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Higher Assemblies of Coordination Cage-Catenanes Linked
by Copper(II) Chloride Clusters: Networks and
Transformations
Matthew P. Snelgrove,[a] Natalia N. Sergeeva,[b] and Michaele J. Hardie*[a]

Cage-catenanes are chemical constructs where two or more
cage-like molecules or assemblies are mechanically interlocked
together. We report a new class of cage-catenanes where
dimeric metal-organic cage-catenanes are linked into larger
assemblies through additional bridging metal chloride links.
These crystalline materials are obtained from the reaction of
tris(nicotinoyl)cyclotriguaiacylene (L1) with Cu(II) salts, and all
feature a tetramer of cages where two {Cu3(L1)2(X)6} cages (X=

anion) are mechanically interlocked, and link to each other and
to another {Cu3(L1)2(X)6}2 cage-catenane through a planar, linear

tetranuclear {Cu4(μ-Cl)6Cl2} cluster. The complex of discrete
tetrameric {Cu3(L1)2(X)6}4 assemblies (dimers of cage-catenanes)
transforms through solvent-exchange processes to 1D coordina-
tion chain structures through additional {Cu2(μ-Cl)2} bridges
between the tetrameric {Cu3(L1)2(X)6}4 assemblies. Complex
[Cu6(L1)4Cl12(H2O)3] · (H2O) · 15(DMF) C2 features a 2D coordina-
tion network of 63 topology linked through three different Cu(II)
clusters, namely {Cu4(μ-Cl)6}, {Cu2(μ-Cl)2} and a rare linear {Cu2(μ-
Cl)} linkage. Break-down of C2 in water likely proceeds through
hydrolysis of this unusual linear Cu-Cl-Cl bond.

Introduction

Metal-organic cages (MOCs, also known as coordination cages
or metallocages) are discrete three-dimensional entities with
inherent internal space. They are composed of bridging organic
ligands brought together by coordination to metal centres. A
rich chemistry of MOCs has developed addressing their syn-
thesis, self-assembly behaviour, dynamic responses to external
stimuli, and use as nanoscale molecular flasks, catalysts, sensors
and therapeutics amongst other applications.[1]

Our work has focussed on the metallo-supramolecular
chemistry of host-type ligands from the cyclotriveratrylene
(CTV) family.[2,3] CTV-type host molecules feature a
tribenzo[a,d,g]cyclononene scaffold which usually adopts the
crown conformation with a distinct bowl-shape with an open
upper-rim and hydrophobic binding cavity.[4] Examples where
the six upper rim substituents are not chemically identical, such
as cyclotriguaiacylene (CTG, Scheme 1), are chiral, and there is a
crown-saddle-crown racemisation pathway between enantiom-
ers. Ligand-decorated CTV-analogues (here L-type ligands) are
excellent building blocks for cage-assembly as they have an

orthogonal arrangement of metal-binding groups and deep
cavity. The smallest such cages are M3L2 metallo-cryptophanes
with a trigonal bipyramidal cage shape,[3,5,6] with the first
examples reported by Yamaguchi and Shinkai.[5] They are
analogues of organic cryptophanes, and, like the cryptophanes,
can exist as achiral syn or chiral anti isomers due to chirality of
the tripodal L-ligands.

Catenanes are a class of mechanically-interlocked molecules
where two or more macrocyclic structures are inter-linked
through a chain-like mechanical linkage. Topologically complex,
interlocked chemical structures have intrinsic aesthetic appeal
and have a myriad of potential applications ranging from
catalysis to drug delivery to molecular electronics.[7] Metal-
organic cages that are inter-locked to form catenane assemblies
are a class of mechanically-interlocked molecules which has
seen growing recent interest, including in: strategies for their
synthesis; understanding and controlling the assembly of single
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Scheme 1. Cyclotriguaiacylene (CTG) and enantiomers of
(tris(nicotinoyl)cyclotriguaiacylene, (�)-L1.
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cage or catenane and their transformations; and their host-
guest binding and release behaviour.[8–14] Cage-catenane MOCs
were first documented by Fujita in 1999 who reported triply
interlocked cages of two [M3LaLb] cages where La/Lb were
chemically-distinct tripodal bridging ligands.[10] It was nearly
10 years before other examples emerged,[11,12] including our
own report of a triply-interlocked metallo-cryptophane from a
2,2’-bipyridine-decorated cyclotriguaiacylene ligand,[12] and we
subsequently reported a {Ag3L2}2 cage-catenane where L=

tris(3-pyridylmethyl)cyclotriguaiacylene.[13] Cage-catenanes can
also result from assembly of purely organic cages.[8]

