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Metal-organic frameworks as chemical nanoreactors for the
preparation of catalytically active metal compounds

Paula Escamilla,® Walter Guerra,® Antonio Leyva-Pérez,® Donatella Armentano,® Jesis Ferrando-
Soria,*? Emilio Pardo*?®

Since the emergence of metal-organic frameworks (MOFs), a myriad of thrilling properties and applications, in a wide range
of fields, have been reported for these materials, which mainly arise from their porous nature and rich host-guest chemistry.
However, other important features of MOFs that offer great potential rewards, have been only barely explored. For instance,
despite the fact that MOFs are suitable candidates to be used as chemical nanoreactors for the preparation, stabilization
and characterization of unique functional species, that would be hardly accessible outside the functional constrained space
offered by MOF channels, only very few examples have been reported so far. In particular, we outline in this feature recent
advances on the use of highly robust and crystalline oxamato- and oxamidato-based MOFs as reactors for the in-situ
preparation of well-defined catalytically-active single atom catalysts (SACS), subnanometer metal nanoclusters (SNMCs) and
supramolecular coordination complexes (SCCs). The robustness of selected MOFs permits the post-synthetic (PS) in-situ
preparation of the desired catallytically-active metal species, which can be characterised by single-crystal x-ray diffraction
(SC-XRD) taking advantage of its high crystallinity. The strategy highlighted here permits the always challenging large-scale

preparation of stable and well-defined SACs, SNMCs and SCCs, exhibiting outstanding catalytic activities.

1. Introduction

Metal-organic frameworks (MOFs)= are crystalline porous
materials self-assembled by the combination of metal
cations/metal clusters with a seemingly limitless variety of
organic spacers. As a direct consequence, MOFs reported so far,
offer a wide variety of intriguing net topologies and fascinating
porous high-dimensional structures with thrilling host-guest
chemistry.®7 As a result, MOFs have found application —given
their unique chemical and physical properties®>— in such diverse
fields as gas storage and separation,® transport,® drug
delivery,’® molecular recognition,’* water remediation? or
catalysis,’® and,
encapsulation of metal nanoparticles (MNPs)!* and a wide
variety of other functional moieties.1>

Regarding encapsulation skills of MOFs, there are several

more recently, as templates for the

reasons that explain such efficiency. Apart, from the high
surface areas and pore volumes of MOFs, they exhibit suitable
functionalities decorating their channels —that can be fine-
tuned during their synthesis or in a post-synthetic (PS)
treatment®— capable to establish covalent bonding or van der
Walls multiple interactions with target guest molecules. Thus, a
plethora of metal nanoparticles, 41721 metal complexes?2-2°
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and organic (macro)molecules39-32 have been efficiently
encapsulated. For example, the blooming growth of this field is
nicely illustrated in Fig. 1, where we have represented the
number of publications focused on the encapsulation of single
atom catalysts (SACS), subnanometer metal nanoclusters
(SNMCs) and supramolecular coordination complexes (SCCs)
within MOFs channels in the 2015-2022 period.

100

80

60

40 -

20

Number of Publications

0 -

2015 2016 2017 2018 2019 2020 2021 2022
Year

Fig. 1. Number of publications related to the MOF encapsulation of single atom catalysts
(SACS), subnanometer metal nanoclusters (SNMCs) and supramolecular coordination
complexes (SCCs) in the 2015-2022 period.

In this context, the group of Prof. Makoto Fujita has recently
gone one step further on the guest encapsulation in MOFs,
developing the so-called “crystalline sponge method”.11.33:34
Essentially, this approach consists on the use of suitable



selected MOFs as "vessels” to encapsulate molecules, which fit
perfectly within the MOFs cavities. Thus, such use of MOFs as
molecular flasks allows the perfect immobilization of guest
molecules, reducing disorder and enabling the structural
resolution of molecules with unknown structure. Other more
recent works,3>-38 following the path traced by this strategy,
have deepened on the design of MOFs channels. Focusing on
their functionalization, in order to optimize the host-guest
interactions and, ultimately, the immobilization and ordering of
the guest molecules.??

In contrast to the great attention and remarkable advances
on the encapsulation of functional species within MOFs
channels, other promising features of these materials have
been barely explored. In particular, MOFs also offer great
possibilities for the in-situ preparation of unique functional
species by taking advantage of the unique confined space and
functional environment that their channels may offer.4041 Thus,
acting as effective chemical nanoreactors. Alternatively, MOFs
can be also used as sacrificial agents to obtain MOF-derived
carbonaceous materials doped with single atom catalysts and
sub-nanometer metal nanoclusters. Despite the fact that we
will focus on the use of MOFs as chemical reactors, we refer the
eager reader to some recent published reviews based on the
second strategy.42-45

Traditionally, a chemical nanoreactor has been defined as a
nanosized container where a chemical reaction takes place.*®
This classical definition has been somehow expanded when
applied to MOFs. Thus, a MOF nanoreactor should not be
regarded as a simple vessel where reactants combine to form
products. Indeed, a MOF nanoreactor offers a functional
confined space that may play a fundamental role on the
chemical processes that occur inside the channels, by
controlling the number and orientation of molecules and their
non-covalent interactions, similarly to that observed in nature
within natural nanoreactors.*® These characteristics allow a
certain synthetic control to form unique metal species within
this functional constrained space, thus endowing MOF-reactors
with a dual role: (i) Firstly, MOFs can act as a chemical reactor
to form unique catalytic metal species —difficult to be obtained
in solution- that are efficiently stabilized and retained within
their pores. (ii) Secondly, such formed novel metal species are
used as catalysts in challenging organic reactions, taking
advantage of the functional limited spaces where catalysts are
hosted, rendering interesting selectivities and higher
reusabilities.

