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Azolate-containing ligands have played an important role in the development of water-stable metal-
organic frameworks (MOFs) and related materials due to their particularly strong bonding with earth-
abundant first row transition metal ions. Fused ring analogues of pyrazole, imidazole and triazole offer
untapped potential to expand the scope of these systems as compact, robust anionic bridging ligands with
much greater control over bridging geometries, pendant functionalities and electronic properties. The
current design approaches in these systems have been directed by two separate methodologies. In one
direction, the simple azoles imidazole, pyrazole and 1,2,4-triazole have been built up by adding fused ring
functionality to increase complexity and allow new linker geometries. Meanwhile, in the search for
biologically-compatible MOFs, purines such as adenine and hypoxanthine have been explored as linkers
and their backbone functionalities optimised to prioritise stability and bridging geometry, leading
independently to MOF linkers with similar key features. This highlight article surveys the convergence of
these two approaches which both point to the benefits of fused 5-6 ring systems for their electronic and
structural properties, and considers the key features that the ideal compact and stable heterocyclic linkers
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Introduction

The explosion of interest in custom-designed microporous
materials over the last 20 years has seen metal-organic
frameworks (MOFs) leap from structural novelties into a
mainstay of materials science.' These materials have been
studied across all fields of chemistry and have staggering
diversity in their structures and compositions, with almost all
commercially-available metal ions having been examined as
nodes, and linkers reported which span the range of organic
and organometallic functionalities at our disposal.”
Considering that the ligand backbone usually comprises
much of the pore surface,” and that the nature and strength
of the coordination bonding between metal and ligand are
key determinants for chemical stability,* it is sensible to
spend time on careful and deliberate ligand design.

As the proliferation of new MOF structures continues, certain
trends have emerged in their design strategies. By far the most
successful class of ligands, in terms of both number of MOFs
and uptake into pilot-scale projects, has been polycarboxylates.”
With benzene-1,4-dicarboxylic acid as the archetype, most
conceivable combinations of small polyaryl-polycarboxylate
ligands have by now been examined as MOF linkers,® while
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in functional metal-organic frameworks might contain.

recent advances in aliphatic carboxylates have also seen these
systems growing in popularity.” Arguably, some of the
popularity of carboxylates in these systems may partly result
from the necessary crystallographic selection bias for
characterisation; crystallisation in these systems is aided by the
relatively reversible metal-ligand bonding they exhibit with late
firstrow d-block metals such as zinc(u).® While reliable
modulation strategies now exist for crystallising highly stable
trivalent and tetravalent metal-carboxylate MOFs,” pure
carboxylate MOFs with labile divalent nodes tend to suffer from
relatively low water stability as a penalty for their reversible
formation and crystallisation mechanisms."

Azolate ligands, on the other hand, can show excellent
chemical stability with divalent metal ions. Numerous studies
with imidazolates, pyrazolates and 1,2,4-triazolates have
shown that five-membered nitrogen heterocycles and their
derivatives can form highly stable, modular and functional
MOFs.'" For systems of predominantly o-type coordination
bonding, the extra stability shown by azolate complexes
towards hydrolysis is easily understood by considering the ca.
10-fold higher pK, for pyrazole compared to benzoic acid.
While very strong metal-pyrazolate bonds can arrest the
necessary reversibility in the crystallisation process, to the
detriment of crystal quality, pyrazolate and other azolate
MOFs also tend to show exceptional stability against
hydrolysis."* Indeed, the mixed triazolate/oxalate zinc MOF
CALF-20 is resilient to humid and acidic gases, and steam
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over at least 450 000 adsorption cycles, and has recently been
scaled up in a major carbon capture pilot.*?

