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ABSTRACT: Polycarboxylate ligands are among the most important building blocks for the synthesis of metal-organic frameworks
(MOFs). The ability to access these ligands in an efficient way is of key importance for future applications of MOFs. Here, we
demonstrate that mono- and dinuclear clathrochelate complexes are versatile scaffolds for the preparation of polytopic carboxylate
ligands. The largely inert clathrochelate complexes have a trigonal bipyramidal shape. The synthesis of functionalized clathrochelates
with two, three, four or five carboxylic acid groups in the ligand periphery can be achieved in few steps from simple starting materials.
Apart from being easily accessible, the metalloligands display interesting characteristics for applications in metallasupramolecular
chemistry and materials science: they are rigid, large (up to 2.2 nm), robust, and they can show additional functions (e.g. fluorescence
or extra charge) depending on the metal ion that is present in the clathrochelate core. The utility of these new metalloligands in MOF
chemistry is demonstrated by the synthesis of Zn- and Zr-based coordination polymers. The combination of Zn(NOj3), with clath-
rochelates having two or three carboxylic acid groups gives MOFs in which the clathrochelate ligands are connected by Zn4O clusters
or Zn paddlewheel links. The structures of the resulting two- and three-dimensional networks could be established by single crystal
X-ray crystallography. The reaction of carboxylic acid-functionalized clathrochelates with ZrCls gives amorphous powders which

display permanent porosity after solvent removal.

INTRODUCTION

Carboxylic acid-functionalized ligands are of paramount im-
portance in supramolecular chemistry, most notably in the prep-
aration of metal-organic frameworks (MOFs). Since the pio-
neering discovery of compounds such as MOF-5 by Yaghi and
coworkers,' and HKUST-1 by the group of Williams,? the num-
ber of reported MOF structures continues to grow exponen-
tially.?

The development of MOF chemistry has in part been driven
by the variety of ligands employed in the preparation of these
materials. The concept of reticular chemistry,* along with a
range of well-established synthetic techniques for MOF prepa-
ration, has enabled the strategic incorporation of increasingly
elaborate ligands into MOFs, the properties and structural char-
acteristics of which are determined by those of the ligands
themselves. This powerful, modular means to prepare bespoke
materials in a targeted manner is exemplified by MOF-5 and its
isoreticular analogues, which have been constructed from a
wide range of ditopic carboxylic acid ligands such as those
based on extended oligo(phenylenes) and terephthalic acid de-
rivatives,® and even metal complexes (metalloligands).® The in-
corporation of functional moieties, including photoactive
groups,’ catalytically active metal centers,® or simple organic
functional groups,® into carboxylic acid-based MOF building
blocks has facilitated the preparation of materials with new and
interesting properties.

Another ligand property that has received a significant
amount of attention in recent times is size. The preparation of
longer or expanded building blocks has enabled MOFs with
greater internal void volumes, cavity dimensions and surface
areas to be made. Consequently, these materials are, for exam-
ple, capable of the uptake of larger guest species'® or greater
volumes of adsorbed gas.!" Again, reticular synthesis has en-
couraged the design of numerous expanded MOF structures
based upon well-known network topologies,'? but common set-
backs encountered during research into these materials include
the observation of extensive network interpenetration.'® Other
obstacles are the synthetic efforts and the costs associated with
the preparation of large ligands. This point is exemplified by
work of the groups of Yaghi and Stoddart,'* who developed a
series of ditopic linear a-hydroxycarboxylic acid ligands up to
5 nm in length. These building blocks were subsequently incor-
porated into a range of isostructural MOFs (the IRMOEF-74 se-
ries), which possessed interior channel apertures of up to 98 A.
The synthesis of the longest ligand employed in this study re-
quired eight steps and gave an overall yield of 14%.

Herein, we report a means to efficiently prepare large di-,
tri-, tetra- and pentatopic carboxylic acid ligands in few steps
from simple starting materials. Our ligands consist of trigonal
bipyramidal clathrochelate complexes to which carboxylic acid
groups may be appended in a modular manner (Figure 1). To
demonstrate the utility of these metalloligands'*!¢ in structural
supramolecular chemistry, we have prepared a series of new co-
ordination polymers, in which the clathrochelates are linked by
Zn-or Zr-clusters to give two- or three-dimensional networks.



