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The present PhD Thesis is dedicated to the study of the surface reac-
tivity of Metal-Organic Polyhedral molecules (MOPs) in solution. Spe-
cifically, this study will investigate how the reactivity of Rh(ll)-based
MOPs (Rh(Il)-MOPs) can be harnessed to modify not only their own
physicochemical properties but also the properties of molecules that
interact with their surface. The study will be focused on understand-
ing the mechanisms and processes involved in these modifications and
exploring the potential applications of such reactivity in various fields.
By delving deeper into this topic, we aim to uncover new insights and
possibilities for utilizing the reactivity of Rh(Il)-MOPs to achieve desired
modifications and enhance the functionality of these materials.

Chapter 1 provides the reader with an overview of the fundamentals
of discrete metal-organic materials and how this field has evolved
over time to increase the complexity and applicability of these ma-
terials. The chapter presents the key concepts related to the design
and synthesis of metal-organic cages. Special attention will be paid
on how the main synthetic challenges have been overcome and how
the advances in the synthesis of metal-organic cages have in turn ex-
panded the post-synthetic reactivity of these molecules. Finally, a
compilation of examples is presented to illustrate the potential of
post-synthetic modification, both in organic ligands and metal nodes,
and their independent or synergistic use to modulate the properties
of these materials.

Chapter 2 specifiesthe generaland specificobjectives of thisPhDThesis.

Chapter 3 proposes the use of water-soluble Rh(ll)-MOPs as capture
agents to remove organic contaminants capable of interacting with the
MOP surface. For this purpose, the possibility of controlling the solu-
bility of these capture agents by modulating the pH of the medium will
be studied. Additionally, different recovery and recycling strategies are
discussed.

Abstract | 9



Chapter 4 examines the selectivity of Rh(Il) metal nodes and their use in
separation processes. Specifically, the study focusesonthe selectivity in-
duced by steric hindrance around a coordinating atom. This will be used
to separate regioisomeric mixtures of substituted pyridines. The steric
hindrance thatthe different pyridine substituentsimpartonthe Nitrogen
donor atom generates the possibility of discriminating between coor-
dinating and non-coordinating regioisomers. The differential solubility
of MOP-bounded and non-bounded pyridines will be used to engineer
liquid-liquid extraction systems to carry out separation processes. The
mechanismthatinduces this selectivity and the established interactions
are studied using both experimental and computational techniques.

Chapter 5 focuses on the implementation of Copper(ll)-catalyzed
Azide-Alkyne Cycloaddition (CuUAAQ), also known as "click chemistry,"
in order to expand the catalogue of different functionalizations that
Rh(I1)-MOPs can exhibit on their surface. Using a protection/deprotec-
tion strategy that allows the introduction of terminal alkyne groups on
the MOP surface, a platform is obtained in which virtually any function-
al group can be quantitatively introduced, thanks to the orthogonality
and biocompatibility. Furthermore, we will show that our “clickable”
Rh(Il)-MOP withstands the typical conditions of the CUAAC reactions.
In this way, a wide variety of substrates and functional groups can be in-
troduced on the MOP surface, including polymers, carboxylic and phos-
phonic acids, and even biomolecules such as biotin, whose biorecog-
nition capabilities are preserved once anchored to the MOP surface.

Finally, Chapter 6 summarizes the contributions made to the field and
the main conclusions and perspectives drawn from this Thesis.



La present Tesi Doctoral esta dedicada a I'estudi de la reactivitat super-
ficial de les molecules anomenades Poliedres Metal-loorganics (del seu
acronim en anglés, MOPs) en solucid. Més precisament, se centrara
en la investigacio sobre com la reactivitat dels MOPs basats en Rodi(ll)
(Rh(IN-MOPs) pot ser utilitzada per modificar tant les seves propietats
fisicoquimiques com la d'aquelles molecules capaces d'establir una in-
teraccio amb la seva superficie. L'estudi se centra en comprendre els
mecanismes i processos involucrats en aquestes modificacions i ex-
plorarles possibles aplicacions d'aquesta reactivitat en diversos camps.
L'objectiu éstambé aprofundir en les possibilitats que ofereix la reactiv-
itat superficial dels Rh(Il)-MOPs per aconseguir les modificacions desit-
jades i millorar la funcionalitat d'aquests materials.

En el Capitol 1 es proporciona al lector una visio sobre els fonaments
del camp dels materials metal-loorganics discrets i com aquest ha
evolucionat amb el temps per augmentar la complexitat i aplicabilitat
d'aquests materials. El capitol presenta els conceptes més destacats
en relacio amb el disseny i la sintesi de caixes metal-loorganiques. Es
presta especial atencio a com s'han superat els principals reptes sin-
tetics i com els avencos en la sintesi de caixes metal-loorganiques han
ampliat la reactivitat postsintética d'aquestes molecules. Finalment,
també s'ofereix un compendi d'exemples que il-lustren el potencial de
la seva modificacid postsintética, tant en els lligands organics com en
els nodes metal-lics, i el seu Us tant de manera independent com siner-
gica per modular les propietats d'aquests materials.

En el Capitol 2 s'especifiquen els objectius, tant generals com espe-
cifics, d'aquesta Tesi.

En el Capitol 3 es proposa I'Us de Rh(I)-MOPs solubles en medi aquos
com a agents de captura per eliminar contaminants organics que poden
interactuar amb la superficie del MOP. Per a aixo, s'estudiara la possibil-
itat de controlar la solubilitat d'aquests agents de captura modulant el
pH del medi. A més, s'exposen diferents estrategies de recuperacio i es
discuteix la seva reciclabilitat.

Resum | 1



El Capitol 4 estudia la selectivitat dels nodes metal-lics de Rodi i el
seu Us en processos de separacio. Se centra en la selectivitat induida
pels impediments esterics al voltant d'un atom coordinant. Aques-
ta selectivitat s'emprara per separar barreges regioisomeriques de
piridines substituides. Els impediments esterics generats pels dif-
erents substituents en les piridines al voltant del nitrogen donador
permeten discriminar entre regioisomers coordinants i no-coordi-
nants. La diferencia de solubilitat entre els regioisomers coordinats i
els no coordinats es fara servir en sistemes d'extraccié liquid-liquid
per dur a terme processos de separacio. El mecanisme mitjancant
el qual <'indueix aquesta selectivitat i les interaccions establertes
son estudiats tant experimentalment com computacionalment.

En el Capitol 5 es desenvolupa la implementacié de la Cicloaddicio
d'Azides i Alquins catalitzada per Coure(ll) (CUAAC, de les seves sigles
en angles), coneguda com a "quimica click", amb l'objectiu d'ampliar
el cataleg de diferents funcionalitzacions que els Rh(ll)-MOPs poden
exhibir en la seva superficie. Utilitzant una estratégia de proteccio/de-
sproteccio que permet introduir grups alqui terminals a la superficie del
MOP, s'obté una plataforma en la qual practicament es pot implemen-
tar qualsevol grup funcional de manera quantitativa gracies a I'ortogo-
nalitat i biocompatibilitat que caracteritza aquesta reaccid. A més, es
demostra que la integritat d'aquesta plataforma no es veu afectada per
les condicions de reaccid classiques de la CUAAC. D'aquesta manera, és
possible introduir una gran varietat de substrats i grups funcionals a la
superficie del MOP, incloent-hi polimers, acids carboxilics i fosfonics, i
fins i tot biomolécules com la biotina, la qual conserva la seva capaci-
tat de bioreconeixement una vegada ancorada a la superficie del MOP.

Finalment, el Capitol 6 resumeix les contribucions realitzades en
el camp i les principals conclusions i perspectives que s'extreuen
d'aquesta Tesi.



RESUMEN

La presente Tesis Doctoral estd dedicada al estudio de la reactividad su-
perficial de las moléculas denominadas como Poliedros Metal-Organi-
cos (de su acronimo en inglés, MOPs) en solucion. Concretamente, en
este estudio se investigara como la reactividad de los MOPs basados
en Rodio(ll) (Rh(Il)-MOPs) puede ser utilizada para modificar tanto sus
propiedades fisicoquimicas como la de aquellas moléculas capaces de
establecer una interaccion con su superficie. El estudio se centra en
entender los mecanismos y procesos involucrados en estas modifica-
ciones y en explorar las potenciales aplicaciones de dicha reactividad
en diversos campos. Profundizando en este tema, nuestro objetivo es
ahondar en las posibilidades que la reactividad superficial de los Rh(ll)-
MOPs ofrecen con el fin de lograr las modificaciones deseadas y mejo-
rar la funcionalidad de estos materiales.

En el Capitulo 1 se ofrece al lector una vision sobre las bases del campo
de los materiales metal-organicos discretos y como este ha ido evolu-
cionando a lo largo del tiempo para aumentar la complejidad y apli-
cabilidad de estos materiales. El capitulo presenta los conceptos mas
destacados en cuanto a su disefio y sintesis de cajas metal-organicas.
Se prestara especial atencion a como los principales retos sintéticos se
han superado y como los avances en la sintesis de cajas metal-organi-
cas han ampliado a su vez la reactividad post-sintética de estas moléc-
ulas. Finalmente, también se presenta un compendio de ejemplos con
los que ilustra el potencial de su modificacion post-sintética, tanto en
los ligandos organicos como en los nodos metalicos, y su uso de man-
era independiente o sinérgica para modular las propiedades de estos
materiales.

En el Capitulo 2 se especifican los objetivos tanto generales como es-
pecificos de esta Tesis.

El Capitulo 3 se propone el uso de Rh(ll)-MOPs solubles en medio ac-
uoso como agentes de captura con el fin de eliminar contaminantes
organicos capaces de interactuar con la superficie del MOP. Para ello,
se estudiara la posibilidad de controlar la solubilidad de estos agentes
de captura modulando el pH del medio. Ademas, también se exponen
diferentes estrategias de recuperaciony reciclabilidad seran discutidas.
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El Capitulo 4 estudia la selectividad de los nodos metalicos de Rodio
y sU Uso en procesos de separacion. Concretamente, el estudio centra
su interés en la selectividad inducida por los impedimentos estéricos
alrededor de un 4tomo coordinante. Esta serd utilizada para separar
mezclas regioisomericas de piridinas sustituidas. Los impedimentos
estéricos que presentan diferentes sustituyentes en piridinas alrede-
dor del Nitrégeno donador generan la posibilidad de discriminar en-
tre regioisomeros coordinantes y no-coordinantes. La diferencia en la
solubilidad entre los regioisomeros enlazados vy los no enlazados sera
utilizada en sistemas de extraccion liquido-liquido para llevar a cabo
procesos de separacion. El mecanismo que induce esta selectividad y
las interacciones establecidas son estudiadas tanto mediante técnicas
experimentales como computacionales.

El Capitulo 5 se centra en desarrollar la implementacion de la Cicload-
icion de Azidas y Alquinos catalizada por Cobre(Il) (CUAAC, de sus siglas
eninglés), mas conocida como “quimica click”, con el fin de expandir el
catalogo de diferentes funcionalizaciones que los Rh(ll)-MOPs pueden
exhibir en su superficie. Utilizando una estrategia de proteccion/de-
sproteccion que permite introducir grupos alquino terminales en la su-
perficie del MOP, se obtiene una plataforma en la que practicamente
puede implementarse cualquier grupo funcional de manera cuanti-
tativa gracias a la ortogonalidad y biocompatibilidad que caracteriza
esta reaccion. Ademas, demostraremos que la integridad la plataforma
propuesta no se ve afectada por las condiciones de reaccion clasicas
de la CUAAC. De esta manera, es posible introducir una gran variedad
de sustratos y grupos funcionales en la superficie del MOP incluyendo
polimeros, acidos carboxilicos y fosfonicos, e incluso biomoléculas
como la biotina cuya capacidad de bioreconocimiento es preservada
una vez anclada a la superficie del MOP.

Finalmente, el Capitulo 6 trata de resumir las aportaciones realizadas
al campo v las principales conclusiones y perspectivas que se extraen
de esta Tesis.
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RODUCTION

1.1 Biological systems: a source of inspiration.

Humans have not only curiously observed nature willing to comprehend the
world, but also with an analytical gaze, seeking inspiration to stimulate our
imagination and promote creativity in very different areas such as arts, phi-
losophy, and sciences. Together with an unwavering ambition, curiosity has
propelled an ever-changing world. Thus, intellectual thinkers of the era have
been led to turn to these natural systems for inspiration to tackle the challeng-
es produced by evolutionary self-reinforcing cycle.

Particularly, scientists and engineers have greatly benefited from the ration-
al observation of living organisms and their biological processes, leading
to the design of novel materials and devices with precise functionalities.™?
Itis widely known that the physicochemical properties of a material, regardless
of its dimensionality, are closely linked to its chemical composition and struc-
ture>* Indeed, the critical role of the structure in determining properties is ev-
idenced when conformational modifications result in different physicochem-
ical properties; even when the chemical composition remains unchanged.>
Therefore, achieving control at the atomic level and spatial structurationin the
synthesis of artificial structures have been major milestones for the scientific
community. Nature, and particularly biological systems, presents a vast array
of complex functional structures with very precise functionalities that are the
basis of life.” Albeit the composition of these structures is determined by the
combination of simple building units made of robust covalent bonds, their 3D
structure is the result of the weak and cooperative non-covalent interactions
between these building units (Figure 1.1). The formation of these supramo-
lecular organizations relies on the specificity and precision exhibited in the
supramolecular recognition of these smaller and simpler molecular compo-
nents. The variety of self-recognizing interactions endows biological systems
an immense potential to create structurally diverse assemblies exhibiting very
different compositions and conformations, such as double-stranded DNA,
proteins, lipidic membranes, liposomes, and viral capsids, among others. The
ability to precisely define confined spaces at the molecular level and strategi-
cally localize functional moieties in a structure enables these molecular arrays
to carry out biological processes with high precision and efficiency, including
encodinginformation, encapsulating, transporting, modifying, and specifically
recognizing molecules.™
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Figure 1.1 lllustration of the four levels of protein structure.

Chemists have drawn inspiration from nature by utilising non-covalent inter-
actions to construct functional supramolecular architectures that not only pre-
serve the physicochemical properties of the building units, but also enhance
them through symbiotic association and structuring.”® Although covalent
chemistry presents a reasonably more developed toolbox to create atomic as-
semblies, the formation of highly complex systems composed by several subu-
nits by using this chemistry is restricted by its intrinsic features. The highly line-
ar, stepwise, and time-consuming procedures employed in synthetic covalent
chemistry are inappropriate for the synthesis of complex three-dimensional
hierarchical structures. Also, the restriction of the valence and geometries
of the carbon atom promoted the choice of weak non-covalent interactions
as more versatile and suitable option.” Therefore, the self-assembly of syn-
thetic building blocks was envisaged as the suitable methodology to create
autonomous materials with specific functions, where the molecular/atomic
response is translated to the macroscale. These concepts settled down the
bases of the so-called supramolecular chemistry whose breakthrough came
on the 1960s.2%% In these early stages, selective ion- and molecule-receptors
as crown-ethers and cryptands were introduced in the literature by Prof. D. J
Cram, Prof. J. M Lehn and Prof. C. J. Pedersen and their co-workers2°722 This
field continued increasing the complexity of supramolecular architectures
when mechanically interlocked architectures and molecular machines, such as
molecular rotors and switches, were introduced by Prof. F. Stoddart, Prof. P.
Sauvage and Prof. B. Feringa during the 19g0s.%72®
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Nevertheless, predicting and controlling the synthetic outcome of even the
simplest multicomponent complex system is not as straightforward as it
seems for natural biological systems. In an artificial context, even the simplest
combination, that implies just two different precursors A and B, can result in
random mixtures of products, A , B , and AB, when the specificity of interac-
tions is not high enough to ensure the desired assembly.” It was in the early
1990s when the use of coordination bonds as supramolecular interactions to
assemble larger and more complex structures was proposed to increase the
predictability and the synthetic control in the supramolecular association of
different entities. 293° The spontaneous formation of coordinative interactions
between a Lewis basic donor, an organic ligand containing donor atoms (L),
and a Lewis acid acceptor, a metal ion or metallic cluster (M), presents intrinsic
key features that makes them suitable to this purpose 3* The use of coordina-
tion bonds precludes the possibility of formation of homomeric architectures
and allows the rational design of supramolecular architectures due to the in-
herent well-defined coordination geometry. The specificity and directionality
of coordination bonds make them more predictable than other supramolecu-
lar interactions, such as TT-Tt interactions, hydrophobic interactions, or hydro-
gen bonding. Moreover, the formation of a M-L coordination bond fulfils the
thermodynamic requisites for attaining an efficient self-assembly process. The
coordination bond liability allows kinetic mistakes (i.e., incorrectly oriented
building units) to self-repair through a dissociation and re-association process.
Also, the formation of soluble kinetic intermediates prevents the precipita-
tion, and subsequent self-assembly process interruption, before the systems
converges into a single thermodynamic product without kinetically trapped
mistakes.3 These are the pillars of the so-called coordination-driven self-as-
sembly of metal-organic materials 337

There is an almost “infinite” number of possible combinations between a
metal ion/cluster and an organic linker. The convergent or divergent self-as-
sembly of these molecular building units determines the dimensionality of
the obtained structure. Thus, both extended and discrete materials are ob-
tained by using a very similar library of precursors. Coordination polymer is
the term used to include all the materials that exhibit linked “repeating co-
ordination entities in one-, two- or three-dimensions”. Crystalline porous
coordination polymers, also known as metal-organic frameworks (MOFs),
emerged as a sub-class of coordination polymers a few decades ago as a
result of a deep understanding and control on the synthetic procedures
and design principles of these materials.® The modular nature of MOFs
opened up the possibility to design materials, via bottom-up methods,
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for achieving on-demand structural and physicochemical properties (e.g,
pore size, chemical functionality and robustness, among others).397?
The combination of their tunable intrinsic porosity with a large collection of
properties provided by the judicious selection of their molecular building units
have made them very appealing candidates for a myriad of applications, such
as gas storage,*3 separation,* catalysis,*> drug delivery,“® or pollutant remov-
al,“7%¢amaong others. Additionally, the structured building units retain a chem-
ical reactivity similar to that of their molecular counterparts; therefore, the
pore domains of framework can be further modified with specific functionali-
ties by post-synthetic modification (PSM).4® By applying PSMto porous mate-
rials, researchers have been able to blend specialised materials with previously
unobtainable properties. Indeed, by bypassing the solvothermal synthetic con-
ditions typically used for porous materials such as MOFs, scientists can now
incorporate highly-reactive and sensitive moieties into these materials.*°

However, obtaining discrete metal-organic structures is also possible when
the ligand-to-metal ratio is appropriate.®5?In this scenario, the formation of
spherical or closed structures is enthalpically favoured in front of open poly-
meric structures as all the coordination bonds are satisfied (ie, there is not
surface defects in a molecule). 53 Metallo-cycles, metallo-catenanes and coor-
dination cages are among the most studied examples of discrete metal-organ-
ic structures. The design, obtention and further exploration of their properties
have been developed, in parallel with their extended counterparts, over the
past 30 years. During this time, great synthetic efforts have been devoted to
deeply understand their self-assembly process and to design more complex
discrete architectures both in terms of structure and functionality always pre-
serving their discrete nature.

Unlike extended coordination networks, discrete metal-organic molecules
do not benefit from the stability provided by the cooperativity of an “infinite”
number of coordination bonds, which translates into poor structural stability
of most of these molecules in solid state.® However, metal-organic molecules
uniquely combine high structural control on the spatial disposition of diverse
building blocks with solubility in liquids and stoichiometric reactivity. This
combination of properties allow for the in situ monitoring of their response
to chemical triggers (i.e., guest uptake, covalent/supramolecular transforma-
tions, or aggregation-assembly).>#5> These possibilities enable to perfectly
correlate the modifications at atomic scale with the observed phenomena at
the macro-scale. Consequently, they provide an engaging platform suitable for
the understanding of catalytic cycles, ¢ separation processes,***°host-guest
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interactions®®2 and structuration or confinement effects.®%Furthermore, the
monomeric and reactive character of metal-organic molecules enables to use
them as building blocks in hierarchical self-assembly process with control on
the polymerization pathway.®

The following section will be dedicated to travel through some of the most
representative examples that have played a part in the growth of the field of
metal-organic discrete materials, with a special view on how each contribution
allowed to unlock the latent potential properties of these types of molecules.

1.2 Metallacycles and coordination cages based of N-donor ligands
1.2.1 Preparation of metallacycles

Initially, the primary focus of this field was mainly oriented toward the devel-
opment of synthetic strategies to obtain the desired supramolecular struc-
tures drawing from two premises. Firstly, the metal-to-ligand interaction
provides highly directional interactions. Secondly, the geometrical shape and
dimensionality of a finite metal-organic structure is defined by the number
(i e., connectivity) of binding sites of the ligands and the coordination geom-
etry of the metals.%® Although previous and contemporary examples of coor-
dinative self-assembled macromolecules are found in the literature, the work
developed by Prof. M. Fujita and Prof. P. Stang and co-workers provides a col-
lection of paradigmatic examples that can be used to illustrate the challenges
foundinthe dawning of this field and how it evolved as time went by. The use of
highly directional interactions as synthetic strategy was both rationalized and
systematized by using neutral, rigid and highly-directional N, N'-ligands, more
precisely bipyridyl ligands, combined with Pd(ll) and Pt(Il) metallic centres. By
using the square-planar coordination sphere of these metal ions, the obten-
tion of extended structures must be foreseen. This drawback was circumvent-
ed by using cis-capping chelating bisphosphines or bisamines that blocks the
unsaturated coordination sites, restricting the coordination geometry of Pd(Il)
and Pt(ll) to a 9o° angle.*

In 1990, Prof. M. Fujita and co-workers reported the formation of a molecular
square in which a cis ethylenediamine (en) Pd(ll) complex, (en)Pd(NOs),, was
reacted with 4,4'-bipyridine linkers (Figure 1.2). First insights of host-guest
properties were found in such molecular square, with a side-to-side distance
of approximately 8 A, as it demonstrated the ability for molecular recognition
of neutral aromatic species in aqueous media.®® The synthesis of the corre-
sponding Pt(ll)-based analogue involved major challenges. Due tothe increase
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in the bond strength of the Pt(Il)-N in comparison with that of N-Pd(ll), kinetic
oligomeric mixtures were obtained at room temperature when 4,4'-bipyri-
dine linkers were reacted with (en)Pt(NQOs),. The thermodynamically favoured
square molecule was obtained increasing the reaction temperature up to 100
°C, demonstrating that the bond reversibility required for self-correction can
be still attained even when stronger coordination bonds are used.®

(a) — B+ (b)

N ONO; P Ho
Pd HyN-Pd-—N £ N—Pd-NHy
N ONOy N ' N
Ha : BNOy
CHyOHHZO
N N
N N |
HN-Pa—N ' N—Pa-NH,
NH; HyM

Figure 1.2. (a) Schematic representation of the synthetic pathway used to obtain the molec-

ular Pd(ll) square. (b) lllustration of the crystalline structure of this molecular square.®®

Few years later, in 1996, the size of the square was tuned by systematically
adding spacers between the heteroaryls of the 4,4'-bipyridine. Although the
major product was found to be the expected molecular square, the lability
of the N-Pd(ll) bond caused that this molecular entity coexisted in equilibri-
um with a molecular triangle. The presence of the molecular triangle was
subjected to a concentration-dependent effect. At higher concentrations,
the equilibrium was shifted towards the formation to the less strained mo-
lecular square, as it is the most stable conformation in terms of enthalpy.
Conversely, lower concentrations of reagents promoted the coexistence
of both molecular species, as entropic factors favoured the formation of a
molecule with lower number of components; in this case, the molecular tri-
angle (Figure 1.3). This work clearly exemplifies the challenges associated to
the isolation of single metal-organic molecules, even when highly direction-
al and rigid building are employed in the self-process.” Different approaches
were lately proposed to circumvent the obtention of multiple molecular ge-
ometries. “Induced-fit” molecular recognition strategy was used in 1998 by
Prof. J-I. Hong and co-workers to induce the reorganization of self-assem-
bled Pd(ll) square and triangle mixtures. They used adamantane as a guest
to promote the formation of the most suitable host, the molecular square.”
The steric and electronic properties were demonstrated to be crucial in the
obtention of a self-assembled system purely composed of molecular triangles
in 1998 by Prof. B. Lippert and co-workers. They replaced the commonly used
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4,4'-bipyridine derivatives by 2,2'-bipyrazine as a bridging linker, and used (en)
Pt(NOs), as the metallic precursor. Other molecular geometries were also tar-
geted using similar design principles.”?

Figure 1.3. Schematic representation of the dynamic equilibrium between molecular squares

and molecular triangles when expanded versions of 4,4 -bipyridine are used.”

Introducing  flexibility into the bridging ligand by wusing flexible
bis(4-pyridyl)-substituted ligands together with (en)Pd(NOs), allowed the
synthesis of macrocyclic dinuclear Pd(ll)-complexes with highly shape-de-
pendent recognition capabilities for electron-rich aromatic compounds.”
These compounds demonstrated the importance of the orientation of the
aromatic backbone for these recognition capabilities. The affinity for aromat-
ic compounds exhibited by this cavity was found to be higher than the one
displayed by the tetranuclear molecular square. The inherent liability of the
Pd(I)-N coordination bond also gave rise to interconversion of supramolecular
structures. Inthis case, the equilibrium was found between the monomeric ring
and the formation of a catenate made of two interlocked molecular rings.”*
A significant milestone in the field was achieved by exerting control over the
equilibrium between the isolated and catanated metallacycles.