Most examples of cage-catenanes are discrete entities.
Exceptions to this including crystalline 3D arrays of adaman-
tane-shaped metal-organic cages where each cage interlocks
with six others,[14] 3D arrays of tetrahedral MOCs,[15] and 1D
assemblies where each cage interlocks with two others to form
a linear chain.[15,16] These represent a highly unusual class of
coordination polymer/metal-organic framework where the poly-
catenation of discrete cages results in an extended network.
Higher level assemblies of cage-catenanes through
supramolecular interactions has resulted in crystalline materials
with lattice void spaces,[17] and aggregation into larger nano-
structures is also known.[18]

We report herein a distinct class of higher assemblies of
interlinked metal-organic cages with both 1D and 2D coordina-
tion polymer motifs. Here, rather than polymerisation through
poly-catenation, extended networks are propagated through
bridging metal chloride clusters that occur between the MOCs.
The metal-organic cages are M3L2 metallo-cryptophane moieties
from ligand (�)-2,7,12-trimethoxy-3,8,13-tris(3-pyridylcarboxy)-
10,15-dihydro-5H-tribenzo[a,d,g]cyclononene
(tris(nicotinoyl)cyclotriguaiacylene, (�)-L1, Scheme 1). Interest-
ingly, while the synthesis of ligand L1 was reported as far back
as 2004,[19] this is the first report of a metallo-supramolecular
derivative of it. This is in stark contrast with its isomer
tris(isonicotinoyl)cyclotriguaiacylene which is found in coordina-
tion polymers[2] and various classes of MOCs.[3]

Results and Discussion

Reaction of ligand (�)-L1 with Cu(NO3)2 in dimethylformamide
(DMF) gave low yields of single crystals through vapour
diffusion with diethyl ether. Single crystal X-ray analysis
indicated that their composition is
[Cu6(L1)4Cl10.5(NO3)1.5(H2O)4]·n(DMF) C1.[20] The presence of
chloride anions was corroborated by Energy Dispersive X-Ray
(EDX) analysis (see section 3.1 of supplementary information,
SI). Stretching frequencies attributable to nitrate anions were
observed in infrared spectra at 1324 and 1386 cm� 1 (Figure S12,
SI) The source of the chloride is likely to be the L1 ligand,
whose synthesis involves use of the hydrochloride salt of
nicotinoyl chloride.[19] Despite use of an excess of base during
synthesis of L1, a small % of the hydrochloride salt of L1 is
present, also confirmed by EDX (SI section 3.1.1) which indicates
that only a small amount of Cl needs to be present for C1 to
form. We have previously reported the adventitious incorpo-

ration of chloride contaminant from a related CTV-type ligand
in the synthesis of a Ag-Cl linked coordination polymer.[21]

Synthesis of C1 is repeatable and a single crystal structure of C1
obtained using a different batch of (�)-L1 was isostructural with
that described below (see information for C1 “batch B” single
crystal structure in Table S1 and Figures S2 and S3 in SI for
details). Unit cell determinations were undertaken on multiple
crystals from different synthetic batches of both ligand and C1
synthesis, and all were consistent (Table S2, SI).