Figure 1. Schematic representation of the polycarboxylate ligands
described herein. The carboxylic acid groups are attached to mono-

or dinuclear clathrochelate complexes with a trigonal bipyramidal
shape (in blue).

RESULTS AND DISCUSSION

SYNTHESIS OF THE CLATHROCHELATES

In 2006, the group of Chaudhuri reported the synthesis and
the structural characterization of a dinuclear Mn" clathrochelate
complex with bridging phenolatodioximato ligands and capping
methylboronate esters.!” We recently showed that it is possible
to construct 4,4’-bipyridyl ligands based on similar dinuclear
complexes by replacing the terminal methylboronate esters with
pyridylboronate esters.'® A unique feature of these pyridyl-
capped metalloligands is their negative charge, which may be-
stow supramolecular assemblies with extra stability.

We hypothesized that dinuclear clathrochelates could also
be used as scaffolds for the preparation of new polycarboxylate
ligands, which should represent highly interesting building
blocks for MOF chemistry. Indeed, anionic M(II) tris(dioxi-
mato) complexes (M*" = Co, Zn) with two appended carboxylic
acid groups were obtained by reaction of 4-carboxyphenyl-
boronic acid, 2,6-diformyl-4-tert-butylphenol dioxime (L1) or
2,6-diformyl-4-bromophenol dioxime (Lz) and the appropriate
metal salt (Zn(OTf), or [Co(H,0)s](NOs),) in a mixture of
MeOH and EtOH (Scheme 1). It should be noted that the bo-
ronic acid is commercially available, and the dioximes can be
prepared easily from the corresponding dialdehydes. Con-
versely to the synthesis of the pyridyl-capped clathrochelates
reported previously,'® presence of a base was required for the
insertion of the third phenolatodioximato ligand. Tetrae-
thylammonium hydroxide was chosen for this purpose since the
NEt;" cation enhances the solubility of the final complexes. The
products 1-4 precipitated from solution upon concentration of
the mother liquor as amorphous solids. The high yields of
74-92% indicate that the CO,H functions on the boronic acid
do not interfere with the formation of the dinuclear clathroche-
late core, even though Zn?* and Co?* ions are known to bind
carboxylate ligands. The anionic clathrochelates 1-4 are well
soluble in polar aprotic solvents such as DMF, DMA and
DMSO.

Scheme 1. Synthesis of the ditopic clathrochelate complexes
1-4.
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Figure 2. Molecular structure of metalloligand 2 in the crystal with
view from the side (top) and along the pseudo-Cs symmetry axis
(bottom). Hydrogen atoms, the counter ion (NEts"), and solvent
molecules have been omitted for clarity. Color coding: C: gray; O:
red; N: blue; B: green; Co: orange.

Clathrochelates 1-4 were analyzed by high-resolution mass
spectrometry, Fourier-transform infrared spectroscopy and, for
the diamagnetic complexes 1 and 3, NMR spectroscopy. As ex-
pected, only one set of signals was observed for the phenola-
todioximato ligands, revealing the pseudo-C; symmetry of the
complexes. Single crystal X-ray structural analysis of 2 re-
vealed the presence of the expected dinuclear clathrochelate
core with terminal carboxylic acid groups (Figure 2).

The two Co?* ions in complex 2 are coordinated in a trigonal
prismatic fashion by three nitrogen and three oxygen atoms.
The two carbon atoms of the terminal CO,H groups are 21 A
apart from each other. This length is notably far from the 50A
of IRMOF-74-XI ligand,'* but the synthetic efforts cannot be
confronted. Clathrochelate 2 is however comparable to ditopic
linkers having up to five phenylene spacers, such as ligand V
(about 22A) in the IRMOF-74-V,'* or slightly larger than trans-
biscarboxylate tetraarylporphyrins such as HsDCPMes,P in



PIZA-4," or ditopic ligands with four aryl rings spacers.? In
solution, the Zn complexes 1 and 3 display pseudo-C; sym-
metry as revealed by a single set of NMR signals for the three
oximato ligands. In the solid state, one can observe a small de-
viation from this ‘ideal’ geometry, with angles between the
planes of the three lateral oximato ligands between 116.90° and
123.13° (Figure 2, bottom).