To achieve this, a stronger N-Pt(Il) bond was employed instead of the more la-
bile N-Pd(Il) coordination bond, creating a “molecular lock”. Prof. M. Fujita and
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co-workers achieved a high degree of control on the generation of a supramo-
lecular architecture molecule-by-molecule by using the temperature and the
polarity of the media to control the process of “locking” and “unlocking” and
consequently, the concatenation process of the supramolecular metallomac-
rocycles (Figure 1.4).7

Figure 1.4. lllustration of the observed equilibrium between monomeric molecular rings
and interlocked catenate species.”’

Parallelly, Prof. P. Stang and co-workers systematized the design and ob-
tention of these metallosupramolecular structures by using more lipopho-
bic cis-bisphosphine Pd(ll) and Pt(ll) triflate complexes as capping ligands.
More sophisticated and planar aromatic linkers resulted into tetranuclear
Pd(Il) and Pt(ll) complexes with higher rigidity and deeper cavities, although
solubility was also decreased. However, they demonstrated that the ligand
design could prevent the coexistence of more than one molecular geom-
etry as, apparently, the formation of molecular triangles was precluded due
to the steric hindrance introduced by the bulkiness of the N, N'-linkers 777
Moreover, Prof. P. Stang and co-workers pointed out the possibility of intro-
ducing molecular building units with intrinsic complex chemical functionalities
and the subsequent implementation of these properties on the supramolec-
ular structure by incorporating macrocyclic-substituted phosphine ligands as
capping agents. Calixarene-based metallomacrocycles demonstrated to pre-
serve their molecular recognition and complexion capabilities by allowing the
molecular transport of sodium tosylate salts through a triphasic U-shape sys-
tem composed by water and chloroform 78
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1.2.2 Increasing the complexity. 3D discrete architectures.

After successfully obtaining polygonal macrocyclic molecules that exhibit
host-guest properties within the space that they define, the field progressed
by targeting three-dimensional hollow structures that resemble protein cag-
es or virus capsids. Therefore, nature not only served as inspiration for find-
ing the strategy to build-up supramolecular metallostructutres. Some of the
structures naturally occurring in biological systems were also used as models
to design more complex architectures.

Designing three-dimensional cage-like compounds entailed an increase in the
structural complexity and more sophisticated design of the building units. In
a similar vein as naturally formed cavities, artificial metal-organic cavities are
composed by a limited number of units that generally generate Platonic or
Archimedean solids. In the following section, the synthetic procedures that en-
able the realization of such synthetic cavities are detailed.

1.2.2.1 Pd(Il)/Pt(Il) metal-organic cages

Prof. M. Fujita and co-workers designed and synthesized a whole family of
large and hollow spherical complexes with general formula MnL2n by com-
bining the square Pd(Il)/Pt(ll) motive with rigid bispyridine-like bent linkers.
In 2004, the first polyhedra, the Pd(Il)12L24 cuboctahedron, was reported.
Such spherical structure was self-assembled upon the reaction of Pd(ll) ions
with 4,4"-bis(4-pyridyl) linkers with a bending angle close to the ideal value
of 120 ° (Figure 1.5).7°

12 pd®

Figure 1.5. lllustration of the molecular components and self-assembly
of the Pd(ll)12L 24 cuboctahedron.®
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Remarkably, cuboctahedral cage demonstrated enhanced stability compared
with the previously mentioned macrocyclic molecules because of the increase
in the number of coordinative bonds that synergistically cooperate to hold the
structure. Following the tendency already observed for the metallocycles, a
more robust cuboctahedral structure was attained when Pd(ll) metal ions were
substituted by Pt(Il) metal ions.® Lately, variations of the bending of the link-
ers demonstrated to be critical to obtain other polyhedral solids, such as the
smaller cubic Mgly, structure® or the larger rhombicuboctahedric structure
with formula MyLss (Figure 1.6a).83 The self-assembly of structures with larger
number of components, as the MsoLg icosahedron, entailed a greater synthet-
ic challenge for two main reasons.® Firstly, the increment of the number of
components participating in the assembly process favours the appearance of
meta-stable intermediates that cannot be reversibly formed and unformed,
thus becoming kinetically trapped species that precludes the proper operation
of the essential self-correction mechanism. Secondly, geometric constrains
appeared as the pentagonal faces of an icosahedron required vertex angles of
108° and 60°, which are considerably far from the classical 9o°® formed by the
square-planar Pd(ll) coordination sphere (Figure 1.6b). These synthetic obsta-
cles were overcome with the use of rationally designed flexible bent ligands
and an increment of the reaction temperature. Through this synthetic strate-
gy, a self-assembled capsid made of go components with a diameter of ~8.2
nm was achieved. To date, this molecule is still the largest synthetic self-as-
sembled macromolecule (Figure 1.6¢).

@@@@
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MsoLso - 8.2 nm
Figure 1.6. (a) Family of MnL2n polyhedra. (b) Enlarged view of one of the vertices of the
M3oLéo icosidodecahedron highlighting the angles required in the Pd(ll) planar coordina-
tion sphere. (c) X-Ray crystallographic structure of M30L6o icosidodecahedron. %
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A suitable combination between the morphological properties (large size,
highly tuneable inner and outer surfaces, and well-defined shape) and its
spontaneous formation made the My,l,, cuboctahedron the ideal candidate
for the study of the functionalization of these artificial assemblies. Introducing
functional groups in the bis(pyridine) linker afforded either exohedral or endo-
hedral funcionalisation on the MLy, complexes as a function of the position
of such functional groups.®
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Figure 1.7. (a)Schematic representation of the encapsulation process of the cutinase-like

enzyme. (b) Molecular simulation of the encapsulated cutinase-like enzyme in the

Pd(l)22L24. (c) Molecular modelling of the encapsulated and the non-encapsulated
cutinase-like enzyme demonstrating that the tertiary structure is preserved.®

The endohedral functionalization allowed to study the molecular confinement
effects by a coordination cage, such as precise and close arrangement of guest
molecules, kinetic isolation and protection and conformational manipulation.
[86] Introducing an acetylene spacer between the pyridinic moieties was re-
quired to avoid steric repulsion and favour the required planarity of the organic
linker that enabled the formation of the molecular sphere. Such expansion of
the ligand also entailed an enlargement of the assembled cavity from 3.5 nm
to 4.6 nm, thereby causing a breakthrough in the encapsulation field. In this
context, giant guest molecules, such as the protein ubiquitin (8.6 kDa, 3-4 nm
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in diameter)® or the cutinase-like enzyme (21 kDa, 3-4 nm in diameter),% were
encapsulated into these hollow artificial structures. Cutinase-like enzyme, a
bacterial enzyme known by its plastic degradation capabilities, demonstrated
to preserve its enzymatic activity even when it was exposed to organic sol-
vents. This was attributed to the preservation of the protein tertiary structure
due to the spatial isolation provided by the molecular sphere (Figure 1.7).

Furthermore, the formation of these molecular entities allowed them to local-
ize confined monodisperse environments in solution. Remarkably, all the cap-
sids presented a defined inner surface with the same shape, size, and chemi-
cal environment. This homogeneity supposed a great advantage with respect
to the previously used synthetic capsids (e.g., micelles) which present higher
polydispersity indexes or natural cavities (e.g., protein and virus cages) whose
manipulation and modification may pose a synthetic challenge. Such particu-
larity demonstrated to be highly valuable and beneficial for using them as na-
no-reactors for a cavity-templated synthesis. The proper functionality of the
inner surface limited the accumulation of reagents within the cavity, thereby
restricting the size of the resulting product and affording highly monodisperse
nanoparticles or polymeric materials (Figure 1.8).%

Figure 1.8. Schematic representation of the synthesis of silica nanoparticles within

Pd(ll)22L24 cages (top) and the ligand exhibiting the functionality needed to generate the

required inner chemical environment for the sol-gel condensation of alkoxysilanes.®
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Highly functionalized surfaces were achieved with the accumulation of 24
functional groups on the periphery of the cuboctahedral complex of around
3.5 nm. A library of peptides, saccharides and oligonucleotides were intro-
duced on the surfaces of the molecular spheres by modifying the bipyridy! link-
ers prior to the assembly of the macromolecule.®%* Such pendent function-
alities demonstrated to preserve their selectivity and molecular recognition
capabilities. However, the use of the Pd(Il)/Pt(Il)-N bond restricted the study
of the on-surface reactivity of Pd(I)/Pt(Il) cages to supramolecular reactions,
excluding the possibility to perform covalent PSM on their densely functional-
ized surfaces (Figure 1.9).
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Figure 1.9. Exohedrally functionalized My,L,, cuboctahdera.

1.2.2.2 Chelating N-donor subcomponents for the synthesis
of more stable metal-organic cages

In addition to the above-mentioned rigid and highly-directional N, N'-ligands
combined with Pd(Il)/Pt(Il), the use of other design approaches was postulated
to go beyond the limitations imposed by such square planar coordination ge-
ometry. The symmetry-adapted approach consists of identifying the symme-
try elements of targeted architectures to select the proper building-units that
guides the formation of the targeted metallostructure.5* Such approach typi-
callyinvolves utilizing chelates as structural bonds. Rather than capping agents
to prevent the formation of extended structures. Furthermore, the successful
formation of these metal-organic molecules often requires the use of organic
rigid ligands with a significant degree of internal twisting. This twisting helps
to promote the appropriate orientation of the coordination vectors, which is
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crucial to obtain the desired assembly. Prof. J. Nitschke and co-workers have
largely developed the implementation of a specific subset of this synthetic ap-
proach, the so-called “"sub-component” self-assembly strategy, for obtaining
metal-organic capsules (Figure 1.10).9° This technique relies on the in situ for-
mation of the chelating moiety through reaction of an amine and aldehyde
subcomponent. The in situ generated imine moiety subsequently chelates the
metal ion to drive the assembly of the cage.

The formation of such structural chelating moieties leads to enhanced binding
cooperativity around metal templates. This results in the formation of remark-
ably stable metal-organic capsules, even in aqueous media, when first-row
transition metals are chosen as metallic centres.® Despite the well-known ki-
netic lability of these metals in aqueous solutions, more abundant metal ions
such as Co(ll), Ni(ll) and Fe(ll) have been identified as suitable candidates, over-
coming the previous limitation to Pd(Il)/Pt(Il) metal ions. Additionally, the in-
crease in ligand denticity, which refers to the ability of the ligand to bridge be-
tween a higher number of metallic nodes, contributes to an enlarged chelate
effect. This, in turn, leads to remarkable improvements in the stability of the
resulting architectures.% From the combination of these structural features, a
large family of coordination cages with both platonic and archimedean sym-
metries was synthetized. Examples include face-capped Mglg cubes and M,L,
tetrahedra, %%®edge-linked M,Lg tetrahedra®°° or more complex l\/lSnL2n ico-
sahedra,**among others.
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Figure 1.10. (a) Schematic rep-
resentation of the sub-com-
ponent self-assembly reaction
to form an Fe,Lls tetrahedral
cage. (b) X-Ray crystallo-
graphic structure of the Fe,Lg
tetrahedral cage.”
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Considerable efforts have been dedicated to achieve more robust coordina-
tion cages in order to open the possibility to explore the latent reactivity of
their building units. The inherently highly exposed surfaces, combined with
lack of diffusion barriers, represents one of the key virtues in terms of chemical
availability of such chemical reactivity sources.’*” However, it is important to
acknowledge that the intrinsic dynamism of coordination bonds coupled with
the lack of long-range cooperativity effects typically result into the decompo-
sition of these metallostructures when exposed to a large variety of reagents,
including strong nucleophiles/electrophiles, coordinating functional groups or
oxidising/reducing agents. In this scenario, the use of the “sub-component”
self-assembly strategy to form chelating structural moieties unlocked the PSM
of coordination cages. PSM reactions not only allows to attain more complex
architectures from simpler building units, but also provides a pathway to over-
come possible incompatibilities between the required synthetic conditions
to form the metal-organic cage (i.e., organic solvents and high temperature)
and the stability of the targeted moiety to be introduced on the surface of the
cage. Therefore, this approach enables the introduction of desired modifica-
tions and functional groups into coordination cages after their initial assembly,
expanding their structural and chemical diversity.

A very elegant example that integrates the merits of the PSM approach was
reported by Prof. J. Nitschke and co-workers. In this work, they implemented
a two-step PSM coupling combining an inverse-electron-demand Diels-Alder
(IEDDA) with a normal-electron-demand Diels-Alder (DA), which worked in
tandem as a cascade reaction, resembling the natural cascade enzymatic re-
actions that control many biological processes.”® This cascade involved two
coordination cages, a tetrazine-edged Fe(ll)gL3; cube and a maleimide-fun-
cionalized Fe(ll)4L6 tetrahedron. The reaction began with the reaction of the
tertazine moieties located at the edges of a Fe(ll)gLy; cube with a 2-substituted
norbornadiene (R-NBD) through the IEDDA reaction. This resulted in the for-
mation of a pyridazine-edged Fe(ll)sL1, cube and a metastable 1-substituted
ciclopentadiene (R-CPD). Then, the R-CPD immediately underwent a second
DA reaction step by reacting with the maleimide moieites located at the tet-
rahedron leading to their quantitative transformation into 1-subsituted nor-
borene units (Figure 1.11).
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Figure 1.11. lllustration of the cascade PSM on a tetrazine-edged Fe(ll)sL;, cube and
a maleimide-funcionalized Fe(ll),Ls tetrahedron.*>

The effects of the PSM at the molecular scale were translated into the mac-
roscopic properties when 2-octadecylnorbornadiene (C1g-NBD) was used as
initiator of the cascade reaction. The resulting Cyg- functionalized tetrahedron
exhibited an increase in the lipophilicity, leading to a solubility modulation.
Thus, after the reaction proceed in a mixture g:1 of acetonitrile:chloroform,
the subsequent extraction of the resulting mixture with cyclopentane induced
a phase segregation of the two components of the mixture that exhibited the
same solubility profile prior to the occurrence of the cascade reaction. This ex-
ample clearly exemplifies the power of PSM and its ability to induce significant
changes at the molecular level that are eventually translated to the macro-
scopic properties (Figure 1.12).
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Figure 1.12. lllustration of the macroscopic transduction of the molecular PSM
modification.*®

Nevertheless, despite the cooperative chelating effect contributed to attain
remarkable stabilities of the coordination cages, the PSM of such molecular
compounds remained limited to chemoselective reactions that proceed under
mild conditions. This strongly restricts the scope of the strategy in terms of
introducing chemically diverse functional groups or modulating the macro-
scopic properties of such compounds. Consequently, alternative approaches
have been pursued to surpass the stability constraints to further explore quan-
titative modification on densely functionalized surfaces.

1.3 Metal-Organic  polyhedra (MOPs). Introducing met-
al-carboxylate bonds in the synthesis of metal-organic cages

Almost in parallel to the development of the use of N-donor ligands, the
use of O-donor ligands to build up discrete hollow materials was postulated.
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From this approach, a subclass of coordination cages, known as Metal-Or-
ganic Polyhedra (MOPs), based on the use of COO-M bonds emerged.™
As a type of coordination cages, their discrete nature endows them with some
of the distinctive features of these metal-organic molecules. These features
include a single internal cavity that is accessible through the cage’s windows;
two well-defined surfaces (internal and external), both exhibiting directional
and orthogonal reactive sites, and a potentially modulable solubility. However,
unlike their analogues based on N-donor organic linkers, MOPs preserve their
intrinsic porosity in solid state as a result of using of a stronger, non-neutral,
coordination bond in their formation.** Accordingly, they can be conceptu-
alised as the molecular counterparts of MOFs, whose weak cage-to-cage
interactions in solid state can be easily disrupted conferring them with the
possibility to combine properties from both the solution and the solid-state
regimes. Representative MOPs include the ML, lantern-type ,°%%7 M,L, **
tetrahedra, ™% Mely, octahedra, ™ families, and My,l,, cuboctahedra,
among others(Figure 1.13)."*%*** They also include more complex variants and
multi-component systems."

Figure 1.13. Schematic representation of the most representative MOPs. Colour scheme:
M (blue), C (grey), O (red), N (purple). Hydrogen atoms are omitted for clarity.
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Most of the paradigmatic polyhedral geometries are accessible using the M-M
paddlewheel unit, which has been largely used as secondary building unit in
the design of MOFs. Such dimetallic cluster can be conceptualized as a 4-con-
nected square planar unit, being the COOH-based analogue to the Pd(Il)/Pt(Il)
square planar coordination motive used by Prof. M. Fujita for building-up the
aforementioned metal-organic cages.™ Likewise, the resulting assembly of
M(II)-M(Il) paddlewheels with bent ligands can be anticipated by considering
the angle between the two carboxylate groups.

Figure 1.14. (a) Schematic representation of the crystalline structure of MOP-1 showing the
12 Cu(ll)-Cu(ll) paddlewheels and the 24 bdc linkers. Colour scheme: Cu (Il) (red), C (grey), O
(blue), inner cavity (yellow ball). Hydrogen atoms are omitted for clarity. (b) lllustration of
the formed cuboctahedron linking the O atoms and the generated inner void (yellow ball).
(c) lllustration of the formed porous molecular polyhedron.**

In 2001, Prof. O.Yaghi and co-workers introduced the first cuboctahedral MOP
with formula Myl namely MOP-1, which structure is based on the com-
bination of 12 Cu(I)-Cu(ll) paddlewheel units with 24 isophthalic acid (bdc)
bridging ligands (Figure 1.14).”** Although in this example some of the most
prominent features of MOPs are not found, it served as a seed to continue
developing chemically richer analogues. The Myl,, family of MOPs garnered
significant attention due to its unique morphological features, making it one
of the most extensively studied architectures to date. This molecule can be
conceptualized from three different perspectives, each representing a distinct
concept although all of them are closely entangled. Firstly, intrinsic porosity
generates a direct connection with the extended counterparts MOFs, being
a single cavity the ultimate miniaturization of a porous material.*** Secondly,
the possibility to introduce functional groups in the bridging ligands confers
localized and stoichiometric reactivity, reminiscent of molecular materials.
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resembles to the paradigmatic highly reactive surfaces found in ultra-small in-
organic nanoparticles (Figure 1.15)."

Lastly, the nanoscopic size of MOPs and their densely functionalized surfaces .

Intrinsic porosity Reactivity/solubility Densely functionalized surface

Figure 1.15. lllustration of the three main features of MOPs.

Over the years, due to the obvious similarities with MOFs, the research related
to MOPs was primarily carried out by research groups whose research inter-
ests were mainly focused on the solid state and porous materials fields. There-
fore, one of the milestones achieved within the field was to isolate coordina-
tion cages exhibiting porosity in solid state.*** Also, the possibility to preserve
the MOP cavity upon desolvation processes combined with the reactivity pro-
vided by the well-localized functional groups promoted the use MOPs as mo-
lecular porous building blocks for the assembly of extended materials though
a bottom-up approach.®°

Clearly, their behaviour and potential applications of MOPs in solution were
out of the scope of this research area, although punctual contributions can
be found in the literature. It has been more recently when the high density
of well-localized functional groups found in the MOP surfaces have captivat-
ed the attention of those interested in exploring their possibilities as discrete
materials under homogeneous conditions. From this perspective, MOPs can
be envisaged as molecular nanoparticles as they uniquely combine stoichio-
metric reactivity and well-localized reactive sites with densely functionalized
surfaces. The present Thesis is devoted to the study of such above-mentioned
molecular nanoparticle approach. The subsequent sections will be devoted
to explore how the coordination-driven self-assembly approach enables the
precise design of MOPs with latent surface reactivity, as well as the different
pre-requisites required to harness their reactivity.
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1.3.1 Morphology and structural features of the archetypical
cuboctahedral MOP.

The presence of precisely located functional groups in the structure of MOPs is
a fundamental requirement for the molecular nanoparticle approach. By hav-
ing a structurally detailed understanding of MOPs, we can gain insight into the
various sources of reactivity they offer. This information is crucial for develop-
ing a comprehensive outlook on the reactivity potential of MOPs.

— Quter surface functionality

Small trigonal window
45A

Large square window
66 A

12 axial sites 24 organic siles

Inner surface functionality

M, L., cuboctahedral MOP

242

Figure 1.16. Schematic representation of the internal and external orthogonal reactive sites
within the archetypical My,L,, MOP. Left: The external surface (red) contains twelve axial
open-metal sites that stem from the dimetallic M—M paddlewheel, as well as up to 72 or-
ganic functional groups from positions 4, 5, and 6 of the linker. The internal surface (blue)
contains 12 axial open-metal sites and 24 organic functionalities that stem from position
2 of the linker. Right: The internal cavity of the cage (2.5 nm; yellow sphere) is accessible
through two distinct windows: a trigonal one (diameter: 4.5 A) and a square-shaped one

(diameter: 6.6 A).

The intrinsic geometrical features confer the prototypical Ma,lL,, cuboctahe-
dral MOPs with an unparalleled number of potential reactive sites that are
homogeneously distributed along a spherical-like surface, thus emulating the
archetypical surface of inorganic nanoparticles. Figure 1.16 depicts the struc-
ture of a cuboctahedral MOP. It comprises 12 divalent M—M paddlewheel clus-
tersand 24 angular aromatic linkers perfectly spaced throughout the material,
converging into a cuboctahedral shape with an intrinsic inner cavity (diameter:
2.5 nm). The rigidity and directionality imposed from both subunits render a
distinct geometry in which all vertices, edges, and facets that can be chemi-
cally elucidated with atomic-level precision. Within the cage shown in Figure
1.16, it is possible to clearly depict both an internal (blue) and external (red)
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MOP surface. The inner surface is tagged with 12 spaced coordination centres
that stem from the axial sites of each paddlewheel cluster. Likewise, 24 distinct
organic functionalities point inwards from position 2 in the aromatic ligand
(bottom, left) and heavily influence both the hydrophobicity and sterics of the
inner cavity, as previously observed in the Pd(ll)-based analogous cuboctahe-
dra. The inner metal sites and the organic functionalities can only be accessed
by substrates small enough to fit through the two windows (diameters: 4.5
Aand 6.6 A) in the MOP structure (right). Thus far, these sites/functionalities
have been mainly targeted towards adsorption/separation of small substrates
or gas-phase molecules in solid state. Alternatively, the external surface con-
tains 12 independent axial metal sites, and the organic linkers confer this sur-
face with up to 72 different functional sites that stem from positions 4, 5and 6
of the aromatic linkers (top, left), which generally dictate the solubility of the
cage (vide infra). Consequently, if for simplicity, one limits the total permuta-
tion to a single reaction per position, then this one cage could contain up to 36
moieties on its internal surface and up to 84 moieties at its external one. Im-
portantly, each moiety is perfectly defined, both directionally and structurally,
within the cage’s backbone. The aforementioned structural analysis can be ex-
tended to the entire repertoire of (over fifteen) reported MOP structures, each
of which contains distinct metal nodes, linkers, functional groups, and cavities.
Generally, the most abundant structures found in the literature entails the use
of a single type of ligand and metal producing homometallic and homoleptic
compounds. However, heteroleptic and heterometallic MOPs are also possible
to obtain increasing the structural complexity and variability of MOPs.

1.3.1.1 Solubility

Solubility is one of the essential pre-requisites to access to the molecu-
lar nanoparticle nature of MOPs. The solubility of MOPs is presumably
governed by the chemical environment surrounding their outer surfaces.
Structural versatility renders the possibility of incorporating different sol-
ubilizing elements belonging to the different sub-components present
in the final discrete architecture. These solubilizing elements counterbal-
ance the inter MOP interactions to afford solvation of the MOP unit and its
subsequent solubilization in liquids. Solubilizing moieties can be either di-
rectly introduced into the MOP structure by direct synthesis or by PSM
reactions. However, it is important to note that using the reactive sites
to attain solubility makes them inaccessible for further PSM reactions.
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One of the first and universal strategies to attain solubility in the metal-organ-
ic cage field is the incorporation of non-bridging pending functional groups.
This approach has also proven efficient in MOPs. Anillustrative example of the
efficiency of such approach is the My,Ly, cuboctahedral MOP family based on
5-functionalized bdc bridging ligands, in which the solubility profile of the MOP
is dictated by the nature of the 5-substituent of the ligand. Thus, the non-sol-
uble basic cuboctahedral structure (MOP-1)"** becomes soluble in organic
solvents, such as dichloromethane (DCM) and dimethylformamide (DMF),
when its surface is decorated with dodecoxyl groups.[117] Along the same
line, Prof. M. Zaworotko and co-workers introduced the use of polar groups,
such as hydroxyl pending groups, that provided soluble hydroxylated MOPs in
alcoholic solvents, DMF, and hot acetonitrile*® Remarkably, Prof. H. C. Zhou
and co-workers reported Cu(ll)-based water-soluble MOPs by decorating their
surface with charged sulfonate groups.[119] However, the hydrolytic instability
of the Cu-carboxylate induced the rapid hydrolysis of the water-soluble MOPs
precluding their further use for practical applications.