The crystal structure of C1 was solved in space group P1
and features dimeric cage-catenanes with two interlocked
{Cu3(L1)2} metallo-cryptophanes forming the asymmetric unit of
the structure. There are six different Cu(II) coordination environ-
ments, all of which feature a trans arrangement of coordinating
pyridyls from two L1 ligands at Cu-N distances ranging from
1.975(8) to 2.044(9) Å. Each Cu(II) has additional equatorial
chloride, nitrate and/or aquo ligands. Four of the six Cu(II)
centres have 5-coordinate trigonal bipyramidal or square
pyramidal geometry. One metallo-cryptophane cage has com-
position {[CuCl2(H2O)]3(L1)2} with aquo and chloro ligands, while
the other has composition {Cu3Cl4.5(NO3)1.5(H2O)2(L1)2} and two
of the three Cu(III) centres are coordinated by nitrate as well as
chloro counter-anions, with NO3/Cl disorder apparent for one
Cu(II). Each metallo-cryptophane cage is the achiral syn isomer
with both ligand enantiomers present. As with other examples
of metallo-cryptophane-based cage-catenanes, each cage is
interlocked with the other in a triply interlocked manner. The
central cavity of the cage-catenane is approximately 230 Å3.
Face-to-face π-π stacking interactions occur between pyridyl
rings of different cages. Unlike most other examples of cage-
catenanes where the two cages are fully independent of one
another,[22] the cages here are chemically linked through Cu-(μ-
Cl)2-Cu bridges. Each bridging Cl� shows a short Cu-Cl bond
length at 2.293(2) or 2.323(3) Å and a longer interaction
bridging to the Cu(II) centre of the other cage at 2.890(3) or
2.937(3) Å. Chloride bridges extend to link to a second cage-
catenane related to the first through an inversion centre,
forming a linear tetranuclear {Cu4(μ-Cl)6Cl2(OH2)2} cluster. Each
Cu(II) centre within the cluster is also coordinated by trans
pyridyl groups of the L1 ligands (Cu-N distances 1.986(10) to
2.018(8) Å) hence has a distorted octahedral geometry with a
significantly elongated axis consistent with Jahn-Teller elonga-
tion (elongated axes: Cu-Cl distances 2.890(3) to 2.937(3) Å, Cu-
O 2.455(8) Å; other axes Cu-Cl 2.283(4) to 2.323(3) Å). Cu · · ·Cu
distances within the tetramer are 3.743 and 3.778 Å. The pyridyl
groups associated with this cluster show face-to-face π-π
stacking interactions at ring centroid separations ranging from
ca. 3.68 to 3.76 Å. Hence a tetrameric cage assembly which is a
dimer of dimeric cage-catenanes is formed, Scheme 2 and
Figure 1, which is a motif that has not been previously reported
for coordination cages.

The flat, linear tetranuclear Cu(II) cluster motif displayed by
C1 is also highly unusual. Similar discrete linear doubly chloro-
bridged tetranuclear clusters of trans-octahedral Cu(II) have not
been previously reported, and, to the best of our knowledge,
this represents a new class of small Cu-clusters. Flat, linear
tetranuclear clusters with octahedral metal centres have been
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reported for [Fe4(μ-Cl)6(H2O)12]
2+ [23] along with a near-planar

analogue in [Mn4(μ-Cl)6Cl4(H2O)8]
2� .[24] The closest parallels in

copper chemistry are doubly chloro-bridged [Cu4Cln] clusters
with square planar/square pyramidal Cu(II) centres,[25] [Cu4(μ-
Cl)6Cl2L2] complexes where zig-zagging tetranuclear clusters
with 5-coordinate metal geometry which are end-capped by
chelating or macrocyclic ligands,[26] infinite doubly chloro-
bridged [CunClm(H2O)p]

x� chains with octahedral coordination,[27]

and an infinite [Cu(μ-Cl)3]
� anion with triply chloro-bridged

structure with octahedral metal geometry and a linear chain
structure.[28] The Cu-Cl distances of the Jahn-Teller elongated
axis of the [Cu(μ-Cl)3]

� chain, for example, are consistent with
those found in complex C1. Complex [Cu(bp3ca)Br2] (where

bp3ca=2,2’-bipyridine-3,3’-dicarboxylic acid) also features a
tetranuclear, doubly halide-bridged structure with long and
short Cu-Br bridges. There, however, the distorted octahedral
Cu(II) centres have a zig-zag rather than linear aspect with the
chelating bp3ca ligand occupying cis-coordination positions.[29]