Scheme 2. Synthesis of the tetratopic clathrochelate com-
plex 5.

HO
o]
HO
2zn0TRH2 * 2 dB + 3
H
o] HO”'J H N‘OH
H L,

i. EtOH, MeOH, 70 °C
ii. NEt,OH

T NEt,"

E}Biﬁ- 240°2A. -o-B{g
\

(44 %)
5

A similar synthetic strategy as employed for 1-4 was used
to prepare the clathrochelate complex 5 featuring four carbox-
ylic acid functions attached to the terminal arylboronate ester
groups (Scheme 2). Clathrochelate 5 was obtained as a fully
protonated tetracthylammonium salt in 44% yield, and charac-
terized by high-resolution mass spectrometry, Fourier-trans-
form infrared spectroscopy and NMR.

In addition to the anionic, dinuclear clathrochelates pre-
sented above, we have prepared mononuclear clathrochelate
complexes with terminal CO.H groups (6—11). The synthesis of
these complexes was achieved by reaction of anhydrous FeCl,
with commercial dioximes and 3- or 4-carboxyphenylboronic
acid, respectively (Scheme 3). The ditopic complexes 6 and 8
are known,?! but applications in supramolecular chemistry have
not been reported. We have prepared the novel, less sterically
bulky analogues 7 and 9 using dimethylglyoxime. A closely re-
lated approach was subsequently employed in the synthesis of
the tetratopic clathrochelates 10 and 11. All complexes were
characterized by high-resolution mass spectrometry and NMR
spectroscopy. In contrast to the ionic compounds 1-5, the di-
functional clathrochelates 6—9 are soluble in organic solvents
such as dichloromethane, with the dimethylglyoxime-derived
complexes 7 and 9 being slightly less soluble than the nioxime-
derived complexes 6 and 8 (nioxime = 1,2-cyclohexanedione-
dioxime). Tetratopic clathrochelates 10 and 11 are soluble in
polar aprotic solvent, such as DMSO and DMF.

Scheme 3. Synthesis of the mononuclear clathrochelate
complexes 6-11.
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The structures of 6 and 8 were analyzed by single crystal X-
ray diffraction (Figure 3). These crystal structures reveal the
characteristic trigonal prismatic coordination geometry of the
encapsulated low spin Fe(II) ion,?? in which Fe-N distances
vary from 1.908(3) to 1.916(3) in 6 and 1.904(5) to 1.931(3) in
8. The two carbon atoms of the terminal COH groups in com-
plex 8 are 17.921(2) A apart from each other.

The clathrochelate complexes 1-11 feature either two or
four CO,H groups, which were introduced during the synthesis
by using a functionalized arylboronic acid. The oximato ligands
occupy lateral positions with respect to the axis defined by the
two boron atoms. By using different oximato ligands, we have
demonstrated that it is possible to change the size and the solu-
bility of the metalloligands independently from the function-de-
fining boronic acid.

10: R—-CH
11: R=-CH,4




Figure 3. Molecular structures of the complexes 6 (top) and 8 (bot-
tom) in the crystal. C—H hydrogen atoms and solvent molecules
have been omitted for clarity. Color coding: C: gray; O: red; N:
blue; B: green; Fe: purple.

We envisioned that it should also be possible to use the ox-
imato ligands for introducing additional CO,H groups, thereby
broadening the variety and hence potential applications of clath-
rochelate-based metalloligands. This goal was accomplished
through synthesis of the CO,H-functionalized dioximato ligand
Ls. Suzuki-Miyaura coupling of 4-carboxyphenylboronic acid
and 2,6-diformyl-4-bromophenol in the presence of Pd(dba);
and Buchwald’s SPhos ligand?® in n-BuOH afforded the crude
diformylphenol intermediate, which was converted to its corre-
sponding dioxime L3 by treatment with hydroxylamine hydro-
chloride (Scheme 4).