Even though the solubility constraints were successfully overcome through
the use of peripheral functional groups, the use of Cu(ll)-Cu(ll) dimetallic
paddlewheel as building units severely limited the study of their potential in
solution. There were two main reasons for these limitations. Firstly, the la-
bility of this metallic cluster under certain chemical environments restricted
the scope of the potential chemical reactivity to conditions that did not en-
danger the structure of the MOP.5 Secondly, monitoring the behaviour of
these MOP structures in solution by Nuclear Magnetic Resonance (NMR)
techniques was precluded by the paramagnetic nature of the Cu(ll)-Cu(ll)
dimetallic paddlewheel. However, with the introduction of more robust and
diamagnetic metal clusters as building units in MOPs, such as Rh(Il)-Rh(Il)
paddlewheels or trinuclear zirconocene clusters, most of the potential chem-
ical features of these structures were unlocked. These new clusters provided
enhanced stability and allowed for a broader range of chemical reactivity
to be explored. Additionally, the diamagnetic nature of these metal clusters
enabled the study of MOPs in solution using NMR spectroscopy, providing
valuable insights into their behaviour in solution and dynamic properties.

1.3.1.2 Stable and diamagnetic building units

In the context of this Thesis, stability refers to the ability of the MOP structure
to remain intact as a zero-dimensional entity during any chemical modifica-
tion process. It implies that the PSM procedure does not involve the disassem-
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bly and subsequent reassembly of the individual components of the MOP. The
goal is to maintain the overall structure of the MOP while introducing desired
modifications or functional groups, allowing for precise control over its prop-
erties without compromising its integrity.

Among allthe different stabilities that this broad concept comprehends, chem-
ical and hydrolytic stabilities generally represent the bottleneck for coordina-
tion compounds. As previously said, the synthesis of MOPs relies on the revers-
ibility of the coordination bonds that sustain their structure. 5% However, this
reversibility is also a source of concern when assessing their stability because
they can dissociate in the presence of competing coordinating molecules, such
as water (ie., hydrolysis) or additional ligands (ie., ligand exchange).> There-
fore, the design of specific strategies to attain both chemical and hydrolytic
stabilities is crucial to explore their surface latent reactivity. Fortunately, the
tailorable structure of MOPs affords many possibilities to overcome stability
issues in solution.

Figure 1.17. lllustration of the three main strategies to increase the stability of MOPs. (a) Use

of building units with strong intermetallic bonds. (b) Increasing metal-ligand coordination

bond using strongly coordinating hard-metal ions in combination with hard bases (O-donor
ligands) (i.e zirconium clusters). (c) Introducing chelating moieties.

Given the widespread use of the 4-c paddlewheel cluster in the synthesis of
MOPs, researchers have sought to generate an equivalent secondary building
unit made of metal ions with a stronger metal-metal bond strength, to max-
imise overall robustness. Furthermore, the use of paramagnetic metal ions has
enabled the use of NMR techniques to explore them in solution. For instance,
paddle-wheel units containing intermetallic bonds, such as those based on
Mo(ll), Cr(I), or Rh(ll), have been described to afford more robust MOPs in the
solid-state, as reflected by their large surface areas (order of magnitude: 1000
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m2g-1) (Figure 1.17a).**"*** Among them, Rh(Il)-based MOPs (named Rh(ll)-
MOPs) have shown exceptional stability in solution under various conditions,
including the presence of coordinating ligands, high temperatures, and even
in aqueous solutions at extreme pH levels.*> The introduction of Rh(ll)-MOPs
was first reported by the research groups of Prof. C.Y. Suin 2015 and Prof.
S. Furukawa in 2016.%** These studies demonstrated unprecedented thermal
and chemical stability in Rh(Il)-MOPs. The remarkable stability of Rh(I)-MOPs
can be attributed to the cooperative strength of the Rh(ll)-carboxylate coordi-
nation bond and the Rh(ll)-Rh(ll) intermetallic bond. These bonds effectively
lock the equatorial coordination sites at room temperature, preventing the
MOP structure from undergoing ligand-exchange reactions and maintaining
its integrity.** 7%

Another strategy to improve the stability of coordination compounds is to in-
crease the strength of the metal-ligand coordination bond (Figure 1.17b).*2°
The Zr-O coordination bond has a high dissociation energy (=776 kJ-mol™),
making it exceptionally resilient to hydrolysis in a wide pH range (pH 1-10).**
Furthermore, metallic centres with high coordination numbers can generate
high nuclearity clusters, thereby yielding remarkably stable M-L nodes. For all
these reasons, Zr(1V) clusters are regularly used to provide chemical stability—
especially hydrolytic stability—to metal-organic materials (typically: MOFs).
[128] Recently, Zr(IV)-carboxylate chemistry has also been implemented to
synthesise Zr(IV)-based MOPs (named Zr(IV)-MOPs), which exhibit a similar
stability profile to their extended MOF counterparts. Most Zr(IV)-MOPs re-
ported in the literature are based on trinuclear zirconocene nodes and are syn-
thesised in situ. This 3-connected pyramidal cluster was employed by Prof. D.
Yuan and co-workers to build-up a series of edge-linked and face-capped cati-
onic tetrahedral cages with general formula {[CpsZrsps-O(uy-OH)s]4[L]e}4t and
{[CpsZr3ps-O(pa-OH)3l4[L1}4*, respectively, with Cp being cyclopentadienyl.**9
These Zr(IV)-MOPs showed to be stable in methanol and dimethyl sulfoxide.
By introducing amino groups in the tetrahedron backbone, Prof. Z. M. Su and
co-workers obtained a water-soluble edge-linked tetrahedral Zr(IV)-MOP
that demonstrated to be stable under an aqueous environment from pH=2
to pH=10. Interestingly, their finding is consistent with the behaviour report-
ed for Zr(IV)-based MOFs.*?9 An alternative method to introduce robust metal
nodes into MOP structures entails the use of ligands that form chelates with
metal ions, as the chelating effect has been observed to increase the stability
of coordination complexes in aqueous media.” However, the use of ligands
with strong coordinating chelating moieties is challenging, as it hinders the
necessary reversible bond formation involved in the synthesis of structured
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metal-organic assemblies such as MOPs, unless they are in situ formed, as
Prof. J. Nitschke and co-workers proposed for N-donor ligands (vide supra).
In 2017, Prof. J. Zhang and co-workers introduced an strong-coordinating,
chelate-based cluster for the synthesis of robust MOPs.** They reported the
synthesis of a tetrahedral Ti(IV)-based MOP (named Ti(IV)-MOPs) assembled
from a naphthalene ligand functionalized with adjacent carboxylic and phe-
nol groups. In this Ti(IV)-MOP, three different ligands chelate the Ti(IV) ion,
thereby generating a distorted octahedral coordination geometry. Due to the
strong chelate-Ti(IV) coordination, the MOP was stable in water (Figure 1.17¢).

1.4 Surface chemistry of MOPs

Envisaging MOPs as molecular nanoparticles unavoidably demands that the
surface of the MOPs preserves the chemical reactivity associated with their
molecular building units. Albeit the theoretical requirements for achiev-
ing metal-organic platforms with intrinsic and stoichiometric reactivity are
well-defined, as observed also in other sub-families of metal-organic cages,
the practical implementation of introducing certain reactive groups and creat-
ing compatible reactive conditions remains a challenge.

Similarly to ultra small inorganic nanoparticles,*3* MOPs have demon-
strated to present surface reactivity and the ability to modulate their phys-
icochemical properties through PSM processes. The MOP surface provides
three primary sources of reactivity: functional groups located on the bridg-
ing ligands, coordinatively unsaturated metal sites, and counter ions present
in structures with charged backbones. These sources offer potential avenues
for pursuing PSM to further tailor and fine-tune the properties and function-
ality of MOPs. By harnessing and controlling these sources of reactivity, it be-
comes possible to introduce desired modifications and achieve the desired
functionalization of MOPs. The subsequent sections will enquire into the key
points necessary to attain and control the latent surface chemistry of MOPs.

1.4.1 Post-synthetic modification of MOPs at their metal-centres

Unlike most molecular platforms, MOPs present two defined domains at their
periphery: one comprising organic groups from the linkers; and one compris-
ing inorganic groups from the coordination clusters that extend throughout the
lattice. In the latter, one can distinguish two distinct types of positions around
the metal nodes: the ones coordinated to the ligand employed to construct
the MOP and the remaining sites in the coordination sphere generally occu-
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pied by solvent molecules. These later positions are reactive toward ligand
exchange processes with exogenous nucleophiles. For example, in a four-con-
nected (4-c), dimetallic paddlewheel node, there are four equatorial coordina-
tion positions (COO-M) that are directly involved in the MOP formation, and
two axial labile sites that generally accommodate weakly-bound solvent mole-
cules. In some cases, the equatorial metal-linker bonds are not “blocked” after
formation of the MOP, and their dynamic reactivity can be further exploited
through PSM. Unfortunately, performing PSM on the equatorial positions in
paddle-wheel MOPs threatens the chemical stability of the structure, as un-
controlled ligand substitutions, whether partial or complete, can induce hydro-
lytic or defect-promoted degradation.®*> Accordingly, for PSM of MOPs at
their inorganic sites, researchers have prioritised targeting the accessible axial
sites under conditions that do not interfere with the cage’s integrity. Even the
simplest cage containing paddle-wheel nodes features accessible open-metal
sites that exhibit a strong affinity towards electron-donating nucleophiles and,
consequently, can accommodate those nucleophiles within its structure. These
PSMs entail ligand-exchange in solution, as said axial positions are inherent-
ly occupied by solvent molecules. When electron donating nucleophiles with
higher affinities compete for these coordination sites, the solvent molecules of
poor nucleophilicity can be replaced. Therefore, the exploitation of open-met-
al sites in MOPs is strongly influenced by the solvent in which the MOPs have
been dissolved, which can drastically affect the properties and consequent-
ly, the reactivity of solvated cages both in solution and in the solid state. The
coordination-based reactivity of MOPs with accessible open-metal sites can
be either enhanced or completely masked by carefully selecting the reaction
medium. Strongly coordinating solvents (e.g., dimethy! sulfoxide (DMSO) or
DMF) generally occlude the unoccupied nodes in the cage, which might re-
strain their reactivity. Fortunately, this occlusion is not permanent: coordinat-
ed solvent molecules can be replaced by a strategically chosen coordinating
moiety of interest that will promote the formation of stronger coordination
bonds. Non-coordinating solvents (e.g., alkanes or alcohols) will augment the
reactivity of the cage due to their weak interaction with the open-metal sites,
but might induce the self-aggregation of the cages in solution. Overall, re-
searchers seeking to maximise the potential of MOPs as molecular platforms
should first anticipate the influence of the solvent(s) to be used before stud-
ying the reactivity of the MOPs in question. Interestingly, researchers have
extensively demonstrated that the presence of mild N-donor nucleophiles
(e.g., primary amines, pyridine derivatives, or imidazole derivatives) induces
the decomposition of certain MOPs into discrete clusters, via ligand-exchange
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between the N-donor and MOP bridging-ligands.>3 Accordingly, investigators
have recently begun to focus on using more-robust MOP architectures built
from non-labile, equatorial, M—L bonds. Among these, Rh(ll)-based MOPs,
which are isostructural to the archetypical Cu(ll) paddle-wheel analogues,
emerged as suitable candidates.”**** Remarkably, although the equatorial
position of the dirhodium paddle-wheel is “chemically locked”, its axial metal
sites remain highly reactive, albeit without compromising the integrity of the
nodes. Thus, these sites can readily accommodate a plethora of coordinative
nucleophiles. The most-widely studied nucleophiles are N-donors, as well as
other donor atoms (e.g., S-donors, P-donors, O-donors).*” The pioneering
work of the Prof. C.Y. Su’s and Prof. S. Furukawa'’s groups paved the way for
researchers to explore molecular functionalisation of the open-metal sites of
MOPs. The groups of Prof. D. Maspoch and Prof. S. Furukawa were the first to
interrogate the axial sites in Rh(ll)-based MOPs (Rh(Il)-MOPs) and established
the basic chemistry of these understudied platforms. Their research work con-
firmed that up to twelve pyridine-based linkers could be selectively attached to
the external axial Rh(ID-Rh(ll) sites of the cage. Thus, they demonstrated that
these porous molecular platforms could be functionalised at their axial sites
with diverse coordinating linkers of different polarity, charge, and chirality.
Consequently, certain intrinsic physicochemical properties of these materials
(i.e., solubility, hydrophilicity, and chirality) could be selectively and reversibly
modulated with high control by transferring the properties of the coordinat-
ing molecule to the MOP, without compromising their inner porosity. Through
such molecule-to-MOP transfer of properties, it was possible to modulate the
solubility of multiple Rh(Il)-MOPs in a broad spectrum of solvents, encompass-
ing non-polar (diethyl ether), halogenated (DCM and chloroform), polar apro-
tic (DMF and DMSO), and protic (H20 and alcohols) solvents, by tagging the
open-metal sites with suitable pyridine derivatives (Figure 1.18).

Figure 1.18. lllustration of the modification of the MOP solubility profile through pyridine
coordination to the external axial Rh(ll)-Rh(ll) sites.
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1.4.2 Post-synthetic modification of MOPs at their organic linkers

Having overviewed the PSM of MOPs at their metal centres, we now turn to
theirorganiclinkers. From a strictly chemical perspective, soluble coordination
cages should not behave any differently than the simplest aromatic molecule:
in both cases, the organic reactivity is shaped by the presence of functional
groups. Thus, the richer the reactivity of those appendices, the broader the
scope of possible bond formation and the wider the range of accessible sur-
face-modification techniques. Unfortunately, the chemistry of MOPs is not
always as straightforward as that of organic molecules. Consequently, PSM of
MOPs at their organic sites faces two major hindrances that arise from the
supra-molecular nature of the MOP backbone. Firstly, the functional groups
incorporated within the linkers must be able to tolerate the conditions to syn-
thesise the cage, which can range from room temperature crystallisation to
solvothermal couplings in basic media.® Secondly, the reaction conditions
available for covalent functionality are restricted to those that do not affect
other elements in the structure, particularly the labile equatorial COO-M
bonds.[135] Fortunately, organic chemistry is replete with reactions to relia-
bly assemble, cleave, or rearrange covalent bonds under mild conditions that
can be safely applied to fragile MOP platforms. Most of the reported covalent
PSMs of MOPs have revolved around condensation reactions (e.g., formation
of ester, imine, or amide bonds), 7 click chemistry (azide-alkyne cycloaddi-
tions),*>** or alkene polymerisation.*> 44

One of the first examples of the covalent PSM of a MOP was reported in 2010
by the group of Prof. H. C. Zhou, who performed a Copper-catalyzed azide-
alkyne cycloaddition (CUAAC) reaction between an alkyne-functionalised cub-
octahedral Cu(ll)-MOP of formula [Cu,(5-C3H30-bdc),]1; (Where 5-C3H;O-bdc =
5-(prop-2-ynyloxy)isophthalic acid) and azide-terminated polyethylene glycol
(PEG) chains. Despite the fragility of the mother cage in aqueous media, the
combination of reagents in situ led to formation of water-stable, PEG-grafted
cages with up to four hydrophilic, PEG side-chains at the periphery.™° Interest-
ingly, the authors later employed these PEG side-chains to encapsulate and
release anti-cancer drugs in physiological media.

In 2016, Prof. S. Kitagawa and co-workers reported the first-ever quantitative
surface-functionalisation (24 positions) of another Cu(ll)-based cuboctahedral
MOP, using dithiobenzoate or trithioester moieties (of formula [Cuy(5-Z-SCS-
bdc),]1,, where 5-Z-SCS-bdc = 5-dithiobenzoate isophthalic acid, or s5-trith-
iobutane isophthalic acid, respectively). They grafted up to 24 polymeric arms
around the MOP core by direct coupling with monomeric building blocks via
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soft Reversible-Addition Fragmentation Chain Transfer (RAFT) polymerisa-
tion, without compromising the integrity of the cage. These results offered a
rational strategy for the synthesis of highly-processable MOP-based polymer
materials with controlled grafting of multiple side-chains.**

Although researchers demonstrated the PSM of MOPs through mild covalent
chemistry, if MOPs want to be exploited as functional platforms, the lability
of M=COO equatorial bonds should be addressed. Indeed, although a diverse
array of MOPs derivatised with broadly reactive moieties (e.g., hydroxyl, alkyl,
or alkynyl groups) is now available, only a mere fraction of their potential reac-
tivity can be harnessed for surface chemistry due to stability concerns. In par-
ticular, the chemistry of hydroxyl-functionalised MOPs is limited by their insta-
bility under basic conditions, which are the most common reaction conditions
for quantitative formation of ether or ester bonds. In fact, the cuboctahedral
OH-CuMOPs suffers spontaneous phase-transition upon exposure to N-based
bases or even simply to water;*% consequently, it has not been subjected to
deprotonation or PSM by this type of chemistry at its surface. Interestingly,
this limitation was circumvented by reacting a hydroxyl-functionalized lan-
tern-type Cu(ll)-MOP (named lantern-OHCuUMOP, of formula [Cuy(OH-L),],,
where OH-L=3,3'-(5-hydroxy-1,3-phenylene)-bis(ethyne-2,1-diyl)dibenzoic
acid) with hydrophobic alkyl anhydrides in the presence of an esterification
catalyst at room temperature in DMF. Using these very mild conditions, the
authors were able to quantitatively transform the pendant hydroxyl groups of
lantern-OH-CuMOP into alkyl-ester side-chains, which drastically enhanced
the solubility and stability of the cage in organic solvents.*’

Adamant to overcome the aforementioned limitations of OH-functionalised
MOPs, Prof. D. Maspoch and co-workers, in close collaboration with the group
of Prof. S. Furukawa, investigated the chemistry of the Rh(ll) analogue, [Rh,(5-
OH-bdc);]1; (named OH-RhMOP, where 5-OH-bdc = 5-hydroxyisophtalic acid).
(21 Specifically, the functionalisation OH-RhMOP under standard interfacial
conditions (biphasic system made of aqueous and non-polar organic solvents)
for esterification and etherification (Figure 1.19) was explored.™ Remarkably,
OH-RhMOP endured the quantitative deprotonation of its hydroxyl groups
with excess NaOH, generating a water-soluble platform with 24 negative
charges at its periphery. Then, these authors coupled this charged platform
with various organic moieties (e.g., acyl chlorides, anhydrides, alkyl halides,
etc.) in high yields, under conditions that would completely disintegrate any
Cu(ll)-based analogue. More recently, the group of Prof. E. D. Bloch applied a
similar chemistry to Cr(ll)- and Mo(ll)-based MOPs to obtain functionality plat-
forms that would be inaccessible via direct synthesis.9
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Figure 1.19. Covalent PSM of OH-RhMOP under interfacial conditions. Reacting OH-

RhMOP with at least 24 mol. eq. of NaOH in H,O affords the quantitative deprotonation of

the terminal hydroxyl groups within the cage, forming a 24-charged, water-soluble species.
ONa-RhMOP reacts under interfacial conditions (aqueous/non-polar organic solvents).**>

To further enhance the versatility of MOPs, researchers must develop alterna-
tive pathways to expand the catalogue of surface functional groups, especially
those thatare normallyincompatible withthe conditions for cage synthesis. For
example, linkers with free coordinating moieties such as primary amine (~NH,)
or carboxylic acid (-COOH) groups have been challenging to incorporate into
MOP structures due to their nucleophilicity and their affinity for metal sources,
both of which can disrupt the assembly of the MOP. One way to circumvent
these issues is to use ligands with sterically-hindered amine groups, which es-
sentially renders them non-coordinative. For instance, Prof. J. K. Klosterman
and co-workers functionalised the inner cavity of a lantern-type MOP named
lantern-OMe-CuMOP-NH,, of formula [Cu,(OMe-L),],, where OMe-L = 3,3
-((2-amino-5-methoxy-1,3-phenylene)-bis(ethyne-2,1-diyl)- dibenzoic acid)
via direct assembly of Cu(ll) precursors and a linker with free NH2 groups. The
position of the amine groups on the linker made them too sterically hindered
to interfere with the Cu(ll) ions during the cage assembly, yet sufficiently reac-
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tive with small molecules that had entered the lantern-type cavity. The authors
demonstrated this concept by reacting the lantern cage with acetic anhydride
in DMF to yield the mono-functionalised amide product. Molecular modelling
corroborated the experimental results, indicating that the inclusion of a sec-
ond acetate is disfavoured due to steric hindrance (Figure 1.20).%4®

A HO DMSO

Figure 1.20. PSM of internal -NH2 moieties in the lantern-OMe-CuMOP-NH,. Despite the

nucleophilicity of the amine groups, the cage can be assembled without having to mask

the reactive sites, thanks to steric constraints. After cage assembly, the free -NHz groups

retain their reactivity, and can be subsequently reacted with acetic anhydride to afford

the mono-substituted amide product; further amide formation is prevented by steric
hindrance.*®

Unfortunately, to synthesise MOPs that contain free amines at their external
surface, the abovementioned steric hindrance approach cannot be used be-
cause of the high degree of exposure of these coordinating groups within the
bent-linker structure. To date, two opposing methodologies have been devel-
oped to circumvent the nucleophilicity of free amino groups during MOP syn-
thesis, both of which entail the use of protecting groups to temporarily mask
undesired reactivity. The group of Prof. O.Yaghi was the first to introduce free
—NH2 groups onto the surface of MOPs, by developing a protocol that blocked
the axial reactivity of Cu(ll) precursors. They exploited the affinity of cop-
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per(ll) acetate towards nitrogen donors to protect the axials sites with bulky
monodentate auxiliary ligands, rendering the first-ever Ma,L,, NH,-function-
alised MOP (NH2-CuMOP. of formula [Cu,(5-NH,-bdc),]1,, where 5-NH,-bdc
= g-aminoisophtalic acid).™#$! More recently, we reported the use of covalent
protecting groups to incorporate sensitive moieties at the external surface of
MOPs. Through a two-step synthesis involving temporary masking of the link-
er functional groups prior to the assembly of the cage, followed by chemose-
lective deprotection, we obtained the first-ever cuboctahedral Rh(ll)-based
MOPs with 24 appended -NH2 or -COOH moieties (named NH2-RhMOP and
COOH-RhMOP, of formulae [Rhy(5-NH,-bdc),]1; and [Rhy(5-COOH-bdc),l1,
respectively, where 5-COOH-bdc = 1,3,5-benzenetricarboxylate) (Figure
1.21).%° These two examples established the basis for incorporating reactive
groups on the surface of MOPs independently of their stability, as the protect-
ing group and the deprotection step can each be adapted to address concerns
over chemical compatibility or stability.****

¥ .

o TFA:DCM
or
Rh(Ac), Thermolabile
0, 0 —
OH OH
NBoc-bde
o Uwﬁi:
Rh(Ac),
[e]
OH OH

COOTSE-bde

COOTSE-RhMOP COOH-RhMOP

Figure 1.21. Protecting group-based strategy for the synthesis of NH2- and COOH-tagged
Rh(Il)-MOPs, unobtainable via direct synthesis. A selective deprotection pathway affords
the quantitative deprotection of the cages without compromising their integrity.*>°

An alternative way to develop NH2-tagged MOPs is based on using hard-met-
al sources with no affinity for such reactive groups (e.g., Zr(IV)-MOPs). In this
case, exploitation of surface NH, groups enables the use of PSM pathways with
higher degrees of stoichiometric control, since the risk of self-condensation is
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precluded. In 2018, Prof. D Yuan, Prof. D. Zhao and colleagues published the
first process-tracing study on the stepwise PSM of a NH,-tagged Zr(IV)-based
MOP (NH,-ZrMOP, of formula [Zr3(CP)3(2-NH;-1,4-bdc)], 4, (where 2-NH,-
bdc = 2-amino-1,4-benzenedicarboxylate). The authors employed ESI-TOF
Mass Spectrometry to unambiguously determine the molecular formula of
their cages at different stages of PSM, which comprised a Mannich reaction
of the free -NH, groups with formaldehyde and methanol. The mass spectra
confirmed the sequential stoichiometric formation of amino—methyl methoxy
side-chain products throughout the PSM, from a mono-functionalised cage to
a quantitatively tagged (six side chains) one (Figure 1.22)."* Importantly, the
authors not only contributed to the field by elucidating stoichiometric control
over MOP surface chemistry, but also achieved a milestone towards the pro-
cessability and manipulation of these materials by controlled switching from
the solid-state to solution via PSM.

