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Reaction of 2,2'-bis-p-‘Bu-calix[4larene (Hgl) with Cu(NO3),-3H,O and N-methyldiethanolamine (Me-
deaHy) in a basic dmf/MeOH mixture affords [Culls(L)2(Me-dea)s(pa-NOs)a(p-OH)4(dmf)s s(MeOH)g 5(H20).]
(HglL)-16dmf-4H,0O (4), following slow evaporation of the mother liquor. The central core of the metallic
skeleton describes a tetracapped square prism, [Cuy,l, in which the four capping metal ions are the Cu' ions
housed in the calix[4]arene polyphenolic pockets. The [Cu'g] square prism is held together “internally” by a
combination of hydroxide and nitrate anions, with the N-methyldiethanolamine co-ligands forming dimeric
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[Cug] units which edge-cap above and below the upper and lower square faces of the prism. Charge
balance is maintained through the presence of one doubly deprotonated HglL?~ ligand per [Cusgl cluster.
Magnetic susceptibility measurements reveal the predominance of strong antiferromagnetic exchange
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Introduction

Interest in the magnetic behaviour of polymetallic complexes
of Cu" can be traced back to studies of copper acetate’ in the
1950s and the subsequent magneto-structural correlations
developed for [Cu,] dimers bridged by hydroxides, halides and
azides.” ® Later studies examined larger, more complex struc-
ture types such as [Cus] triangles,” [Cu,] cubes,® [Cu], chains®
and heterometallic species containing transition metal'® or
lanthanide metal centres."* Many of these studies revealed fas-
cinating magnetic behaviours, such as the spin frustration
prevalent in equilateral triangles'> which represent the sim-
plest molecular analogues of the kagome lattice,"* a topology
also of relevance in multicopper oxidases.*

A search of the Cambridge Structural Database (CSD)
reveals there are several hundred homometallic O/N-bridged
Cu" clusters deposited that possess a nuclearity of two or
more, with the largest being [Cu,,], reported in 2004."
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interactions and an S = 1 ground state, while EPR is consistent with a large zero-field splitting.

However, as nuclearity increases this number decreases signifi-
cantly - for example there are less than twenty with a nuclear-
ity of twenty or more. A seemingly ideal ligand framework for
housing the Jahn-Teller (JT) distorted octahedral Cu™ ion is
p-‘Bu-calix[4]arene (H,TBC[4]; Fig. 14), its tetraphenolic pocket
being perfectly suited to accommodating four short equatorial
bonds. Despite this, and the success of H,TBC[4] in the coordi-
nation chemistry of the JT distorted octahedral Mn'" ion,®
there are just three homometallic Cu" compounds known. The

first two, [Cull(OH);(TBC[4]);Cl,(dmso)s 5(EtOH), 5 [Cu'Cl,] (1)

Fig. 1 Single crystal X-ray structures of H4TBC[4] (A) and HgL (B).
Colour code C = grey, O = red, H = white.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Partial single crystal X-ray structures of 1 (A) and 3 (B). The dis-
ordered central Cu ion in 3 has been omitted. Colour code: C = grey, O
= red, N = dark blue, $ = yellow, Cu" = light blue. H atoms and co-crys-
tallised solvent/anions omitted for clarity.

and [Cu§(OH);(TBC[4])3(NO3),(dmso)](NO;) (2) (Fig. 2A), are
isostructural and were both reported in the same paper."
Their metallic skeletons describe tricapped trigonal prisms in
which [Cu-TBC[4]]>~ moieties act as metalloligands that encap-
sulate an hydroxide-bridged [Cug] trigonal prism.

Extension of this chemistry to examine the coordination
behaviour of the related ligand 2,2-bis-p-‘Bu-calix[4]arene
(HgL),"® in which two H,TBC[4]s are linked via a methylene
bridge (Fig. 1B), affords the larger, but related [Cul}(L),(NOs)
(p-OH)g(dmf);](OH) (3) whose metallic skeleton describes a
centred, tetracapped square prism (Fig. 2B).'® The expansion
from [Cu,] to [Cuys] is a result of the conformational flexibility
(ring inversion) of HgL which, upon metal coordination, pro-
vides an organic skeleton with eight proximal phenolic
O-atoms. In order to explore this reaction space further we
have adapted the synthesis of complex 3 to include a flexible
bridging co-ligand, N-methyldiethanolamine (Me-deaH,),
which enables the formation of the larger complex [Cull
(L)2(Me-dea)4(ps-NO3),(p-OH),(dmf); 5(MeOH), 5(H20)s]
(HeL)-16dmf-4H,0 (4) whose metallic skeleton is also based on
a multiply-capped square prism.