Scheme 4. Synthesis of ligand Ls.
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The new ligand L3 was subsequently used for the synthesis
of the clathrochelates 12 and 13 (Scheme 5). These complexes
feature three CO,H groups in equatorial position and two bromo
atoms in axial position. Based on simple molecular modelling
considerations, we expect a distance of approximately 18.6 A
between the carbon atoms of the carboxylic acid groups. Con-
sequently, these trigonal metalloligands are significantly larger
than the commonly employed 1,3,5-tris(4-carboxyphenyl)ben-
zene ligand (C--C = 12.55 A). The bromo atoms were intro-
duced because they were found to slightly improve the solubil-
ity of the clathrochelates.

By using ligand L3 in combination with the capping agent
4-carboxyphenylboronic acid, we obtained the pentatopic clath-
rochelate ligands 14 and 15 (Scheme 5). To date, very few ex-
amples of 5-fold coordinating ligands have been studied,?* and
our clathrochelates are, to the best of our knowledge, the largest
such ligands ever reported.

Scheme 5. Synthesis of the tri- and pentatopic clathroche-
late complexes 12-15.
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In the discussion so far, we have mainly focused on the size
and the geometry of the new metalloligands. However, there are
also other properties which are worth noting. The Zn-based
clathrochelates 1, 3, 5, 12, and 14 arc all luminescent, with
emission maxima at around 450 nm (1: 445nm, A= 325nm; 3:
452nm, Aex= 335nm; 5: 445nm, Aex = 335nm; 12: 457nm, Ax=
335nm; 14: 445nm, A= 335nm, in DMF/DMSO, Figure S37
and S38). Due to the inert character of the Zn?" ions, the lumi-
nescence can be assigned to intraligand and/or ligand-to-ligand
charge transfer emissions. The dinuclear Co complexes are not
emissive, presumably due to quenching by the paramagnetic
metal ions. The magnetic properties of the Co clathrochelates
were not studied in detail, however for complexes 2 and 4 we
have determined effective magnetic moments (ues) of 5.37 ug
and 5.81 us, respectively, by using the Evans method. We
would also like to stress the intrinsic charge displayed by the
dinuclear Zn and Co-containing clathrochelates. This additional
negative charge represents a fundamental difference compared
to standard carboxylic acid ligands, which only become charged
after deprotonation of the CO,H groups.

UTILIZATION AS METALLOLIGANDS IN MOFs

Having shown that carboxylic acid-functionalized clath-
rochelate complexes can be synthesized in one pot from simple
and readily available starting materials, we examined applica-
tions as supramolecular building blocks. Based on their struc-
tures, it was not established that the clathrochelate core would
survive the relative harsh conditions employed for MOFs syn-
theses. The lateral side groups of the oximes were also a chal-
lenging part, since it was difficult to estimate if the steric bulk
from adjacent clathrochelates was not a pitfall for the formation
of rectangular coordination pattern found in many MOFs. On
the other hand, the lateral groups could be found as a virtue,



preventing interpenetration of the networks. The effect of the
intrinsic negative charge shared by the bimetallic clathroche-
lates was also an unknown parameter to take into account.

In order to demonstrate that our clathrochelate-based poly-
carboxylic acids are suitable for incorporation into MOFs, we
targeted the syntheses of two representative coordination poly-
mer classes, the first one sharing MOF-5 topology, the second
one related to zirconium-based MOFs. MOF-5 is amongst the
most extensively studied porous materials since its discovery in
1999,! and given the vast rage of isostructural MOF-5 ana-
logues that have been reported, along with the interesting func-
tional properties possessed by many of these materials,? this
framework structure was considered to be an ideal initial candi-
date for the incorporation of carboxylic acid-functionalized
clathrochelate complexes into MOFs. Solvothermal reaction of
ditopic ligands 1, 2 and 4 and [Zn(H>0)s](NOs3); in a mixture of
DMF and a chlorinated aromatic solvent (chlorobenzene, 1,2-
dichlorobenzene or 1,2,4-trichlorobenzene) or DEF at 120°C
resulted in the formation of single crystals upon heating
(Scheme 6).