J*‘. Jgf. Jg‘. Jg’» ﬂg’. ﬂg‘. Igi
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Figure 1.22. Scheme for the PSM of NH,-ZrMOP with up to 6 sites per cage. Bottom:

ESI-TOF-MS-based process-tracing of the PSM products of a Mannich reaction with for-

maldehyde and methanol after (1) 2 min; (2) 20 min; (3) 50 min; (4) 220 min; (5) 6oo min; (6)
1400 min.*3
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Finally, it is worth to note that covalent PSM is not the only post-synthetic
strategy that can be applied to modify the chemistry of MOP linkers. As in
MOFs, the introduction of stimuli-sensitive moieties in the cage backbone
in MOPs can vyield platforms whose structure responds to stimuli such as
changes in temperature, light, or solvent.™* In 2014, Zhou and co-workers
synthesised the first example of a stimuli-responsive MOP (srMOPs), which
they functionalised with azobenzene groups. The cage exhibited ultraviolet-ir-
radiation-induced isomerisation from the insoluble trans-conformer to the
soluble cis-conformer, whereas irradiation with blue light reversed this pro-
cess to precipitate out the trans-conformer. Impressively, the authors were
able to trap guest molecules inside the srMOPs, and then selectively release
the guest molecules upon cis-to-trans and trans-to-cis isomerisation, laying
the groundwork for a new class of optically-responsive soluble platforms.*s

1.4.3 Post-synthetic ion exchange/metathesis

MOPs with a charged backbone can undergo PSM by an additional type of re-
activity, which is based on salt metathesis. Akin to the behaviour of charged in-
organic nanoparticles,* the type of counter ions on the surface of nano-sized
molecules influence their surface chemistry and consequently, their behaviour
in solution (ie., solubility and reactivity). In addition to modifying charged
MOPs, researchers can now confer neutral MOPs with charge. For example,
although the backbone of paddlewheel-based MOPs is neutral, these MOPs
can be conferred with charge through the strategic use of pendant pH-respon-
sive groups that, upon protonation (or deprotonation), become positively (or
negatively) charged. For instance, strong acids such as sulfonic acid can be
easily deprotonated to yield the corresponding negatively-charged sulfonate
groups. Through this approach, Prof. H. C. Zhou and co-workers synthesised
the first negatively-charged MOP with formula of formula Xz, [Cuy(5-SOs-
bdc),]1; (named SOsXCuMOP, where X= Li(l) or Na(l) and 5-Sos-bdc = 5-sul-
foisophtalic acid)™® However, the amenability of SOX-CuMOP in to solu-
tion-phase metathesis has not yet been studied, probably due to its structural
fragility in solution, especially in water. Alternatively, our group has shown that
the 24 hydroxyl groups at the periphery of OH-RhMOP could be quantitatively
deprotonated with NaOH to afford the negatively-charged ONa-RhMOP, of
formula Nay,[Rh,(5-O-bdc),]1,. The resultant negatively-charged species with
24 hydrophilic Na(l) cations on its surface proved to be highly soluble and sta-
ble in an aqueous alkaline solution, whereas the parent OH-RhMOP was only
soluble in aliphatic alcohols. The deprotonation of the surface hydroxyl groups
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was both fast and quantitative, enabling us to perform in situ the transfer of the
Rh(Il)-MOPs from an organic phase (1-butanol) into an aqueous phase. Impor-
tantly, we were also able to do the reverse transfer. Additionally, ONa-RhMOP
was not only responsive towards a change in pH but also to cation-exchange
reactions. Thus, it was possible to quantitatively exchange the 24 Na(l) ions
with organic hydrophobic cations, such as cetyltrimethylammonium (CTA),
to yield a MOP with formula CTA,,[Rh,(5-O-bdc),]1; that was highly soluble in
polar organic solvents (Figure 1.23a). Furthermore, this cation exchange reac-
tion could also be triggered in situ to transfer the Rh(Il)-MOPs from an aque-
ous phase to an organic phase (ie. chloroform or 1-butanol). Remarkably, the
pH- and cation-triggered phase transfer steps could be coupled in a triphasic
system to induce the autonomous transport of OH-RhMOP from the 1-butanol
phase into the aqueous phase and finally, into the chloroform phase (Figure
1.23b)."
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Unlike paddlewheel-based MOPs, Zr(IV)-MOPs are intrinsically charged,
owing to their trinuclear zirconocene clusters. Zr(IV)-MOPs are generally
balanced by Cl ions,**®® which makes them soluble in polar solvents, includ-
ing water.™3In a pioneering example, the Cl ions in a Zr(IV)-MOP of formula
Cly[Cp3Zrsps-O(u-OH)3(Mey-bdc)e] (where Mey-bdc is 2,5-dimethyl-1,4-ben-
zenedicarboxylic acid) could be quantitatively exchanged by larger anions such
as triflate, and that by doing so, the solubility of the resulting cage in meth-
anol was significantly greater than that of the parent MOP*%® This example
nicely illustrates the possibility of leveraging the zirconocene-cluster coun-
terion as an additional source of reactivity to selectively tune the properties
of Zr(IV)-MOPs in solution. Overall, salt metathesis are rapid and quantita-
tive reactions that can dramatically change the surface chemistry of MOPs,
and consequently, enable in situ tuning of their solubility and reactivity.

1.4.4 Tandem covalent-coordination reactions in MOPs

The presence of well-defined reactive sites of different nature (ie, organic,
anionic and coordinative) on the surface of MOPs represents a rare and valu-
able resource in terms of chemical versatility. It is noteworthy that the various
sources of reactivity present on the surface of MOPs can be selectively tar-
geted without interfering with the reactivity of others, thus exhibiting orthog-
onal reactivity. Such orthogonality opens up the possibility to synergistically
use them in tandem reactions, in which the PSM on one type of reactive sites
enables the subsequent use of a second source of reactivity.

This behaviour is clearly exemplified when coordinating molecules are used to
modulate the solubility of a MOP in a molecule-to-MOP transfer of properties.
This approach allows for further chemistry on the MOP surface, which would
otherwise be precluded by the insolubility of the parent MOP in the desired
solvent. As proof of concept, Prof. D. Maspoch and co-workers, covalently
functionalised an OH-RhMOP, in a solvent in which the parent cage was in-
itially insoluble (and therefore unreactive) through a coordinative solubilizer
method. Specifically, the coordination of twelve 4-tertbutyl pyridines on the
periphery of the OH-RhMOP made it soluble in DMF, which is the optimal for
subsequent etherification of the hydroxyl groups with allyl bromide. Next, they
selectively removed the coordination-based solubilising groups from the axial
sites by a mild acid wash to obtain the functionalised material (Figure 1.24).*
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Figure 1.24. Schematic representation showing the tandem coordinative-covalent PSM
modification of OH-RhMOP. The solubility provided by the coordinated pyridine enables
the ether formation.

Interestingly, MOP surfaces can be coordinatively functionalised for reasons
otherthan modulation of physicochemical properties of the MOP. Accordingly,
such tandem-reactions can also be explored in the opposite direction in which
certain intrinsic properties of the MOP are transferred to surface-coordinated
molecules. For example, MOP-to-molecule transfer of properties can be ex-
ploited to direct the solubility of important organic substrates by coordinating
them to a suitable MOP platform, such that the entire MOP-bound substrate
molecules dissolve in a media where the substrate molecules alone would nor-
mally be insoluble. This approach is best suited for MOPs that contain pen-
dant organic groups that can heavily influence their solubility profile, such as
long aliphatic chains or charged polar groups. The subsequent coupling of the
MOP-to-molecule solubility governance with a phase transfer phenomenon
generated suitable molecular transport systems for molecular separation.
Specifically, the difference in the basicity between tetrahydrothiophene and
thiophene was used as a driving-force to generate a difference in their sol-
ubility profile of these two molecules. Once coordinated to the OH-RhMOP
surface, the solubility of tetrahydrothiophene was dictated by the MOP. Then,
after such coordination occurred in organic phase (1-butanol), the subsequent
deprotonation of the hydroxyl groups induced a phase transfer to a receiv-
ing aqueous phase. Note that, tetrahydrothiophene and thiophene were not
soluble in agqueous media. Therefore, after the phase transfer occurred, the
tetrahydrothiophene was found in the aqueous phase coupled to the cationic
ONa-RhMOP while thiophene remained in the organic phase. After that, the
subsequent protonation using trifluoroacetic acid (TFA) of the hydroxylate
groups together with a suitable ligand exchange reaction enabled the tetrahy-
drothiophene release and the recovery of the initial OH-RhMOP organic phase
(Figure 1.25).%/
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Figure 1.25. Scheme representing the use of phase transfer phenomena for separation

processes. Both coordination and pending functional groups in OH-RhMOP are used

in tandem to perform selective separation of molecules (tetrahydrothiophene and

thiophene) with similar physicochemical properties but different affinity for the external
axial Rh(1l)-Rh(ll) sites ™57
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OBJECTIVES

The previous chapterintroduced MOPs as a very promising and type of versa-
tile metal-organic materials. Their modular structure allows to rationally de-
sign their dimensionality, geometrical shape, and physicochemical properties
through a relatively simple synthetic strategy known as coordination-driven
self-assembly. Importantly, the inorganic and organic building units within
MOPs have demonstrated to retain their chemical activity after the assembly
process. Inthis scenario, the family of cuboctahedral MOPs with formula M,,L 4
significantly attracted attention as it perfectly entangles the most prominent
intrinsic properties that inherently arises from their structure. These properties
stem from their densely functionalized surfaces, stoichiometric reactivity, and
well-localized reactive sites, which all together allow to conceptualize them as
molecular nanoparticles. Initially, the possibility to post-synthetically modify
the physicochemical properties of such cuboctahedral MOPs was limited to
reactions under specific mild conditions (ie, RAFT polymerisation and con-
densation reactions) due to the chemical instability of the classical Cu(ll) pad-
dlewheel unit. However, it was not until the substitution of more labile building
units for robust M(II)-M(Il) paddlewheel units that the chemical versatility of
such molecular nanoparticles started to flourish. Precisely, the use of Rh(ll)-
Rh(ll) paddlewheel units unlocked the use of a second source of reactivity, the
axial open metal sites. This development enabled the utilization of orthogonal,
stoichiometric, and synergistic chemistries from both the surface functional
groups and the axial sites. However, the result of such cooperativity created
by the organization and crowding of functional groups has yet to be fully lev-
eraged.
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In the above context, the main objective of this Thesis is to broaden the hori-
zons of surface reactivity in cuboctahedral Rh(Il)-MOPs and leverage the co-
operative effects resulting from the organization and crowding of site-specific
chemistries on their surfaces in solution. The aim is to explore the potential of
these molecular nanoparticles by investigating their surface reactivity and har-
nessing the synergistic interactions between different reactive sites. Precisely,
the Thesis is devided into three main milestones:

Explore the potential of in situ modification of the solubility of water-soluble
Rh(I)-MOPs through acid-base reactions. By exploring this pH-triggered pre-
cipitation method and combining it with the ability to control the solubility of
coordinatively attached molecules on the Rh(Il)-MOP surface, we aim to requ-
late the presence of small coordinating organic molecules in solution. This ap-
proach will be utilized in the development of a pH-triggered pollutant removal
methodology, specifically targeting nitrogenous organic water-contaminants
in agueous environments.

Expand the possibilities of the synergistic effect and orthogonal chemistry of
the well-defined surface reactivities of Rh(Il)-MOPs to implement them into
self-sorting systems. Specifically, we aim to elucidate the mechanism behind
the selectivity based on steric hindrance in metal coordination on the out-
er surface of Rh(Il)-MOPs. To achieve this, a combination of wet experiments
and computational methods will be employed. Furthermore, we will utilize the
pending organic functional groups present on the Rh(Il)-MOP surface to modu-
late the solubility of both, the MOP and the coordinatively anchored molecule.
This concept of "MOP-to-molecule transfer of solubility properties" will be ex-
plored to engineer differential solubility between anchored and non-anchored
regioisomers. By taking advantage of this differential solubility, we will design
and develop liquid-liquid biphasic self-sorting systems.

Considering the influence of the exposed outer functional groups of the Rh(ll)-
MOPs on their physicochemical properties, we will target the development of
a synthetic strategy to post-synthetically introduce a wide scope of functional
groups in a quantitative manner. Copper(l)-catalyzed Azide-Alkyne Cycloaddi-
tion (CUAAQ), commonly known as click chemistry, is recognized as a versatile
and powerful chemical tool to modify molecules and materials. We will design
a suitable Rh(Il)-MOP for performing CUACC reactions on the Rh(Il)-MOP sur-
face. This approach will allow us to expand the repertoire of functional groups
that can be incorporated into Rh(Il)-MOPs and explore the resulting effects on
their properties.
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3.1 Introduction

Hazardous organic micropollutants are found in natural water resources
worldwide, posing a threat to human health and to ecosystems.** Thus, there
is a pressing need to develop strategies and materials for water purification.
Among the most efficient strategies for removal of organic micropollutants
from water is adsorptive removal, which in some cases is followed by degra-
dation of the pollutant via chemical oxidation, electrochemical degradation, or
photodecomposition.>*

Effective adsorbents must combine high surface areas with strong chemical
affinity for the target pollutants. Promising candidates include porous materi-
als such as zeolites, activated carbon, covalent organic frameworks (COF), and
MOF, all of which offer large surface areas and whose pores can be chemically
modified. 7 However, many of these materials suffer from slow adsorption
kinetics, energetically intense regeneration, and in some cases, poor removal
efficiencies, especially for relatively polar micropollutants (log K <3.0,K_ is
the n-octanol/water distribution coefficient).

Other candidates are nanomaterials (e.g., nanoparticles, nanotubes, graphene,
etc.), which boast high surface area-to-volume ratios, given their small size.
Additionally, some nanomaterials exhibit highly reactive surfaces that can be
functionalised for catalysing the degradation of the adsorbed pollutants.®¢Un-
fortunately, degradation approaches find out two main barriers avoiding their
complete success. Micropollutants, and particularly those containing aromat-
ic moieties, are arduously degraded and persistently remain in water. Also, in
many cases, degradation by-products may introduce a secondary source of
toxicity. Moreover, it is precisely because of their nanosized dimensions and
highly reactive surfaces that their implementation into environmental applica-
tions is limited. They are prone to aggregate and rapidly passivate, are difficult
to recover and present potential environmental and human health hazards.
These factors forced their use embedded into auxiliary matrixes thus partially
hindering the complete leverage of the exposed reactive surface and endan-
gering the performance because of the appearance of the diffusion barriers
across the composite material.**

Researchers have recently begun to develop supramolecular strategies based
on host-guest chemistry to capture and separate substances of interest.*>
In these strategies, discrete molecular compounds can be used in solution to
selectively recognise, adsorb, and entrap the substance of interest inside their
cavities.”~*° The resultant host-guest complex is then isolated in solution by
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liquid/liquid extraction or phase transfer. Finally, the guest molecule is liber-
ated from the host upon breakage of the host-guest interaction. For exam-
ple, metalorganic coordination cages have been used to selectively separate
specific polycyclic aromatic hydrocarbons from a mixture of similar molecules
by phase-transfer phenomena.?* Alternatively, multitopic ion-pair receptors
based on calix[4]pyrrole derivatives have been employed to remove inor-
ganic pollutants (K(I), Li(l), and Cs(1)) from aqueous solution by liquid/liquid
extraction.***

MOPs represent an appealing alternative to the aforementioned host-guest
approach to capture species of interest: rather than do coordination chem-
istry in the pores or cavities of molecular systems such as cages, MOPs dis-
play coordination chemistry at the external surface.** For the implementation
of MOPs for the capture of pollutants from water, we used the prototypical
cuboctahedral Rh(ll)-based MOP was used.?> Given the nanoscopic size and
functional outer surface of this MOP, using it to capture species resembles the
use of nanoparticle to do the same, albeit with the benefit of stoichiometric
precision.

This Chapter will show the surface chemistry of the Rh(ll)-MOP adapted to de-
velop a new supramolecular strategy that uses the cuboctahedral Rh(Il)-MOP
as a capturing agentto remove organic micropollutants from water by pH con-
trolled precipitation.

3.1.1 The design of a pH-triggered pollutant removal system based on
the surface chemistry of cuboctahedral Rh(ll)-MOP

The strategy for using cuboctahedral Rh(Il)-MOPs as capturing and pollutant
removal agents is based on the synergistic effect of combining the coordina-
tion ability of the Rh(Il) axial sites to capture organic pollutants that bear func-
tional groups, with a simple acid-based reaction performed on the functional-
ized bdc linkers to control the solubility of the MOP in water. Thus, each one of
the characteristic 12 exohedral axial coordination sites of these cuboctahedral
Rh(Il)-MOPs is used to capture and bind coordinating pollutants from water
by coordination chemistry. Moreover, among the different members of these
cuboctahedral MOPs, we selected [Rhy,(COOH-bdc),]1, (hereafter named
COOHRhMOP; where 5-COOH-bdc = 1,3,5-benzenetricarboxylate). This MOP
is functionalised with a carboxylic acid group at the 5- position of the phenyl
ring of each bdc linker, such that its external surface is functionalised with a
total of 24 carboxylic acid groups.l*®! These groups are essential for our su-
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pramolecular strategy, as they confer the MOP with pH dependent aqueous
solubility. Indeed, when COOHRhMOP is exposed to a base (e.g., NaOH), it
becomes an anionic, water-soluble MOP of formula Nay,[Rh,(COO-bdc),]:,
(hereafter named COONaRhMOP; where COO-bdc=1,3,5-benzenetricarbox-
ylate)

COONaRhMOP can then be reprotonated upon exposure to anacid (e.g., HCl),
which precipitates it out from water such that it can be recovered by filtration
or centrifugation. We envisioned that this pH-based solubility could serve as
a trigger in a pollutant-removal system, reasoning that, once a coordinating
molecule had become anchored to the surface of a MOP, the latter would
govern the solubility of the former. Interestingly, pH-triggered precipitation
has been widely used in industrial elimination of metal ions (i.e., by forming
insoluble salts) but its use for the elimination of organic pollutants was limited
as their solubility is rarely affected by pH modifications. Furthermore, we an-
ticipate that regenerating the material would not entail high energy demand
due to the reversible nature of the coordinative interaction. Remarkably, this
system combines large surfaces exposed by nano-sized materials with fast
recognition because of the presence of specific binding sites and lack of dif-
fusion barriers of homogeneous working conditions together with the simple
recovery of heterogeneous solid-state based methodologies.

Thus, our supramolecular process for pollutant removal is based on four steps.
Firstly, coordinative interactions between the organic pollutant and the wa-
ter-soluble COONaRhMOP are established in solution (Figure 3.1). Secondly,
the COONaRhMOP(pollutant) complex is precipitated out, by lowering the pH
using HCl, and subsequently isolated from water by filtration or centrifugation.
Thirdly, the precipitate is washed with aqueous CaCl,, leading to liberation of
the pollutant. Through this washing step, Ca(ll) ions strongly coordinate to the
organic micropollutant, breaking the COOHRhMOP-pollutant coordination
interaction and dissolving the pollutant back into an aqueous solution. In the
fourth and final step, the COOHRhMOP is treated with NaOH, causing it to
redissolve in the remaining solution, which might contain residual pollutants,
thereby enabling its reuse for subsequent cycles of water purification.
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Figure 3.1 (a) Structure of the cuboctahedral Rh(l/)°000000000-MOP, highlighting the 5-posi-
tions in the organic backbone (red balls) and the axial sites of its Rh(ll)-Rh(ll) paddlewheels
(green balls). (b) Schematic of the pH-triggered supramolecular removal strategy.

3.2 Results and Discussion

3.2.1 Removal of benzotriazole as a test-case. Step 1: Coordination be-
tween benzotriazole and COONaRhMOP in water

As proof-of-concept, we chose to test our MOP-based strategy by attempting
to remove benzotriazole (BT) from water. Benzotriazole is broadly used both
in industrial and household products: for instance, as a corrosion inhibitor; as
an ultraviolet light-stabilizer in plastics; as an ultraviolet filter; as antifogging
or defogging agent; and in de-icing/anti-icing fluids. The high amount of BT
disposed by such activities, the high water solubility of BT (ca. 20 g-L™), and the
slow biodegradation of BT lead to its high persistence in aquatic environments,
where, at concentrations above about 5 ppm,¥?® it causes environmental
harmful long-term effects.?3 In fact, BT has been proposed as a micropol-
lutant indicator of water contamination through anthropogenic activities, due
to its ubiquity in surface water and its environmental toxicity.3*3* Given that BT
contains a triazole functional group fused to a benzene ring, we envisaged that
we could anchor the molecule to the surface of COONaRhMOP, by coordinat-
ing the free N-donor atoms in the triazole of the former to the exposed axial
sites of the Rh(Il)-Rh(Il) paddlewheels in the latter. Remarkably, the aforemen-
tioned affinity of the Rh(Il)-Rh(ll) paddle-wheel axial sites for N-donor ligands
can be readily followed either by naked eye or by monitoring spectroscopic
changes of the band centred at 500-600 nm (A ), which corresponds to the
*— o* transitions of Rh(ll)-Rh(Il) intermetallic bond. When this interaction
occurs, this absorption band is shifted to more energetic transitions. To char-
acterize the BT-COONaRhMOP interaction, we first added BT to an aqueous
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solution of COONaRhMOP, and then monitored their interaction by naked
eye. We found that the addition of 24 molar equivalents (mol. eq.) of BT (380
ppm) to an aqueous solution of COONaRhMOP (0.133 umol, 1 mL) induced an
immediate change in colour of the solution, from blue to purple, suggesting a
coordinative interaction between the BT and the Rh(ll)-Rh(ll) paddle-wheel.
Next, Ultraviolet-Visible (UV-Vis) spectroscopy showed a shift in A__, from
585 to 551 nm, that corroborated coordination the coordinative interaction in
aqueous solution of BT to the Rh(ll)- Rh(ll) paddle-wheel 3334 To further study
the coordination of BT to the Rh(Il)-Rh(ll) paddle-wheel units, we followed the
titration of COONaRhMOP with BT by UV-Vis spectroscopy. We found that,
below 10 mol. eq. (159 ppm) of BT, the isosbestic point is preserved, evidenc-
ing that two different chromophores coexisted in equilibrium in solution. Then,
subsequent additions of 2 mol. eq. revealed further shifting on the obtained
value of Amax until 24 mol. eq. of BT were reached, in which a final value of
551 nm is obtained. This final value of Amax corresponds to the coordination
of one N-based ligand for Rh(I)-Rh(Il) paddle-wheel (Figure 2.2). In the case of
simple rhodium acetate (Rh,(AcO),), the coordination to the second Rh(ll) axial
site is not hindered, so the obtained A__ corresponding to the band I is gener-
ally shifted to even lower A__ (c.a 540 nm) upon the addition of 2 mol. eq. of
a coordinating molecule.** Moreover, A__ attributed to the coordination of 12
mol. eq. was attained when 24 mol. eq. are present in the solution. Therefore,
we can conclude that BT coordinative interaction with the COONaRhMOP is
not quantitative in aqueous media.
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Figure 3.2 (a) UV-Vis molar attenuation coefficient data for COONaRhMOP (0.13 umol, 1

mL) before (navy blue) and after (pink) the addition of 24 mol. eq. of BT (3.2 umol, 380 ppm).

(b) UV-Vis molar attenuation coefficient data for the titration of COONaRhMOP (0.13 umol,
1 mL) with BT in aqueous solution.
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3.2.2 Step 2: pH-triggered precipitation of COONaRhMOP(BT)

Having demonstrated the coordination of BT to COONaRhMOP, we reasoned
that the captured BT could then be removed from water through in situ pre-
cipitation of the formed complex (hereafter named COONaRhMOP(BT)). Our
hypothesis was based on the premise that, once the coordination between
COONaRhMOP and BT had occurred, the solubility of the latter would be dic-
tated by the solubility of the COONaRhMOP. COONaRhMOP demonstrated
to be quantitatively precipitated upon the addition of HCIaq. (1M) and recov-
erable in solution. ICP-MS of the obtained supernatant after the precipitation
procedure revealed a 98.9 % of precipitation efficiency when the remaining Rh
in solution was measured (Table 3.1). Then, the obtained COOHRhMOP was
dissolved again in aqueous media upon the addition of 24 mol. eq. of NaOH_ .
The comparison of the UV-Vis spectrum before and after the precipitation-sol-
ubilization procedure demonstrated that A__ = 585 nm was maintained, thus
confirming that the paddlewheel remained unaltered after the precipitation
procedure. A recovery efficiency > 95.0 % was calculated from the intensity of
such bands before (0.565 a.u) and after the precipitation-solubilisation cycle

(0.535 a.u.) (Figure 3.3).

@ (b) -
—— Before precipitation
e After precipitation
084
i H* 3
. -
COOHRhMOP COONaRhMOP 500 550 600 650 700
Water-insoluble Water-soluble Wavelength (nm)

Figure 3.3 (a) Photographs of the water-insoluble COOHRhMOP and the water solubilized

COONaRhMOP, showing the acid-base equilibrium required for the pH-triggered solubilisa-

tion and precipitation. (b) UV-Vis spectra of COONaRhMOP before and after the precipita-
tion-solubilization procedure.
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Table 3.1 ICP-MS results for the quantification of Rh(ll) in the aqueous supernatant after

COOHRhMOP precipitation.
Concentration of Rh Concentration of Precipitation efficiency
BT mol. eq.
{(ppm) COONaRhMOP (ppm) (%)
0 (Blank) 3.5 10.6 98.9

Therefore, we expected that protonation of the surface carboxylate groups
of COONaRhMOP(BT) would induce its quantitative precipitation, as we had
already observed for COONaRhMOP alone. We expected that the precipitate
(hereafter named COOHRhMOP(BT)) could then be easily removed by using
simple techniques such as centrifugation or filtration. To this end, we optimised
the pH at which a quantitative precipitation of the MOP occurs, while minimis-
ing protonation-induced cleavage of the BT- Rh(I)-MOP coordination bond.
These experiments were performed by preparing two different mixtures con-
taining COONaRhMOP (0.133 pmol, 1 mL) and 6 mol. eq. (95 ppm) or 24 mol.
eq. (380 ppm) of BT, being these two concentrations representative examples
of defective and excess concentrations with respect to the 12 exohedral axial
sites present in the MOP structure. Both resulting solutions (final pH=8.6 and
7.8, respectively) were incubated for only 10 s and subsequently, precipitat-
ed by lowering the pH with different amounts of HCl acid. The precipitation
solids were isolated by centrifugation. Once the solids had been isolated, the
optimum amount of acid for the precipitation process was determined by ana-
lysing the remaining BT in the aqueous solution after the precipitation step by
means of UV-Vis measurements and establishing its removal efficiency. For
both mixtures, it was found that 10 pL of HCl 1 M (final pH=2.3) was enough to
induce the precipitation of the COONaRhMOP(BT) complex and further ad-
ditions did no improve the removal efficiency. The removal efficiency values
were 77 % for the solution initially containing 6 mol. eq. of BT; and 53 % for the
one containing 24 mol. eq. of BT (Figure 3.4 and Table 3.2). In both cases, the
amount of MOP remaining in solution was lower than 0.1 % as demonstrated
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements
of the remaining Rh in solution (Table 3.3).