2. General synthetic strategy

Prior to describe how a MOF can be used as a chemical
nanoreactor to prepare catalytically active metal species inside
their pores, we must answer/define, unambiguously, two
questions: what type of species are suitable to be prepared and
why using a MOF as chemical reactors is the best strategy to
achieve them. The answer to both of them is the same: They
must be species that cannot be easily prepared and stabilised
outside MOFs channels. In this context three types of species
appear as optimal species. They are ligand-free single atom
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Fig. 2. Schematic representation of the possible metal compounds synthesised using
MOFs as metal nanoreactors that are highlighted in this feature. This includes homo- and

heterometallic subnanometer metal nanoclusters (left) and supramolecular

coordination complexes (right).

In particular, small aggregations of less than 10 metal atoms,
falling within the sub-nanometric regime that include SACs and
SNMCs,>> are called to promote a paradigmatic shift in
technology, as happened before with metal nanoparticles
(MNPs).56-58 These ultra-small entities offer enormous potential
applications that may be relevant in different technological
areas of interest,>2%2 particularly in catalysis. Among the
reasons for this potential in catalysis, the most obvious is
related to their small size, which lead to all atoms being outer
exposed and interacting between them,>> and consequently, to
a thrilling catalytic activity.5963-73 However, despite their
exciting possibilities, their synthesis, even at the milligram scale,
is extremely difficult. It is complicated to synthesise and,
especially, stabilise such metal species without protective
ligands, whose presence would decrease dramatically their
catalytic activity. Here is where MOFs, acting as chemical
nanoreactors, could play a dual fundamental role: in the
challenging controlled preparation of ligand-free SACs and
SNMCs, and, especially, in the stabilization of these species
without protective stabilizing ligands —considering that the
multiple weak interactions stablished between the guest metal
species and the host functional framework help to maintain the
metal species’ integrity, without altering their catalytic
properties. On the other side, a smart use of supramolecular
chemistry’4 has also led to a good number of fascinating
examples of supramolecular coordination compounds (SCCs) —
i.e. metal-organic polygons and polyhedra— with thrilling
functionalities, sometimes reminiscent to those present in living
beings.”> However, their technological interest —i.e. catalysis—
has been somehow hampered by a very frequent weak
structural robustness of the formed species under working
conditions, as they have been usually limited to homogenous
chemistry in solution. Again, here, MOFs as chemical
nanoreactors arise as a suitable alternative, not only to prepare
unique SCCs —different to those that would be formed in
solution—but also to stabilize SCCs improving their catalytic
performances.

This journal is © The Royal Society of Chemistry 20xx



Once defined that SACs, SNMCs and SCCs are the most
suitable candidates to be prepared (and stabilised) using MOFs
as chemical nanoreactors, we can describe the general
synthetic strategy. This is based on the consecutive application
of post-synthetic methodologies (PSMs), for the step-by-step
construction of these species (Fig. 3) within the functional
confined space offered by selected MOFs (see point 3). Overall,
the synthetic strategy can be broadly divided in two main
points: (i) The insertion of metal cations within the channels of
the MOF reactor and (ii)/(iii) the application of different
consecutive PS steps for the preparation of SACs/SNMCs on the
one side or SCCs on the other.

Fig. 3. Post-synthetic strategy for the MOF driven preparation of SNMCs/SACs (a) and
SCCs (b): (i) post-synthetic insertion of metal cations within the MOFs channels, (ii) post-
synthetic chemical reduction of inserted metal cations to render SACs/SNMCs and (iii)
post-synthetic insertion of suitable ligands to build SCCs.

Controlled insertion of metal cations within MOFs channels

A successful development of the general strategy for the
preparation of well-defined ligand free SACs/SNMCs and SCCs
relies, first, on the controlled insertion of a limited number of
metal cations within the channels of the MOF reactor (Fig. 3a
and 3b, part (i)). Indeed, this point is of particular relevance for
preventing the formation of large MNPs —as usually happens
with other methodologies, such as “metal impregnation
methods”. In this context, better
performances than other porous materials to control metal
stoichiometry, as the number of metal cations inserted can be
controlled either by the charge of the framework and/or the
functionalities decorating their pores (see point 3). These MOF
features also appear relevant for another characteristic of
fundamental importance during the insertion process, the
metal location. Indeed, certain reported examples’®77 indicate
that inserted metal cations occupy specific unique positions —
depending on the nature of the metal cation— within the
channels, as they interact with the rationally introduced
functionalities decorating them. This is of paramount
importance because allow a homogeneous distribution of
metals along the channels, which, in turn, favours the formation
of discrete metal compounds and, in addition, facilitates the use
of single-crystal X-ray diffraction (SCXRD) to unveil the
positions/distances of these metals, and thus, the application of
PSMs in the second step.

Application of PSM to prepare SACs/SNMCs or SCCs

MOFs seem to offer

This journal is © The Royal Society of Chemistry 20xx

Once a limited number of metal cations are inserted within
MOFs’ channels, occupying specific positions —tentatively
unveiled by SCXRD—, two main approaches can be followed
either to obtain SACs/SNMCs (Fig. 3a, part (ii)) or SCCs (Fig. 3b,
part (iii)), having in common the use of PSMs to achieve the final
species:

(if) The preparation of SACs/SNMCs is achieved under the
controlled insertion of a reducing agent within the channels
where metals are hosted. The accumulative weak interactions
established between the metal cations and the channels
functionalities are not only useful to control the number of
metals that are inserted, but also, to restrain the movement of
metals during the reduction process. Both factors are crucial to
ensure the formation of very small naked SNMCs (and even
SACs), preventing the formation of larger MNPs, that are
homogeneously distributed along the channels, occupying
specific positions and allowing that no protective ligands are
necessary since metal clusters are stabilised by the MOF itself.
(iii) The design of SCCs relies on the PS insertion of suitable
ligands, which can lead to the formation of unprecedented SCCs
and other supramolecular constructs by taking advantage of the
unique confined functional space offered by MOFs. Herein, the
ligand suitability is determined with the key help of SCXRD,
allowing to unveil metal atom positions and distances, which
are parameters of fundamental importance to select most
appropriate ligands for insertion. Overall, the preparation of
SCCs within MOF reactors permits two remarkable facts: the
assembly of unique supramolecular species —that can only be
synthesised within this constrained and an
enhancement of their

space—
stability —assisted and
supported by weak noncovalent interactions established with
the framework— with the concomitant improved catalytic
behaviour.