Scheme 6. Syntheses of the MOFs 16-20.
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Single crystals suitable for X-ray structural analysis were
obtained for all the different solvent systems. Due to weak dif-
fraction and the high disorder observed in the crystals, the key
to a successful refinement was the utilization of stereochemical
restraints for the clathrochelate ligands within MOFs 16-20,
which were generated by the GRADE program.2?” This mac-
romolecular refinement technique has been adapted to be used
in the program SHELXL.?® We have already used this method-
ology for other clathrochelate-based structures,'® and it was
found to drastically increases the robustness of the refinement,
especially when being combined with the new rigid bond re-
straint in SHELXL (RIGU).? The program ShelXle,*® which
supports the macromolecular residue grouping, was used as a
GUIL The DSR program was employed to semi-automatically
model disordered moieties.!

Crystallographic analysis of MOF 16 revealed a topology
identical to MOF-5 and the IRMOF-n series.? The framework
is composed of clathrochelate complexes ligated to Zn4O clus-
ters by their carboxylate groups (Figure 4). These clusters are
composed of four tetrahedral Zn*" cations and a central us-O
atom.

Figure 4. Part of the structure of MOF 16. Hydrogen atoms, NEt4"
cations, and solvent molecules have been omitted for clarity. Color
coding: C: gray; O: red; N: blue; B: green; Zn: cyan. Blue polyhe-
dral represent the tetrahedral Zn atoms in the tetranuclear SBU.

Unlike MOF-5, where each ZnsO node adopts an octahedral
geometry with respect to the organic linkers, 16 showed a
slightly distorted geometry. Indeed, the zinc SBUs are linked
together by the deprotonated dicarboxylic acid ligands in a trig-
onal antiprismatic fashion. The central oxygen atoms from ad-
jacent zinc SBUs are separated by a distance of 27.750(5) A,
the angles between the axis of the clathrochelate ligands (as de-
fined by the central 4-O atoms of the Zn4O nodes) are 71° and
109° for cis- pairs of clathrochelates, respectively, to be com-
pared to the average 90° angle in the IRMOF-n series. Some-
what surprisingly, the network is two-fold interpenetrated (Fig-
ure S46). Such interpenetration has frequently been observed
for MOF-5 assemblies constructed from long carboxylate lig-
ands,?? but we had anticipated that the steric bulk of the equato-
rial fert-butyl groups of the phenolatodioximato ligands within
1 might prevent such interpenetration. A unique feature of 16
compared to standard MOF-5-type structures is the fact that the
network is negatively charged (the bridging carboxylate ligands
display a charge of -3). The charge is compensated by NEt,
cations, which are found in the voids of the structure.

Whereas structural analyses of MOFs 18 and 19 exhibited
only minor structural differences compared to 16 (Figures
S48-S51), presumably due to the different solvents employed
during their synthesis, MOF 17 revealed different behavior. The
three-dimensional framework is likewise composed of clath-
rochelate metalloligands connected to Zn4O clusters (Figure 5).
However, three of the Zn** cations adopt a classical tetrahedral
geometry, whilst the fourth is six-coordinate and octahedral.



Figure 5. Part of the structure of MOF 17 with view along the crys-
tallographic ¢ axis (top) and molecular structure of the tetranuclear
SBU (bottom). Most hydrogen atoms, NEt4" cations, and solvent
molecules have been omitted for clarity. Color coding: C: gray; H;
white; O: red; N: blue; B: green; Zn: cyan. Blue and green polyhe-
dra represent the tetrahedral and octahedral Zn atoms in the tetra-
nuclear SBU, respectively.

