16-CO;*~/u-OH'~ ions (O---0/Cl < 3 A) that line the interior
wall of the cage. Closest intermolecular interactions occur
between the ‘Bu groups of the TC[4]A ligands (C---C, > 3.5 A)
and between the ‘Bu groups and the dmf solvate (C- - -O, > 3.7 A).
Examination of the extended structure (Fig. S2, ESIt) confirms
that the cluster cores are very well isolated from symmetry
equivalents due to the TC[4]A ligands, with the closest Cu- - -Cu
distance found being >12.6 A.

We note that TC[4]A-stabilised truncated octahedra are
known for Co", Ni" and Mn",'® but 1 represents the first
example obtained with Cu". Interestingly a [Cu,,'] cage
was recently synthesised using tetramercaptotetrathiacalix[4]
arene,"” which suggests that control over metal oxidation state
can be achieved through choice/variation of lower rim substi-
tuent, or through the use of different calix[n]arenes within the
same reaction, routes not yet exploited.

A [Cuj] cluster representing approximately one third of the
structure of 1 can be isolated by replacing CuCl,:
2H,0 with CuBr, in an otherwise identical reaction. Crystals
of [Cull(uTC[4]A)(11-CO5)(1-OH)(Br)s(dmf)y(H,0)]-2dmf (2-2dm,
Fig. S1, ESL T shows the PXRD) were in an orthorhombic cell with
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Fig. 4 Orthogonal views of the molecular structure of complex 2. Down
the b-axis (A) and a-axis (B) of the unit cell. Colour code: Cu = pale blue,
O = red, S = yellow, Br = brown, C = grey, N = dark blue. ‘Bu groups, H
atoms and solvent molecules of crystallisation are omitted for clarity.

structure solution performed in the space group Pbca; the ASU
contains the whole formula (Fig. 4). The structure of 2 describes
two [Cu4(TC[4]A)Br] metalloligands bridged by one CO;*~
ligand and one OH"'"~ ion. The [Cu,] squares are asymmetric,
with one Cu-Br bond length in the range ~2.43-2.44 A and
three in the range ~2.98-3.08 A. As a result, the Cu---Cu
distances are also asymmetric, and in the range ~3.21-3.45 A.
The [CO;]*~ ion (which as with 1 originates from CO, fixation) acts
as a p,-bridge between the two [Cu,] squares, linking Cul and Cu4
on one square with Cu6 and Cu7 on the second square. Cu4 and
Cu7 are also bridged by the sole p-OH'™ ion (Cu4-O12-Cu7,
~105°) which itself is H-bonded to the terminal Br'~ ion (Bré)
attached to Cu8 with 50% occupancy (O(H). - -Br, ~3.15 A). Charge-
balance is afforded through the 50% occupancy of another term-
inal Br'~ ion (Br5) attached to Cu3, but at an angle that does not
allow for H-bonding with the OH'~ ion. The remaining coordina-
tion sites on the Cu ions are filled with a dmf molecule (Cul, Cu3,
Cus6), a H,0 molecule (Cu8), and a terminal Br'~ ion with full
occupancy (Cu2, Cu5). The Cu ions adopt four different geometries/
coordination spheres. Cu3 and Cu8 are five-/six-coordinate as the
Br'~ ion is disordered across the two positions and thus have
distorted square pyramidal/octahedral {CuO;Br; S} geometries.
Cu2 and Cu5 are five-coordinate and are in distorted square
pyramidal {CuO,Br,S} geometries, and Cu1l/Cu4/Cu6/Cu7 are all
six-coordinate and in distorted octahedral {CuO,BrS} geometries.
In each case the JT axis of the Cu" ion lies along the S-Cu-Br
vector. A molecule of dmf occupies each TC[4]A cavity. Deliberate
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introduction of CO;>” ions to the reaction mixture, in the form of
Na,CO3/NaHCO; results in the formation of insoluble powder.

Examination of the extended structure of 2 reveals that
symmetry equivalent clusters pack to form a bi-layer type
structure (Fig. S3, ESIt). This type of self-assembled bi-layer
structure is commonly observed'® in a variety of calixarene
solvates and coordination compounds in which the ligands are
not forced to pack in a parallel manner, e.g. as in the structure
of 1. The result of this is that the closest crystallographically
unique Cu---Cu distance between neighbouring clusters is
found to be significantly shorter than in 1, in this case at
~8.4 A as shown in Fig. S3 (ESIt).