Experimental
Synthesis

Cu(NO3),-3H,0 was purchased from commercial suppliers and
used without further purification. 2,2-Bis-p-‘Bu-calix[4]arene
(HgL) was prepared as previously described.®

[Cuie(L)x(Me-dea),(j14-NO),(p-OH),(dmf ); 5(MeOH) 5(H0), ]
(HeL)-16dmf-4H,0 (4). Cu(NO;),-3H,0 (1 mmol, 250 mg), HgL
(0.154 mmol, 200 mg) and Me-deaH, (0.174 mmol, 20 pL)
were dissolved in a 1:1 dmf/MeOH mixture (24 mL) and
stirred for 10 minutes. An excess of NEt; (2.87 mmol, 400 pL)
was added and the resulting brown solution was stirred for
2 hours and then filtered. Slow evaporation of the mother
liquor afforded dark brown crystals suitable for X-ray
diffraction. ~ Elemental analysis calculated for (4),
Cs43Hs10.5CU16Ny5 s06s: C, 58.06%; H, 7.25%: N, 5.03%. Found
C, 57.82%; H, 6.93; N, 4.69%.

This journal is © The Royal Society of Chemistry 2023
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X-ray crystallography

Diffraction data for 4 were collected on a Bruker D8 diffract-
ometer equipped with a PHOTON 100 detector and operating
with synchrotron radiation (0.7749 A). Crystal data for 4 (CCDC
2101166%): C343Hs10.5CU16N25.5065, M = 7095.88 g mol ™", tri-
clinic, space group P1 (no. 2), a = 21.4369(9) A, b = 21.9078(9)
A, ¢ =22.0660(9) A, a = 105.596(3)°, = 111.468(2)°, y = 95.527
(3)°, V = 9067.1(7) A®, Z = 1, T = 100(2) K, u(synchrotron) =
1.251 mm ™, Degie. = 1.300 g cm™, 56 519 reflections measured
(4.312° < 26 < 47.784°), 21 580 unique (Rine = 0.0705, Ryigma =
0.0826) which were used in all calculations. The final R; was
0.0566 (I > 20(I)) and wR, was 0.1551 (all data).

Magnetic data

Magnetic susceptibility and magnetisation data were collected
on a powdered microcrystalline sample of 4 using a Quantum
Design PPMS Dynacool. Susceptibility data were collected in
the T = 2-300 K range under and applied magnetic field, B =
0.1 T. Magnetisation data were collected in the 7= 2-10 K and
B =0.5-9.0 T ranges. A unit cell check was performed prior to
measurement.

EPR spectroscopy

EPR spectra were measured on powder and solution (CH,Cl,/
toluene) samples of 4, at 10 and 20 K and over the 0-1.8 T
field range, on a Bruker EMXPlus spectrometer.

Computational details

Density functional theory in conjunction with the broken sym-
metry approach®® has been used to estimate the magnetic
exchange interactions in complex 4 employing Gaussian 09.>"
The hybrid B3LYP functional®® together with Ahlrichs TZV
basis set for was used for the Cu atoms, the SVP basis set for O
and N atoms, and the SV basis set for C and H atoms.?® This
methodology has been shown to reproduce experimental mag-
netic exchange interactions accurately.>*

Results and discussion

Reaction of HgL with Cu(NOj3),-3H,0 and Me-deaH, in a basic
dmf/MeOH mixture affords single crystals of formula
[CulL(L),(Me-dea),(1,-NO3),(1-OH) 4 (dmf) 3 5(MeOH), 5(H,0)s]
(H¢L)-16dmf-4H,0 (4, Fig. 3 and 4), following slow evaporation
of the mother liquor. The crystals were found to be in a tri-
clinic cell and structure solution was carried out in the space
group P1. The asymmetric unit (ASU) comprises half of the
formula.