Several groups have studied the exchange of one tetrahedral
Zn>" ion within a Zn4sO SBU with another, octahedral metal
ion,** but reports of the formation of unusual geometries for one
of the Zn?" ions are scarce. Notably, the group of Gao reported
in 2010 the synthesis of a rare Kagomé topology with a five-
coordinate trigonal bipyramidal geometry for one of the Zn**
ions and an octahedral geometry for another after binding of
two DMSO molecules.?® Within the Zn4O clusters of 17, three
Zn*" ions (Znl, Zn2 and Zn3) are located in tetrahedral envi-
ronments, each metal ion being coordinated by three carbox-
ylate oxygen atoms from different clathrochelate ligands and
the u4-O atom in the center of the cluster (Figure 5, bottom).
The remaining zinc atom (Zn4) adopts an unusual octahedral
geometry, coordinated by the u4-O central atom, three carbox-
ylate oxygen atoms and two extra oxygen atoms that were at-
tributed to one DMF molecule and one water molecule, the lat-
ter coming most likely from the hydrated zinc salt used in the
synthesis of the MOFs. It should be noted that the unusual SBU
can be found in the bulk material of 17 as evidenced by powder
XRD, but due to the poor quality of the diffraction data, we can-
not exclude the presence of small amounts of a different phase
(Figure S56).

The presence of one octahedral Zn?" ion within the Zn,O
cluster significantly affects the structure of MOF 17. In contrast
to the IRMOF-n series or MOF 16, where the tetranuclear clus-
ter connects three collinear pairs of bis(carboxylate) ligands,
MOF 17 contains one pair of clathrochelate ligands, the axis of
which are tilted with respect to each other. The angles between
opposite pairs of clathrochelate ligands are 180°, 180° and 135°.
The latter results in a distortion of the framework structure,
which displays a zigzag shape along the crystallographic ¢ axis
(Figure 5, top). The central 1,-O atoms of adjacent Zn4sO SBUs
are separated by a distance 0f 27.471(2) A and 27.894(1) A, the

latter being only slightly longer than for 16. The coordination
of one DMF molecule to one of the Zn*" ions in the tetranuclear
cluster was only observed for MOF 17, whereas 16, 18, and 19
did not feature this asymmetric SBU. A convincing rationale for
the formation of this octahedral Zn** ion has not yet been for-
mulated.

We also investigated the formation of network structures us-
ing metalloligand 4 having less sterically demanding phenola-
todioximato ligands (Br instead of tert-butyl). Solvothermal
treatment of 4 with Zn(NO;),(H,0)s in a DMF/DEF mixture at
120°C resulted in the formation of orange cubic single crystals
of MOF 20 (Scheme 6). Structural analysis of 20 revealed mi-
nor differences compared to 17-19 (Figure S52 and S53). Re-
ducing considerably the steric bulk by exchanging the fert-butyl
side chains by a bromo substituent did not influence the network
interpenetration (2-fold). The channels found in 20 are occupied
by the NEt;" cations, however the global disorder of the crystal
did not allow us to locate precisely its alkyl chains.

In order to assess the gas sorption properties of the Zn-based
MOFs 17-20, nitrogen physisorption experiments were per-
formed. BET surface measurements (N», 77K) after activation
of the crystals by heating at 150°C under dynamic vacuum gave
only low values (16: 98 m?%/g; 17: 125 m?/g; 18: 58 m*/g; 19: 26
m?/g; 20: 32 m?/g). The low N; adsorption is likely due to the
two-fold interpenetration of the networks and due to the pres-
ence of the NEts" cations, resulting in a drastically reduced ac-
cessible void volume. Digestion 'H-NMR of 16-20 after the gas
sorption measurement revealed the presence of residual DMF
despite the activation process (Figures S27-S31). Digestion 'H-
NMR experiments also unambiguously confirmed the presence
of the NEt;" cations within the network pores. Attempts to acti-
vate the crystals by solvent exchange with methanol or acetone
gave even lower values for the BET measurements due to the
collapse of networks during the exchange process. The sensitiv-
ity of the network structure was confirmed by powder XRD
analyses of 16 and 18-20, which revealed complete loss of crys-
tallinity upon drying of the materials.

