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Increasing the chemical complexity of metal—organic cages (MOCs)
or polyhedra (MOPs) demands control over the simultaneous orga-
nization of diverse organic linkers and metal ions into discrete
caged structures. Herein, we show that a pre-assembled complex
of the archetypical cuboctahedral MOP can be used as a template
to replicate such caged structure, one having a “triblock Janus-
type” configuration that is both heterometallic and heteroleptic.

Discrete metal-organic assemblies featuring empty cavities, gen-
erally known as coordination-/metal-organic cages (MOCs)"* or
metal-organic polyhedra (MOPs),® are receiving great attention
due to their rich structural versatility and potential applications in
areas such as molecular separation, catalysis, gas storage and
biomedical applications.*” To date, most of these assemblies have
been constructed from one type of organic linker and one type of
metal ion. This is mainly due to the inherent difficulty of control-
ling the assembly of multiple ions and linkers into such discrete
caged structures.® However, there is an increasing interest in
developing more complex, multicomponent MOCs that may pre-
sent emerging properties arising from the intra-MOC interactions
between different adjacent building blocks, such as increased
chemical stability, tandem catalysis, optical or magnetic
properties.”'° In this context, multicomponent assembly strategies
for the construction of cages with two or more metal ions (known
as multimetallic cages), or with two or more organic linkers
(known as heteroleptic cages), have recently been proposed.'"'?
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Specifically, heteroleptic cages have been assembled through the
use of shape complementary linkers,">'* asymmetric linkers,>™*”
and coordination sphere engineering.'® Interestingly, heterometallic
cages'® are even rarer than heteroleptic ones. The most common
route to them entails the use of heterotopic ligands, which can bind
two different metal ions according to their different coordination
preferences.”>** Alternatively, pre-synthesized hetero-bimetallic
clusters can be employed.>

Herein, we report a new multicomponent assembly strategy that
uses a pre-assembled metal-organic fragment of a known caged
structure as a building unit. We envisioned that such a pre-
assembled fragment could template the formation of the parent
cage when combined with complementary organic linkers and/or
metal ions. We reasoned that, if these complementary organic
linkers and metal ions were different to those comprising the
metal-organic fragment, then our templated synthesis would enable
assembly of heteroleptic and bimetallic versions of the parent caged
structure. To validate our hypothesis, we applied our strategy to the
archetypical cuboctahedral Cu,sbde,, or Rhysbde,,™ (where bde
stands for 1,3-benzenedicarboxylic acid) MOP, aiming to assemble
heteroleptic and/or bimetallic cuboctahedral caged structures hav-
ing a “triblock Janus-type” configuration.

We began with a retrosynthetic analysis to identify a repe-
titive, non-interconnected, metal-organic fragment within the
cuboctahedral MOP. We found the Rh,(bdc), fragment in the
central part (Fig. 1, in magenta) of the cage. It is a Rh(u)
paddlewheel complex comprising four bdc linkers, each show-
ing a free carboxylic acid group. We reasoned that four of these
pre-synthesized Rh,(bdc), complexes should template the for-
mation of the cuboctahedral MOP when connected via 16
additional metal ions and 8 bdc linkers (Fig. 1; in cyan). This
assembly involves three different components that ultimately
provide access to cuboctahedral MOP whose central portion
differs in composition from their two lateral portions, analo-
gously to the well-known, “triblock Janus-type” particles.*®
Accordingly, the cuboctahedral structure of the resulting MOPs
will be divided in three distinct parts that exhibit two different
chemistries.
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Fig. 1 Schematic illustration of the multicomponent assembly strategy used to synthesize heteroleptic and heterometallic, “triblock Janus-type”, MOPs.