Packing of the neutrally charged [Cu6(L1)4Cl10.5(NO3)1.5(H2O)4]
tetrameric (dimer of dimers) cage-catenanes in the crystal
lattice does not fill space and there are significant channels
apparent in the lattice when viewed down both the b and c
axes, Figure 2. The solvent-accessible void in the lattice is
approximately 60% of the volume. A sphere of radius 4.60 Å
could penetrate the b direction, while one of radius 4.20 Å
could penetrate the c axis, determined using void analysis
protocols in Olex-2.[30] These channels are filled with dimethyl-
formamide whose locations could not be resolved in the crystal
structure, but whose presence is indicated by infrared spectro-
scopy (Figure S12) and thermogravimetric analysis (TGA), Fig-
ure S16 SI. Solvation level estimated from TGA is
[Cu6(L1)4Cl10.5(NO3)1.5(H2O)4] · 17(DMF). The material is not robust
and significant cracking and sintering of crystals occurs if they
are removed from their mother liquor. Washing with dichloro-
methane, followed by drying in vacuo results in the formation
of amorphous material as shown the powder XRD pattern,
Figure S11 SI. Once formed, the crystals were not readily soluble
in DMF, however immersion in water lead to rapid breakdown
of the crystals. The mass spectrum of a DMF-mixture of
Cu(NO3)2 and (�)-L1 obtained prior to crystallisation of C1 gave
no indication that the cage-catenane structures are formed in
solution, with the spectra dominated by ligand peaks, see
Figure S14 in SI.

Despite the fragility of the crystals when removed from
mother liquor, they remain stable when kept under solvent. The
material was therefore investigated for potential uptake of
guest molecules from solution. Given the large size of the
channels, samples of as-synthesised C1 were soaked in toluene
solutions of fullerenes C60 and of C70 in separate experiments,
following our previous report of fullerene-uptake by a 2D Cu(II)
coordination polymer composed of network metallo-

Scheme 2. Synthesis of crystalline material complex C1 with achiral syn
cages shown in cartoon form. Terminal H2O, NO3

� and Cl� groups ligated to
the Cu(II) centres that are not involved in Cu-cluster formation have been
omitted for clarity. The blue and black cages are chemically distinct, with
variations in these terminal ligands (see Figure 1).

Figure 1. Dimer of two {Cu3(L1)2}2 cage-catenanes from the crystal structure
of C1. The tetrameric metallo-cryptophane assembly is linked through a
linear tetranuclear {Cu4(μ-Cl)6Cl2(OH2)2} cluster. Hydrogen atoms excluded for
the sake of clarity. Grey=C; red=O; dark blue=N; yellow=Cl; light
blue=Cu.
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cryptophanes.[31] There was no indication that fullerenes were
absorbed by C1, however both batches of material remained as
largely single crystals hence their single crystal structures were
obtained.

There were two materials identified in each batch, namely:
[Cu6(L1)4Cl10.5(NO3)1.5(H2O)2]·n(toluene) C1a and

[Cu12(L1)8Cl20(NO3)4(H2O)5] · (DMF)·n(toluene) C1b,[20] which both
featured very similar coordination chain structures, Scheme 3.
Both experiments yielded crystals of both C1a and C1b.
According to unit cell determinations, of 17 single crystals
sampled, 52% were C1a (Table S3, SI). The crystal quality of C1b
was routinely poorer than that of C1a and nominally single
crystals of C1b had a multi-crystal component with only ca.
80% of reflections indexing to the dominant lattice. Single
crystal X-ray structures could be obtained of both materials. The
structures of C1a and C1b are very closely related and both
feature the tetranuclear Cu(II) cluster linking cage-catenanes
seen in C1. In both cases it is apparent that toluene is present
within the crystal lattice, and this solvent exchange process is
concomitant with significant structural differences from the
parent C1 complex.

Complex C1a is triclinic with smaller unit cell volume of
13263.9(6) Å compared with 17806.2(8) Å for C1. The structure
was also solved in space group P1. The asymmetric unit of C1a
is similar to that of C1 and it is notable that the positions of two