Having shown that bimetallic clathrochelates can be incor-
porated in MOF structures, we attempted similar syntheses us-
ing the iron(Il) tris(dioxime) clathrochelate 8. However, in
combination with [Zn(H,0)s](NOs), in DMA, we observed the
formation of the 2D-layered coordination polymer 21 (Scheme
7). The coordination polymer 21 is comprised of 2D sheets, in
which doubly deprotonated molecules of 8 bridge between Zn?*
paddlewheel SBUs (Figure 6).3¢ DMA molecules are coordi-
nated to the apical positions of the Zn?* ions. Each layer of 21
is identical in its composition and orientation, but rather than
eclipsing one another when viewed perpendicular to the plane
of a single Zn(8) sheet, the layers are offset by 7.76 A. This
structural feature is likely due to the steric clash of not only ap-
ical DMA molecules bound to Zn, but also the bulky cyclohexyl
substituents of the clathrochelate complexes themselves. De-
spite the offset packing within 21, 1D channels, filled with dis-
ordered solvent molecules in the crystal, permeate the material.
The aperture and volume of these channels are determined by
the steric bulk of the cyclohexyl groups of the clathrochelate
oxime substituents. Removal of the guest solvent molecules led
to a total collapsing of the coordination network structure, re-
sulting in a non-porous material.

Scheme 7. Synthesis of MOF 21.
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Figure 6. Part of the structure of MOF 21. Hydrogen atoms and the
non-bound solvent molecules have been omitted for clarity. Color
coding: C: gray; O: red; N: blue; B: green; Zn: cyan; Fe: purple.

We also studied the formation of networks using our tritopic
clathrochelate 12. Reaction of 12 with [Zn(H,0)s](NOs), in a
mixture of DMF and DMSO resulted in the formation of trans-
parent block-shaped crystals of 22 (Scheme 8). Crystallo-
graphic analysis of 22 showed a three-dimensional network in
which all carboxylic acid units of 12 are coordinated to a Zn,O
cluster (Figure 7). As it was observed for 17, the zinc cluster is
composed of three tetrahedral and one octahedral Zn®* ion
(shown as blue and green polyhedra respectively). The octahe-
dral ion is coordinated by the central 1,-O atom, three oxygen
atoms from the deprotonated carboxylate groups, and two
DMSO molecules. Several examples of tritopic carboxylate lig-
ands connected by Zn4O clusters have been reported so far, but
to the best of our knowledge the presence of one octahedral zinc
within the Zn4O cluster is unprecedented.’” Consequently, 22
displays a connectivity slightly different from what has been
observed for MOFs constructed from tritopic carboxylates lig-
ands. The network of 22 is two-fold interpenetrated and anionic,
hence contains NEt," cations as verified by digestion NMR
(Figure S32), leading to a material with very low porosity (BET
surface area of 21 m?/g).

Scheme 8. Synthesis of MOF 22.
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Figure 7. Part of the structure of MOF 22. Hydrogen atoms, NEt4*
cations, and solvent molecules have been omitted for clarity. Color
coding: C: gray; O: red; N: blue; B: green; Br: pink; S: yellow; Zn:
cyan. Blue and green polyhedra represent the tetrahedral and re-
spectively octahedral zinc atoms in the tetranuclear SBU.

In order to assess the versatility of our clathrochelates in the
synthesis of other types of MOF, we turned to zirconium-based
MOFs. In 2008, Lillerud and co-workers reported the synthesis
of a new inorganic building unit, namely ZrsO4(OH)4(CO2)12.3
The solvothermal reaction between ZrCly and terephthalic acic
or terphenyldicarboxylic acid resulted in the formation of po-
rous materials with specific surface areas of 1187 m?g! and
4170 m?g™!, which were designated UiO-66 and UiO-68, re-
spectively. Subsequent work has shown that the 12-fold coordi-
nated cluster ZrsO4(OH)4(CO»)1, can be reduced to 8-fold* and
even 6-fold SBUs* by using appropriate polycarboxylate lig-
ands. MOFs based on Zr clusters have attracted a lot of attention
because these materials can display very high chemical stabil-
ity.*! Capitalizing on this characteristic, numerous applications
have emerged over the last years, including the utilization of
transition metal-functionalized Zr-MOFs as catalysts for or-
ganic syntheses,* or the utilization of Zr-MOFs for the hydro-
lytic decontamination of chemical warfare agents.*’