Despite the very promising results observed from small
azolate ligands in MOF design, much less attention has been
paid to their fused-ring analogues, a selection of which are
shown in Fig. 1. Commercially-available benzimidazole has seen
widespread use in zeolitic imidazolate framework (ZIF)
development and as a neutral heterocyclic ligand in various
substituted forms,"* with occasional reports also emerging of
the coordination chemistry of aza-benzimidazoles."”” The
benzotriazole motif has also been successfully incorporated as a
MOF ligand,'® with more recent efforts focused on carboxylate-
substituted benzotriazoles'” or fusion of a second 1,2,3-triazolo
substituent for MFU-4 type frameworks."® However, substituted
indazoles are rarely encountered in MOFs, and their higher aza-
analogues even less so, with some notable exception of systems
derived from adenine and other purine derivatives."” Ring
fusion of small azolates provides the opportunity not only to
temper and finely tune the strength of coordination bonding in
these systems, but to access new coordination geometries and
backbone functionalities not achievable with traditional
carboxylate MOFs. This highlight article outlines the recent
developments in designing fused-ring azolate MOF ligands,
which lays at the interface of the bottom-up expansion of the
pyrazole motif taken by our group and others, and its
intersection with the top-down optimisation of bioinspired
purine-derived linkers.

Ligand design elements
Structural influences

Of fundamental importance in the design of
metallosupramolecular assemblies is careful control over
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linker geometry.>® While linker angles close to those
associated with the common hybridisation states of their
constituent atoms are easily obtained (109.5, 120 and 180° as
the geometric sp®, sp> and sp angles, respectively), other
bridging angles are more difficult to achieve reliably. Fusion
of two or more different sized rings gives access to a range of
additional geometries. In a geometrically idealised system,
i.e. constructed from the fusion of a regular pentagon (108°
internal angle) with a regular hexagon (120° internal angle),
if all bond lengths are equal the bridging angles must range
from 18-150° (and their complementary values), as shown in
Fig. 2. Specific angular geometries of note are the A-C pair, a
convenient source of a 90° linker angle in a rigid aromatic
system, and 18 and 78° angles from the pairs B-C and B-D,
respectively, which do not occur in pure 6-membered ring
systems. This expanded range of possible bridging angles has
been well used in carbazoles, for example, to give both MOF
ligands and anionophores.*!

Bridging angles in fused systems are susceptible to
deformation from bond localization effects and differences
in atomic radii when heteroatoms are introduced. Even with
only carbon and nitrogen atoms, simple fused aza-
heterocycles can exhibit up to 10% variations in bond
lengths. For example, 1-aryl-1H-indazoles tend to show bond
localisation at the C3 position,* favouring C=N and C-C
character (e.g., C=N and C-C distances of 1.31 and 1.43 A,
respectively, in  1-(2,4-dinitrophenyl)-1H-indazole).>* In
thiophenes, these deviations become even larger.>* The
influence of heteroatom size and the subsequent subtle
deformation of coordinating substituents has been used to
great success in the design of both discrete and polymeric
systems. The Fujita group have shown size control in
metallocapsules can be achieved with even relatively small
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Fig. 1 Ligands of interest to this discussion; each is represented in its neutral (protonated) form.
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A-C | 90 B-D 78 0 | 126 11.38

CH* | 144 | 1.42
A-D 150 C-D 60

S 150 | 1.73

Fig. 2 (Left) Skeletal structure and idealised geometric angles
between bond vectors for a generic 6-5 fused ring system with all 10
internal bonds of identical lengths. The angles are derived from
geometric relationships between a regular hexagon (internal angles
120°) and a regular pentagon (internal angles 108°). (Right) Examples
of deviations in C-X distance and bridging angle for 2,5-disubstituted
heterocycles, with data derived from representative crystallographic
examples for unbound 2,5-dimethyl derivatives of pyrrole,?” furan®
and thiophene.?® *The CH example is derived from the ruthenium
complex of the 1,3-dimethylcyclopentadienyl anion.*°

deviations in linker angle induced by replacement of
heteroatoms,>® and Hua and D'Alessandro demonstrated a
similar effect in furan, thiophene and selenophene-