Table 3.2. UV-Vis spectroscopy data from the experiments employed to optimize the precipitation
pH for the pH-triggered removal of BT. The values are expressed as an average of two replicates.
Standard deviations indicate the error. Removal efficiency is expressed as RE.
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Theoretical Initial Final
HCl Mol. eq. Abs d.f | Mol. eqg. Abs d.f Mol. eq. RE %
(M)
[ 0.240 20 5.48 0.118 £+ 0.008 10 1.26+009 | 76.9t1.7
2 24 0.383 50 22.3 0.450 £ 0.002 20 105%0.1 52.8x0.2
6 0.246 | 20 5.62 0.127 £ 0.007 10 | 1382009 | 75515
: 24 0.381 50 22.2 0.451 £ 0.004 20 10.6+0.1 52.410.5

Table 3.3 ICP-MS results for the quantification of Rh(ll) in the aqueous supernatant after
COOHRhMOP precipitation.

Concentration of Rh Concentration of Precipitation efficiency
BT molar equivalents
(ppm) COONaRhMOP (ppm) (%)
6 0.50 1.5 99.9
24 0.51 15 99.9
100 06
Il Removal efficiency HCI 1M precipitation —— BT before acid addition
90 - 1 Removal efficiency HCI 3M precipitation BT after acid addition

Removal efficiency (%)
g &8 & B8 2 8
Absorbance (a.u)

2

=]

T T T T T T T T
220 230 240 250 260 270 280 290 300 310

B mol. eq. 24 mol. =g, Wavelength (nm)
Figure 3.4 Obtained RE for 6 mol. eq. (95 ppm) Figure 3.5 UV-Vis spectra of initial BT
and 24 mol. eq. (380 ppm) after solution (solid line) and remaining BT
precipitating with HCl 2M and 3M. (dotted line) after acid addition.

Importantly, blank experiments (ie, lacking COONaRhMOP) were
performedinsolution. These experimentsrevealedthatthe concentration of BT
remained constant throughout the pH range studied (pH: 5.8 to 1.9),
demonstrating the high aqueous solubility of BT and indicating that the
solubility of the COOHRhMOP(BT) complex is indeed governed by that
of COOHRhMOP itself (Figure 3.5).

Chapter 3 | 77



3.2.2.1 Influence of the pH, the incubation time, and the concentra-
tion of BT on the removal efficiency.

Once we had optimised the pH at which COOHRhMOP(BT) precipitates, we
sought to elucidate the influence of the pH of the polluted water on the coor-
dination of BT to COONaRhMOP and therefore, on the pollutant removal effi-
ciency. This parameter might influence the removal efficiency of our proposed
pH-triggered pollutant removal methodology due to the amphoteric proper-
tiesof BT (pKalz 0.42, pKaz: 8.27) (Figure 3.6). To this end, we ran a series of new
experiments. Thus, three aqueous solutions containing COONaRhMOP (0.133
umol, 1.03 mL) and BT (24 mol. eq.; 380 ppm) were prepared. Each of these
solutions were brought to a different pH: either acidic (pH: 4.3), neutral (pH:
7.6) or basic (pH: 9.9). The UV-Vis spectrum of each aqueous phase revealed
thatthe largest A _ shifts were observed for the acidic conditions (Figure 3.7a).
Thisresult is consistent with the fact that, at basic pH, BT can be deprotonated,
which weakens its coordination to COONaRhMOP due to electrostatic repul-
sion. Contrariwise, acidic conditions lead to the formation of neutral BT, there-
by favouring the formation of COONaRhMOP(BT).

However, these differences in the coordination of BT to COONaRHMOP did
not translate into significative differences in the removal efficiencies after the
precipitation step. Thus, after addition of the proper amount of diluted HCl (2
M) to each solution (1 pL to the acidic solution; 10 pl to the neutral one; and 10
pL to the basic one) to reach the optimised precipitating pH 2.3, the removal
efficiency for BT was found to be around 54 % in all cases (Figure 3.7b and
Table 3.4). Altogether, these results highlight that our supramolecular strategy
works in polluted water samples that vary in their initial pH level.

Figure 2.6 Acid-base equilibrium of BT. Dissociation constants
arepK  =o0.42andpK , =8.27.

Table 3.4. UV-Vis spectroscopy data from the experiments employed to determine the in-

fluence of the initial pH of the BT aqueous solution on the performance of the pH-triggered

removal method. The values are expressed as an average of three replicates. Standard devi-
ations indicate the error. Removal efficiency is expressed as RE
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Theoretical Initial Final
pH Mol. eq. Abs d.f Mol. eq. Abs d.f Mol. eq. RE %
43 0.379 50 221 0.407 £ 0.001 20 10.3+0.1 | 53.3+0.7
7.6 24 0.362 50 20.8 0.434 £ 0.003 20 9.40+£0.03 | 54.9+01
9.9 0.375 50 21.8 0.440 £ 0.006 20 10.1£0.1 | 53.5%0.3
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Figure 2.7 (a) UV-Vis spectra of 1 mL aqueous solutions containing COONaRhMOP (0.13

pmol) and 24 mol. eq. (3.2 umol, 380 ppm) of BT at neutral (purple), basic (blue) and acidic

pH (pink). (b) Removal efficiency of the pH-triggered removal method as a function of the
initial pH of an aqueous solution containing 24 mol. eq. (3.2 umol, 380 ppm) of BT.

The experiments that we have described so far indicate that the interaction
between COONaRhMOP and BT is fast, due to the absence of diffusion bar-
riers, making a rapid method for pollutant removal feasible. To further con-
firm the lack of significant diffusion barriers in our proposed method, we per-
formed new experiments to assess the impact of the incubation time prior the
precipitation step on the BT removal efficiency. Accordingly, four independent
aqueous solutions containing COOHNaRhMOP (0.133 umol, 1 mL) and 6 mol.
eq. of BT (95 ppm) were prepared. Each solution was incubated for a differ-
ent time (either 10 s, 20 min, 30 min, or 60 min), and then subjected to the
aforementioned precipitation procedure. The UV-Vis spectra did not indicate
any significant differences in the removal efficiencies, all of which were >70 %,
suggesting that the incubation time does not influence the removal efficiency
(Figure 3.8 and Table 3.5).
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These results further confirmed the rapid capture and binding of BT to
COONaRhMOP as corresponds to a thermodynamically controlled process.

Removal efficiency (%)
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Figure 3.8 Removal efficiency of the pH-triggered removal method as a function of the in-
cubation time before the addition of the acid for an aqueous solution containing 6 mol. eq.
(0.80 umol, 95 ppm) of BT. In all cases, the amount of COONaRhMOP was 0.13 umol.

Table 3.5 UV-Vis spectroscopy data from the experiments employed to determine the in-

fluence of the incubation time before the addition of the acid on the performance of the

pH-triggered removal method. The values are expressed as an average of three replicates.
Standard deviations indicate the error. Removal efficiency is expressed as RE.

Theoretical Initial Final
Time Mol. eq. Abs | d.f | Mol eq. Abs df | Mol eq. RE %
10s 0.470 10 5.51 0.535+0.011 2 1261004 | 77.210.7
10 min = 0.483 10 5.61 0.538 + 0.024 2 127+0.06|77.41£1.0
30 min 0.494 10 5.74 0.540£0.011 2 | 127003 | 779204
60 min 0.506 10 5.88 0.522 £+ 0.024 2 1.23+003 | 79.1+04
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Once we had demonstrated that our pH-triggered COONaRhMOP-based
strategy could indeed remove BT from water, we next evaluated its perfor-
mance at different concentrations of BT (Figure 3.9). The initial and final con-
centrations were determined by either UV-Vis spectroscopy (conc. BT: >16
ppm, Table 3.6) or *H NMR spectroscopy (conc. BT: <16 ppm; Table 3.7). The
removal efficiency of BT for the solutions that had initially contained between
1 mol. eq. (26 ppm) and 10 mol. eq. (158 ppm) was found to be >70 % in all
cases, with a linear increase in BT removed per MOP with increasing initial
concentration of BT (Figure 3.9). Remarkably, the removal efficiency was up
to 90 % in solutions that had contained BT at initial concentrations of 16 ppm.
In this case, the remaining BT was below 1.6 ppm, which is below the level
considered to be environmentally toxic (ca. 5 ppm).?? The drop in efficiency
observed at higher mol. eq. of BT is ascribed to the non-quantitative nature
of the coordination equilibrium rather than the acid-induced decordination of
pollutants. Thus, at low concentrations of BT, the high percentage of available
Rh(ll) bonding axial sites facilitates the formation of the Rh(Il)-MOP-pollutant
complex. As the concentration of BT increases, the percentage of uncoordi-
nated also increases, inducing a drop in the removal efficiency. Therefore, it
takes 24 mol. eq. of BT to saturate the 12 exohedral Rh(ll) axial sites and re-
move 12 BT per Rh(Il)-MOP unit.

100

Figure 3.9 Removal efficiency of the
pH-triggered removal method as a
function of the concentration of BT
ranging from 1 mol. eq. (0.13 umol,
16 ppm) to 24 mol. eq. (3.2 pmol,
380 ppm). In all cases, the amount
of COONaRhMOP was o.13 pmol.
Error bars display standard devia-
tion of three replicates.

Removal efficiency (%)
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Table 3.6 UV-Vis spectroscopy data from BT quantification experiments at different starting
concentrations. The values are expressed as an average of three replicates. Standard devia-
tions indicate the error. Removal efficiency is expressed as RE.

Theoretical Initial Final
Mol. eq. Abs d.f Mol. eq. Abs ot Mol. eq. RE %
3 0.767 3 2.72 0.249 + 0.011 2 0.569 + 0.027 79.1+1.0
6 0.47 10 5.51 0.535 + 0.017 2 1.26 + 0.04 77.2+0.7
8 0.637 10 7.52 0.325 £ 0.006 5 1.88 £ 0.04 75.01 0.5
12 0.508 20 11.9 0.609 + 0.004 5 3.59 £ 0.03 69.910.2
24 0.384 50 22.4 0.429+0.006 | 20 10.0£0.2 55.2+0.7

Table 3.7 H NMR spectroscopy data from BT quantification experiments. The values
are expressed as an average of three replicates. Standard deviations indicate the error.
Removal efficiency is expressed as RE.

Theoretical Initial Final
Int |
Mol. eq. Integral Mol. eq. i L Mol. eq. RE %
1 0.597 1.19 0.053 £ 0.002 0.11+£0.00 910

3.2.3 Step 3: Regeneration and reusability of COOHRhMOP

Rapid and easy regeneration of the COOHRhMOP is essential for the feasi-
bility of the proposed removal supramolecular strategy. Initially, we reasoned
that exposing the COOHRhMOP(BT) solid to harsh acidic conditions would
promote the formation of the protonated form of BT and consequently, its
detachment from COOHRhMOP. 1 M HCIaq‘ was used to incubate the ob-
tained COOHRhMOP(BT) solid. Even though the obtained solid was clearly
green, which corresponds to the fully recovered Rh(Il)-MOP, we found that,
upon the addition of NaOH_, the obtained aqueous solution did not exhibit
the A _ expected for a COONaRhMOP solution. Instead, a A correspond-
ing to 1 mol. eq. of BT coordinated to the Rh(Il)-MOP surface was obtained
(A = 580 nm) (Figure 2.10a). Interestingly, this behaviour indicates that,
once the coordinative interaction is cleaved through protonation of the BT,
the Rh(Il)-MOP still preserves the capacity to interact with the BT although
using alternative mechanisms to coordination. BT previously exhibited small
tendency to occupy the inner cavity of the Rh(Il)-MOP in aqueous media

82



(Section 2.2.1). Therefore, host-guest interactions through, most likely,
the Rh(Il)-MOP windows can be postulated as a potential option. Finally, we
found that the detachment of BT required incubation under extremely acidic
(3 M HCI) conditions (Figure 3.10b). However, this strategy was ruled out, as it
endangered the structural stability of the Rh(Il)-MOP as confirmed by the par-
tial regeneration observed in the UV-Vis characterization of the Rh(Il)-MOP.
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Figure 3.10 (a) UV-vis absorbance data of COONaRhMOP in aqueous solution before (navy blue)

and after (sky blue) regenerating the solid using 1 M HCL, (b) UV-vis absorbance data of COONaR-

hMOP in aqueous solution before (navy blue) and after (sky blue) regenerating the solid using 3 M
HCL. Note that in both cases, solutions are prepared using the same volume.

Alternatively, we sought a milder methodology that would entail washing
of the precipitate with an agueous solution containing a competing metallic
centre for the coordination of BT. The formation of a new metal-BT complex
would thus favour the regeneration of the occupied axial coordination sites
of COOHRhMOP, whereby new uptake cycles could be performed. Ca(ll)
was selected as a competing metallic centre, because of its reduced toxici-
ty as well as its low cost. To explore its efficacy, we performed a preliminary
washing experiment. To this end, the solid COOHRhMOP(BT) was washed
twice by incubating it in a saturated aqueous solution of CaCl, for 30s. Note
that this COOHRhMOP(BT) was initially precipitated from 5 mL solution of BT
(6 mol. eq.; 95 ppm), to which the removal strategy had earlier been applied
using COONaRhMOP (0.67 umol). After both washing steps, the remaining
COOHRhMOP was quantitatively transformed into COONaRhMOP through
basification with NaOHaq_ (16.1 pmol). This basification step caused the Rh(Il)-
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MOP to redissolve in the (now basic) aqueous solution. The success of the re-
generation procedure was confirmed by UV-Vis analysis, as the initial A__ of
583 nm characteristic of COONaRhMOP was obtained, thus further corrobo-
rating the detachment of BT from the outer surface of the Rh(ll)-MOP (Figures
3.11a and 3.12a). Finally, the recovery and reusability of COONaRhMOP was
confirmed by comparing the BT removal efficiency for three additional cycles
of uptake (using the same conditions as in Cycle 1), precipitation, and regener-
ation. Remarkably, the recovered COONaRhMOP maintained its removal effi-
ciency for BT for at least three consecutive cycles (Figures 3.11b and Table 3.8).
Moreover, the integrity of COONaRhMOP was maintained through the whole
cycle (Figure 3.12). More precisely, IH NMR showed that the position of the
assigned protons matches with the initial COONaRhMOP signals, as well as no
residual free ligand was found indicating that the integrity of the Rh(ll)-MOP
was maintained. This observation was further supported by mass spectrom-
etry, more precisely matrix-assisted laser desorption/ionisation-time-of-flight
(MALDI-TOF) as the weight corresponding to the formula [Rhy, (COONaB-
DC)2, —12 Na* + 11 H*] was found (expected m/z = 7929; found m/z = 7928).
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Figure 3.11 (a) Recovered COONaRhMOP after a complete BT removal cycle. Data is calcu-
lated from the UV-Vis spectra comparing the initial absorbance value with the final value
obtained after the whole cycle. The recovery of three subsequent cycles is displayed. (b) Re-
moval efficiency of the pH-triggered removal method for three subsequent removal cycles
using recovered COONaRhMOP (o.13 umol, 1 mL) to solutions initially containing 6 mol. eq.
(0.80 umol, 95 ppm) of BT. The MOP was recovered after each removal cycle by washing
the COOHRhMOP(BT) solid with saturated aqueous CaCl, solution. The recovery of three
subsequent cycles is displayed.
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Table 3.8 UV-Vis spectroscopy data from BT quantification experiments after three subse-
quent cycles. The values are expressed as an average of three replicates. Standard devia-
tions indicate the error. Removal efficiency is expressed as RE.

Initial Final
Cycle Abs d.f | Mol eq. Abs d.f Mol. eq. RE %
1 0.470 10 5.45 0.486 £ 0.017 2 1.14 £ 0.04 79.11£08
2 0.471 10 5.46 0.442 £ 0.036 2 1.03£0.09 81.1+1.6
34 0.491 10 5.70 0.554 + 0.002 2 1.30+ 0.02 771204
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Figure 3.12 (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered after

washing the COOHRhMOP(BT) solid with saturated CaCl, solution. (b) MALDI-TOF spectra of

COONaRhMOP before (black) and after (blue) the removal cycles. The weight corresponding to

the formula [Rhy, (COONaBDC),, — 12 Na* + H*] has been highlighted: expected m/z = 7929;

found m/z = 7928. (c) H NMR spectra in D20 of recovered COONaRhMOP after three complete

BT removal cycles, indicating the relative integrals of the assigned proton signals. The position of
the assigned protons matches with the initial COONaRhMOP signals.
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3.2.4 Use of filtration in the pH-triggered, supramolecular strategy.

Next, we simplified our supramolecular strategy by replacing the centrifugation
steps with a unified filtration process in which recovery of COOHRhMOP(BT),
detachment of BT, and regeneration of COONaRhMOP occur sequentially. To
this end, a test was run on 5 mL of a solution of BT (6 mol. eq.; 95 ppm), to
which the removal strategy was applied using COONaRhMOP (0.67 pmol). Af-
ter precipitation with HCIaq_, the aqueous solution was passed through a nylon
syringe-filter (0.45 um). The filter captured the COOHRhMOP(BT), observed
as a purple solid, and the aqueous supernatant was recovered and analysed by
means of UV-Vis spectroscopy (Figure 3.13a). This analysis revealed a compara-
ble removal efficiency to that previously obtained (73 %; Figure 3.13b and Table
3.9). The filter was then treated with saturated aqueous CaCl2, which induced
an immediate change in colour of the solid, from purple to blue, representative
of cleavage of the Rh(I)-BT coordination bond and subsequent release of the
BT into the CaCl2 solution. Finally, NaOH_, was passed through the filter to
redissolve the resultant COOHRhMOP, through formation of COONaRhMOP
(Figures 3.133). Importantly, a blank experiment (i.e., without COOHRhMOP)
revealed that the nylon syringe-filter alone does not contribute to any removal
of BT (Figures 3.14a). Interestingly, the strategy also proved successful when,
instead of Milli-Q water, reqular tap water was employed throughout the en-
tire process (Figures 3.14b and Table 3.10).
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Figure 3.13 (a) Schematic of the partial removal of BT by

l/ . Calh-BT  ¢he pH-triggered, supramolecular strategy using filtra-

tion (rather than centrifugation) to isolate the capture
L - agent. (b) Comparison of removal efficiency for filtration
= S vs. centrifugation. The data are reported as the average
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dicate the standard deviation.
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Figure 3.14 (a) UV-Vis spectra of BT in water (8o umol, 95 ppm) before (navy blue) and af-
ter (sky blue) filtration using a nylon syringe-filter (0.45 um). (b) Removal efficiency of the

pH-triggered removal method for initial solutions containing 6 mol. equiv. (0.80 umol, 95
ppm) of BT in Milli-Q water and regular tap water. Error bars indicate standard deviation.

Table 3.9. UV-Vis spectroscopy data from BT quantification experiments after filtration (Fig-
ure S33). The values are expressed as an average of three replicates. Standard deviations
indicate the error. Removal efficiency is expressed as RE.

Theoretical Initial Final
Mol. eq. Abs d.f Mol. eq. Abs d.f Mol. eq. RE %
B 0.462 10 541 0.624 +0.014 2 1.47+0.03 72.8+0.6

Table 3.10 UV-Vis spectroscopy data from BT quantification experiments using tap water as
a solvent. The values are expressed as an average of three replicates. Standard deviations
indicate the error. Removal efficiency is expressed as RE.

Initial Final
Mol. eq. Abs d.f Mol. eq. Abs d.f Mol. eq. RE %
6 0.240 10 5.48 0.121 £ 0.009 2 1.3010.11 76.3£2.0
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3.2.5 Comparison of the removal of benzotriazole using COOHRhMOP
as a porous solid.

To evaluate the possible influence of classical diffusion barriers on the efficien-
cy of COOHRhMOP at removing BT from water, we next ran tests under het-
erogeneous conditions. To this end, COOHRhMOP powder (5 mg, 0.67 mmol)
was soaked in a solution containing BT (6 mol. eq.; 95 ppm; 5 mL) at a pH of
6.0. This pH was selected to ensure that the MOP remains in its neutral form,
and that the BT is predominantly in its more coordinative state. The hetero-
geneous removal tests were performed both with stirring and without (here-
after called static), and the removal efficiency was quantified after different
incubation times. Interestingly, the removal efficiency was slightly higher in
the stirred reactions (46 %) than in the static one (33 %; Figure 3.15 and Table
3.11 and 3.12). For both conditions, the best performance was observed after
1 h of incubation. Altogether, these results evidence the detrimental effect of
diffusion barriers in the coordination of BT to COOHRhMOP under when used
as a solid powder (i.e, heterogeneous conditions), for which the kinetics are
less favourable —and consequently, the removal efficiency, lower — compared
to using COONaRhMOP in solution (i.e, homogeneous conditions).
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Figure 3.15 Removal efficiency for the three different BT removal methodologies. In all cas-
es, the initial BT concentration was 6 mol. eq. (95 ppm) and the concentration of MOP was
1.mg/mL. Error bars indicate standard deviation.
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Table 3.11 UV-Vis spectroscopy data from BT quantification experiments after different incubation
times in static heterogeneous conditions. The values are expressed as an average of three repli-
cates. Standard deviations indicate the error. Removal efficiency is expressed as RE.

Initial Final
Tm.“! Abs d.f Mol. eq. Abs d.f Mol. eq. RE %
(min)
10 0.833 +0.077 4,86 +0.55 9.16 + 0.43
30 0424 | 10 4.90 0.778 £ 0.090 5 4,43 +0.61 17.9+04
60 0.660 + 0.065 3.57 +0.36 33.3+0.8

Table 3.12 UV-Vis spectroscopy data from BT quantification experiments after different incuba-
tion times under stirring heterogeneous conditions. The values are expressed as an average of
three replicates. Standard deviations indicate the error. Removal efficiency is expressed as RE.

Initial Final
s Abs df | Mol eq. Abs df | Mol eq. RE %
(min)
10 0.738 £ 0.065 4.25 £ 0,40 22.7£0.0
30 0443 | 10 5.13 05690001 | 5 | 3.14+0.14 423+6.0
60 0.559 £ 0.054 2.97£0.01 35904

3.2.6 Expanding the scope of the pH-triggered coordinative-removal
supramolecular strategy.

In aqueous solution, pH < pKa leads to the protonation of the majority of the
organic molecules population in solution thus the pH swing required for pre-
cipitating becoming a more critical step. Therefore, we reasoned that our
strategy might become more challenging to apply to remove pollutants that
contain coordinating groups that are more pH-sensitive than BT, as protona-
tion of these groups preclude the interaction between the pollutant and the
COONaRhMOP. To explore this hypothesis, we tested the performance of our
strategy at removing other nitrogenous organic micropollutants from water,
whose coordinating groups are easier to protonate than are the coordinat-
ing N-atoms in the triazole ring of BT (pK_1: 0.42). Thus, we chose three polar
pollutants commonly found in water: i) benzothiazole (BTZ; pK : 2.28), which
is used as vulcanisation accelerator in rubber manufacture and as an herbi-
cide;?5*°ii) 1-naphthylamine (NA; pK : 4.25), used both as a fungicide and as a
precursor of azodyes, which is classified as a carcinogen; 3% and iii) isoquin-
oline (1Q; pKa: 5.26),3%4° which is a potentially genotoxic compound found in
coking wastewater (Figure 3.16).

Chapter 3 | 89



pK,2.28 pK, 4.28 pK, 5.26

CLy CC

NH,

Benzothiazole 1-Naphtylamine Isoquinoline
(BTZ) (NA) (1Q)

Figure 3.16 Schematic representation of the BTZ, NA and 1Q and
the corresponding pK , values.