toluene molecules could be established, Figure 3b. For much of
the assembly the differences between C1a and parent C1 are
relatively minor and pertain to nuances of the coordination
geometry, and orientation of the L1 nicotinoyl groups, Figure 3.
For example, the Cl-Cu-Cl angle on Cu2 is somewhat straighter
for C1a at 158.2(5)° than for C1 at 147.07(16)°. There are more
significant differences at Cu3 and Cu1. The terminal aquo ligand
on the Jahn-Teller elongated octahedral axis of Cu3 in C1 is
missing from C1a where the equivalent Cu3 has square
pyramidal coordination. Instead, a toluene molecule is located
in proximity to that coordination site, with closest contact
C� H· · · Cu3 at 3.71 Å. Cu1 in C1 has square planar coordination
geometry where the apical and one basal ligand are of mixed
Cl� /H2O character. This is significantly altered in C1a where the
asymmetric unit has square planar coordination with two trans
ordered Cl� ligands rotated approximately 90 ° compared with
the trans basal Cl/H2O ligands of C1. Cu1 is close to an inversion
centre and the full coordination geometry of Cu1 is shown in
inset box of Figure 3b, where it can be seen that Cu1 has square
pyramidal geometry and forms a doubly chloride-bridged
[Cu2(μ-Cl)2Cl2] dimer. The bridging Cu-Cl distances are 2.313(2)
and 2.639(2) Å. Cu5 is also sited close to an inversion centre
over which the tetranuclear [Cu4(μ-Cl)6Cl2] cluster is formed.
Here, Cu3 has square pyramidal geometry, while Cu5 is
octahedral with bridging chlorides on the Jahn-Teller elongated
axis (Cu-Cl 2.848(3), 2.961(3) Å) other bridging Cu-Cl distances
in the cluster are 2.289(3), 2.314(3), 2.306(3), and 2.642(3) for
the apical position on square pyramidal Cu3. Thus, there is

Figure 2. Crystal packing of C1 viewed down (a) b axis and (b) c axis showing
solvent-filled large channels.

Scheme 3. Synthesis of complexes C1a and C1b from C1 with formation of
polymeric chain motif from additional Cu-Cl dimerization shown in cartoon
form at Cu centres indicated in purple. Cage cartoon and colour coding is
the same as for Scheme 2.
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chloride bridging between the dimeric cage-catenanes at two
crystallographically inequivalent Cu-sites in complex C1a – at
sites Cu1 and Cu5 – resulting in formation of a coordination
chain structure.

Two adjacent [Cu6(L1)4Cl10.5(NO3)1.5(H2O)2] coordination
chains of complex C1a and an expansion of the dinuclear
[Cu2(μ-Cl)2Cl2] cluster linking two metallo-cryptophane cage-
catenanes are shown in Figure 4a. As for the tetranuclear
cluster, the pyridyl groups coordinating to the dinuclear [Cu2(μ-

Cl)2Cl2] cluster form face-to-face π-π stacking interactions, with a
centroid separation of 3.59 Å. Each coordination chain forms
hydrogen bonding interactions to two symmetry equivalent
coordination chains through aquo ligands coordinated to Cu6,
with O · · ·O separation of 3.29 Å to form a 2D network,
Figure 4a. If each {Cu3(L)2}2 cage-catenane is regarded as a
structural node, then the combination of coordinate and
hydrogen bonding interactions between them gives a network
of 63 topology. The network features distorted hexagonal
cavities of approximately 9 x 24 Å cross-section which contain
solvent molecules. Figure 4b shows how the discrete
[Cu6(L1)4Cl10.5(NO3)1.5(H2O)4] molecules of the parent C1 pack in
2D when viewed in a similar orientation to the 2D network of
C1a. The packing in 2D is notably similar, albeit with larger
hexagonal cavities for C1. The symmetry-equivalent Cu(II)
centres that form the [Cu2(μ-Cl)2Cl2] clusters in C1a (designated
Cu1) are facing one another in C1 highlighted in the side-on
view of two metallo-cryptophanes in Figure 4b. These Cu1
centres are 7.45 Å apart in C1 (dashed line Figure 4b), compared
with 3.52 Å separation in the [Cu2(μ-Cl)2Cl2] dimer of C1a. There

Figure 3. Asymmetric units of the crystal structures of (a) C1 and (b) C1a.
Ligand positions marked with an asterix were refined as mixed Cl/H2O. Cu4
of both structures has one coordinating anion modelled as disordered Cl/
NO3 each at 50% occupancy. Box shows full coordination geometry for Cu1
in C1a. Symmetry operator I: 2-X,2-Y,1-Z. Hydrogen atoms excluded for the
sake of clarity.