containing MOF linkers.”®

Electronic influences

Beyond purely structural considerations, ring fusion and the
incorporation of additional heteroatoms is a useful method for
tuning the electronic  parameters of ligands in
metallosupramolecular assemblies. Ring fusion can either raise
or lower the pK, of imidazole and pyrazole depending on the
electronic character of the second ring,*' with subsequent
effects on the stability of coordination bonds from the azolate.
Precise control of ligand-centred excited state energy levels is
also important in ruthenium polypyridyl-type complexes in
terms of influencing the energy of the charge transfer
transitions,® and notably to introduce environment-sensitive
probes into these species.*® In comparison to pure 6-ring
species, systems with mixed 5-6 ring azaheterocycles tend to
show higher LUMOs than their 6-membered counterparts. The
1H-pyrazolo[4,3-h]quinoline ligand HL1, for example, is a
heterotopic analogue of the well-known 1,10-phenanthroline.**
While the fused pyrazole ligand provides additional bridging
and hydrogen bonding functionality, a cyclometallated
iridium(m) bis-phenylisoquinoline complex containing the L1
anion also exhibited unusually high electrochemiluminescence
efficiency based on the rigidity of the ligand backbone and
optimal electronic properties.*> More recently, Bryleva and co-
workers reported a pyrazolo[3,4-b]pyridine derivative with
further fusion to o-pinene, to give a tetracyclic ligand L2 for
efficiently sensitized emission in chiral Sm, Eu and Tb
complexes.*® In that case, the energy of the ligand triplet state
was particularly well matched to sensitize the Tb** ion, giving
impressive quantum yields of 0.736 and 0.890 in MeCN and the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Structure of the zinc(i) metallacycles formed by pyrimidinyl
triazolopyridine ligand L3, showing the Cl---n-hole contacts between
adjacent complexes as orange lines. Zinc atoms coloured grey,
chlorine atoms coloured green, bromine atoms coloured brown.

solid state, respectively. Fused rings are a useful source of
backbone chirality and a number of camphor-derived chiral
fused heterocyclic complexes are known,*” which include
several elegant examples of multinuclear camphor-pyrazole
based assemblies.*® However, the incorporation of this class of
chiral backbone into MOFs has not yet been fully explored.

The non-uniform mn-electron distribution in nitrogen
heterocycles can also be used to good effect in engineering
additional structural forces within crystalline assemblies.
Recently de Arellano and co-workers reported a M,L,
metallomacrocycle formed from the reaction of zinc chloride
with the pyrimidinyl triazolopyridine L3.*° Individual
metallacycles  (containing 90° corners from the
triazolopyridine substitution pattern) associate with one
another through a novel Cl---n-hole interaction facilitated by
the electron deficient bromopyrimidine, as shown in Fig. 3.
These interactions lend an additional 5.0 kJ mol™"
stabilization energy to the material, which associates into a
layered supramolecular structure.

Construction of coordination
assemblies and MOFs

Indazoles

One of the simplest fused diazoles, indazole has seen
considerably less exploration as a MOF ligand compared to
the more common benzimidazole. Various substituted
indazoles can be prepared from the corresponding
ortho-methylanilines, with the divergent 6- and 5-carboxylate
derivatives H,L4 and H,L5 the most pre-organized for MOF
formation.”” We reported the first example of a MOF
containing an indazole linker in 2012 using indazole-5-
carboxylic acid H,L5 which, on coordination to copper(u),
gave a twofold-interpenetrated nbo network.”’ In that case,
with the reaction medium buffered by aqueous ammonium
hexafluorosilicate and given the higher pK, for indazole
compared to pyrazole, the ligand coordinates in a mono-
anionic bridging mode retaining the N-H proton, as shown
in Fig. 4. This group associates with the interpenetrated

CrystEngComm, 2022, 24, 8197-8207 | 8199
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Fig. 4 The coordination environment of the HL5 anion with copper(i)
ions, exhibiting a linear 2-connected coordination geometry with
hydrogen bond donor groups proximal to the metal sites. Copper
atoms coloured dark blue.

network through N-H:--OCO hydrogen bonding with a
coordinating carboxylate. Despite the coordination sphere
containing relatively weakly bound azole (rather than azolate)
ligands, the system showed surprisingly high resilience to
hydrolysis, being indefinitely stable in neutral water and on
exposure to air. Subsequent work with H,L4 gave a
2-dimensional polymer with copper(u) ions, though this
material was considerably less stable likely due to the
presence of copper paddlewheel nodes and persistence of the
singly-protonated form of the ligand."’