Dc magnetic susceptibility data were measured on powdered
polycrystalline samples of 1-2 in the 7= 300-2.0 K temperature
range, in a field of B = 0.1 T (Fig. 5). The %T values of 1/2 at
300 K are 4.29/2.49 cm® K mol™!, both well below the
Curie constant expected for 24/8 uncoupled S = 1 ions
(9/3 em® K mol ™" for g = 2.00). As the temperature is decreased
the value of yT decreases rapidly and reaches a value of
0 cm® K mol ! at T = 15/5 K in both cases. This behaviour is
clearly indicative of very strong antiferromagnetic exchange
between neighbouring Cu" ions in both 1 and 2, and the
presence of well isolated diamagnetic ground states, as corro-
borated by magnetisation data (Fig. S4, ESIt).

The presence of two different clusters of 1 in the unit cell,
the disordered [CO;]/[[OH] and a total of twenty four Cu" ions
per cluster poses some problems (over-parameterisation, com-
putational limits) for modelling the magnetic behaviour. In
order to overcome these issues, we have constructed three
[Cu;;] model compounds (models 1-3, Fig. S5, ESIt) that
describe half the cluster, and assume the presence of not more
than three distinct exchange interactions based on the different
bridging atoms and angles present. These are J; = Cu-O/Cl-Cu

2.5 E

2.0 .
E

v 1.5 -
e

S10- ]
~
R

0.54 -

1
0.0+ o 2
0 50 100 150 200 250 300
T/K

Fig. 5 Experimental yT versus T data for 1 (O) and 2 ((J) measured in the
T = 300-2.0 K temperature range in an applied field, B = 0.1 T. The
experimental data for 1 is divided by two and modelled using spin-
Hamiltonian (1) and model 1 shown in Fig. S5 (ESIT). The solid red lines
are the best fits to the experimental data. See text for details.
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along the sides of the square faces (Cu-O-Cu = ~109-112°,
Cu-Cl-Cu = ~75°; J, = Cu-Cl-Cu across the diagonal of the square
faces (Cu-Cl-Cu = ~118°); and J; = Cu-O-Cu along the edges of
hexagonal faces (Cu-OpygroxiaeCu = ~94°, Cu-Ocarbonate=CU =
~120°) through the disordered OH/CO; bridges. We ignore any
diagonal interactions across the face of the hexagon through the
three atom Cu-O-C-O-Cu carbonate bridges.

H= :UBBZgiSf —2) JySi- S 1)

ij>i

The best fit parameters using these models and spin-
Hamiltonian (1), where the indices refer to the constituent Cu"
ions, up is the Bohr magneton, g is the g-factor fixed at g = 2.00,
8 is a spin operator and Jij is the pairwise isotropic exchange
interaction parameter, are collected in Fig. S4 (ESIt). What is
clear is that each model matches the experimental data (Fig. 5
and Fig. S6, ESIT) well but does so with different sets of J values.
In other words, there is no unique fit of the susceptibility data
and we can only conclude that the J values in 1 range between
—56 < J < —139 cm ™ '. We disregard model 2 on account of the
erroneously large J, value. Models based on just 2 J values led to
poorer fits and/or erroneously large J values.

The data for 2 can fitted using the model shown in Fig. S7
(ESIT), which contains two J values, one within each [Cuy]
square (J; = Cu-O/Br-Cu), and one between the two squares
through the two single O-atom bridges (/, = Cu-O¢o3/Oon—Cu).
The best fit parameters are J; = -98.6 cm™ ' and J, = -40.6 cm ™",
with g = 2.00. The J values obtained for 1 and 2 are in
accordance with previous magneto-structural correlations
developed for O/Cl-bridged Cu" dimers with similar Cu-O/Cl-
Cu angles."”

In conclusion, reaction of CuCl,-:2H,O or CuBr, with
H,TC[4]A in basic dmf/MeOH solutions affords [Cuj,] and
[Cuy] clusters, respectively. The former possesses a metallic
skeleton conforming to a truncated octahedron containing
six [Cuy(TC[4]A)] metalloligands, and the latter a dimer of
[Cu,(TC[4]A)] squares. In each case the self-assembly process
has been facilitated by the presence of carbonate ions, originat-
ing from the fixation of CO,. Both 1 and 2 are novel structure
types in Cu-TC[4]A coordination chemistry, the former joining
the family of known TC[4]A-supported [M,4] cages of Ni", Co"
and Mn". Surprisingly, 1 and 2 are just the sixth and seventh
known polymetallic Cu-TC[4]A clusters, with 1 being by far the
largest yet reported. Given the clear affinity between M" ions
and TC[4]A, one would expect many more such compounds
await discovery. Magnetic susceptibility measurements reveal
the presence of very strong antiferromagnetic interactions
between neighbouring Cu™ ions in 1 and 2, resulting in well
isolated S = 0 ground states in both cases.
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Data availability

Crystallographic data for compounds 1-2 have been deposited at
the CCDC under numbers 2417304 and 2417305 and can be
obtained from https://www.ccde.cam.ac.uk/structures/.i Further
data supporting this manuscript have been included as part of
the ESL+
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