The metallic skeleton describes a tetracapped (Cul-2 and
symmetry equivalent) square prism (Cu3-6) in which the
‘upper’ and ‘lower’ square faces (as drawn in Fig. 4B) are edge-
capped by a {Cu,} (Cu7-8) moiety. The Cu ions in the upper
and lower faces of the square prism are connected to each
other by four p-OH ions to form a [Cug(OH),]"*" central unit
(Fig. S11). The four face-capping Cu ions are housed in the
polyphenolic pockets of the two fully deprotonated bis-calixar-

Dalton Trans., 2023, 52, 8956-8963 | 8957
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Fig. 3 Orthogonal views of the molecular structure of the cation of 4
shown ‘face-on’ (A) and ‘side-on’ (B). Colour code: C = grey, O = red, N
= dark blue, Cu" = light blue. H atoms and co-crystallised solvent/
anions omitted for clarity.

ene ligands whose O-atoms further bridge to the Cu ions in
the square prism (Cu3-Cu6; Fig. S1 and S2t). The L¥~ ligands
thus wrap around the four square faces of the prism in the
‘equatorial’ plane (as drawn in Fig. 1A), completely encapsulat-
ing the [Cug(OH),]"*" central unit. The ‘upper’ and ‘lower’
faces of the prism are connected to the {Cu,} edge-cap by a p,-
bridging NO;™ ion which connects Cu3-4 to Cu7-8. The latter
are further bridged to each other and the Cu ions on the ver-
tices of the square prism by two Me-dea®~ ligands that bond in

8958 | Dalton Trans., 2023, 52, 8956-8963

Fig. 4 Cluster core (A) and metallic skeleton (B) of 4. Colour code: O =
red, N = dark blue, Cu" = light blue. The eight Cu ions in the square
prism are Cu3-6 and symmetry equivalents. The four face-capping Cu
ions are Cul-2. The four edge-capping Cu ions are Cu7-8.

two different ways. The first ps;-bridges, using one O-arm (016)
to link between Cu7-Cu8 and the other (017) to link between
Cu8 and Cusb in the square prism. The second chelates to Cu7
with one O-arm terminally coordinated (O15) and one arm
(O14) bridging to Cu4 in the square prism.

The Cu ions (Cul-2) that sit in the tetraphenolic pocket of
L% are square planar {CuO,} with a fifth, longer contact to a
disordered molecule of dmf that fills the calixarene cavity. The
Cu ions in the square prism (Cu3-6) are all five coordinate and
in distorted square pyramidal geometry, the remaining sites
on Cu3 and Cu5 being occupied by dmf/H,O molecules. The
Cu ions in the edge-capping {Cu,} moiety (Cu7, Cu8) bonded
to the Me-dea”” ligands are five-coordinate, square pyramidal
{CuO,N}, and four-coordinate, square planar {CuO;N},
respectively.

The complex displays numerous intra- and inter-molecular
H-bonding interactions (Fig. S3-S61). The water molecule
bonded to Cu5 is H-bonded to two O-atoms of the nitrate
anion (019:--012/011, ~2.83-3.01 A). 012 is also H-bonded to
a p-OH ion (012---09, ~2.95 A), and the third O-atom in the
nitrate anion (013) is H-bonded to a dmf molecule bonded to

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 A comparison of the metallic skeletons of [Cug] (1-2, A and B), [Cus3] (3, C and D) and [Cus¢] (4, E and F). The central, distorted Cu ion in
[Cus3] has been removed to aid comparison. [Cug] describes a tricapped trigonal prism, [Cuss] a (centred) tetracapped square prism, and [Cus¢] a tet-
racapped square prism containing two additional {Cu,} edge-caps. The Cu ions in the prisms are in light blue, those housed in the tetraphenolic

calixarene pocket in green and the edge-caps in pink.