structural

3. Design of suitable MOFs to be used as chemical
reactors

General characteristics

Aiming at using MOFs as chemical reactors (MOF-reactors) to (i)
synthesise unique catalytically active metal species within their
pores, and (ii) carry out organic reactions where preformed
metal species act as catalyst, it is essential to define the
characteristics that a given MOF must have for this purpose.
Suitable MOF-reactors should provide the appropriate
environment to grow, in a gram-scale, SACS, SNMCs and SCCs.
In order to do so, they can take advantage either of the
functionalities of the channels or the charge of the framework
to anchor metal cations to the walls, as well as of the
nanostructured confined space to limit the size of the formed
species and also offer size-selectivities in catalysis (see point 2).

Thus, a fine tuning of both functionalities decorating the
pores and their size (and shape) should be somehow ensured.
Moreover, once metal cations are inserted within MOFs
channels, further PS steps will be employed to synthesise
SACs/SNMCs/SCCs, and thus, a high degree of robustness is
required to ensure that MOFs maintain their integrity under

J. Name., 2013, 00, 1-3 | 3



Please do not adjust margins

ARTICLE

these sometimes harsh conditions (see point 2). This point is
particularly important. Indeed, MOFs must present high
chemical stability not only to resist PSMs but also to resist
reaction conditions if used in catalysis. This is achieved by a
careful choice of ligands (which must be stable a plethora of
solvents and in a wide interval of temperatures) and also using

Journal Name

of Cr'",78 ZrlV,79-81 TjlV 8283 etc. Finally, certain MOFs offer the
possibility to use SCXRD as a powerful tool to shed light on the
crystal structure of both starting preformed MOFs and the final
host-guest aggregate. Therefore, the use of highly crystalline
MOFs provides a better chance to use SCXRD on the formed
catalytically active species.

metals with high oxidation states. In particular, a wide diversity
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Fig 4. Selected general examples of oxamate- and oxamidate-based ligands derived from robust and flexible aromatic diamines (a), a.-amino acids (b), their amide derivatives (c), B-
amino acids (d) and oligopeptides (e) that have been used to prepare oxamato and oxamidato based MOFs. In particular, in this review we present MOFs derived from aromatic

diamines and amino acids.

In particular, we have devoted our efforts, in recent years,
to the design of novel families of MOFs using oxamate- and
oxamidate ligands aiming at their use as chemical nanoreactors.
Indeed, these ligands have demonstrated high versatility to
build both anionic and neutral functional MOFs.3%84-8% These
families of ligands can be either derived from robust aromatic
amines or from biomolecules such as chiral amino acids (Fig. 4),
which afford very stable “metalloligand” complexes capable to
build, in a rational manner and in large scale, these highly robust
water-stable functional MOFs.86 Moreover, these ligands offer
the possibility to provide a controlled functionalization of the
channels, which, as seen in point 2, is crucial to retain metal
cations in specific positions and also to somehow control the
formation of SACs/SNMCs/SCCs. Last but not least, oxamato-
and oxamidato-based MOFs have already proven highly
crystalline. This last point, does not only mean that we are
capable to unveil the crystal structure of pristine MOFs, but also
that the single crystals of these MOFs, capable of maintaining
their integrity after the consecutive application of PSMs, and
the crystal structure of host-guest materials containing
SACs/SNMCs/SCCs, can be sometimes ascertained.

Multivariate MOFs

There is a particular type of MOFs —so-called multivariate
MOFs20-92 (MTV-MOFs)— that may become particularly relevant
for the preparation of certain kinds of species, in particular
heterometallic SNMCs and SCCs, using these MTV-MOFs as
chemical nanoreactors. The chemical approach that we have
followed for the preparation of MTV-MOFs is based on the use
of different types of metalloligands, prepared with oxamidato-
based organic linkers derived from amino acids. This has
allowed us the fabrication of isoreticular MOFs with different
and controlled functionalities within their channels (Fig. 5). This
type of sequence-dependent materials,®3 are thus capable, in
principle, of new functions without apparent loss of synthetic

4| J. Name., 2012, 00, 1-3

control. For example, we can take advantage of the different
functionalities decorating the channels, to incorporate two or
more metals of different nature expecting that they interact,
differently, with the distinct functional groups. In doing so, we
can not only control the ratios of inserted metals, but also, we
expect that they occupy specific different positions. Then,
heterometallic SNMCs and SCCs can be constructed after the
application of sequential PSMs.

Fig. 5. Schematic representation showing the design strategy proposed to prepare MTV-
MOFs. Each different metalloligand has been depicted as using different color sticks
(green and blue) and the metal ions as yellow spheres. The different proposed ligands
can be found in Fig. 4b-e.

In particular, we have prepared a battery of isoreticular
oxamidate MTV-MOFs by combining different percentages of
metalloligands with oxamidato-based amino acids, which, in
principle, should allow the rational insertion of metals of
different nature. For example, thioether groups from L-
methionine or S-methyl-L-cysteine are expected to show higher
affinity for noble metals, whereas oxygen or nitrogen-
containing functional groups will preferentially interact with
transition metal cations (Fig. 6).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6. Selected examples of recently synthesized oxamidate-based MTV-MOFs containing the following amino acids: S-Methyl-L-cysteine (yellow) / L-serine (red) (a), L-methionine
(orange) / L-serine (red) (b), S-Methyl-L-cysteine (yellow) / L-methionine (orange) (c), aspartic acid (dark red) / L-serine (red) (d), L-histidine (blue) / L-serine (red) (e), L-histidine

(blue) / L-serine (red) / L-methionine (orange) (f).

4. Preparation/stabilization of SACs and SNMCs

The proposed synthetic strategy (points 2 and 3), consisting on
the use of highly crystalline and robust oxamato- and
oxamidato-based MOFs, as chemical reactors, has proven
successful during recent years to prepare, stabilise and
characterise different examples of MOF-driven SACs and
homometallic SNMCs. Indeed, this success is assessed by a good
number of striking published results3884387.89,94-100 that are
highlighted below.