Figure 4. (a) Section of crystal structure of C1a showing packing of adjacent
coordination chains in 2D with intra-chain hydrogen bonding indicated as
dashed red line and (right) expanded side-view of two cage-catenanes
within a chain that are linked by the dinuclear [Cu2(μ-Cl2)Cl2] motif. (b)
Equivalent packing view of C1 with (right) expanded side-view of the
equivalent cage-catenanes shown in expansion in (a) with dashed blue line
indicating the two Cu1 centres equivalent to those that form the dinuclear
cluster in C1a.
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are no hydrogen bonds between between aquo ligands of
adjacent cage-catenanes as seen in C1a, with the equivalent
aquo ligands on Cu6 5.74 Å apart (O · · ·O separation) and
significantly out-of-plane with respect to one another. Any
transformation of the discrete [Cu6(L1)4Cl10.5(NO3)1.5(H2O)4] to the
1D chain [Cu6(L1)4Cl10.5(NO3)1.5(H2O)2] is not through a simple
translation along the Cu1 · · · Cu1 vector shown in Figure 4b but
requires more complex translations along with loss of aquo
ligand on Cu1 and chloro ligand rotations (see Figure S4 in SI).
The 3D packing between layers in C1a is distinct to that of C1
with smaller channels in the b axis (Figure S5). The solvent-
accessible void space is ca. 48% of unit cell volume and the
largest penetrating sphere is 3.00 Å along the b axis (calculated
without solvent molecules in lattice). Comparison with solvation
levels of C1 along with mask/void calculations for C1a indicated
space for 15 toluene molecules per asymmetric unit in C1a,
however a mixture of toluene and DMF guest solvent cannot be
ruled out.

Complex C1b is very similar to C1a. It crystallises in a larger
triclinic unit cell and the asymmetric unit is double the size of
that of C1a with two cage-catenanes linked by the [Cu2(μ-
Cl)2Cl2] dimer (Figure S6). The larger asymmetric unit can be
accounted for by there being two chemically distinct bridging
Cu(II)-tetranuclear clusters. One has the same {Cu4(μ-Cl)6Cl2}
form as seen in C1a, with terminal chloro ligands and a toluene
solvate molecule close-by at C� H· · ·Cu distance 3.83 Å. The
other is {Cu4(μ-Cl)6(NO3)2} with terminal nitrate ligands, rather
than the terminal chloro, Figure 5. Orientation of some methoxy
groups of the L1 ligands are different for the two cage-
catenanes and there is some disorder of one nicotinoyl group
that was not apparent in C1a, along with some disorder of
chloro ligands. One coordinated nitrate position could not be
refined, although it was apparent in the difference map. A
dimethylformamide solvent along with toluene were located in
the unit cell. Otherwise, the structures of C1a and C1b are very
similar throughout the respective lattices. Complex C1b also
features 2D hydrogen-bonded layers of the tetranuclear/
dinuclear-linked coordination chain forming, albeit with one
ligand involved in intra-chain hydrogen-bonding refined as

partially occupied chloride, which is consistent with larger
distance between the chains (3.49 cf. 3.29 Å), Figure S7 (SI). The
3D packing motifs are also very similar (Figure S8).

Solvent-induced structural changes in coordination
complexes,[32] including in coordination polymers,[33,34] are
relatively common and examples where the nuclearity of metal
clusters is increased, as here, have been reported.[35] Externally-
induced structural transitions in coordination polymers may
occur as solid-state single-crystal-to-single-crystal transforma-
tions or through solvent-mediated crystal-to-crystal processes
which may involve epitaxial crystal growth associated with
microscopic dissolution and crystallisation processes.[36] Optical
microscopy of C1a and C1b samples compared with the parent
C1 reveals visible deterioration in crystal quality despite single
crystal diffraction data being obtainable from these samples
(Figure S1). This suggests that the structural changes observed
may not be occurring in a strictly solid-state process. Attempts
to measure the unit cell parameters of an individual crystal of
C1 in its as-synthesised state as well as after soaking in toluene
were unsuccessful with repeated cooling/thawing/handling and
X-ray exposure resulting in further degradation.