Having identified the Rh,(bdc), fragment, we next pro-
ceeded with its synthesis. As this complex contains free car-
boxylic acid groups, we used a protection/deprotection strategy
for one of the two carboxylic groups in the bdc linker.>” In the
first step, the carboxylic acid group was protected using 2-(tri-
methylsilyl)ethanol (see synthetic details in the ESIL{ and
Fig. S5 and S6). This step was essential, as it prevented reaction
of the two carboxylic acid groups of each bdc with Rh(u), thus
promoting formation of the protected Rh,(bdc), and conse-
quently, precluding generation of homometallic MOPs or
extended structures. The protected Rh,(bdc), complex was
synthesized by reacting the half-protected bdc linker with
Rh(u) acetate in chlorobenzene at 150 °C overnight. The result-
ing complex was purified through column chromatography,
and its formation was confirmed by nuclear magnetic
resonance spectroscopy (NMR) and mass spectrometry (MS)
(Fig. S7 and S8, ESI¥). Finally, the four carboxylic acid groups of
the complex were deprotected by treatment with tetra-n-
butylammonium fluoride at room temperature overnight. The
formation of Rh,(bdc), with the four deprotected carboxylic
acid groups was confirmed by single-crystal X-ray diffraction
(SCXRD, Fig. 2a), 'H NMR and MS (Fig. S9-S11, ESI}).

With the complex in hand, we first used it as a building
block to assemble a three-component, bimetallic cuboctahedral
MOP. Based on the expected stoichiometry between the three
components in the final caged structure, Rh,(bdc), was reacted
with 4 mol. eq. of Cu(NO;), and 2 mol. eq. of bdc in dimethy-
lacetamide (DMA) at room temperature for 1 week to obtain a
green solid, herein named HET-MOP-1 (where HET stands for
heteroleptic and/or heterometallic). The solid was washed with
DMA and diethyl ether to remove unreacted reagents and left to
dry in open air (yield: 13%). To confirm the MOP structure, we
performed N, and CO, adsorption of the obtained solid
(Fig. S12, ESIt), observing a Brunauer-Emmett-Teller (BET)
surface area of 411 m> g~ and a maximum uptake at 1 bar
and 298 K of 1.03 mmol CO, g~'. Importantly, the solid could
be redissolved in dimethylformamide (DMF), which suggested
that the product of the reaction is not an extended framework
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Fig. 2 (a and b) Crystal structures of (a) deprotected Rh,(bdc), complex
and (b) HET-MOP-1. (c) *H NMR spectrum (300 MHz, DMSO-de) indicating
disassembly of the structure into the Rhy(bdc), complex (purple) and the
free bdc linker (red).

but a discrete molecule. Exposure of the DMF solution in the
presence of 4-tert-butylpyridine to ether vapors let to formation
of crystals suitable for SCXRD, which revealed formation of the
targeted, bimetallic, cuboctahedral HET-MOP-1, of formula
[RhgCu;6(bdc),,] (Fig. 2b). However, in this structure, the posi-
tion of each metal could not be elucidated, due to the high
symmetry of the cage, whereby Rh(u) and Cu(u) can occupy the
same crystallographic positions (Fig. S13, ESIt), and where all
paddlewheels are topologically equivalent, corresponding to
the only kind of vertex present in the cuboctahedron.”®*®
Considering this, a satisfactory refinement was obtained when
the occupancy of each metal site was fixed to 1/3 for Rh(u) and 2/3

This journal is © The Royal Society of Chemistry 2023
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for Cu(u), as expected from the molecular formula of HET-MOP-1.
Note that the powder-XRD pattern matched the calculated pattern,
confirming the purity of the sample (Fig. S14, ESI¥).