MOF-driven formation of SNMCs

Our first publication in the field was based on the use, as
chemical nanoreactor, of a highly robust anionic oxamato-
based MOF of formula Ni'»{Ni'"4;[Cu">(Mesmpba),]s} [where
Mesmpba*- = N,N’-2,4,6—trimethyl-1,3—
phenylenebis(oxamate)] (Figs. 3a and 6a) to synthesize ligand-
free subnanometer tetranuclear palladium clusters after two
consecutive PS steps.?* Remarkably, the structure of such
ultrasmall Pd SNMCs could be unveiled by SCXRD, offering
unique snapshots about the nature of these tiny species and
also about the stabilizing interactions established with the
framework (Fig. 7). This dual PS strategy consisted first on the
replacement of Ni' cations by [Pd"(NHs)4]2* ones, yielding an

intermediate MOF  with  formula  [Pd"(NH3)s][Pd"y(u—
0)(NH3)6)(NHa)2Jos{Ni"s[Cu"(Mesmpba),]s}, which hosts Pd"
cations in specific positions within the channels by interacting
with carboxylate oxygen atoms from the network (Fig. 7b).
Then, in a second step, Pd?* cations are reduced after controlled
insertion of NaBH4, giving rise to the final hybrid material of
formula  [Pds]os@Nas{Ni'";[Cu">(Mesmpba),]ls}  (Fig.  7c).
Remarkably, the resolution of the crystal structure of the
subnanometer linear Pds clusters —within MOFs channels—
constituted a verysignificant step forward in the
characterization of these small species. Its structure confirmed,
for the first time, that Pd, clusters were stable without the need
of using blocking protective ligands, being the MOF itself
responsible for maintaining their integrity. As a consequence,
all palladium atoms are outer-exposed, which offers great
potential for catalysis. Moreover, these linear [Pd4]2* SNMCs are
homogeneously distributed along the channels occupying
positions where host-guest interactions are maximized.
Interestingly, these non-covalent forces show a trade-off
behaviour, being strong enough to stabilize and spatially
organise the generated [Pd4]?* species —endowing valence on
metals otherwise not stable— and at the same time, weak
enough to not impact on their catalytic active surface.

Please do not adjust margins
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Fig. 7. Two—step PS approach for the synthesis of [Pd,]?*, Ag% SNMCs and Pt' SACs consisting of (i) the susbstitution of Ni" cations (yellow spheres) hosted in the channels of CugNis
MOF (a and d) by Pd" (blue spheres), Ag' ones (grey spheres) or Pt (purple spheres) to give the intermediate MOFs CugNisPd; (b), CugNisAgs (e) and CugNisPt;, (h), followed by (ii) the
concomitant reduction of Pd", Ag' and Pt" cations to give [Pd4]** (c) and Ag% (f) SNMCs or Pt' SACs (i). Red dotted lines indicate weak non-covalent interactions of the metal units

with the carboxylate oxygen atoms from the network.

Aiming at unveiling the catalytic activity of [Pd4]?* SNMCs,
they were tested towards the Buchner ring expansion reaction
and other carbene insertion reactions. Indeed, these ligand free
SNMCs exhibited outstanding catalytic activity/recyclability for
these reactions (yields higher than 90% in all cases, turnover
numbers close to 100000 and, at least, 20 reuses), surpassing by
more than one order of magnitude the state of the art rhodium
catalysts.101 Qverall, this pioneering work demonstrated that
the gram-scale preparation of ligand-free SNMCs was feasible
using MOFs as nanoreactors, without loss of catalytic activity
and, in turn, enhancing the chemical stabilities of these tiny
metal species.

6 | J. Name., 2012, 00, 1-3

The same anionic CuNi MOF was later used —following the
same synthetic strategy— for the in-situ preparation of ligand-
free Ag% SNMCs19? (Figs. 6d-f), the whole formation process
being also followed by SCXRD. Again, the anionic charge of the
framework was crucial to limit the number of inserted silver(l)
cations.’02 Remarkably, a close inspection of the crystal
structures of the MOF with Pd" (Fig. 7b) and Ag' (Fig. 7e) allows
to confirm that metal cations occupy different specific positions
within the channels by interacting with different carboxylate
oxygen atoms of the MOF. We strongly believe that these
different positions, that metals of different nature occupy, lie at
the origin of the different nuclearity that we observe for
different SNMCs, such as for example Ag, and Pd,. This is also

This journal is © The Royal Society of Chemistry 20xx
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intimately connected to the limited and restrained movement
that these metals have during the cluster formation process —as
they are anchored to the walls of the MOF. In any case, despite
possessing a different nuclearity both, Ag> and Pd,, are ligand
free subnanometer nanoclusters, with all atoms exposed to
reactants, and an outstanding catalytic activity can be expected

ARTICLE

for Ags. In this context, Ag: SNMCs we are also tested for the
Buchner ring expansion reaction showing catalytic results
approaching those observed for Pds SNMCs, which, considering
the lower prices and higher abundance of silver, can indeed
provide important advantages.

Fig. 8. Crystal structures of the Pt'@MOF (a) and Pt%,@MOF (b), determined by SCXRD. c) Perspective views, in detail, of a channel of Pt®,@MOF. Copper and calcium atoms from
the network are represented by cyan and blue polyhedra, respectively, whereas organic ligands are depicted as grey sticks. Yellow and purple spheres represent S and Pt atoms,

respectively. Dashed lines represent the Pt--S interactions.