Cu3 (013---018, ~3.00 A). There is also a complex H-bonding
network in the region of one of the two Me-dea®~ co-ligands.
The O-atom (015) belonging to the Me-dea®~ ligand support-
ing Cu7 is H-bonded to a H,O molecule of crystallisation
(015---021, ~2.62 A). The latter is also interacting with the
lower-rim oxygen atom of the co-crystallised HeL>~ ligand
(021---026, ~2.72 A). Upon symmetry expansion, it is possible
to appreciate the importance of this network of H-bonds as it
dictates the way compound 4 and the co-crystallised molecules
pack, through the formation of H-bonded chains (Fig. S3-S67).
The [Cu,¢] cluster is surrounded at its four ‘corners’ by co-crystal-
lised HgL>". This doubly deprotonated molecule affords overall
charge balance, and although there are waters of crystallisation
present (and therefore potentially OH™ counter anions), we
favour the presence of this dianion for two reasons. (1) The
inter-molecular interactions discussed above; (2) refinement
suggests each TBC[4] moiety in HgL>™ is singly deprotonated,
consistent with the highly acidic nature of H,TBC[4] hydroxyl
groups reported in literature.>® The clusters are well isolated
from each other, with the closest Cu---Cu distance being >12 A
between the Cu8 ions of distinct molecules. A search of the
CSD shows that there are a total of thirteen [Cull] clusters
known, none of which have a topology similar to 4.2

This journal is © The Royal Society of Chemistry 2023

A comparison of the metallic skeletons of [Cug], [Cu;3] and
[Cus6] (Fig. 5) shows some striking similarities. [Cuo] is a tri-
capped trigonal prism in which the square faces are all capped
by a Cu ion housed in the pocket of a TBC[4] moiety with
halide/nitrate anions capping the upper/lower triangular faces.
[Cu,3] is a centred, tetracapped square prism in which the
‘equatorial’ square faces are all capped by a Cu ion housed in
the pocket of a TBC[4] moiety with nitrate anions capping the
upper/lower triangular faces. [Cu,6] has a structure analogous
to [Cuy3] but without the central Cu ion, and with two
additional {Cu,} edge-capping moieties introduced through
the presence of a co-ligand. These structural similarities reflect
the dominant, structure-directing influence of the calix[4]
arene ligands.

Magnetic measurements

Direct current magnetic susceptibility (y) studies were per-
formed on a polycrystalline sample of 4 over the temperature
range T = 2-300 K, in an applied magnetic field B = 0.1 T
(Fig. 6), where y = M/B and M is the magnetisation. At 300 K,
the T value of 5.9 cm® mol™ K is below the expected value for

Dalton Trans., 2023, 52, 8956-8963 | 8959
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Fig. 6 Experimental 4T versus T data for 4 measured in the T = 2-300 K
temperature range in an applied field, B=0.1T.
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spin-only contributions to the susceptibility for a [CulL] unit
(7.26 em® mol™ K, g = 2.2; 6.00 cm® mol " K, g = 2.0). Upon
cooling, the yT product decreases rapidly until approximately T
= 10 K where it reaches 1.1 cm® mol™ K, wherefrom it
increases upon further cooling reaching a value of 1.5 cm®
mol ™" K at 2 K. The data are therefore suggestive of the pres-
ence of competing exchange interactions, in agreement with
the range of Cu-O-Cu angles present, and previous magneto-
structural correlations developed for smaller O-bridged Cu™
clusters."®

The quantitative interpretation of the temperature depen-
dence of the yT product of 4 was performed by numerically
fitting the experimental data to the full matrix representation
of spin-Hamiltonian (1), of dimension 65 536 by 65 356, by use
of the Levenberg-Marquardt algorithm.>”

H:MBBzgS,’ —ZZJZ‘J'S'['S']‘ (1)
i

ij>i

where the indices refer to the constituent Cu" ions, yy is the
Bohr magneton, g is the g-factor, § is a spin operator and Jijis
the bilinear pairwise isotropic exchange interaction parameter.
Based on the structure of 4, four different isotropic exchange
parameters could be considered to fit the experimental temp-
erature dependence of the T product (Fig. 6, insets).