As synthesis of C1 relied on adventitious chloride, (�)-L1
was deliberately reacted with CuCl2.6H2O in a similar manner.
After two weeks this gave crystals of composition
[Cu6(L1)4Cl12(H2O)3] · (H2O) · 15(DMF) C2 (Scheme S1 in SI) with
solvation levels estimated from solvent mask. The presence of
DMF was also indicated by infrared spectroscopy (Figure S13).
As for C1, the DMF reaction solution prior to crystallisation was
probed by mass spectrometry, which gave no evidence of a
Cu(II) complex being formed in solution, and was dominated by
ligand peaks, Figure S15. Material C2 was obtained in over
double the yield than was C1. Complex C2 crystallised in a
triclinic unit cell distinct from those of C1, C1a or C1b (Table 1)
and its structure solved in space group P1.[20] The unit cell
parameters are most comparable to those of C1a being similar
in the a and c axes though approximately 12% larger for the b
axis. The asymmetric unit is shown in Figure 6 and as expected,
shows only chloride counter-anions are present. As before, two
syn isomer {Cu3(L1)2} metallo-cryptophanes are formed and
these interlock into a cage-catenane assembly where the two
cages are chemically bound through bridging Cu-(μ-Cl)2-Cu

Figure 5. Section of the coordination chain structure of C1b highlighting the
two types of {Cu4(μ-Cl)6} cluster found, one capped with terminal nitrate
ligands, the other with chloro ligands. Toluene molecules are shown in
purple, and C of DMF in green. Disorder position of one nicotinoyl and
hydrogen atoms excluded for clarity.

Table 1. Unit cell parameters of materials.

a (Å) α (°) b (Å) β (°) c (Å) γ (°)

C1 26.3309(7)
91.650(2)

27.3750(6)
116.006(2)

29.8979(6)
109.881(2)

C1a 20.6704(5)
98.692(2)

22.3503(6)
104.319(2)

30.1204(7)
93.24(2)

C1b 22.3579(5)
68.887(3)

32.0688(9)
87.309(2)

39.9945(11)
79.769(3)

C2 20.2327(7)
73.824(3)

25.1322(8)
77.190(3)

29.8112(9)
79.769(3)

C2W[a] 20.49(1)
99.21(1)

22.43(1)
104.37(1)

29.88(1)
92.16(1)

[a] single crystal fragment from C2 soaked in water, estimated esds.
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links, Figure 6. There are six 5- or 6-coordinate Cu(II) environ-
ments, three with a terminal aquo ligand alongside terminal or
bridging chloro ligands, and three only coordinated by chloro
ligands. One terminal chloro ligand of Cu1 was disordered
across two sites, and one chloro coordinated to Cu6 refined at
half occupancy. One DMF and a water solvent molecule were
located in the lattice.

As for the C1 family of complexes, two cage-catenanes are
linked together through a flat tetranuclear doubly-chloro
bridged cluster (Figure 7) in this case with terminal aquo

ligands at Cu-O distance 2.545(11) Å. The {Cu4(μ-Cl)6Cl2(OH2)2}
cluster has short bridging Cu-Cl distances ranging from 2.297(3)
to 2.326(4) Å and longer bridging distances between 2.848(4)
and 2.872(3) Å. Two other Cu(II) centres of the asymmetric unit
are connected to symmetry-equivalent Cu(II) centres through
chloro-bridges. For Cu1 this is a [Cu2(μ-Cl)6Cl2] dimeric cluster
similar to that observed in C1a/b. The terminal chloro of the
cluster is disordered across two positions and only the site with
higher occupancy is shown in Figures 7 and 8, which gives Cu1
a trigonal bipyramidal geometry rather than the square pyramid
adopted by Cu1 sites in C1a and C1b. Bridging Cu1-Cl distances
are 2.428(3) and 2.535(3) Å.

Cu6 is involved in a much more unusual bridging motif,
forming a linear singly-bridged Cu-Cl-Cu unit. The bridging
chloro ligand is sited on an inversion centre, hence the Cu-Cl-
Cu angle is 180 ° and the Cu-Cl distance is 2.5752(18) Å. While
unusual, this is not unprecedented, and a handful of complexes
with linear or near-linear Cu(II)-Cl-Cu(II) motifs have been
reported[37,38] and the bond lengths found here are consistent
with the majority of those reports.[37] The only prior report of
such a motif in a coordination polymer showed a considerably
longer Cu-Cl length of 3.024 Å.[38] Each cage-catenane in C2 is
coordinated to three others through three chemically-distinct
chloro-bridged clusters to form a 2D coordination polymer.