The MOF-directed preparation of Pd and Ag SNMCs
described above is based on a controlled insertion of metals
whose number is limited by the anionic charge of the MOF. This
crucial point can be also controlled in neutral MOFs if their
channels are decorated with suitable functional groups. This is
perfectly illustrated when selecting an oxamidato-based MOF,
derived from natural amino acid L-methione, of formula
{Ca"Cu'¢[(S,S)-methox]3(OH),(H.0)] (where methox = bis[(S)-
methionineloxalyl diamide), whose channels are densely
decorated with thioether groups. On the basis that sulphur
containing groups have affinity for certain soft metals, thioether
groups decorating the channels can be used to insert a limited
number of noble metals within the channels, offering also a very
homogeneous distribution for them, as they remain anchored
to specific positions defined by these functional groups.
Therefore, following a very similar two-step PS approach, we
reported the gram-scale preparation of Pt®% SNMCs, process
that could be followed with SCXRD.193 First, L-methionine MOF
was immersed within a Pt" solution. As expected, a high loading
of Pt" —densely-packaged and homogenously distributed along
the channels— could be observed (Fig. 8a). Such homogeneous
distribution of Pt" cations play a key role —in combination with
the small confined empty space of the chemical reactor and the
restrictions of movement of anchored Pt'" cations— in the
controlled formation of ligand-free ultrasmall SNMCs instead of
larger MINPs. Therefore, Pt cations are reduced in the presence
of a chemical reducing agent (NaBH4) giving rise to ligand-free
well-defined Pt% SNMCs that are, again, anchored to the
sulphur-containing groups decorating the pores, thus being
homogeneously distributed along the channels, as unveiled by
SCXRD (Fig. 8b,c).

The example mentioned before is also illustrative of how the
flexibility of the MOF can play a fundamental role in the cluster

This journal is © The Royal Society of Chemistry 20xx

formation, as thioether groups from L-methionine ligands are
long and flexible enough to approach two Pt" cations to form
the dinuclear cluster, but, at the same time, are isolated enough
to prevent the formation of larger nanoclusters or MNPs.

As we expected, the resulting naked Pt% nanoclusters
proven themselves highly active in three potentially important
industrial reactions, such as CH4 from CO,, cyanide production
and selective ethylene hydrogenation.

MOF-driven formation of SACs

The same strategy described for the preparation of SNMCs
may lead also to the preparation of MOF-driven SACs
embedded within the channels. Herein we report two examples
obtained using both the oxamato-based anionic CuNi MOF and
also an oxamidato-based neutral MOF functionalised with
thioether groups.

The first example consists on the gram-scale preparation of
well-defined platinum(l) SACs stabilised by water clusters. The
first step of the PS process consisted on the insertion, within the
channels of Ni'>{Ni"4;[Cu";(Mesmpba),]z} MOF, of a controlled
number of Pt cations (Fig. 7h) that replace Ni" cations and
occupy, as happened for Pd" and Ag!, unique specific positions
(Fig. 7b,e). Then, after reduction with NaBH,4, Pt;1* SACs are
formed and stabilized within the confined functional channels,
as unveiled by SCXRD (Fig. 7i). This is the second example
reported in this revision where unusual oxidation states are
observed for SNMCs/SACs formed within this anionic MOF,
which suggest that this porous material is not only suitable to
form/stabilize metal nanosized species with regular oxidation
states, but also possessing uncommon ones. In this sense, it has
been unveiled that the water cluster surrounding Pt;1* SACs

J. Name., 2013, 00, 1-3 | 7
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helps to stabilize the Pt SACs and also regulates the charge of
the metal.

Journal Name

Fig. 9. Perspective views showing details of the crystal structure of Pt;*@MOF crystal structure with CO molecules embedded: a) single pore side view of hydrogen bonds interactions
stabilizing [Pt'*;(u-0)(CO),(H,0)4] intermediates within hydrophilic pores; b) detailed crystal structure of [Pt*,(u-0)(CO),(H,0)4] moieties clarifying CO and H,0 binding sites; c) view
down direction of pore’s propagation showing (all in blue color) the in-situ generated molecules interacting with MOF’s walls. Na* and Pt* in gold and blue ones, respectively. The
heterobimetallic CuNi 3D anionic network is depicted as grey sticks. Carbon and oxygen atoms of the in-situ generated molecules, are depicted as grey and red spheres, respectively.
Surface has been depicted to highlight Pt-CO water adducts and CO, hosted in pores. This figure is reproduced with permission from ref. 104, copyright Wiley and sons 2021.

The catalytic activity of Pt;1* SACs was also evaluated. For
that, this peculiar oxidation state of platinum was taken into
consideration, and a potentially important industrial reaction,
such as the water—gas shift reaction (WGSR: CO + H,0 - CO, +
H,), was selected. As we expected, Pt;* SACs showed great
catalytic performance for the WGSR at very low temperature
(50 °C). Apart from this catalytic efficiency, in a concomitant
communication, we were capable to establish a plausible
catalytic mechanism.19%4 This consisted on a double water attack
to CO —from both a water molecule coordinated to the metal
coordinated and also a H-bonded one- yielding CO, with both
oxygen atoms coming from water. In fact, we could follow the
reaction by using in-operando SCXRD. This allowed to visualize
the formation of a hemiacetal intermediate, where two H,0
molecules are added to CO on the Pt; catalyst (Fig. 9). This
confirmed our previous predictions, and even more relevantly,
provided a paradigmatic shift in the assumed mechanism of the
WGSR.