Firstly, the coordination of BTZ, NA, or 1Q to COONaRhMOP was con-
firmed by UV-Vis spectroscopy (Figure 3.17). BTZ did not exhibit a clear
isosbestic point on the titration from o mol. eq. to 12 mol. eq. probably be-
cause two different coordinating atoms with different affinities are present
in the thiazole moiety, thus more than one different coordinated chromo-
phore can be formed. NA titration revealed a very modest A__ shifting that
can be related to weaker coordinative interactions with the Rh(ll) exohedral
sites. Contrarily, in 1Q titration, it can be observed a strong tendency to co-
ordinate. Then, the precipitation conditions for each pollutant were opti-
mised, using a similar approach to that previously followed for BT, whereby
a balance between the removal efficiency and the complete precipitation
of COOHRHMOP(pollutant) was found. For all these experiments, UV-Vis
and H NMR were employed to quantitatively evaluate the removal efficien-
cy. Also, blank experiments (ie, lacking COONaRhMOP) were performed
in solution, demonstrating once again that the concentration of these pol-
lutants remained constant, although the pH was modulated (Figure 3.18).
As depicted in Figure 3.19, very high removal efficiencies were found for BTZ
(ca. 80 %to 90 %) throughout the tested concentration range, with values even
higherthan those for BT. We attributed this performance to the greater hydro-
phobicity of BTZ relative to BT, which facilitates its removal from water (Tables
3.13and 3.14). The removal of pollutants containing weaker bases/nucleophiles
compared with BT and BTZ could be limited by the higher tendency to proto-
nation combined with weakness of the coordination bonds. However, despite
the weak coordination observed between NA and the Rh(ll)-Rh(ll) paddlewheel
(Figure 3.17b), the removal efficiency for NA was c.a 9o % at low concentra-
tions (1 mol. eq.; 18 ppm) (Table 3.14). Moreover, although the required pH for
the precipitation of either COOHRhMOP(NA) or COOHRhMOP(IQ) was lower
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(ca. 3.5) than the reported pK_ for either NA or 1Q, the removal efficiency for
both pollutants was c.a 70 % for the range of tested concentrations (Tables 3.13
and 3.14). These results confirm that the respective coordinative bonds remain
intact at these (more acidic) pH values. Lastly, in all cases, the complexes ob-
tained from precipitation were recoverable again by using Ca(ll) as a compet-
ing metallic centre for the coordination of the organic coordinating pollutants.
All spectra show a marginal shiftin the A__ after the recovery procedure, thus
confirming that the paddlewheel remained unaltered after the precipitation
procedure. A recovery efficiency > 95.0 % was calculated from the intensity of
such bands before and after the precipitation solubilization cycle (Figure 3.20).
Note that both NA and 1Q could also be recovered by using an acidic (0.3 M
HCI,,) wash, as their easier protonation allowed the complete recovery with-

out endangering the MOP structure (Figure 3.21).
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Figure 3.17 (a) UV-Vis molar attenuation coefficient data for the titration of COONaRhMOP (0.13
pmol, 1 mL) with BTZ in aqueous solution. (b) UV-Vis molar attenuation coefficient data for the
titration of COONaRhMOP (0.13 umol, 1 mL) with NA in aqueous solution. (c) UV-Vis molar atten-
uvation coefficient data for the titration of COONaRhMOP (0.13 umol, 1 mL) with IQ in aqueous
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solution.
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Figure 3.18 UV-Vis spectra of initial BTZ, NA and 1Q solutions (solid line) and remaining BTZ,
NA and 1Q (dotted line) after acid addition.
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Figure 3.19 Efficiency of COONaRhMOP at removing BTZ, NA, and IQ from aqueous solu-
tions. *A removal efficiency of >95 % was assumed for BTZ at 1 mol. eq. (18 ppm) because

the residual concentration of BTZ in the remaining aqueous solution was below the limit of

quantification (0.9 ppm). All values are reported as an average of triplicate experiments.
Error bars indicate standard deviation.

Table 3.13 UV-Vis spectroscopy data from BTZ, NA and IQ quantification experiments at
different starting concentrations. The values are expressed as an average of three replicates.

Standard deviations indicate the error. Removal efficiency is expressed as RE.

Theoretical Initial Final

Mol. eq. Abs | d.f h::[' Abs d.f Mol. eq. RE %

6 0.309 | 4 | 5.55 | 0.050%0.002 3 0.57 £0.02 900

Bl 12 0486 | 5 11.0 | 0.085 £ 0.005 3 11+0.1 911
o 0438 | 5 | 343 | 0.111+0.012 5 0.864 £ 0.088 749125
NA 6 0785| 5 | 6.16 | 0.221 +0.005 5 1.73 £0.04 72,006
12 0771 10| 12.1 | 0,277 £0.008 10 4.34£0.12 64.2x1.0

1 0130 | 3 1.04 | 0.043 £0.002 | 1.75 0.22+£0.01 79t1
Q 3 0380 3 | 2,98 | 0.141 £0.015 2 0.753 £ 0.075 74.7+2.5
6 0451 | 5 | 5.88 | 0.126 £ 0.015 5 1.68 +0.19 71.3+3.2
12 0.464 | 10 | 12.1 | 0.232 +0.012 5 3.05+0.16 74.8+1.3
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Table 3.14 H NMR spectroscopy data from BTZ and NA quantification experiments.
The values are expressed as an average of three replicates. Standard deviations indicate the
error. Removal efficiency is expressed as RE.

Theoretical Initial Final
egral
Mol. eq. Integral Mol. eq. ptegta Mol. eq. RE %
BTZ 1 0.536 1.07 - < 0.052 >95
3 0.518 3.11 0.016 + 0.001 0.094 £ 0.003 9710
NA i 0.531 1.06 0.036 £ 0.003 0.073 £ 0.006 9311
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Figure 3.20 Stability tests of COONaRhMOP after the recovery using saturated CaCl, aque-
ous solution. (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered
after washing the COOHRhMOP(BTZ) solid (pink), COOHRhMOP(NA) solid (purple) and
COOHRhMOP(IQ) solid (blue). (b) MALDI-TOF spectra of COONaRhMOP before (black) and
after the removal cycles of BTZ (pink), NA (purple) and 1Q (blue). The weight corresponding
to the formula [Rhy, (COONaBDC),, — 12 Na* + H*] has been highlighted: expected m/z =
7929; found m/z = 7928. (c) IH NMR spectra in D20 of recovered COONaRhMOP after two
complete removal cycles, indicating the relative integrals of the assigned proton signals.
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Figure 3.21 Stability tests of COONaRhMOP after the recovery using saturated 0.3 M HC laq_.
(a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered after wash-
ing the COOHRhMOP(NA) solid (purple) and COOHRhMORP(1Q) solid (blue). (b) MALDI-TOF
spectra of COONaRhMOP before (black) and after the removal cycles of NA (purple) and IQ
(blue). The weight corresponding to the formula [Rh2s (COONaBDC)2+ — 12 Na* + H*] has
been highlighted: expected m/z = 7929; found m/Z = 7928. (c) *H NMR spectra in D20 of re-
covered COONaRhMOP after two complete removal cycles, indicating the relative integrals
of the assigned proton signals.
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Figure 3.22 (a) Removal efficiency of the pH-triggered removal method for two subsequent

removal cycles using recovered COONaRhMOP (0.13 umol, 1 mL) washed with saturated

CaClz aqueous solution to solutions initially containing 6 mol. eq. (0.80 umol) of BTZ (pink),

NA (purple) or 1Q (blue). (b) Removal efficiency of the pH-triggered removal method for two

subsequent removal cycles using recovered COONaRhMOP (0.13 umol, 1 mL) washed with

0.3 M HCl to solutions initially containing 6 mol. eq. (0.80 umol) of NA (purple) or 1Q (blue).
Error bars indicate standard deviation of three replicates.

94



Additionally, the recovered materials were reusable using both recovery meth-
odologies, asthey demonstrated comparable removal efficiency values in sub-
sequent cycles. Also, the removal efficiencies obtained for the recovered ma-
terials using washings with saturated CaCl, aqueous solution and 0.3 M HCI_|
where equivalent. (Figures 3.22 and Tables 3.15 and 3.16).

Table 3.15 UV-Vis spectroscopy data from BTZ, NA and 1Q quantification after two subse-
quent cycles. The values are expressed as an average of three replicates. Standard devia-
tions indicate the error. Removal efficiency is expressed as RE.

Initial Final

Pollutant | Cycle | Abs | d.f h'::l' Abs d.f Mol. eq. RE %

3 b 0.309 | 4 5.55 0.050 + 0.002 3 0.57 £+0.02 90+ 0

BTz 2 | 0371 4 6.70 0.063 £ 0.006 3 0.78 £0.05 8911
NA 1" | 0785| 5 6.16 0.221 + 0.005 5 1.73£0.04 72006
2¢ | 0.805 | 5 6.32 0.230 £ 0.002 5 1.80£0.01 716102
a 1; 0451 [ 5 5.88 0.126 + 0.015 5 1.6810.19 713132
2 0437 | 5 5.70 0.175+0.025 | 3.5 | 1.62+0.23 71.6+ 4.0

Table 3.16 UV-Vis spectroscopy data from NA and IQ quantification experiments after two

subsequent cycles using 0.3 M HCl aqueous solution for regenerating the MOP. The values

are expressed as an average of three replicates. Standard deviations indicate the error. Re-
moval efficiency is expressed as RE.

Initial Final
Pollutant Mol.
Cycle | Abs | d.f eq. Abs d.f Mol. eq. RE %
1* | 0785 | 5 | 6.16 | 0.221+0.005 | 5 1.73 £ 0.04 72.0+0.6
B 2 0768 | 5 6.03 0.181 + 0.005 5 1.41 +0.04 76.6 £ 0.6
Q 1" | 0451 | 5 | 5.88 | 0.126+0.015 5 1.68 £0.19 71.3+3.2
2 | 0443 | 5 | 577 | 0.185+0.022 |35 1.71+£0.20 70.4+3.5
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3.2.7 Simultaneous removal of multiple nitrogenous organic micropol-
lutants from an aqueous solution

Encouraged by our results, we envisaged that we could use our pH-triggered
supramolecular strategy to simultaneously remove multiple organic pollutants
from water. To this end, we performed a test in an aqueous solution containing
a mixture of BT, BTZ, NA, and 1Q. Thus, a 3 mL of an aqueous solution con-
taining COONaRhMOP (0.4 pmol) and equimolar mixture of BT (6 mol. eq;;
95 ppm), BTZ (6 mol. eq.; 108 ppm), NA (6 mol. eq.; 114 ppm), and 1Q (6 mol.
eq.; 102 ppm) was prepared. Then, this mixture was subjected to multiple cy-
cles of pollutant removal/capture-agent regeneration. As indicated by *H NMR
spectra taken before and after the first cycle, the removal efficiency values
were, from highest to lowest: 87 % (BTZ), 85 % (NA), 74 % (IQ) and 66 % (BT,
Figure 3.23 and Table 3.17). Although a similar value was observed for removal
of BTZ from this multipollutant solution compared to from the mono-pollut-
ant solution, the corresponding values for the other pollutants did differ. In-
terestingly, the values for removal of NA and 1Q were higher than from the
respective mono-pollutant solutions, whereas that for BT was slightly lower.

Overall, these values confirm that each COONaRhMOP can capture more
than 12 pollutant molecules (ca. 20). We attributed the results to the contri-
bution of cooperative hydrophobic and Van der Waals interactions, which can
enhance the performance of the capturing agent once all the specific binding
sites have been occupied. This is in agreement with the previously observed
capacity of the Rh(ll)-MOP to establish non-coordinative interactions, al-
though it becomes more important when the guest molecules exhibit certain
hydrophobicity. Moreover, a precipitation phenomenon in which hydrophobic
molecules are involved could favour both the preservation and the formation
of these hydrophobic interactions (Section 2.2.3). Next, the capture agent was
regenerated, and the remaining aqueous solution with the four residual pollut-
ants was subjected to additional removal/regeneration cycles. By the second
cycle, all the BTZ and NA had been fully removed, and by the third cycle all the
BT and 1Q had been removed. Again, the stability of the COONaRhMOP was
maintained throughout each cycle, as confirmed by UV-Vis, tH NMR, and MS
(Figure 3.24).

96



@ <o
-

= COONaMOP

COOXMOP

(pollutants)
X = H Na*

H
N.
@ = N
N
Benzotriazole (BT)

-8,

2

NH.
1-Naphtylamine (NA)

Isoquinoline (1Q)

]

8.2 7.8

7.4 7.0
Chemical Shift (ppm)

6.6

Figure 3.23 Top: Schematic of the simultaneous removal of various organic micropollutant

pollutants from an aqueous multipollutant solution by the pH-triggered, supramolecular

strategy. Bottom: Stacked 1H NMR spectra of a D20 solution before (top) and after three
subsequent (from high to low) removal/regeneration cycles. Left: Legend for both parts.

Table 3.17 *H NMR spectroscopy data for BT, BTZ, IQ and NA quantification for the first re-
moval cycle. The values are expressed as an average of three replicates. Standard deviations
indicate the error. Removal efficiency is expressed as RE.

Initial Final

Cycle | Pollutant Integral Mol. eq. Integral Mol. eq. RE %
BT 1.128 6.768 0.386 + 0.001 2.32+0.01 65.8+0.1

- BTZ 0.493 5.92 0.061 + 0.019 0.73+0.23 88+4
1 [[o] 0.578 6.94 0.152+0.028 | 1.82+0.34 73.7+49

NA 0.589 7.07 0.088 + 0.019 1.1+0.2 85+3
BT 0.386+0.001 | 2.32+0.01 | 0.038+0.001 0.23 + 0.00 90+0.2

- BTZ 0.061+0.019 | 0.73+0.23 <0.052 >93
2 (o} 0.152 +0.028 1.82+0.34 | 0.020+0.001 0.23+0.01 87+05

NA 0.088 + 0.019 1.1+0.2 - <0.042 > 96

31 BT 0.038 + 0.001 0.23 + 0.00 - <0.048 >74

[o} 0.020 + 0.001 0.23+0.01 - <0.038 > 84
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Figure 3.24 Stability tests of COONaRhMOP after subsequent removal cycles in a multicom-
ponent system. (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recov-
ered after washing the COOHRhMOP(multi-pollutant) solid with saturated CaClz solution.
(b) MALDI-TOF spectra of COONaRhMOP before (black) and after (blue) the removal cycles.
The weight corresponding to the formula [Rh24(COONaBDC)ys — 12 Na* + 11 H*] has been
highlighted: expected m/z = 7929; found m/z = 7928. (c) . 1H NMR spectra in D20 of re-
covered COONaRhMOP after three complete multi-pollutant removal cycles, indicating the
relative integrals of the assigned proton signals.

98



3.2.8 pH-triggered removal of non-coordinating pollutants

In the previously described removal of nitrogenous pollutants, we noticed the
presence of non-coordinating supramolecular interactions playing a role on
the removal efficiency. To determine if these interactions alone can be used
to implement our pH-triggered removal of pollutants using COORhMOP, we
selected a hydrophobic pollutant without coordination capabilities; namely
atrazine (ATZ) as a model compound (Figure 3.25). ATZ is a herbicide widely
used in agriculture. It has been classified as a potential human carcinogen by
the United States Environmental Protection Agency (USEPA).%* The primary
source of human exposure to atrazine is through the consumption of contam-
inated groundwater. Its resistance to microbial degradation, slow hydrolysis,
low vapour pressure, and moderate aqueous solubility contribute to its per-
sistence and make it a significant groundwater contaminant.** Albeit it con-
tains a triazine moiety and two secondary amines on its structure, the steric
hindrance surrounding the N-donor atoms precludes the coordinative inter-
action with the Rh(ll) binding sites. This behaviour was further corroborated
by means UV-Vis spectroscopy, as the A__ corresponding to the Band | of the
Rh(Il)-Rh(ll) did not suffer any shifting when 12 mol. eq. of ATZ were added to
a COONaRhMOP water:MeOH solution (1:1) (Figure 3.26a).

Then, the removal capabilities of COONaRhMOP for ATZ were tested follow-
ing the pH-triggered precipitation methodology. In this case, the solubility of
ATZ in aqueous media limited the scope of concentrations. The performance
of COONaRhMOP was tested at low ATZ concentrations ranging from 30 ppm
to 5 ppm, contrarily as we previously did when more soluble coordinating pol-
lutants were used. In this case, after the addition of 10 pL of HCl 1 M (final
pH=2.3), the obtained supernatants were analysed by Gas Chromatography
(GQ) as the remaining ATZ in solution was below the limit of detections of the
previously used UV-Vis and H NMR techniques for quantification (Figure 3.26b
and Table 3.18). The analysis of these samples revealed that, in all cases, the
obtained removal efficiency was above go %. Weak interactions are known
for their sensitivity to changes in the chemical environment. While a rapid and
abrupt pH change can potentially affect these interactions, we attribute the
high removal efficiencies to the hydrophobic nature of ATZ. Due to its poor
solvation in aqueous media, the prevalence of weak interactions or even the
formation of new interactions is favoured when precipitation occurs as the
Rh(Il)-MOP provides a more hydrophobic environment. Blank experiments
further confirmed that the removal of ATZ from the aqueous media was purely
attributed to the Rh(I)-MOP performance (Figure 3.27).
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Figure 3.25 Schematic representation of the ATZ and the corresponding pKa values.

Table 3.18 Initial and final concentrations of ATZ found by GQ quantification.

Initial Final
Theoretical mol. eq.
[ATZ], (mM) [ATZ] (mM) Removal efficiency (%)
0.2 0.034 0.001 95.8
0.3 0.048 0.002 a95.6
0.5 0.067 0.004 93.5
0.7 0.095 0.006 93.9
1 0.137 0.010 92.6

(a) (6) 10

Absorbance (a.u)
Removal efficiency (%)

400 500 600 700
Wavelenght (nm)

Figure 3.26 (a) UV-Vis absorbance data for COONaRhMOP (0.13 umol, 1 mL) (green line)
and COONaRhMOP (0.13 umol, 1 mL) after the addition of 12 mol. eq. of ATZ (1.56 umol,
360 ppm) in a H20:MeOH (1:1) mixture. (b) Efficiency of COONaRhMOP at removing ATZ.
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3.3 Conclusion

Through this proof-of-concept study, we have demonstrated that robust,
water-soluble MOPs can be harnessed to remove organic pollutants from
water in a pH-triggered fashion. We engineered a novel organic-pollutant
removal supramolecular strategy based on the pH-dependent solubility of
COOHRhMOP. We demonstrated the efficacy of our approach at removing
four common micropollutants — BT, BTZ, 1Q, and NA — from water at various
concentrations, using both single and multiple-pollutant solutions. In all cases,
the COONaRhMOP solution was regenerated using CaCl, saturated solution
and basic water maintaining the performance through several cycles of re-
moval/regeneration. Moreover, we envisage that the wide structural versatil-
ity of MOPs will enable our approach to be extended to many other organic
pollutants, especially by exploiting other MOP-pollutant interactions than (or
in addition to) coordination chemistry. Thus, the results presented here widen
the scope of applications for the emerging water-soluble metal-organic cages
toward pollutant removal and environmental applications.*

3.4 Experimental Part
3.4.1 Materials and methods

Rhy(AcO), was purchased from Acros Organics. 1,3,5 - benzenetricarboxylic
acid, SOCl, 2-(trimethylsilyl)ethanol, anhydrous pyridine, trifluoroacetic acid,
tetrabutylammonium fluoride (TBAF) (1.0 M) in tetrahydrofuran (THF), phos-
phate buffered saline (PBS) tablets, fumaric acid and 1Q were purchased from
Sigma-Aldrich. Benzotriazole, benzothiazole and NA were purchased from
TCI. All deuterated solvents were purchased from Eurisotop. Solvents at HPLC
grade were purchased from Fischer Chemicals. Deionized water was obtained
with a Mili-Q ® system (18.2 MQ-cm). Ultraviolet-visible (UV-Vis) spectra were
measured using an Thermo Scientific NanoDrop 2000 at room temperature
(ca. 25 °C). Proton Nuclear Magnetic Resonance (*H NMR) spectra were ac-
quired at 298 K using a Bruker AVANCE 500 NMR spectrometer operating at
500.13 MHz and equipped with a cryoprobe z-gradient inverse TCl probehead.
Mass Spectroscopy (MALDI-TOF) measurements were performed using a
4800 Plus MALDI TOF/TOF (ABSCIEX — 2010). The matrix used was sinapinic
acid measured in negative mode.
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3.4.2 Synthetic methodologies. Synthesis of COOHRhMOP/COONaR-
hMOP

The synthetic procedure for COOHRhMOP was adapted from a reported
protocol.[26] COOHRhMOP was quantitatively converted to COONaRhMOP
through the addition of 24 mol. eg. of NaOH in water. In a typical experiment,
this conversion was achieved by first dispersing COOHRhMOP powder in
water and subsequently adding the corresponding amount of NaOH from
a 1M stock.

3.4.3 Experimental procedures

3.4.3.1 Coordination tests

An aqueous solution of COONaRhMOP (0.13 mM, pH =g.5) and stock solutions
of the corresponding tested pollutants were prepared. For the titration, each
addition consisted on 2 mol. eq. (0.26 pmol) of the pollutant stock solution
until 24 mol. eq. of BT and 12 mol. eq. of the BTZ, NA and 1Q were separately
reached. UV-Vis spectrum was recorded after each addition.

For the ATZ coordination test, a mixture of H,O:MeOH (1:1) was used to pre-
pare a solution of COONaRhMOP (0.13 mM). A stock solution of ATZ (0.156
mM) was prepared using the same mixture of solvents. Then 12 mol. eq. of
ATZ (100 pl of a 0.156 mM stock solution) were added to 1 mL of COONaR-
hMOP (0.13 mM) solution. UV-Vis spectrum was recorded before and after the
addition of ATZ to the Rh(Il)-MQOP solution.

3.4.3.2 COOHRhMOP viability assessment for pollutant removal

The efficiency of the precipitation of COONaRhMOP though pH swing
was tested using the following procedure. First, an aqueous solution of
COONaRhMOP (0.27 umol, 2 mL, pH = 9.5) was prepared. Then, 14 pL
from a 1 M stock solution of HCl were added to the MOP solution to pre-
cipitate the MOP in the form of COOHRhMOP (pH = 2.7). ICP-MS of the
supernatant was measured to quantify the amount of Rh(Il) remaining in
solution. In parallel, the precipitated COOHRhMOP was dissolved again
by adding 2 mL of water containing 6.4 pL of a 1M NaOH stock solution.
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The UV-Vis absorption spectrum of the aqueous solution was recorded before
and after the precipitation and the recovery efficiency was calculated by using
the following equation:

Abs —Abs
Recovery efficiency (%) = —;~—"*x100
initial

3.4.3.3 pH-triggered pollutant removal methodology and recovery

Typical pH-triggered pollutant removal experiments were performed by using
the following protocol. For an experiment with a final volume of 1 mL exper-
iment, a 9goo aqueous L solution of pollutant containing from 0.13 umol to
3.2 gymol (2 mol. eq. to 24 mol. eq. in respect to the MOP) was prepared by
adding the corresponding amount of pollutant from a stock solution. Then, the
volume was adjusted to 1 mL by the addition of 100 pL of a COONaRhMOP
(13.3 mM) stock solution (final MOP concentration: 1.33 mM). After that, the
formed complex was precipitated by lowering the pH using diluted HCI. The
amount and concentration of this HCl solution depends on the pollutant used
and was properly optimized in order to achieve a complete precipitation of the
complex without favouring the protonation-induced cleavage of the pollut-
ant-Rh(Il)-MOP coordination bond. The obtained solid was separated from the
supernatant by filtration or centrifugation. This supernatant was characterized
by means UV-Vis or 1H NMR spectroscopies in order to quantify the remaining
pollutant in the solution. For UV-Vis quantification, a calibration curve was pre-
pared. For IH NMR quantification, an internal standard was used. The consist-
ency of the results obtained using both techniques was corroborated by ana-
lysing samples at an intermediate concentration of BT (6 mol. eq., 95 ppm),
using both techniques. The recovered solid was washed twice by incubating
the solid for 30 s with a saturated CaCl, aqueous solution in order to regener-
ate the Rh(Il) open metal sites. Alternatively, for weakly coordinating pollut-
ants, the MOP could be regenerated by washing it with an acidic solution (HCl
0.3 M). Both recovery procedures yielded the water-insoluble COOHRhMOP.
Thus, the water-soluble COONaRhMOP was obtained by treating the recov-
ered COOHRhMOP with NaOH (24 mol. eq. from a 1 M stock solution).
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3.4.3.4 Removal efficiency calculation. General methodology

For UV-Vis quantification experiments, removal efficiency was calculated in
each experiment by using the following equation:

Cﬂncim[iaiiconc'ﬁnal
—F—————x 100

Conc.
initial

Removal ef ficiency (%) =

The value for Conc,_ was obtained from a control experiment, in which the
method was applied without the presence of the removal agent. Triplicates or
duplicates were performed in order to obtain Conc,  All the given final val-
ues are expressed as an average of the obtained removal efficiency where the
standard deviation displays the error. PBS was used as a dilution solution to
ensure the same pH value after acidification procedure. This allowed to obtain
comparable UV-Vis spectra without variations in the absorption bands caused
by the pH effects. A calibration curve for each compound was prepared main-
taining the same pH conditions (Figures 3.27-3.30)
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Figure 3.27 BT calibration in PBS. (a) UV-Vis spectra of PBS solutions of BT with concentra-
tions ranging from 17.9 ppm to 3.6 ppm. (b) Plot displaying the linear fitting of the absorb-
ance vs. concentration data and the corresponding fitting equation and correlation factor

(inset).
a)iz b
(@) (b) 1o » ADSOrDANGE va conenration (Bpm] a
Linaar Fit of Sheat1 B"Atsorbance”
o8
i =
s _e;ﬂﬂ
§ 8 ”
; i
o4
2
(Eaaion jeae
= fovstere
w |t o Wty
02 |ipenga 08T 2 8,077
o JE ) QUINT 2 624048
Fiamanasd G of G B AN 4
A - =
| Snanen 00} -
ol 3 i sgm e

o W 20 » a0 £ o0 Ll L 80
BTZ concontration (ppm)

104



Figure 3.28 BTZ calibration in PBS. (a) UV-Vis spectra of PBS solutions of BTZ with con-
centrations ranging from 79.1 ppm to 1.5 ppm. (b) Plot displaying the linear fitting of the
absorbance vs. concentration data and the corresponding fitting equation and correlation

factor (inset).
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Figure 3.29 NA calibration in PBS. (a) UV-Vis spectra of PBS solutions of NA with concentra-

tions ranging from 28.6 ppm to 2.9 ppm. (b) Plot displaying the linear fitting of the absorb-

ance vs. concentration data and the corresponding fitting equation and correlation factor
(inset).
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Figure 3.30 1Q calibration in PBS. (a) UV-Vis spectra of PBS solutions of IQ with concentra-

tions ranging from 36.2 ppm to 1.0 ppm. (b) Plot displaying the linear fitting of the absorb-

ance vs. concentration data and the corresponding fitting equation and correlation factor
(inset).
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1H-NMR was used as an alternative quantification technique when the amount
of remaining analyte in the solution was below the UV-Vis limit of quantifi-
cation (LOQ). For such experiments, the same equation was used to obtain
the removal efficiency values. An internal standard (fumaric acid) was added
to the previously prepared control experiment and to the samples after the
removal procedure to obtain Conc. and Conc..  values, respectively. The
LOQ of this methodology was stablished by simulating a certain concentration
for each pollutant and comparing the integration of each with the obtained
spectrum from the removal procedure (Figures 3.31-3.34).
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Figure 3.31 TH NMR spectra (500 MHz, D,0, 25 °C) of the supernatant obtained after per-
forming the pH-triggered removal method to an aqueous solution containing 1 mol. eq. (0.13
pmol, 18 ppm) of BTZ in the presence of COONaRhMOP (0.13 umol) (uptake) compared
with the 1H NMR spectrum (500 MHz, D20, 25 °C) obtained from a solution containing
0.90 ppm, which simulates a removal efficiency of 95 %. Fumaric acid (0.26 umol, 20 uL
of 6.65 mM stock solution) was used as the internal standard. Signals displayed in uptake
experiments are slightly uplifted due to a sort of difference in the final obtained pH solution
after the addition of the same amount (5 uL) of DCl 1M used to reproduce the precipitation
conditions in the simulated 95 % removal experiment. Stars tag the residual 1,3,5-benzene
tricarboxylic acid (BTC) coming from the Rh(Il)-MOP in the uptake experiment.
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Figure 3.32 IH NMR spectrum (500 MHz, D20, 25 °C) obtained from a solution containing

0.92 ppm of BT and fumaric acid as internal standard (0.26 umol, 20 uL of 6.65 mM stock
solution). pH was adjusted to basic conditions (pD ~ 11).
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Figure 3.33 TH NMR spectrum (500 MHz, D20, 25 °C) obtained from a solution containing
0.80 ppm of NA and fumaric acid as internal standard (0.26 umol, 20 uL of 6.65 mM stock
solution). pH was adjusted to basic conditions (pD ~ 11).
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Figure 3.34 '"H NMR spectrum (500 MHz, D20, 25 °C) obtained from a solution containing

0.65 ppm of 1Q and fumaric acid as internal standard (0.26 umol, 20 uL of 6.65 mM stock

solution). pH was adjusted to basic conditions (pD ~ 11).
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ATZ was quantified by means GC. To do so, a previous liquid-liquid extrac-
tion of the obtained aqueous phase was performed using CHCl;. The ATZ was
quantitatively extracted to the organic phase (log P_ : 2.34). Then, the obtained
organic phases were analysed to quantify the remaining ATZ in solution.