Scheme 9. Synthesis of the Zr-MOFs 23-26.
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In order to examine if our clathrochelate-based metalloligands
could be used to synthesize Zr-MOFs, we have investigated the
reaction of the ditopic complexes 2 and 4 with ZrCly in DMF.
Initial worries that the clathrochelates would not withstand the
rather harsh reaction conditions (120 °C, presence of the strong
Lewis acid ZrCls) were not justified: after 3 days, we were able
to obtain the Zr-MOFs 23 and 24 in the form of orange powders
in good yields (Scheme 9).

Powder XRD analyses of 23 and 24 showed that the mate-
rials were poorly (24, Figure S57) or non-crystalline (23). At-
tempts to increase the crystallinity by using modulators such as
benzoic or acetic acid* were unfortunately, not successful. In
view of the poorly resolved PXRD spectra, we can only specu-
late about the type of Zr cluster which is present in 23 and 24.
Based on steric considerations, even the 12-fold coordinated Zrs
cluster seems possible despite the substantial lateral size of
metalloligand 2 (Figure S55). Interestingly, 23 and 24 appear to
be neutral network structures because the NMR spectra of di-
gested samples do not show signals corresponding to the NEt,"
cations (Figure S33 and S34). The necessary charge compensa-
tion could be accomplished by exchange of a hydroxide for a
water ligand on the Zr cluster.

Encouraged by the successful synthesis of 23 and 24, we
have subsequently investigated the utilization of the tri- and the
pentatopic metalloligands 13 and 15. The observations were
similar as before: after 3 days (DMF, 120 °C), we were able to
collect orange, amorphous powders (25 and 26, Scheme 9). The
absence of NEty" cations in 25 and 26 was again confirmed by
digestion experiments.

In contrast to the Zn-based MOFs 16-22, the Zr-based
MOFs were all found to display substantial permanent porosity
after removal of the solvent by heating at 150°C under dynamic
vacuum. BET (N, 77K) measurements revealed specific sur-
face areas of 410 m?g! (23), 955 m?g! (24), 535 m%*g! (25),
and 546 m%g! (26). It is worth noting that the surface area of 24

1s more than twice of that of 23. Both, 23 and 24, are based on
the same type of ditopic metalloligand, differing only in terms
of the equatorial group R (Br vs. tert-butyl). This result suggests
that it is possible to use the lateral oximato ligands for modulat-
ing the porosity of the MOFs. CO; (273K) physisorption exper-
iments revealed high capacities for all Zr-MOFs, with MOF 24
being able to take up 85 cm®g! at 1 bar. This value is slightly
higher than what has been observed for UiO-66 derivatives.*

CONCLUSION

Mono- and dinuclear clathrochelate complexes with up to five
pendent carboxylic acid groups have been be synthesized by
metal-templated reactions using easily accessible starting mate-
rials. These rigid and robust complexes represent interesting
metalloligands for applications in metallasupramolecular chem-
istry and materials science. The carboxylic acid functions are
oriented in a divergent fashion, with well-defined coordinate
vectors. In terms of size, the clathrochelates are comparable to
carboxylic acid-functionalized porphyrin ligands, which have
found numerous applications in the past.® A unique feature of
our new metalloligands is their trigonal bipyramidal geometry.
Such geometry is difficult to access with purely organic scaf-
folds.

To demonstrate the utility of carboxylic acid-functionalized
clathrochelates in MOF chemistry, we have synthesized 2- and
3-dimensional network structures with zinc or zirconium clus-
ters as SBUs. These preliminary results show that the metal-
loligands are compatible with reactions conditions employed
for MOF synthesis, and that the steric bulk of the clathroche-
lates is not detrimental to the coordination of multiple metal-
loligands to one SBU. One should also note that the thermal and
chemical stability of the clathrochelates is sufficient for many
potential applications.
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