We employed irreducible tensor operator algebra to block-
diagonalise the matrix representation of spin-Hamiltonian
(1),?® fixing the g factor for all Cu" centres to g = 2, affording
only the four different isotropic exchange parameters as free
fit parameters. This resulted in very good agreement with the
experimental data with the best-fit parameters J;, J, and J;
being strongly antiferromagnetic (AF), ca. —70 to —100 cm™,
and J, being ferromagnetic (F), ca. +20 cm™'. However, all
these exchange parameters are strongly correlated, with only
the correlation coefficients between J, and the others being
less than 95%. Use of a single exchange parameter fails to sat-

8960 | Dalton Trans., 2023, 52, 8956-8963
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isfactorily reproduce the experimental data at all temperature
regimes. Use of a model containing two different exchange
parameters (J,_3 = J, J =J'; Fig. 6, insets) results in a very good
agreement with the experimental data (Fig. 6), with J = —122 =+
12 em™ and J' = 22 + 8 cm™", with a correlation coefficient of
87%. With these best-fit parameters the ground spin-state of 4
is an S =1 spin-state, with excited S = 0, 0 and 2 states lying 23,
35 and 46 cm™" above the ground state, respectively, followed
by a quasi-continuum of states (Fig. 7). We note that the
exchange constant in the [Cuy,] prism of 4 is similar to the
values found in [Cuy;] (3), which are all AF and in the range
—66 <J < —84 cm™ " Employing the same isotropic model to
fit the VIVB magnetisation data of 4 was not possible. This is
because the VIVB magnetisation of 4 presents significant
nesting (Fig. S71) when plotted against B/T, which indicates
anisotropy splittings of the same order of magnitude as the
experimental conditions (7= 2 to 10 K and B = 1 to 9 T). Given
that individual Cu™ centres are devoid of anisotropy (bar the
g-factor), the observed anisotropy splittings can only originate
(within the spin-Hamiltonian formalism) from magnetic
exchange.*® The experimental data do not allow for the deter-
mination of these exchange contributions to anisotropy.

Given the relatively well-isolated S = 1 ground state evi-
denced by the magnetic data and modelling, we attempted to
probe this state by EPR spectroscopy at low temperatures.
Spectra measured at 10 K and over the 0-1.8 T magnetic field
range, at both X- and Q-band frequencies, only gave weak
signals that could be attributed to small amounts of mono-
meric Cu" species. This indicates that the zero-field splitting
(ZFS) of the S = 1 state is significantly larger than the micro-
wave frequencies applied. In order to estimate the ZFS,
attempts were made to fit the VIVB magnetisation data to an
isolated S = 1 model: while these fits were not entirely satisfac-
tory (Fig. S71) they indicate an axial ZFS parameters (D) of
several cm ™. This would be consistent with 4 being EPR silent

4000 ———t 1 1L
3500 -
3000 -
2500

£ 2000
1500

1000

500

E ! hc (cm™)
N |
11—
| 1

50 — L

T T T T T T T

4 5 6 7 8
total spin S

o_
=1
N
w

Fig. 7 Energy spectrum of 4 calculated from the fit of the susceptibility
data, as described in the text. The ground spin-state of 4 is an S =1
spin-state, with excited S = 0, 0 and 2 states lying 23, 35 and 46 cm™
above the ground state.

This journal is © The Royal Society of Chemistry 2023
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under the measurement conditions. Given the lack of single-
ion ZFS for Cu", the origin of such a ZFS must lie in aniso-
tropic components of the exchange interaction.>® Although a
ZFS in the region of several em™" would be unusual for a Cu
cluster, the project coefficients of anisotropic exchange are
larger for lower total spins,”® which may provide an expla-
nation given that the ground state of 4 is the lowest possible
total spin. It is more usual for Cu clusters to either give rise to
a diamagnetic ground state or a high spin state, so there are
few data to compare this against.