MOF-driven SACs can be also synthesized using neutral
MOFs. In particular, we used an oxamidato-based MOF,

Fig. 10. Crystal structures of {CugSr[(S,S)-Mecysmox]3(OH),(H,0)} (a),

Pd",@MOF (b) and Pd°;@MOF (c), determined by single-crystal X-ray diffraction. Copper and strontium atoms

prepared from the amino acid S-methyl-L-cysteine (Fig. 10a), to
prepare Pd% SACs.105 The 3D MOF, with formula {CugSr[(S,S)-
Mecysmox]3(OH),(H,0)} (Mecysmox = bis[S-
methylcysteine]oxalyl diamide) (Fig. 10a), features a good
number of dimethyl thioether groups decorating their channels,
similarly to that observed previously for L-methionine MOF.
This permits the application of the formerly presented two-step
PS106 strategy, in this case, for the synthesis/stabilization of
these Pd%; SACs within their channels (Fig. 10b,c). With that
purpose, first, Pd?* cations are introduced within MOF’s
channels and anchored in specific positions of the channels by
interacting with sulfur-containing groups (Fig. 10b) —similarly to
that observed with Pt" cations and thioether groups in L-
methionine MOF (Fig. 8a). Then, the concomitant in-situ
reduction of Pd?* cations yielded Pd% SACs homogeneously
distributed along the channels of the MOF (Fig. 10c).
Remarkably, the high crystallinity26:27.84107-109 of this MOF
allowed to follow, again, the whole PS process by SCXRD.

from the network are represented by cyan and purple polyhedra, respectively, whereas organic ligands are depicted as grey sticks. Yellow and blue spheres represent S and Pd

atoms, respectively. Dashed lines represent the Pd---S interactions.
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At this point, a question arises, why Pd SACs are formed in
one scenario and Pt; SNMCs are formed in the other,
considering that metal loading is identical in both cases? The
answer comes from the distinct features of each thioether-
containing MOF, prepared from S-methyl-L-cysteine and L-
methionine, respectively. Indeed, we strongly believe that the
distinct length and flexibility of these thioalkyl groups
decorating MOFs channels are at the origin of the different
nuclearity observed. So, we hypothesize that thioether groups
play a dual role in the SAC/SNMCs formation. First, retaining
metal cations after insertion process. Then, taking advantage of
the different length and high degree of flexibility of thioether
residues, getting together or isolating metal species. In this
sense, they can be capable to approach two Pt" cations to form
dinuclear SNMCs in L-methionine MOF (Fig. 11a). Conversely,
the shorter length of thioether groups in S-methyl-L-cysteine
(Fig. 11b) prevents Pd" cations to get close enough to form
SNMC s, and consequently, SACs are formed instead.

Focusing on catalytic properties of resulting ligand-free Pd%;
SACs, they were capable to efficiently catalyse, and with much
higher recyclability to their analogues formed in solution, the
direct aerobic conversion of benzyl alcohols to benzoic acids
without ligands, additives or solvents. Overall, this work showed
a straightforward manner to obtain, in large scale, well-defined
naked SACs, whose formation mechanism could be also
proposed with the help of SCXRD, that can be tentatively used
in industrially important catalytic reactions.

Fig. 11. Crystal structure of one single channel of {CugCal[(S,S)-methox]3(OH),(H,0)} (a)
and {CueSr[(S,S)-Mecysmox]3(OH),(H,0)} (b) emphasizing the different length of
thioether groups.

5. MOF-driven self-assembly of SCCs

Alternatively to the controlled synthesis of SACs/SNMCs, the
great physicochemical and crystallinity features of selected
MOFs as chemical nanoreactors could be exploited for the solid-
state self-assembly of unprecedented SCCs —otherwise not
accessible— (Fig. 3b), and with outstanding structural stability

and catalytic properties —-when compared with traditional SCCs
assembled in homogeneous solution.>3.74110-113 Thijs would
enable to take advantage of the catalytic potential of pivotal
metal atoms constituting the supramolecular assembly, and
consequently, further expand the scope of supramolecular
catalysis.

In this context, the goodness of the proposed synthetic
strategy has been successfully validated for the preparation of
several SCCs with distinct nuclearity within the channels of MOF
[Pd"(NH3)4][Pd">(1—0)(NHs)s)(NH4)2]os{Ni"a[Cu"2(Mesmpba).]s},
obtained after PS cation exchange of Ni" cations by [Pd"(NH3)4]2*
ones on Ni';{Ni"4;[Cu"y(Mesmpba),]s} MOF (Fig. 7b).1%° |n
particular, in our first contribution, we were able to report the
in-situ heterogeneous self-assembly within MOF channels of
Pds" square metal-organic polygon, when using the linear linker
1,2-di(pyridine-4-yl)ethyne (L;), meanwhile with the tripodal
bent ligand methyl 3,5-bis(pyridine-4-ylethynyl)benzoate (L;) a
discrete water-assisted Pd;¢" supramolecular cage was obtained
(Figs. 11b and 11c).10°

Remarkably, despite the reasonable difficulties associated
with the precise characterisation of the final SCCs@MOF —due
to the intrinsic complex nature of such hybrid systems—, the
structural robustness and high crystallinity of the MOF selected
as chemical nanoreactor results of key importance. This enable,
for the first time, the use of SCXRD as basic characterization
tool, providing a direct visualization of in-situ heterogenous
self-assembled SCCs within MOFs channels (Fig. 12). Indeed,
this crystallographic study allowed us to obtain unique
snapshots of the synergistic interactions established between
SCCs and the functionalities decorating the MOF channels,
which inherently translate to an improved structural robustness
of the assembled supramolecular assemblies mechanically
bonded to the MOF network (Fig. 12).

In this connection, the synergistic hybridization of SCCs and
MOFs was traduced in remarkable metal-based catalytic
properties of pivotal metal atoms constituting the SCCs. Thus,
we observed that SCCs@MOF catalyse efficiently the coupling
of boronic acids and/or alkynes, with better -catalytic
conversions and selectivities than standard homogenous Pd
catalysts, and, even more relevantly, retaining their structural
integrity. This contrasts with the results of traditional
homogenous phase assembled SCCs, which tend to decompose
under relevant working conditions. Thus, the assembled
SCCs@MOF validate the functionality improvement aim of SCCs
envisage when we start to develop this supramolecular facet of
MOFs as chemical nanoreactors.
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for the sake of clarity. Bottom images show in detail Pdsg(a), Pdss (b) and Pdg (c) SCCs.