Anionic bridging modes of indazole carboxylic acid
derivatives have recently been reported by Rodriguez-Diéguez

View Article Online
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and co-workers for H,L5, formed at higher effective pH from
the use of metal acetate salts in DMF/H,0O mixtures.”” As
shown in Fig. 5, the bridging 5-carboxyindazolate dianion
acts as a 3-connecting bridging ligand, and with further
bridging of dinuclear zinc nodes by dipyridyl co-ligands a
twofold-interpenetrated pcu network is the result. In this
species, the dianionic carboxyindazolate ligand acts as an
electron donor in a thermochromic ligand-ligand charge
transfer (LLCT) process between the high energy azolate
orbitals and acceptor orbitals on the dipyridyl co-ligands.
Subsequent work has shown versatile coordination behaviour
in other indazole-carboxylic acid isomers, although still more
commonly coordinating in their monoanionic (N-H) forms.**

Introducing additional heterocyclic functionality on the
fused six-membered ring gives access to a family of ligands
not only with lower pK,, and thus with more tendency
towards in situ deprotonation, but also with more compact
and geometrically controlled coordination geometries. We
recently reported the coordination chemistry of the isomeric
pair of ligands pyrazolo[4,3-b]pyridine (4-azaindazole) and
pyrazolo[3,4-c]pyridine  (6-azaindazole)) HL6 and HL7
respectively.** On coordination to zinc(u) ions in the presence
of a dicarboxylate co-ligand, both azolates display essentially
equivalent coordination behaviour, forming two-dimensional
zinc-azolate nets which are bridged into 3-dimensional MOFs
by the dicarboxylate, represented in Fig. 6. Slight angular
variations within the azolate layers perturb the bridging

Fig. 5 (a) Coordination of the dianionic L5 linker to zinc ions in the
presence of a dipyridyl co-ligand; (b) extended structure of the
resulting MOF showing porosity retained between interpenetrating
networks, coloured separately. Zinc atoms coloured grey.

8200 | CrystEngComm, 2022, 24, 8197-8207

(a) Structure of the two-dimensional Zn-L7 network formed in

Fig. 6
the presence of linking dicarboxylate co-linkers; (b) the extended
structure of the ZnL7(bpdc) MOF showing triangular channels between
dense zinc-azolate layers. Zinc atoms coloured grey.

This journal is © The Royal Society of Chemistry 2022
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angles of the carboxylate linkers, favouring either rob or mab
topologies for the extended structures. In both cases,
interpenetration is prohibited by the densely packed two-
dimensional metal azolate layers. Despite the presence of
coordinatively unsaturated zinc(u) sites within the structures,
both materials retain single crystallinity on exposure to air,
losing less than 20% of their BET surface areas after one
week of ambient exposure. We ascribe this stability to the
distribution of anionic character across both ligand types,
providing a further electrostatic barrier to each of the
possible modes of ligand displacement by water molecules.
This feature contrasts with the typical neutral heterocycle/
anionic carboxylate pairings more commonly employed in
mixed-ligand systems.*’

Adenine and other purines

Substitution of further heteroatoms into the indazole or
benzimidazole skeletons gives purine-type systems which
have also seen increasing use in MOF synthesis in recent
years, and where the coordination trends seen in indazoles
are also evident. While the parent pyrazolopyrimidine and
imidazolopyrimidine (purine) skeletons have been studied in
coordination compounds in their unsubstituted forms,*® the
amino or oxo derivatives adenine HL8, hypoxanthine H,L9
and allopurinol H,L10 have proven especially effective as
compact polytopic linkers in MOFs. Research in this
direction has largely been directed from the biological
relevance of these linkers, rather than building up from
smaller rings, but the coordination chemistry of these
systems shows clear parallels with that seen in the indazole-
derived linkers described above.