Next, we further confirmed the bimetallic character of
the cuboctahedral HET-MOP-1 by matrix-assisted laser desor-
ption/ionization-time-of-flight (MALDI-TOF) spectrometry,
from which the solubilized HET-MOP-1 showed a peak at
m/z =5779.8, which is in very good agreement with the expected
molecular mass (M + H'] = 5779.4) (Fig. S15, ESIY). Also, high
resolution SEM/EDX performed on several single crystals con-
firmed the presence of both Rh and Cu in the expected
proportion of 1:2 (Rh/Cu) (Fig. S16, ESIt). Furthermore, EDX
mapping performed on several single crystals of HET-MOP-1
revealed the homogeneous distribution of both metal ions
through the crystal (Fig. S17, ESIt). In addition, UV-Vis analysis
of the DMF solution of HET-MOP-1 revealed the presence of two
broad bands centered at 588 nm and 746 nm, which were
ascribed to the Apya, of both Rh(u)- and Cu(u)-based paddle-
wheels, respectively (Fig. S18, ESI{).*>*' Finally, to further
demonstrate the integrity of Rh,(bdc), throughout the self-
assembly process, HET-MOP-1 was disassembled into its initial
components by exposing it to mild acidic conditions at room
temperature. The titration of a DMF solution of HET-MOP-1
with HCl was monitored through UV-Vis (Fig. S19, ESIt).
Among the two types of paddlewheels forming HET-MOP-1,
titration revealed that the Cu(u) one could be fully disas-
sembled, whereas the Rh(u) paddlewheel could not be, as it
was maintained even upon addition of 12 mol. eq. of acid.
This disassembly experiment further confirms the absence of
metal exchange between the Rh,(bdc), and Cu(u) ions
during the synthesis of the HET-MOP-1, which is ascribed to
inertness of the equatorial position of Rh(u)-carboxylate pad-
dlewheel structures.'® The 'H-NMR spectrum of the acid-
treated HET-MOP-1 (in DMSO-d¢) further confirmed selective

a)M + (%) + Hoj(éyon
oA !

( 9 \
OH 0=S-ONa
7(©\,( OH-bdc NaSOs-bdc
HO, OH HO. OH
o (o] (0] [¢]
-
A

RhgCu,g(bdc),s(R-bdc)s Cages

Fig. 3

:g ‘\, 2000 5000 8000 84 82 80 s 76
<)
(a) Schematic illustration of the formation of HET-MOP-2 and HET-MOP-3. (b) Crystal structure of HET-MOP-2. (c) MALDI-TOF spectrum of
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disassembly of the MOP into the deprotected Rh,(bdc),
complex and bdc linkers at a molar ratio of 1:2, as expected
from the molecular formula of HET-MOP-1 (Fig. 2¢ and Fig. S20
and S21, ESIt).

We then envisioned incorporating a functionalized bdc
linker into the self-assembly process to assemble cuboctahedral
MOPs that would be both bimetallic and heteroleptic. With the
use of functionalized bdc linkers, we expected to introduce
such functional groups into both side portions of the “triblock
Janus-type” MOPs. We imagined replacing the complementary
bdc with functionalized versions of it, at its 5-position (Fig. 3a).
Thus, we decided to run a co-assembly reaction of Cu(u),
Rh,(bdc), and either 5-hydroxyl-isophthalic acid (OH-bdc) or
5-sulfoisophthalic acid sodium salt (NaSO;-bdc). In a first
assembly, OH-bdc, Cu(NO;), and Rh,(bdc), were reacted in
DMA at room temperature for 24 hours, after which a green
precipitate (hereafter named HET-MOP-2) was obtained, which
was isolated and washed with DMA and ether (yield: 14%). The
green solid was solubilized in DMF and exposed to ether
vapours to obtain crystals suitable for SCXRD. Next, a second
assembly reaction was performed under similar conditions
with respect to the stoichiometry of the different building
blocks (85 °C for 48 hours), except that NaSO;z;-bdc was used
instead of OH-bdc. This led to a similar product, named HET-
MOP-3 (yield: 25%). Here, single crystals suitable for SCXRD
analysis were directly harvested from the solvothermal reaction.