Following the same approach, more recently we were able
to expand the family of known SCCs@MOFs using linear
dipyridyl linkers, related to L;, but with different number of
fluorine substituents. In particular, the fully fluorinated ligand,
bis (2,3,5,6-tetrafluorofluoro-pyridin-4-yl)acetylene (Ls), allow
us to synthesise and precisely characterise by SCXRD a Pdg"
square metal-organic polygon, which show efficient catalytic
behaviour in the aerobic oxidation of aliphatic alcohols to
carboxylic acids without any additive.1* This work nicely
illustrated the dual role of MOFs as chemical nanoreactors,
enabling the formation of SCCs, that in homogenous phase
could not be assembled due to the poor sigma-donor ability of
L3, and transferring stability from the MOF to the assembled
SCC, through weak supramolecular interactions, which make
possible to fully take advantage of the electrophilic potential of
palladium cations constituting the SCC.

Finally, it is worthy to compare the results obtained with
related linear linkers L; and Ls. Despite it could be assumed, a
priori, that ligands with the same donor atoms and at the same
distances have to render isoreticular SCC, the experience once
again teach us that even small changes in a ligand —distinct
functionalization— can reject our assumptions and illustrated us

with novel assemblies, which constitute the necessary fuel to
keep investigating this recently born supramolecular research
field at the interface between SCC and MOFs.

6. Characterization techniques

Taking advantage of the high robustness and crystallinity of
selected MOFs as chemical nanoreactors, we could use single-
crystal X-ray diffraction (SCXRD) as basic characterization
technique, which allowed us to get unique snapshots of the
species constructed within MOFs channels, their location and
the stabilizing interactions established between them and the
functional groups decorating the MOF pores. Nevertheless, the
precise characterization of such complex assemblies, as well as
the validation of the results obtained by SCXRD, required the
implication of a wide range of physical techniques. Thus,
thermogravimetric analysis is commonly used to help to
establish the solvent content, which is somehow difficult to be
ascertained by SCXRD due to intrinsic disorders of such complex
structures. Scanning-electron and particularly transmission
electron microscopy allowed to observe the homogeneous
distribution of metals species and further support the presence
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of SNMCs and SACs, respectively. The ratio of the different
metal species could be ascertained by inductively coupled
plasma-mass spectrometry and scanning electron microscopy
with energy dispersive X-ray spectroscopy, allowing to have a
double-check of this important feature. Also, necessary is X-ray
photoelectron spectroscopy, which is routinary used to help to
establish the oxidation state of the formed species. This is of
paramount importance thinking toward catalytic applications.
N2 adsorption isotherms and powder X-ray diffraction, in
combination, are regularly used to characterise the porosity and
robustness of the final assemblies, consequently reflecting the
accessible pore space for substrates and the great stability of
these materials.

Here, it is worthy to remark, that the materials presented in
this feature article represent a beautiful exception among other
reported ones, where the characterisation is more frequently
associated to a multi-technique approach and not as the one
followed by our group, where SCXRD is the main techniques and
the others give complementary information. Thus, obtaining a
more complete characterisation of the resulting assemblies.

7. Conclusions and outlook

The advantages that metal-organic frameworks (MOFs) can
offer when used as chemical nanoreactors to construct unique
catalytically-active metal species, such as ligand-free single
atom catalysts (SACS), subnanometer metal nanoclusters
(SNMCs) and supramolecular coordination complexes (SCCs),
have been outlined in this feature article.

The general synthetic strategy has been described, and it
can be divided in two main blocks: First, the synthesis/selection
of suitable MOFs, which constitutes a crucial step for their
successful use as a chemical nanoreactor. Selected MOFs must
be highly robust, to resist the formation process of metal
species within their pores, and highly crystalline, to allow the
application of SCXRD as definitive characterization tool to unveil
the nature of formed species. Moreover, MOFs channels must
possess appropriate functionalities to anchor/control the
number of metal cations, somehow determining the nuclearity
of final metal species.

Once MOFs with suitable characteristics are prepared, then,
they can be used as chemical nanoreactors to construct desired
metal species (SACs/SNMCs and SCCs) by applying solid-state
post-synthetic methodologies (PSMs). Another crucial point for
the success of this strategy relies on an accurate control of the
metal cations that are inserted within the functional
constrained space provided by the pores. This is controlled by
the charge of the MOF, if it is anionic, and/or the functionalities
decorating the channels, which must be capable to retain only
a certain amount of metals. Once this limited number of metal
cations are inserted and homogeneously distributed within the
pores, the second PS step occurs: (i) a reduction process in the
case of SACs/SNMCs or (ii) the insertion of suitable ligands to
self-assemble with pre-inserted metals to form SCCs.

In particular, we have proven in recent years that oxamate-
and oxamidate ligands, derived from robust aromatic amines or
from biomolecules, such as chiral amino acids (Fig. 4), are

This journal is © The Royal Society of Chemistry 20xx

suitable candidates to synthesise MOFs capable to act as
chemical nanoreactors —as they fulfil all requirements, i.e. high
crystallinity and robustness, as well as the possibility to fine-
tune the functionalities decorating their pores, enabling to
enhance the affinity for target metal cations. In so doing, we
have reported the MOF-driven preparation of highly stable and
well-defined ligand-free SACs (Pd% and Pt'*;) and homometallic
SNMCs (Ag%, Pt% and [Pd4]2*) and SCCs (Pds@MOF, Pds@MOF
and Pdis@MOF), whose crystal structure could be unveiled by
SCXRD, exhibiting outstanding catalytic properties, which are
summarised in Table 1. Moreover, given the unique electronic
structures of these small metal nanosized species (homo- and
heterometallic SACs and SNMCs), they are also expected to be
relevant in other important research fields such as optics,
medicine and different industrial processes.19:115,116

Table 1. SNMCs, SACs and SCCs within MOFs channels presented in this feature article
and their catalytic application.