3.4.4 Optimization of the precipitation pH

The optimum HCI concentration was optimized to ensure the quantitative
precipitation of the COOHRhMOP(BT) complex without affecting the coordi-
native interaction between the MOP and the pollutant through the following
procedure. COONaRhMOP in aqueous solution (0.13 pM, 100 pL, pH 11) was
added to a set of different solutions containing 6 mol. eq. (0.80 pmol, 95 ppm)
and 24 mol. eq. (3.2 umol, 380 ppm). Then, these mixtures (pH 8.6 and 7.8,
respectively) were precipitated by adding HCl at four different concentrations
(0.3M, 0.5 M, 1M and 3 M). In all cases, the volume of HCl added was fixed to
10 pL. The addition of HCl 0.3 M and 0.5 M did not cause the complete precip-
itation of the COOHRhMOP(BT) complex. On the contrary, quantitative pre-
cipitation was achieved when HCl at concentrations of 1 M and 3 M were used.
Thus, after centrifugation for removing the precipitated solid, the obtained
colourless supernatant was analysed by UV-Vis spectroscopy to assess the re-
maining BT concentration. These experiments were performed by duplicate.

The optimization of the amount of acid used for precipitating the complex
formed by COONaRhMOP and BTZ, NA and IQ was performed by systemati-
cally adding diluted HCl to the corresponding COONaRhMOP(pollutant) solu-
tions until complete precipitation was obtained. 5 uL of 1 M HCl were required
for reaching complete COONaRhMOP(BTZ) complex precipitation (pH = 3.3).
On the other hand, a more diluted acid (0.3 M HCI) was chosen for precipitat-
ing the complexes formed with NA and 1Q, as both molecules present higher
tendency to protonation. 12 pL of 0.3 M HCl were used to quantitatively pre-
cipitate COOHRhMOP(NA) and COOHRhMOP(IQ) (pH =3.5).

For the quantitative precipitation of the COOHRhMOP when ATZ is present
in the aqueous solution, 14 ulL of 1 M HCl were used as it previously demon-
strated that this acidic addition was quantitatively precipitating the COONaR-
hMOP in solution.
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3.4.5 Blank experiments

Aqueous solutions containing the corresponding coordinating pollutant were
prepared (8o pmol, 2 mL). Then UV-Vis spectra of the initial aqueous solution
and the supernatant obtained after performing the pH-triggered removal
method in the absence of COONaRhMOP were recorded. Both solutions were
equally diluted with PBS before the measurement to rule out the effect of pH
on the obtained spectra. This experiment demonstrated that the concentra-
tion of pollutant in water was not affected by the pH swing required for the
removal procedure. Similar procedure was followed for ATZ. An aqueous solu-
tion of ATZ (0.2 umol, 1 mL) was prepared. Then UV-Vis spectra of the initial
aqueous solution and the supernatant obtained after performing the pH-trig-
gered removal method in the absence of COONaRhMOP were recorded.

3.4.6 pH of interaction of BT

1 mL aqueous solutions containing COONaRhMOP (0.13 umol) and 24 mol.
eq. (3.2 umol, 380 ppm) of BT at neutral (pH = 7.6) basic (pH = 9.9) and acidic
pH (pH = 4.3) were prepared. Then, UV-Vis spectra of each of them was re-
corded. After that, the pH-triggered removal method was applied to each of
them and UV-Vis spectra were recorded to assess the RE for each solution.

3.4.7 Impact of pollutant diffusion constraints on the removal efficiency

Time-dependent pollutant removal experiments using COOHRhMOP as a
solid adsorbent were performed by using the following protocol. 5 mg (0.67
umol) of solid COOHRhMOP were soaked into a 5 mL solution of BT (4.opmol,
95 ppm). Then, aliquots of 20 plL were extracted after 10, 30 and 60 min and
adjusted to 1 mL diluting them with PBS to quantify the remaining amount of
BT in solution by means of UV-Vis spectroscopy. In parallel, 5 mL solution of
BT (4.0 umol, 95 ppm) was prepared as control (to). Both static and stirring
conditions were tested in two separated experiments.
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4.1 Introduction

Chemical separations are crucial but problematic steps in industrial purifica-
tion. They are energy intensive and expensive, especially for mixtures of chem-
icals with similar solubility, boiling point, and/or molecular size or shape.* An
especially challenging case is the separation of isomeric mixtures, for which
common methods such as distillation, extraction and chromatography are of-
ten insufficient. This is because these methods take advantage of the differ-
ences in the physicochemical properties of the different components present
in the mixture.? Archetypical regioisomers that are difficult to separate include
aliphatic compounds,[3] aromatic compounds,* and heterocycles® such as
functionalised pyridines.® These include pyridine derivatives that are exten-
sively used in the pharmaceuticals and fine chemicals sectors, whose produc-
tion often leads to mixtures of regioisomers that must be separated.[7] Such is
the case of 2-chloropyridine (2-CIPy) and 3-chloropyridine (3-CIPy), common
synthetic building blocks for drugs and pesticides.®

Great effort has been focused on the development of new, less-energy-inten-
sive methods for chemical separation. One example is adsorption of the com-
pounds to be separated by distinct porous materials.® Indeed, inorganic zeo-
lites,**COFs*and MOFs**3 have all been used as selective adsorbents, thanks
to the facility with which their cavities can be rationally designed for selective
recognition of target isomers. However, crystalline porous solids are employed
in heterogeneous systems that often require vaporisation of molecules and
subsequent activation of the adsorbent, drawing on additional energy resourc-
es.*An alternative type of porous materials are discrete molecules with defined
cavities, such as macrocycles,** porous organic cages[16] and metal-organic
cages.”*° Their intrinsic solubility makes them highly processable materials.
Therefore, these materials are amenable to selective host-guest recognition
in liquid-based separation methodologies (e.g., liquid-liquid extraction), which
are known in industry for requiring relatively little energy. Recently, host-guest
chemistry has been extensively exploited to selectively encapsulate and sepa-
rate mixtures of aromatic compounds. Generally, these self-sorting processes
are based on the possibility to design the geometry and chemical properties of
the inner cavity of the cage. Thus, the stablished interactions with the targeted
cargo enable to discriminate between molecules with similar shape or phys-
icochemical properties.” Interestingly, such behaviour has been successfully
coupled with phase transfer phenomena between immiscible phases driven
by the in situ selective modulation of the solubility of these cages, opening the
possibilities to build up spontaneous extraction systems.?**
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Nanoscaled cuboctahedral Rh(I)-MOPs can also be harnessed for molecular
separation, albeit through an alternative mechanism to host-quest recogni-
tion.?#* As previously demonstrated in Chapter 3, cuboctahedral Rh(Il)-MOPs
present twelve Rh(ll) paddle.wheels, each of which has an exohedral open
metal site that can be used to bind molecules with coordinating groups. This
reactivity enables separation of physicochemically similar molecules that dif-
fer only in their affinity to the exposed Rh(ll) axial sites of the Rh(Il)-MOP. For
instance, we previously reported the utility of this reactivity in the separation
of aliphatic and aromatic heterocycles that differ in their coordination affinity
to Rh(Il).2¢ In this Chapter, we propose that steric hindrance in the coordination
of the exohedral positions of Rh(ll) ions in Rh(ll)-MOPs can efficiently drive the
separation of pyridine regioisomeric mixtures, including a mixture of 2-CIPy
and 3-ClIPy (Figure 4.1). We determined, both experimentally and through sim-
ulations, that the capacity of pyridines to bind to the surface of Rh(Il)-MOPs is
determined by the position of the pyridine substituents relative to the pyridine
nitrogen. Accordingly, we reasoned that separation methodologies could be
implemented based on the fact that the solubility of the bound pyridine-re-
gioisomer is governed by the solubility of the Rh(Il)-MOP onto which it is an-
chored. Thus, we exploited the differential solubility of the coordinating and
non- coordinating regioisomers to engineer liquid-liquid self-sorting systems.
Using this method, we separated four different equimolecular mixtures of pyri-
dine regioisomers, in all cases isolating the target compounds at a purity above
90 %.

OH (OHRhMOP)
R O'Na*(ONaRhMOP)

Figure 4.1. Top: Structure
of cuboctahedral Rh(l)-
MOP, highlighting the ax-
ial sites of its Rh(ll)-Rh(ll)
paddlewheels.  Bottom:
Chemical structures of the

€,H,, (C,,RhMOP)

® = Open metal sites

o

Coordinating | = | B | ': | By coordinating and non-co-
pyridines e 7 “ . . L.
i o £ - ordinating pyridine-based
o S > » 7S regioisomers separated in
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pyridines N - L . this StUdy.
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4.2 Results and Discussion

4.2.1 Selective coordination of Rh(Il)-MOPs to functionalised
pyridines induced by steric hindrance: a mixture of lutidine regioisomers
as a case study.

We chose a mixture of 2,6-lutidine and 3,5-lutidine as a model to study how
substituent geometry influences the way that pyridines coordinate to the ex-
posed axial sites of the Rh(Il)-Rh(ll) paddlewheels of Rh(Il)-MOPs. Thus, we
tested the coordination capability of these two water-soluble regioisomers to
an anionic cuboctahedral Rh(I1)-MOP of formula Nay[Rhy(O-bdc), 1, (where
O-bdc = s5-hydroxylate-1,3-benzenedicarboxylate; this MOP is hereafter
named ONaRhMOP).?®

The aforementioned affinity of the Rh(ll)-Rh(ll) paddle-wheel axial sites to
N-donor ligands can be readily followed either by the naked eye or by mon-
itoring spectroscopic changes in the bands centered in the range from 500
nm to 600 Nnm O\max), which corresponds to the *— o* transitions of Rh(ll)-
Rh(Il) bonds.*” Thus, we added 3,5-lutidine (12 mol. eq.) or 2,6-lutidine (12 mol.
eq.) to an aqueous solution of ONaRhMOP (0.29 mM, pH = 11). Addition of
3,5-lutidine led to an immediate change in the color of the ONaRhMOP solu-
tion, from green to purple, characteristically indicating coordination of the
pyridine nitrogen to the Rh(Il)-Rh(ll) paddlewheel clusters. Contrariwise, the
addition of 2,6-lutidine did not induce any change in the colour of the ONaR-
hMOP solution, suggesting that the pyridine nitrogen in this compound can-
not coordinate to said clusters. The corresponding UV-vis spectra confirmed
these observations: when ONaRhMOP was treated with 3,5-lutidine, the A__
shifted from 586 nmto 549 nm (Figure 4.2a), whereasthe A__ (586 nm) did not
change when it was treated with 2,6-lutidine (Figure 4.2b).
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Figure 4.2 (a) UV-vis absorption data of ONaRhMOP before (blue) and after (pink) the
addition of 12 mol. eq. of 3,5-lutidine. (b) UV-vis absorption data of ONaRhMOP before (blue
dotted) and after (blue line) the addition of 12 mol. eq. of 2,6-lutidine.

Next, we employed all-atomic Molecular Dynamics (MD) simulations in or-
der to identify the mechanism responsible for the selective coordination ob-
served experimentally. This was done by performing a series of simulations of
atomistic models of ONaRhMOP and mixtures of 3,5-lutidine and 2,6-lutidine
in solution. We employed NAMD,?® VMD?® and Gaussian 162° software for the
simulations (Section 4.3.3).

ONaRhMOP models were based onthe crystal structure of its protonated form
(OHRhMOP), of formula [Rhy(OH-bdc), 11, (where OH-bdc = 5-hydroxy-1,3-ben-
zenedicarboxylate). Simulations considered two different atomistic models of
ONaRhMOP. Firstly, in system 1, we considered the positions of the atoms
involved in the Rh(ll)-Rh(ll) paddlewheel (i.e., Rh(ll)-O coordination bond and
Rh(Il)-Rh(ll) bond) fixed matching those observed in the crystal structure of
OHRhMOP and 12 moleculesof each pyridine regioisomer mixed inasimulation
box containing ~4000 water molecules at 298 K. Crucially, the results of these
simulations did not show any selective behaviour. Both pyridine-based regioi-
somers have a high tendency to coordinate to the MOP via Rh(Il)-N interaction
with no clear evidence of selectivity of 3,5-lutidine over 2,6-lutidine. Figures
4.33 and 4.3b depict that both lutidine regioisomers were found to be capable
to coordinate at the outer and inner axial sites of the Rh(Il)-Rh(Il) paddlewheel.
This is also demonstrated by the radial distribution functions (rdf) shown in
Figure 4.3c and 4.3d. Accordingly, both cargoes have affinity for Rh(Il)-Rh(ll)
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paddle-wheeland present correlation, although 2,6-lutidine cargoes are found
with a Rh(Il)-N distance of 2.15 A while 3,5-lutidine N atoms are found at 2.05
A of Rh(ll) ions. These results indicate that, although both cargoes have affinity
for Rh(ll) ions, 3,5-lutidine molecules show a higher binding Rh(I)-N energy.
Thus, in this case, the selectivity of ONaRhMOP toward 3,5-lutidine was only
62.5 %. This prediction from simulations is experimentally supported by the
fact that crystalline structures of complex Rh2(AcO)4 coordinated to 2,6-Iuti-
dines can be found in the literature 3'3? This result suggested to us that, in the
case of symmetric Rh(Il)-Rh(Il) paddlewheel clusters with reduced mobility, as
in crystalline solids, there is no steric hindrance-driven selectivity for 3,5-luti-
dine and 2,6-lutidine mixtures. To further confirm this behaviour, we exposed
ONaRhMOP crystals to 2,6-lutidine vapours. We observed that the sample
turned purple within 12 hours, indicating that 2,6-lutidine does indeed coordi-
nate to solid-state ONaRhMOP (Figure 4.4).

500 500 205 A
400 N 400
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00 2154 P 300 |
= N - P
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200 © 200
100 100
Y | N — | N
001 2 3 4 5 6 7 8 9 10 1.2 3 4 5 6 7 8 9 10
Distance (A) Distance (A)

Figure 4.3. Snapshots of the equilibrium configuration of System 1 highlighting (a) 2,6-luti-

dine or (b) 3,5-lutidine cargoes in VDW representation. Colour code: Rh(ll) green, C black, N

blue, O red, H white. Water molecules and Na(l) counterions are not shown for clarity. (c)

Correlation function between Rh(ll) and the N of 3,5-lutidine. (d) Correlation function be-

tween Rh(ll) and the N of 2,6-lutidine. Both g(r) axes are based on the same values to a
better comparison between the Rh-N correlation.
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Figure 4.4 Photographs of ONaRhMOP

& = powder before (left) and after (right) exposing it
o3 =1 to 2,6-lutidine vapours.
—=k
v " At this point we reasoned that the lack
. of selectivity of the modelled ONaR-

s hMOP could be attributed to the fact
: : that the Rh(Il)-Rh(Il) paddlewheel in
the Rh(I)-MOP does not remain static
and symmetric in solution. Accordingly,
in system 2we modelled ONaRhMOP
fixing only the Rh(ID-Rh(ll) bond and allowing thermal distortions of the
paddlewheel cluster in solution. This resulted in the formation of a sponta-
neously distorted Rh(Il)-Rh(ll) paddlewheel cluster in water. Note that the
degree of distortion of this simulated paddlewheel was found to be within
the range of experimentally observed distorted paddlewheel structures.®
Therefore, when an unrestricted ONaRhMOP was placed in a simulation box
containing 12 mol. eq. of each lutidine regioisomer, it showed 100 % selec-
tivity toward the coordinative interaction to the 3,5-lutidine regioisomer. All
3,5-lutidine cargoes were coordinated to the Rh(Il) axial binding sites of the
Rh(Il)-Rh(ll) paddlewheel through their N atoms, whereas 2,6-lutidine were
not interacting with them. Instead, 2,6-lutidine molecules close to ONaR-
hMOP were found to be accommodated in the squared windows. Therefore,
we postulated that these pyridine-based regioisomers are too big to interact
with the triangular windows. This organization can be clearly seen in Figure
4.5, which highlights 2,6-lutidine molecules (Figure 4.5a) or 3,5-lutidine mol-
ecules (Figure 4.5b) separately. Quantitatively, the coordination selectivi-
ty of ONaRhMOP toward 3,5-lutidine can be seen in the rdf g(r) functions,
which show a clear coordination Rh(ll)-3,5-lutidine with a Rh(ll)-N distance
of 2.05 A (Figure 4.5d), whereas 2,6-lutidine did not show correlation with
the Rh(ll) axial binding sites of the Rh(Il)-Rh(ll) paddlewheel (Figure 4.5¢).
The comparison between the result obtained from both approaches involving
fixed or free Rh(I)-O bonds, shows that the distorted Rh(Il)-Rh(Il) paddlewheel
permits Rh(Il)-N coordination with 3,5-lutidine and inhibits Rh(Il)-N coordina-
tionto 2,6-lutidine, as we had observed experimentally (Figure 4.2). Therefore,
these MD simulation results predict that selectivity towards the coordination
of 3,5-lutidine comes from the dynamism of the Rh(Il)-Rh(ll) paddlewheel in
solution through a steric hindrance mechanism.
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Figure 4.5 Snapshots of the equilibrivm configuration of System 2 highlighting (a)

2,6-lutidine or (b) 3,5-lutidine cargoes in VDW representation. Colour code: Rh(ll)

(green), C (black), N (blue), O (red), H (white). Correlation function between Rh(ll)

and the N of 3,5-lutidine (c) and the N of 2,6-lutidine (d) computed in the MD sim-
ulations when Rh(Il)-O bonds were not fixed.



Figure 4.6 Snapshots obtained from the equilibrium configuration in which the
different coordination/interaction have been highlighted. (a) Single coordination
of a 3,5-lutidine molecule to an exohedral Rh(ll) binding site; (b) Hydrophobic in-
teraction of 2,6-lutidine with the square window of ONaRhMOP; (c) Coordination
of two 3,5-lutidine molecules to the two different Rh(ll) axial binding sites (exohe-
dral and endohedral) of a Rh(ll)-Rh(ll) paddlewheel. (d) Double coordination of
two 3,5-lutidine molecules to the same Rh(ll) axial binding site (exohedral). Colour
code: Rh(ll) (green), C (black), N (blue), O (red), H (white).
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Detailed analysis of the coordinative interaction of 3,5-lutidine and the dynam-
ic and distorted Rh(Il)-Rh(ll) paddlewheel revealed that 3,5-lutidine preferen-
tially coordinate to the exohedral axial site of the Rh(Il)-Rh(ll) paddlewheels
(Figure 4.6a). The majority of the exohedral axial sites coordinate to one mol-
ecule of 3,5-lutidine; however, we found that 17% of them simultaneously co-
ordinate to two 3,5-lutidine molecules (Figure 4.6d). Additionally, we observed
that the hydrophobic interactions of 3,5-lutidine with the squared windows of
the ONaRhMOP favours the entrance of 3,5-lutidine in the cavity of the Rh(I)-
MOP and subsequently, coordinate to the endohedral axial site of the Rh(ll)-
Rh(Il) paddlewheel. Thus, both axial sites of the Rh(Il)-Rh(ll) paddlewheel are
occupied by a 3,5-lutidine molecules (Figure 4.6¢).

We performed extensive molecular dynamics free-energy calculations using
the adaptive biased force (ABF34 method in order to compare the free energy
associated to the different coordination or adsorption modes. The interaction
corresponding to a single 3,5-lutidine coordinated to an exohedral Rh(Il) gave a
Gibbs free energy of -43.54 Kcal/mol (Figure 4.7a). On the other hand, ABF-MD
calculations gave a free energy of -40.01 Kcal/mol for the interaction of the
3,5-lutidine molecule coordinated to the exohedral axial site of the Rh(Il)-Rh(Il)
paddlewheel, and a free energy of -46.02 Kcal/mol for the 3,5-lutidine mole-
cule coordinated in the endohedral axial site of the Rh(Il)-Rh(ll) paddlewheel
(Figure 4.7b). The coordination of two 3,5-lutidine molecules with a Rh(ll) axi-
al binding site in external positions gave a free energy of ca. -30 Kcal/mol for
each 3,5-lutidine (Figure 4.7¢). Finally, from the contact of 2,6-Iutidine with the
squared windows of ONaRhMOP, a free energy of only -6.06 Kcal/mol was ob-
tained (Figure 4.7d). As expected for an hydrophobic interaction, this value is
an order of magnitude smaller than the 3,5-lutidine coordinative interaction
with ONaRhMOP.

Although multiple coordination configurations for 3,5-lutidine and the Rh(I)-
Rh(ll) paddle-wheel are observed during the simulations, the most thermo-
dynamically favourable case corresponds to the single coordination of one
3,5-lutidine molecule to one exhohedral Rh(ll) site. The other two configura-
tions will tend to evolve to this one. A possible mechanism in solution will be
via interaction with a free paddlewheel of other ONaRhMOPs in the solution,
as illustrated in Scheme 4.1. Noteworthy, the simulations consider only one
ONaRhMOP while, in actual experimental conditions, there are many ONaR-
hMOP in a dynamic movement in solution. Two 3,5-lutidines coordinated to
the same Rh(ll) axial binding site have a free energy of c.a -60 Kcal/mol, corre-
sponding to -30 Kcal/mol for each molecule.
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Figure 4.7 Gibbs free energy (obtained as a potential of mean force in ABF-MD simulations)
associated with (a) a single Rh(ll)-N cleavage of 3,5-lutidine coordinated to an exohedral
Rh(ll) site; (b) two 3,5-lutidine molecules coordinated to both axial positions (enodohedral
and exohedral) of the Rh(I)-Rh(ll) paddlewheel; (c) two 3,5-lutidine molecules coordinated
to the same exohedral Rh(ll) site; and (d) Gibbs free energy with hydrophobic interaction
between 2,6-lutidine and the O-bdc linkers in the squared windows of the ONaRhMOP. All
calculations were performed at 25 °C. In addition, a schematic representation of the cleaved
interaction is also shown.

Therefore, if during the dynamic movement of these ONaRhMOPs in solution,
one 3,5-lutidine moves to a free external Rh(ll) axial binding site of other and/or
same ONaRhMOP, the new stabilization energy will be around c.a -87 Kcal/mol
(-43.5 Kcal/mol each), being this situation more thermodynamically stable.
Thus, we concluded that 3,5-lutidine molecules are coordinated preferentially
via single Rh(ll)-N interaction, whereas 2,6-lutidine molecules tend to interact
hydrophobically with the squared windows of ONaRhMOP.