Theoretical studies

In order to analyse the sign and magnitude of the exchange
interactions in more detail we have constructed three pentame-
tallic models (4A, 4B, 4C) and one bimetallic model (4D) based
on the X-ray structure of 4 to determine twelve exchange inter-
actions (Fig. S871). These are given in Table S2} and consist of
ten antiferromagnetic interactions in the range —3.9 < J <
-55.7 cm ™, and two weakly ferromagnetic interactions in the
range +2.6 < J < +6.9 cm™'. The strongest antiferromagnetic
exchange occurs between Cu2 (face-cap) and Cu4 (vertex)
mediated by a single u-OPh bridge with a Cu-O-Cu angle of
~131°. The second strongest antiferromagnetic exchange inter-
action is between Cu3 (vertex) and Cu4 (vertex) mediated via a
single p-OH bridge with a Cu-O-Cu angle of ~126°. The two
ferromagnetic exchange interactions occur between Cul (face
cap) and Cu3 (vertex) mediated by u-OH/p-OPh bridges with an
average Cu-O-Co angle of ~96° and a Cu-O-Cu-O dihedral
angle of ~24°, and between Cu6 (vertex) and Cu8 (edge-cap)
mediated by p-O(NO;)/OR groups with an average Cu-O-Co
angle of ~98° and a Cu-O-Cu-O dihedral angle of ~17°. A
detailed examination of the structure reveals that the sign and
magnitude of J strongly depends on both the Cu-O-Cu angle
and the Cu-O-Cu-O dihedral angle.*® Large Cu-O-Cu angles
lead to strong antiferromagnetic exchange whose magnitude
decreases with decreasing angle (Fig. S91). The switch to ferro-
magnetic occurs at a Cu-O-Cu angle of ~97-99°."° A large
Cu-0-Cu-O dihedral angle in conjunction with a small Cu-O-
Cu angle results in accidental orbital orthogonality (a counter
complementarity effect arising from the presence of two
different bridging ligands) which leads to a weak ferro-
magnetic interaction. DFT calculated spin density analysis
(Fig. S10-S137) suggests strong spin delocalisation with spin
densities on the Cu" ions of between 0.391-0.673. The brid-
ging hydroxides/phenolic O-atoms have the largest spin
density among the coordinating atoms, consistent with the
strongest antiferromagnetic exchange through these moieties.
The pattern of calculated exchange interactions (Table S27)
and the spin density analysis therefore strongly suggests the
presence of spin frustration between the face-capping Cu ions
housed in the calixarene polyphenolic pockets and the Cu ions
at the vertices of the square prism. The small spin density of
the N-atom of the nitrate points to a small, near-negligible,
exchange through the Cu-O-N-O-Cu pathway (Fig. S147).

This journal is © The Royal Society of Chemistry 2023
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Conclusions

The reaction between Cu(NOs),-3H,0 and 2,2'-bis-p-'Bu-calix[4]
arene (HgL) in a basic dmf/MeOH mixture and in the presence
of the co-ligand Me-deaH, results in the formation of the
complex [Cull(L),(Me-dea),(NO;),(OH),(dmf);(MeOH)(H,0),]
(HeL)-16dmf-4H,0. Its metallic skeleton describes a tetra-
capped square prism, [Cu;,], with two additional edge-capping
[Cu,] units introduced by the co-ligand sitting above and
below the “upper” and “lower” square faces. The cage structure
is held together internally via a combination of bridging
hydroxides and nitrates, and externally by the two bis-p-"Bu-
calix[4]arenes. The structural similarity of [Cuye] to [Cuyz], a
centred, tetra-capped square prism also built with HgL (in the
absence of co-ligands), and [Cug], a tri-capped trigonal prism
built with H,TBC[4], reflects the dominant structure-directing
role played by the calix[n]arene ligands. Magnetic susceptibility
measurements reveal strong antiferromagnetic exchange inter-
actions between neighbouring Cu' ions within the central
[Cuy,] tetra-capped square prism and between the Cu" ions in
the prism and the caps (J = —122 + 12 cm '), and strong ferro-
magnetic exchange between the Cu" ions in the caps (J' = +22
+ 8 em ™), leading to a ground state of § = 1. DFT calculations
reveal a strong dependence of J on both the Cu-O-Cu and
0O-Cu-0O-Cu angles, and suggest significant spin frustration in
the central [Cuy,] tetra-capped square prism. Magnetisation
and EPR data suggest the presence of significant ZFS in the S
= 1 ground state, originating from anisotropic components of
the exchange interaction. It will be interesting to examine the
effect of extending the bridge length between the H,TBC[4]
moieties in bis-calix[4]arene ligands and/or of increasing the
size of the calix{n]arene macrocycle, e.g. to p-‘Bu-calix[8]arene,
on cage nuclearity and topology. Expansion into Cu-4f chem-
istry also promises the discovery of some interesting cages.
This work is currently in progress.
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