Catalyst@MOF Catalytic Ref.

reaction

[Pds]os@Nas'{Nis"[Cuz"(Mesmpba).]s}
(Pd4?* SNMCs)

Buchner ring 84
expansion and
carbene
insertion
reactions

[Ag2]@Ag2'Na2{Nis"[Cu2"(Mesmpba)a]s} Buchner ring 102

(Ag2° SNMCs) expansion
(Pt2)os-(PH'Cl) @{Ca'Cus"[(S,S)- o, 103
methox]s(OH)2(H20)} methanation,
(Pt2° SNMCs) cyanide
production

and selective
ethylene
hydrogenation

Pt:@Nas'{Nis"[Cu2"(Mesmpba)]s} Water-gas 104
(Pt:1* SACs) shift 108
(Pd1)o.s([Pd"(H20)(NH3)3]Cl2)o.s@{Sr"Cug"[(S,S)- Solvent-free 105
Mecysmox]3(OH).CHsOH)} aerobic
(Pd1° SACs) oxidation of
alcohols to

benzoic acids

[Pd2"(u-OH2)2(NHs)a)]o.s[Pds"(u-
OH2)s(NHs)s(L1)a]o.125{Nis"[Cu2"(Mesmpba).]s}
(Pds" SCCs)

Coupling of 109
boronic acids
and/or
alkynes

[Pd16"(H20)s(NH3)24(u-
OH2)s(H20)24(L2)a)0.125{Nis"[Cu2"(Mesmpba).]}

Coupling of 109
boronic acids

(Pd16" SCCs) and/or
alkynes
[Pd" (NH3)a)]1s [Pd6" (- Additive-free 114
HOAC)2(H20)12(Ls)4]0.08333{Nia"[Cu2"(Mesmpba),]s aerobic
} oxidation of
(Pdg" SCCs) aliphatic
alcohols to
acids

Heterometallic SNMCs and SACs
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Overall, following this strategy makes possible that the
mentioned novel and stable metal species are obtained in a
gram-scale, stabilised—without the need of protective ligands in
the case of SACs and SNMCs— and properly characterised at the
atomic level, which clearly constitute a clear step forward on
the synthesis of these species and their possible use in an
industrial scale. However, despite such remarkable results,
there is still much work to be done to fully implement this
technology in the industry. So, much effort is still required to
stablish large-scale synthetic protocols of these catalytically
active metal species. Moreover, even if remarkable examples of
homometallic SNMCs and SCCs have been obtained, no
examples of the heterometallic analogues are reported so far,
despite this strategy is highly promising for this purpose. In this
context, some preliminary results suggest that these
oxamato/oxamidate MOFs could be also successful for the in-
situ preparation of heterometallic SNMCs and SCCs.

Fig. 13. Crystal structure of Pd"Ni"@MOF emphasising the presence of a 50% of Pd"
cations (blue spheres) and a 50% of Ni' cations (green spheres) within the channels.

The catalytic activities expected for heterometallic SNMCs
may originate a paradigmatic shift within the metal clusters
chemistry. Main reasons for such expected thrilling catalytic,
but also optical or medical, properties arise from their unique
electronic configurations, where a very small number of metals
of different nature may exhibit superatom properties, as well as
the close proximity between atoms of different nature, which
open the possibility to trigger cascade catalytic reactions, in a
reminiscent manner to relevant processes in living beings.117.118
However, so far, the synthesis of these ligand-free
heterometallic species, even at a mg scale, has shown even
extremely more challenging than homometallic ones. At this
respect, we strongly believe that MOF-reactors can be
extremely helpful for the preparation of heterometallic SNMCs
—and also SCCs. They can be suitable candidates to succeed at
this task, considering several features we have already
described.

12 | J. Name., 2012, 00, 1-3

For example, oxamato-based Ni">{Ni"4[Cu"z2(Mesmpba).]s}
MOF allows an exquisite control of the number of metal cations
that are inserted within its channels, occupying them different
specific positions depending on their chemical nature (Figs.
6b,e,h). On this basis, we speculated that we could introduce
mixtures of metals of different nature with controlled ratios.
This hypothesis has been revealed as successful in a recent
publication, where we were capable to replace 50% of Ni"
cations hosted in the pores by Pd" ones (Fig. 13). As expected,
each distinct metal cation occupies different specific positions,
opening the gate for the concomitant introduction of a reducing
agent to form heterometallic SNMCs. The same strategy can be,
theoretically, designed and applied for the rational preparation
of heterometallic SCCs. Taking as the starting point also the
introduction of metal cations of different nature within the
channels of the MOF, where they occupy different specific
positions. Then, after a rigorous analysis of the crystal structure
the positions/distances and encoded coordination
preferences of metal cations, suitable ligands could be selected
and inserted within the channels to self-assemble forming
heterometallic SCCs. In particular, among the plethora of MOFs
that could be suitable to synthesise heterometallic
SNMCs/SCCs, MTV-MOFs are especially appealing for this
purpose as we discuss below.

MTV-MOFs for the preparation of heterometallic SNMCs and SACs

and

MTV-MOFs, possessing two or more selected functional groups
decorating their channels, arise as the more promising
materials to synthesis heterometallic SNMCs (Fig. 14a) or SCCs
(Fig. 14b). Indeed, if the selected MTV-MOF possess two or
more functional groups (Fig. 6), each one having higher affinity
for different metal cations, the first step of the PS strategy can
be achieved easier. So, the approach consists of introducing,
simultaneously or not, a mixture of different metals within the
MTV-MOF channels, expecting that a recognition process takes
place and each metal occupy a predetermined specific position
(Fig. 14 middle). Then, reducing agents or the insertion of
appropriate ligands should lead to the direct formation of
heterometallic SNMCs (Fig. 14a) or SCCs (Fig. 14b).

The results presented in this feature article are just a small
sample of the great undisclosed potential of MOFs as chemical
nanoreactors. Thus, it is needed the ingenuous implication of
researchers working in the field to further expand this booming
area of research, which undoubtedly would trigger novel
unexpected results and it will get us closer to fully understand
relevant ideas, such the factors influencing the atomicity and
topology of prepared SNMCs/SCCs and their relationship with
their functionality. We expect that this manuscript acts as the
spark to stimulate researchers to grow this research area, still
in its infancy.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 14. Postsynthetic strategy for the MOF-driven preparation of heterometallic SNMCs
(a) and SCCs (b) using MTV-MOFs.
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