Of these systems, adenine has been especially important.*’
With up to five coordination sites and a substantially lower
pK, than indazole and benzimidazole for deprotonation at
the azole, adenine can act as a potent and compact bridging
ligand for high-connectivity systems. With a single negative
charge and four heterocyclic coordination sites, adeninate
and other purinates can favour the inclusion of
polycarboxylate co-ligands for charge balance with
4-coordinate divalent metal ions. BioMOF-1, a zinc(u) MOF
with an adenine/4,4"-biphenyl dicarboxylic acid mixed ligand
system,*® was reported by Rosi and co-workers in 2008 and
remains a popular platform for guest uptake and exchange
studies.* The adenine coordination mode in BioMOF-1
occupies each of the core nitrogen atoms in a p, coordination
mode, and a high level of water stability is observed in this
system. Natarajan and co-workers have also reported a series
of coordination polymers containing adenine and aliphatic
dicarboxylates with d"® metal ions,>® and observed mixed p;
and p, coordination modes in those systems, as shown in
Fig. 7. In cases where adenine and other purines retain
vacant coordination sites, multidentate hydrogen bonding
interactions can act as further structural linkages.
Dominguez-Martin and co-workers have also recently showed
the metal coordination behaviour of an isomeric adenine

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) The mixed coordination modes of adeninate L8 with zinc(i)
ions in the presence of carboxylate co-linkers b) linear bridging mode
observed from H,L11 in a copper(l) complex, two disordered
orientations of the ligand species shown as overlapping. Zinc atoms
coloured grey, copper atoms coloured dark blue.

species 4-aminopyrazolo[3,4-d]pyrimidine H,L11,”* which
acts as a near-linear p, bridging ligand when coordinating in
its neutral form (Fig. 7).

More recently, hypoxanthine H,L9 and its isomer
allopurinol H,L10 (Fig. 8) have made appearances as notable
heteroaromatic ring systems in MOF development. Cai and
co-workers recently reported a hypoxanthine MOF ZnBTCHx
containing zinc(n) and a 1,3,5-benzenetricarboxylate co-
ligand, with a novel zyg topology.>® Similarly to adenine in
BioMOF-1, H,L9 adopts an anionic p, coordination mode in
that system, although due to the similarity in bridging angles
of the two rings, crystallographic disorder overlays the
imidazole and pyrimidine groups in the structure. Like other
mixed-ligand azolates, ZnBTCHx shows excellent resilience to
water exposure, so much so that aqueous guest uptake can
be performed with tryptophan.

Following the same C/N translocation which relates HL8
to HL11 above, the hypoxanthine isomer allopurinol H,L10
has also been conceived as a MOF linker. Rosi has recently

CrystEngComm, 2022, 24, 8197-8207 | 8201
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Fig. 8 The structures and 4 coordination modes of the L9 (a) and L10
(b) dianions with zinc(n) and cobalt(i) ions, respectively. Zinc atoms
coloured grey, cobalt atoms coloured dark blue.

reported the structure of ALP-MOFs 1 and 2, mixed
allopurinol-terephthalate MOFs with either zinc(u) or
cobalt(n) nodes, respectively.”®> In these systems, the
orientation of the nitrogen donors in the p, anionic linker
allows for the close bridging of three metal ions from the
contiguous N-N-C-N edge of the ligand, as shown in Fig. 9.
Tetranuclear nodes are supported by two such L10 ligands,
and linked to adjacent clusters by coordination of the distal
nitrogen atom and p, terephthalate dianions. Both ALP-MOF-
1 and 2, and their mixed-metal analogues, are robust to
repeated water uptake and desorption cycles and show
remarkable ordering of water clusters within their hexagonal
channels.

The metal coordination in ALP-MOF-1 and 2 relates to that
previously observed by Zhu with the same allopurinol ligand
and 2,5-thiophenedicarboxylic acid as a co-ligand.>* In that
case, a similar threefold-capping of a polynuclear cluster
node was observed from the L10 ligand, but only on a single
face with the remaining coordination sites occupied by
carboxylate groups. As such, the cluster nuclearity was
limited to three zinc ions, with dimethylammonium cations
present for charge balance. The resulting MOF, with the
unusual yfy topology, showed strong affinity for small
molecule adsorbates mostly through interactions with the
thiophene units. The authors identify C-H:--O contacts
involving the thiophene carboxylate oxygen atoms when C,H,
is adsorbed, but also note a C:-*S contact for the CO,
adsorbed system of 3.507 A which is supported by C-H---O
contacts from the thiophene C-H groups (H---O distances

8202 | CrystEngComm, 2022, 24, 8197-8207
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Fig. 9 (a) The coordination geometry of the L10 dianion in ALP-MOF 1
and 2 (zinc() and cobalt(i), respectively). (b) Extended structure of
ALP-MOF 1 and 2 showing hexagonal channels capable of reversible
and well-ordered water uptake. Zinc atoms coloured grey, cobalt
atoms coloured dark blue.