The 2D coordination polymer has 63 topology if each
{Cu3(L1)2}2 cage-catenane is considered a network connecting
node, Figure 8. It is similar to the 2D network of hydrogen-
bonded coordination chains of C1a/C1b where the linear Cu-Cl-
Cu linkage at Cu6 replaces hydrogen bonding between aquo
ligands bonding bridges that occurred at the Cu6 positions of
C1a. The layers pack to produce similar channels along the b
axis as seen in the other complexes, and also show channels in
other directions (Figures S9, S10 SI). Overall, the solvent-filled
space within the lattice is smaller than that of C1.

Complex C2 was assessed for potential application in the
photocatalytic degradation of dyes, noting there are other
examples of Cu(II)-coordination polymer materials used for such
purposes.[39] Very modest effects were seen with methyl orange
and methylene blue in water (see section 4, Figures S17–21 of
SI), which do not suggest that C2 is a suitable material for this
application. Subsequent investigation also indicates C2 is not
fully stable in water. Crystals of C2 that were soaked in water
suffered some degradation in crystallinity however unit cell
parameters could be determined using synchrotron radiation.
Interestingly, the cell parameters obtained were a closer match
to those of complex C1a than to C2, Table 1. Complex C2 and
C1a show extremely similar lattice packing as can be appreci-
ated by comparison of Figure 4a and Figure 8a; and Figures S8a
and S9. The main difference is the presence of the linear Cu-Cl-
Cu bridge in C2 which, in terms of lattice positions, corresponds
to the Cu-H2O · · ·H2O-Cu hydrogen bonding that occurs
between 1D coordination chains in C1a. Unfortunately, the
crystal did not diffract sufficiently well for a full structure
determination but this observation gives indirect evidence for
the mechanism of the initial stage of hydrolysis of C2 being the
hydrolysis of the linear Cu-Cl-Cu bridges.

Figure 6. Asymmetric unit of the crystal structure of
[Cu6(L1)4Cl12(H2O)3] · (H2O)·n(DMF) C2. DMF shown with C in green. Cu
numbering is matched to similar Cu centres in C1 family of complexes. One
of the Cl� coordinated to each of Cu1 and Cu6 are disordered across two
sites. Hydrogen atoms not shown for clarity.

Figure 7. Cu(II) coordination environments in C2. Only the major Cl disorder
position is shown for the disordered terminal Cl of Cu1. The linear bridging
chloro of Cu6 is sited on an inversion centre. Symmetry operators: I-X,-Y-1,3-
Z; II 1-X,-Y,2-Z.
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Conclusions

A hitherto unreported type of cage-catenanes were obtained
from the cyclotriveratrylene-based ligand
tris(nicotinoyl)cyclotriguaiacylene with Cu(II). The {Cu3(L1)2}
metallo-cryptophane cage units are similar to previous reports
of cage-catenanes but with additional copper chloride bridges
between the two cages of the triply interlocked catenane. In all
examples reported here, this copper chloride bridging motif
extends to an unusual {Cu4(μ-Cl)6Cl2(OH2)2} cluster that links two
cage-catenane groups together into tetramer of metal-organic
cages in a dimer of cage-catenanes motif. The originally
obtained material formed through serendipitous scavenging of
chloride contaminant, and this 0D material transforms to 1D
coordination chain materials with further copper chloride
bridges during solvent-exchange processes with concomitant
uptake of toluene into the crystal lattice. A 2D coordination
polymer obtained directly from L1 and CuCl2 shows a third
copper chloride bridging motif, and unit cell measurements
indicate this bridge is hydrolysed on exposure to water though
with retention of a degree of crystallinity. Thus, both formation
and dissociation of copper chloride bridges between the dimers
of cage-catenanes can be prompted by solvent-exchange
processes.

Supporting Information

Details of synthetic procedures, spectroscopic, analytical and
thermal characterisation, crystallographic information and addi-
tional figures of crystal structures. The authors have cited
additional references within the Supporting Information
(Ref. [40–42]). Data accessibility: data supporting this study are
available at https://doi.org/10.5518/1585.
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