SCXRD confirmed formation of two cuboctahedral cages
built up from two types of linkers (bdc and either OH-bdc or
NaSOs-bdc) and two types of metal ions [Cu(u) and Rh(u)]
(Fig. 3b and e). Analysis of the crystal structures of HET-MOP-
2 and HET-MOP-3, which followed the same principles as for
HET-MOP-1, confirmed occupancy values at each metal site of
1/3 for Rh(u) and of 2/3 for Cu(u). Similarly, based on these
symmetric effects, the electron density of all functional groups
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HET-MOP-2, with the peak at m/z = 5996.1 highlighted. (d) *H NMR spectrum (300 MHz, DMSO-de) confirming the disassembly of HET-MOP-2 into its
constituent Rh,(bdc)s complex (purple) and OH-bdc linker (green). (e) Crystal structure of HET-MOP-3. (f) MALDI-TOF spectrum of HET-MOP-3, with
the peak at m/z = 6409.2 highlighted. (g) *H NMR spectrum (300 MHz, DMSO-dg) confirming the disassembly of HET-MOP-3 into its constituent

Rhx(bdc)s complex (purple) and NaSOs-bdc linker (green).

This journal is © The Royal Society of Chemistry 2023
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of the linkers are a sum of hydrogen (for bdc) and OH (for OH-
bdc) or NaSO; (for NaSOs-bdc). Here, the molecular formula
suggested a ratio of 1/3 R-bdc (R = OH, NaSO3) to 2/3 bdc, which
were confirmed during the refinement process. Powder-XRD
patterns further confirmed the purity of the samples (Fig. S22
and S28, ESIT). We then sought further evidence of formation of
the above heterometallic and heteroleptic cages, through
MALDI-TOF (Fig. 3c and f), which revealed a peak at m/z =
5996.6 (for HET-MOP-2) and m/z = 6409.2 (for HET-MOP-3), which
are in agreement with the corresponding postulated formulas:
[RhgCuye(bdc)ys(OH-bdc)s] (M + H;O' + DMF] = 5996.3); and
[RhgCuye(bdc)y(NasSOs-bdce)g] ([M + H'] = 6409.6). Consistently, mild
acidic disassembly of both HET-MOP-2 and HET-MOP-3 at room
temperature revealed the expected molar ratio of 1:2 (Rhy(bdc),
complex/R-bdc) (Fig. 3d and g) (for UV/Vis analysis see Fig. S23 and
S29, ESIt). Identification of Rhy(bdc), in this disassembly process
clearly evidenced preservation of this complex throughout the self-
assembly process, thus excluding any possible ligand exchange.
Acidic disassembly at high temperature (T = 100 °C) enabled full
disassembly of both HET-MOP-2 and HET-MOP-3 into their corres-
ponding free linkers (Fig. S24 and S30, ESIT). "H-NMR spectra of the
resulting solutions revealed molar ratios of 1:0.5 for HET-MOP-2
(bde/OH-bdc) and HET-MOP-3(bdc/NaSO;-bdc), which are in good
agreement with the expected values (1:0.5). High-resolution SEM/
EDX analysis and EDX mapping of single crystals confirmed the
expected Cu:Rh ratio (2/3 Cu and 1/3 Rh) and the homogeneous
distribution of both metals within the same crystal for both HET-
MOP-2 and HET-MOP-3 (Fig. S25, S26, S31 and S32, ESIt). Finally,
we found that HET-MOP-2 is porous to N, (BET surface
area = 359 m’> g ') and CO, (uptake at 1 bar and 298 K =
1.2 mmol CO, g™ '), whereas HET-MOP-3 is only porous to CO, (uptake
at 1 bar and 298 K = 1.2 mmol CO, g ; Fig. 27 and S33, ESI{).

In conclusion, we have developed a stepwise synthetic method
that employs pre-assembled complexes of a known cage to replicate
it with a multicomponent character. The value of our method stems
from the fact that the pre-assembled Rh,(bdc), complex determines
the position of both the additional inorganic and organic building
blocks in the final cuboctahedral structure. This enables conver-
gence of four different molecules (two types of metal ions + two
types of organic linkers) into a single, well-defined caged structure.
We are confident that this degree of structural control in discrete
metal-organic assemblies should pave the way to achieving greater
chemical complexity in cages, expanding the catalog of synthetically
accessible cages, and optimizing cages for functional applications
such as catalysis and gas storage.
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