2.5-2.6 A). Additional surface contacts are observed with the
allopurinol ligand; the oxo group participates in an O---C
contact with CO, at a distance of 3.355 A while additional
contacts with the n surface are less directional.

The tendency for close bridging from the amidine-like
fragment in allopurinol and derivatives seems to be
maintained even in the absence of a negative charge on the
system. When further coordination through the pyrazole ring
and deprotonation to the anionic form is blocked in
allopurinol derivative L12 by methylation, the close bridging
y, coordination mode is retained in a sodium iodide
coordination polymer reported by Bookser and co-workers.>
In this system, L12 units alternate between p, and terminal
coordination modes with the pyrimidine nitrogen atom
either coordinating or accepting chelating hydrogen bonds
from nearby aqua ligands. As shown in Fig. 10, the distal
pyrimidine nitrogen atom remains non-coordinating, likely
due to both the expected weaker coordination to alkali metals
and the steric bulk of the adjacent methyl ether.

Fused triazoles and higher nitrogen content systems

The possibilities for further coordination within 5-6 fused
ring systems can be expanded by examining triazole and

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 The coordination geometry of L12 in its hydrated sodium
jodide coordination polymer showing the close p? coordination mode
and hydrogen bond accepting character. Sodium atoms coloured
cyan, iodine atoms coloured purple, and hydrogen bonds are shown as
green dashed lines.

rings with higher nitrogen content. Simple fused 1,2,4
triazoles such as 1,2,4-triazolo[3,4-b]pyridazine have been
examined for their coordination chemistry, exemplified by
the report by Cingi and co-workers with cadmium(u),>®
although in that case the heterocycle acted only as a
monodentate capping ligand. The electronics of the 1,2,3-
triazolo[1,5-a]pyridine ring system have also been explored by
Fitchett and discrete
ruthenium() complexes.”” As with the diazolate cases
discussed above, in that system the comparatively electron
rich fused ring system tends to increase the HOMO-LUMO
separation and leads to blue-shifted MLCT absorbances
compared to [Ru(bpy);]*".

The 7-0x0-1,2,4-triazolo[4,3-a]pyrimidine ring system HL13
provides an interesting comparison to the allopurinol cases,
differing by the reorientation of the oxo group and relocation
of the second pyrimidine nitrogen into the ring junction.
Salameh and co-workers reported a dinuclear silver(i)
complex with the neutral form of the ligand, coordinated
through the triazole nitrogen atoms only.>® In the presence of
aqueous ammonia, however, full deprotonation of the ligand
led to a nonanuclear nickel(n) species capped by six p; and
two u, L13 anions.>® The coordination in this species draws
strong parallels to those observed from H,L10 and HL11 in
the absence of both a fourth coordination site on the ligand
backbone and bridging carboxylate co-ligands. As shown in
Fig. 11, two tetranuclear clusters act to orient three L13
ligands each towards a central octahedral nickel ion, where
each tetranuclear moiety can be thought of as a fac-tridentate
metalloligand. In the absence of fully divergent bridging
ligands, the clusters are capped by terminal ammine and
aqua ligands, but conceptually the linking of these species
into higher dimensionality can be readily envisaged by
drawing comparison to the allopurinol systems.

A possible route to expanding the connectivity of these
systems lays in further ring fusions, although this approach
has been seldom explored by coordination chemists. In one
notable example, Li and found that a

co-workers  in mononuclear

co-workers

This journal is © The Royal Society of Chemistry 2022

Fig. 11 The ps coordination mode of L13 anions to nickel(n) ions in the
nonanuclear cluster reported by Salameh and co-workers.>® Nickel
atoms coloured light grey.

7-azaindazole-type fragment could be further conjugated by
fusion with an additional 1,2,4-triazole ring.®® The resultant
tricyclic ligand HL14, bearing a pendant 3-pyridyl
substituent, was formed in an in situ solvothermal cyclisation
from 3,5-di(3-pyridyl)-4-amino-1,2,4-triazole in the presence
of copper(u) nitrate. Although the resulting coordination
polymer, shown in Fig. 12, only showed coordination through
three of the five possible nitrogen sites, the novel 5-5-6 fused
tricyclic system offers a possible new route to expansion of
the binding motifs observed above.

While 1,2,3-triazole and 1,2,4-triazole derivatives tend to
exhibit relatively good thermal and mechanical stabilities,
increasing the nitrogen content further in fused 5-6 ring
systems risks introducing shock sensitivity from highly
exothermic decomposition pathways.®® Nonetheless, where
isolation of their metal complexes is possible, some of these

energetic  materials  exhibit fascinating coordination
chemistry as high-connectivity linkers.> Shreeve and co-
workers recently reported a 1,2,4-triazolo[4,3-b][1,2,4,5]

tetrazine core whose nitramino N-oxide derivative H,L15 acts
as a 5-connecting ligand in a coordination polymer with
hydrated potassium ions, shown in Fig. 13.°® In that system

Fig. 12 The extended structure of the copper(i) coordination polymer
containing L14 reported by Li and co-workers.®® Copper atoms
coloured dark blue.
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Fig. 13 Coordination environment of the potassium coordination
polymer containing L15 reported by Shreeve and co-workers,®
exhibiting a ps coordination mode. Potassium atoms coloured light
purple, and hydrogen bonds are shown as green dashed lines.

the most prominent coordination occurs through the oxo
and nitro groups rather than from the heterocyclic core,
unsurprising given both the electronic nature of the cation
and the low basicity of the electron deficient core.

Conclusions and outlook

With the goal of enhanced control over metal binding strength,
bridging geometry and backbone electronic properties,
significant progress in azolate MOFs has been achieved within
the last 5 years. New examples of robust, water-stable MOFs
containing ample backbone space for further functionalisation
and tuning have emerged from ever more complex and
information-rich azolate ligands. Both the upwards approach
starting from pyrazole and the refinement of more complex
purines into their base coordinating elements point towards the
broader importance of the 5-6 fused azolate skeleton as a
general-purpose building unit for MOFs.

The prevalence of mixed carboxylate-azolate coordination
spheres in heterocyclic MOFs has undoubtedly enabled a
greater range of structural diversity and opportunities for
orthogonal functionality in both ligand types. However, given
the typically lower stability of metal-carboxylate bonds
compared to homoleptic metal azolates for first-row
transition metal ions, a renewed focus on generating
homoleptic MOFs with expanded azolate ligands may yield
fruit in the search for long term stability in these systems. To
do so, fusion of further azolate groups in tricyclic systems
may be a useful avenue, alongside exploration of 5-5 fused
systems such as pyrazolo[4,3-c|pyrazole.®* In the same way
that the purinates and aza-indazolates have proven highly
amenable to crystallisation, we suggest that controlling the
coordination strength of other fused azolates may be
achieved by installation of additional heteroatoms into the
ligand backbone or remote electron withdrawing
substituents. Backbone chirality is also an avenue worth
further pursuing in these systems. Ring fusion provides
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opportunities for adding structurally-influential clefts into
the ligand backbone. As well as fusion to chiral motifs such
as camphor and pinene, bridging of heterocyclic units
through elements that add 3-dimensional character to
aromatic ligands such as the Troger's base motif may yield
useful chiral structures with the added stability that azolates
can provide.®

Finally, the need for scalability in ligand synthesis should
be recognised as an essential element throughout the design
process. Fused azaheterocycles may possess inherent
advantages over larger polyaryl-polycarboxylates in scalability
by virtue of typically avoiding the need for metal-catalysed
coupling steps in their syntheses. However, given the need
for MOF production on (at least) the ton to kiloton scale for
realistic gas separation applications, it is essential that the
next generation of MOF ligands include practical synthetic
handles to allow the use of renewable or bio-derived
feedstocks.®® With this in mind, the tolerance to backbone
modification shown by purine analogues may prove a
significant asset in future materials design.
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