To corroborate the different coordination modes suggested by our computa-
tional simulations, we sought experimental evidence by analyzing the UV-Vis
spectra of titrated ONaRhMOP with 3,5-lutidine. We observed that, after ad-
dition of 6 mol. eq. of 3,5-lutidine, the isosbestic point disappeared, indicating
that not all Rh(I)-Rh(Il) paddlewheels are coordinating to only one 3,5-lutidine
molecule but that there is a portion of them that coordinate to two molecules
of 3,5-lutidine (Figure 4.8).%
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Figure 4.8 UV-vis absorption data of
ONaRhMOP titrated with 3,5-lutidine
in aqueous solution. Note that the isos-
bestic point is lost when 8 mol. eq. are
added to the solution (see inset).

Weak hydrophobic interactions
between the ONaRhMOP and
2,6-lutidine were also experimen-
tally evidenced by 1H-NMR spec-
troscopy. The 1H-NMR spectrum
of ONaRhMOP with 2,6-lutidine
revealed an upfield shift in the
signals of all the lutidine protons,
thereby providing experimental

evidence of non-coordinative interactions between the Rh(ll)-MOP and the
2,6-Iutidine in aqueous solution (Figure 4.9a). Further addition of 3,5-lutidine
revealed increased upfield shift of the aromatic signal attributed to 2,6-luti-
dine, which probably indicates that such hydrophobic interaction is even more
favoured when 3,5-lutidines are coordinating to the vertices of the square
windows (Figure 4.9b). In both cases, broadened signals are attributed to the
fast exchange interaction stablished between the lutidines and ONaRhMOP in

solution.
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Figure 4.9 (a) *H NMR spectra in D,0 of 2,6-lutidine, ONaRhMOP and ONaRhMOP with 12

mol. eq. of 2,6-lutidine. Stars tags DMA residue of the synthesis of OHRhMOP. (b) *H NMR

spectra comparing the D,O phase containing ONaRhMOP with 2,6-lutidine and the D,O
phase containing ONaRhMOP with both lutidines.

To further study the consistency between our MD simulation results and our
experimental data, we performed additional MD simulations of an identical
model in which the Rh(Il)-O bonds are free and only six molecules of each regi-
oisomer per ONaRhMOP were present. This corresponds to the experimental
conditions in which the isosbestic point is preserved during the titration. This
system preserved the selectivity towards the coordination of 3,5-lutidine and
the hydrophobic interactions of 2,6-lutidine through the ONaRhMOP square
windows (Figures 4.10a and 4.10b). Remarkably, these results indicated that
2,6-Iutidine does not coordinate to ONaRhMOP, despite the presence of mul-
tiple free Rh(Il)-Rh(ll) axial sites. Additionally, we only observed the coordina-
tion of single 3,5-lutidine molecules to the exohedral Rh(ll) sites, which is in
agreement with the maintenance of the isosbestic point upon addition of up
to 6 mol. eq. of this regioisomer. This behaviour further confirms that, above
6 mol. eq. of 3,5-lutidine, the hydrophobicity of the system is high enough to
favour the interaction between free 3,5-lutidines and coordinated 3,5-lutidines
or O-bdc linkers. These hydrophobic interactions enabled the previously ob-
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served secondary coordination modes (i.e, two lutidines coordinated to the
same Rh(I)-Rh(ll) paddle-wheel either to the same exohedral Rh(ll) site or to
the endohedral and exhohedral coordination sites).
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Figure 4.10 Snapshots showing selected molecules in the equilibrium configuration high-
lighting (a) 2,6-lutidine and (b) 3,5 cargoes in VDW representation. Colour code: Rh green, C
black, N blue, O red, H white. (c) Correlation function between Rh(ll) and the N of 2,6-luti-
dine. (d) Correlation function between Rh(ll) and the N of 3,5-lutidine. Both g(r) axes are
based on the same values to a better comparison between the Rh-N correlation.

We have also calculated the rdf g(r) functions describing Rh-N correlations, as
in the previous cases. The results in Figure 4.10 demonstrate a clear coordina-
tion Rh(I1)-3,5-lutidine with a Rh(Il)-N distance of 2.05 A (Figure 4.10d) whereas
2,6-Iutidine did not show correlation with the Rh(Il) atoms of the paddlewheel
(Figure 4.100).

Finally, we performed simulations of a much-diluted system build maintaining
the Rh(I)-O bonds free with 12 molecules of each ligand but adding a much
larger amount of water (~38000 water molecules instead of ~4000). This cor-
responds to a concentration of 1.47 mM, exactly corresponding to the experi-
mental concentration used for separation experiments (vide infra).
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After equilibration for a very long time (~1 ps that is in the limit of timescales
of MD simulations), comparable results with the smaller water box were ob-
tained. High affinity of 3,5-lutidine molecules toward Rh(Il) binding sites was
observed, while 2,6-lutidine did not coordinate to the Rh(ll)-Rh(ll) paddle-
wheel. Albeit 2,6-lutidine molecules were observed to interact with the square
windows of the ONaRhMOP, the molecules did not remain static on the equi-
librium configuration (Figure 4.11).

(a)

10A
-

Figure 4.11 (a) Schematic representation of ONaRhMOP (Naz4[Rh2(0-bdc)2]12) and the

cargoes (12 molecules of each lutidine regioisomer) surrounding the ONaRhMOP in the ~10

nm water simulation box. Snapshots of the equilibrium configuration of System 4, highlight-

ing (b) 2,6-lutidine and (c) 3,5-lutidine cargoes. Colour scheme: Rh green, C black, N blue, O
red, H white

Correlation functions g(r) confirmed the coordination of 3,5-lutidine to the
ONaRhMOP (Figure 4.12). The main interaction is still the single 3,5-lutidine
coordinated to the external Rh(ll) atom of the paddlewheel, in agreement with
our ABF-MD simulations. Regarding the double interaction of 3,5-lutidine with
Rh(I)-Rh(ll) paddlewheels we observed the same population of double coordi-
nation in the external and the internal coordination sites of the Rh(I1)-Rh(ll) but
a reduction on the presence of the double coordination in one single external
Rh(Il) site.

These results suggest that the size of the water box in the MD simulations
does not affect our previous major conclusions, showing that the steric hin-
drance-driven selectivity towards 3,5-lutidine is maintained. However, the re-
duction of the double pyridine coordination to one single Rh(ll) site in a more
diluted conditions and their absence in a less-hydrophobic system could be
explained for an effect of hydrophobic forces. The use of a small simulation
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box can make the hydrophobic interactions more important to stabilize the co-
ordination of two pyridines on the same exohedral Rh(ll) axial site. The ensem-
ble of experimental and computational results led us to conclude that ONaR-
hMOP in solution interacts differently with lutidine regioisomers as a function

of the position of the lutidine methyl groups.
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Figure 4.12 (a) Correlation function between Rh and the nitrogen of 3,5-lutidine. (b) Correla-
tion function between Rh and the nitrogen of 2,6-lutidine. Both g(r) axes are based on the
same values to a better comparison between the Rh-N correlation.

4.2.2 Coordination-driven separation of lutidine regioisomers

Having observed the regioisomeric preference of ONaRhMOP for coordina-
tion to 3,5-lutidine, relative to 2,6-lutidine, we envisaged that the difference
in the type and strength of interaction between it and these two regioisomers
could be exploited to achieve chemical separation by liquid-liquid extraction.
To this end, we designed a separation protocol based on the premise that the
solubility of the coordinated pyridine would be dictated by the solubility of the
ONaRhMOP. Thus, by taking advantage of the broad solubility profile of luti-
dines, the non-coordinated lutidine would be selectively extracted with an or-
ganic solvent, whereas the coordinated lutidine would remain attached to the
ONaRhMOP in the aqueous phase (Scheme 4.2).
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Scheme 4.2 (a) Schematic of the selective retention of 3,5-lutidine in water and its
subsequent recovery in acetonitrile.

To test the separation of 2,6-lutidine and 3,5-lutidine mixtures enabled by
ONaRhMOP, we first added 6 mol. eq. of each lutidine to an aqueous solu-
tion of ONaRhMOP (1.47 mM, pH = 11). We selected this stoichiometry be-
cause theoretical and experimental studies showed that, under these ex-
perimental conditions, each 3,5-lutidine coordinates preferentially to one
axial site. This scenario maximizes the energy difference of the interaction
of the ONaRhMOP with 3,5-lutidine relative to 2,6-lutidine. Once the re-
gioisomer mixture was added, the solution immediately became purple
(A, = 563 nm) (Figure 4.13, solid line), due to formation of the ONaRhMOP
bound to 3,5-lutidine (hereafter named as ONaRhMOP(3,5-lutidine)).

Initial Then, cyclohexane was layered on
top of the aforementioned solution
and the biphasic system was shak-
en for g s to induce the extraction
of 2,6-lutidine (Scheme 4.2). The
IH-NMR spectra of the aqueous
(Figure 4.14) and the cyclohexane
phases (Figure 4.15) revealed that
2,6-lutidine had been completely
removed from the aqueous phase

after three consecutive extractions
450 500 550 600 650 700 with fresh cyclohexane.

e After 3 extractions

Aa =563 nm

Absorbance (a.u)

Wavelenght {(nm)

Figure 4.13 Raw UV-vis absorption data of an aqueous phase before (solid line) and after
(dotted line) 3 extractions with cyclohexane.
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Initial mixture
(OMaHhMOP + 2,6-lutidine +3,5-lutidine)

After 3 cyclohexane
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(ONaRhKOP +35-lutidine)
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Figure 4.14 *H NMR spectra comparing the D20 phase before and after the cyclohexane

extractions. Note that the assigned signal for 2,6-lutidine completely disappeared after the
three cyclohexane extractions.
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Figure 4.15 IH NMR spectrum in cyclohexane-diz of the recovered 2,6-lutidine in the
first extraction, indicating the relative integrals of the assigned proton signals. Star

tags the assignable signal to methyl group of 3,5-lutidine. The integral reveals a pu-
rity higher than 9o %.
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Figure 4.16 TH NMR spectrum of the cyclohexane-diz phase after shaking the bipha-

sic system. Here it is shown that both lutidines are extracted from the D20 phase in

a very similar ratio, thus confirming the need of implementing a selective retaining
agent to separate them.
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Figure 4.17 TH NMR spectrum of the D20 phase after blank experiment. Both lutidines
are present in the aqueous phase after shaking the biphasic system.
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Next, UV-Vis analysis of the aqueous phase confirmed that 3,5-lutidine had
not detached from the ONaRhMOP during extraction process, as the A__ re-
mained at 563 nm throughout the process (Figure 4.13, dotted line). Consistent
with these observations, blank experiments performed without ONaRhMOP
showed that 3,5-lutidine was partitioned between the organic and the aque-
ous phase (Figures 4.16 and 4.17). Altogether, these results demonstrated that
ONaRhMOP can retain a coordinating pyridine within one solvent, even if that
pyridine is exposed to another solvent in which it is also soluble.

Next, we explored the release of 3,5-lutidine and subsequent recovery of the
ONaRhMOP. For this, we used acetonitrile as a coordinating solvent to re-
lease 3,5-lutidine from ONaRhMOP via ligand exchange. Due to the solubil-
ity of 3,5-lutidine in water, we reasoned that its recovery from the aqueous
phase would entail multiple extraction cycles with an organic solvent. Ac-
cordingly, we developed an alternative process that comprised first precipi-
tating the ONaRhMOP(3,5-lutidine) complex via addition of BaCl2 to trigger
a cationic exchange with Na(l) ions, rendering an insoluble salt. Scanning
Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX) re-
vealed the complete cationic exchange as the expected ratio of Rh(ll):Ba(ll)
cations was obtained (Figure 4.18). After removing the aqueous superna-
tant, the next step was the addition of acetonitrile-d; to the solid to de-
tach 3,5-lutidine from the precipitated salt. The IH-NMR spectrum of the
acetonitrile- d; revealed the presence of pure 3,5-lutidine (Figure 4.19).
Next, ONaRhMOP was recovered by first adding HCl to the solid from the pre-
vious step, to yield OHRhMOP, which was finally converted into ONaRhMOP
upon addition of NaOH (Scheme 4.2). Overall, this liquid-liquid extraction pro-
cess enabled us to obtain pure lutidine regioisomers from equimolar mixtures.
Moreover, the integrity of the ONaRhMOP was maintained through the whole
cycle, asevidenced by UV-Vis, IH-NMR and Mass Spectrometry measurements
(Figure 4.20). More specifically, UV-Vis spectra revealed that both the absorb-
ance and position of A__ clearly indicates that ONaRhMOP is not degraded or
lost during the separation cycle and no traces of coordinated 3,5-lutidine are
present in the solution. 1H-NMR spectroscopy demonstrated the integrity of
the MOP as the position of the assigned protons matches with the ones for
the initial ONaRhMOP without the presence of sharp signals assignable to free
ligand coming from degradation. This observation was further supported by
MALDI-TOF as a weight corresponding to the formula [Rh,, (O-bdc),, + 23Na]-
+MeOH was found (highlighted: expected = 7352; found = 7350). Moreover the
1H-NMR spectrum of the recovered ONaRhMOP evidences the absence of the
peaks ascribed to 3,5-lutidine.
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Figure 4.18 EDX data of the precipitated solid after the counter cation exchange and
subsequent water washings. The inset shows the atomic percentage of Rh(ll) and
Ba(ll) cations. The absence of Na (1) confirms the complete cationic exchange.
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Figure 4.19 *H NMR spectrum in acetonitrile-d; of the released 3,5-lutidine after the
performed ligand exchange with the same solvent.
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Figure 4.20 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) the sep-
aration cycle of lutidine regioisomers. Both solutions were treated with the same dilution
factor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after (red) the extrac-
tion of lutidines. (c) H NMR spectrum in D20 of recovered ONaRhMOP after one complete
extracting cycle indicating the relative integrals of the assigned proton signals.

4.2.3 Expanding the scope: separation of 2- and 4-monosubstituted
pyridines

Encouraged by our previous results, we sought to use Rh(Il)-MOP to separate
regioisomers of monosubstituted pyridines, which exhibit less steric hindrance
around the coordinating heteroatom than do the corresponding disubstitut-
ed pyridines. Accordingly, we evaluated the feasibility of using Rh(Il)-MOPs to
separate two regioisomeric mixtures of 2- and 4-substituted pyridine moieties.
As model systems, we selected regioisomeric mixtures of pyridines function-
alised with carboxylic acid groups or halogen atoms. For each mixture, we es-
tablished a working protocol. Firstly, we determined the selective coordination
of the Rh(Il)-MOP core toward one of the regioisomers in solution. Secondly,
we implemented this selective interaction in a biphasic liquid-liquid extraction
system by considering the solubility profiles in each regioisomeric mixture.

The two regioisomeric mixtures that we tested show a clear preference for
either hydrophobic (4/2-IPy) or hydrophilic (4/2-COOHPYy) solvents, thereby
complicating use of the selective retention strategy that we had earlier used
to separate the lutidines. Thus, we decided to implement a biphasic extraction
approach, whereby the Rh(Il)-MOP acts as a selective extracting agent for the
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4-substituted pyridine. This approach entails coordination of the 4-substituted
pyridine to the Rh(Il)-MOP in sity, at the interface of two immiscible liquids,
and its subsequent transfer to the solution containing the Rh(ll)-MOP.
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Figure 4.21 (a) UV-vis absorption data of OHRhMOP titrated with 4-IPy in methanol/DMF
(1:1) solution. (b) UV-vis absorption data of OHRhMOP before (blue dotted) and after (blue
line) the addition of 12 mol. eq. of 2-IPy. (c) UV-vis absorption data of OHRhMOP titrated
with 4-COOHPy in methanol/DMF (1:1) solution. (d) UV-vis absorption data of OHRhMOP
before (blue dotted) and after (blue line) the addition of 12 mol. eq. of 2-COOHPy.

Thus, we first titrated OHRhMOP (0.29 mM) with solutions of 2-iodopyridine
(2-IPy) and of 4- iodopyridine (4-IPy), both in DMF/methanol (1:1) (Figure
4.213 and 4.21b). Next, we performed a similar experiment using solutions of
picolinic acid (2-COOHPy) in methanol and of isonicotinic acid (4-COOHPy)
in methanol/DMF (1:1) (Figure 4.21¢ and 4.21d). The UV-Vis spectra revealed
that, in both experiments, the OHRhMOP had selectively coordinated to the
corresponding 4-substituted pyridine.
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Scheme 4.3 (a) Schematic representation of the selective biphasic extraction of 4-IPy into
the aqueous phase and the subsequent recovery of the ONaRhMOP.

In the case of hydrophobic 2-IPy and 4-IPy, we designed an extraction system
in which the extracting Rh(Il)-MOP was in the aqueous phase, whereas the re-
gioisomeric mixture was dissolved in an organic solvent. To this end, we pre-
pared a biphasic system comprising a toluene phase, containing an equimolar
mixture of 4-IPy and 2-IPy (17.64 mM, 12 mol. eq. per MOP), layered on top of
an aqueous phase, containing ONaRhMOP (1.47 mM, pH = 11) (Scheme 4.3).
Note that the titration experiment revealed that the isosbestic point is main-
tained upon the addition of 12 mol. eq. of 4-IPy (Figure 4.213, see inset), indi-
cating an equilibrium between two chromophores in solution. Considering the
previous information obtained from the MD simulations (see Section 4.2.1),
we assumed that this spectroscopic evidence corresponds to a preference in
the coordination of a single 4-IPy molecule on the exohedral axial site of the
Rh(Il)-Rh(ll) paddlewheel. For this, an equimolar system containing 12 mol. eq.
of each pyridine was selected as a case of study. The IH-NMR spectrum of the
toluene phase obtained after shaking the biphasic system for 5 s revealed the
presence of pure 2-IPy (Figures 4.22).

The UV-Vis spectrum of the aqueous phase showed the expected shift of A__
from 585 nm to 549 nm, corroborating the coordination of ONaRhMOP to 12
molecules of 4-IPy (Figure 4.23).

The 4-IPy was then recovered in a fresh toluene phase, by adding 10 plL of
acetonitrile to the aqueous phase and shaking the biphasic system for 5 s. Ace-
tonitrile triggered the release of 4-IPy from ONaRhMOP through a ligand-ex-
change mechanism. Upon shaking of the biphasic system, the 4-IPy rapidly mi-
gratedinto the toluene phase, as it is insoluble in water. The IH-NMR spectrum
of the toluene phase indicated recovery of pure 4-IPy (Figures 4.24).
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Figure 4.22 *H NMR spectrum in toluene-d  phase after the extraction with the aqueous
phase containing ONaRhMOP. The relative integrals of the 2-IPy assignable proton signals
are indicated. Signal corresponding to proton 2 is overlapped with the toluene signal.
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Figure 4.23 Raw UV-vis absorption data of the aqueous phase containing ONaRhMOP before
(blue) and after (purple line) extracting the toluene-d,,.
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Figure 4.24 *H NMR spectrum in the toluene-di2 phase indicating the 4-IPy assignable proton
signals. Note that the protons called "b” are overlapped with toluene-di.

The acetonitrile was easily removed from the aqueous phase by washing it
with CHCI3, enabling recovery of pure ONaRhMOP, with no traces of acetoni-
trile and no sign of degradation over the separation cycle (Figures 4.25).
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Figure 4.24 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) the sep-
aration cycle of 4-IPy and 2-IPy regioisomers. Both solutions were treated with the same
dilution factor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after (red)
the extraction of 4.IPy. The weight corresponding to the formula [Rhzs (OBDC)24 + 23Naj-
+MeOH has been highlighted: expected m/z = 7352; found m/z = 7350. (c) 1H NMR spectrum
in D20 of recovered ONaRhMOP after one complete extracting cycle indicating the relative
integrals of the assigned proton signals. The position of the assigned protons matches with
those for the initial ONaRhMOP

Both 2-COOHPy and 4-COOHPy are highly soluble in water, but they are not
soluble in other water-immiscible organic solvents. Accordingly, we decided to
implement an extraction approach whereby the Rh(Il)-MOP acts as an extract-
ing agent in the organic phase. Thus, we selected a hydrophobic Rh(ll)-MOP
of formula [Rhy(Cyy-bdc), 15 (where C,,-bdc=dodecoxybenzene-1,3-dicarboxy-
late; this MOP is hereafter called C12RhMOP), whose surface is functionalised
with 24 aliphatic chains (Scheme 4.4).%°
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Scheme 4.4 Schematic representation of the selective extraction of 4-COOHPYy to the
CHC(3 phase and its subsequent recovery in the aqueous phase.

Despite this hydrophobic functionalisation, C;;RhMOP also showed coordi-
nation selectivity for 4-COOHPy over 2-COOHPy in solution, as determined
by UV-Vis experiments done in DMF (Figure 4.26). Once again, the isosbestic
point is maintained indicating that the twelve 4-COOHPy molecules prefer-
entially coordinate the Rh(ll) exohedral center in the most stable coordination
mode (one single molecule per Rh(ll) site).

Next, we prepared a biphasic system of a solution of 4-COOHPy and
2-COOHPy (both at 11.16 mM, 12 mol. eq. per MOP) in water and C;;RhMOP
(0.93 mM) in CHCl; (Figure 4.27)
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Figure 4.26 (a) Raw UV-vis absorption data of 4-COOHPYy titration in CzZRhMOP in DMF.
(b) UV-vis absorption data of DMF containing C:zZRhMOP and 2-COOHPy.
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Figure 4.27 *H NMR spectrum of the initial mixture of 4-COOHPy and 2-COOH-Py in D20.
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After the biphasic system had been shaken for 5 s, the two different phases
were separately analysed. The UV-Vis spectrum of the CHCl; phase showed a
A, of 544 nm (Figure 4.28a). The addition of 100 plL of DMF to this solution
revealed a A__ of 566 nm, indicative of the coordination of 12 molecules of
4-COOHPy to C;,RhMOP, suggesting complete separation of the two regioi-

somers (Figure 4.28b).

The previous shifting observed in the absence of DMF reveals how sensitive
the A__ of the Band I of the Rh(Il)-Rh(ll) paddle-wheel is to the presence of
coordinating solvent molecules.

(a) (b)

Chlaraform phase after extraction

—— Chloroform phase after extraction + DMF

544 nm \ [ 1\ Ay =566nm
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Figure 4.28 (a) UV-vis absorption data of CHClz containing C22RhMOP(4COOH-Py) after

extracting the water phase. (b) UV-vis absorption data of CHCl; containing C:2RhMOP(4-

COOHPy) after the addition of 100 uL of DMF. A__ corresponds to the value obtained for 12
mol. eq. in the DMF titration.

The H-NMR of the water phase corroborated this observation, as 2-COOHPy
was found to be pure after the liquid-liquid extraction (Figure 4.29).
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Figure 4.29 'H NMR spectrum in D20 phase after extracting with C2RhMOP in CHCl.
Relative integrals of the 2-COOHPYy are indicated in the assigned proton signals.
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Figure 4.30 '"H NMR spectrum in D20 phase after extracting the CHCls phase with acidic D20.
Relative integrals of the 4-COOHPYy are indicated in the assigned proton signals.
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Next, we employed a pH-triggered release of bound 4-COOHPy, by layering
a dilute aqueous acid solution (0.3 M HCI) on top of the CHCI3 phase (Scheme
4.4). Note that we did not use acetonitrile to release 4-COOHPYy, because it
would have been difficult to remove it from the CHCI3 phase after the sep-
aration cycle, thus hindering the recovery of the C;,RhMOP. Shaking of the
biphasic system for 15 s induced a change in colour of the CHCl; phase, from
purple to green, which was characterized by UV-Vis spectroscopy, which re-
vealed a shift of A__from 544 nm to 627 nm, indicative of the detachment of

max

4-COOHPy from C;,RhMOP (Figure 4.31a). The 1H-NMR spectra of the two
phases revealed that the aqueous phase contained 4-COOHPy (Figure 4.30),
whereas the organic phase contained the recovered C;;RhAMOP (Figure 4.31b).
The integrity of C;,,RhMOP had been maintained throughout the separation
cycle, as evidenced by UV-Vis, IH-NMR and Mass Spectrometry (Figure 4.31).
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Figure 4.31 (a) UV-vis spectra of C;;RhMOP in CHCl; before (red) and after (grey) the separa-
tion cycle of 4-COOHPy and 2-COOHPy regioisomers. Both solutions were treated with the
same dilution factor of 4. (b) MALDI-TOF spectra of C;;RhMOP before (black) and after (red)
the extraction of 4-COOHPy. The weight corresponding to the formula [Rhy, (C;2BDC),, — H]
+ H,0 has been highlighted: expected m/z = 10845; found m/z= 10842. (c) 1H NMR spec-
trum in CDCls-d; of recovered C;,RhMOP after one complete extracting cycle, indicating the
relative integrals of the assigned proton signals. The assignable both the aromatic and the

aliphatic protons are assigned and integrated. Residual coordinated water and free water

are tagged with a star.
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4.2.4 Separation of an industrially relevant mixture: 2-chloropyri-
dine/3-chloropyridine

Having demonstrated the feasibility of separating pyridinic regioisomers, we
next sought to apply our liquid-liquid extraction system to separate an indus-
trially relevant isomeric pyridine mixture. Monosubstituted chloropyridines,
and especially 2-CIPy, are frequently used as synthetic intermediates in many
sectors, such as pharmaceuticals, pesticides and fine chemicals.¥ However,
the synthesis of 2-CIPy is generally not selective, producing the isomer 3-CIPy
as a by-product. Thus, major efforts have recently been devoted to optimis-
ing the separation of 2-CIPy and 3-CIPy, which is currently based on the high
energy demanding distillation method (boiling point of 2-CIPy and 3-CIPy is
1660C and 148°C, respectively).3® For this reason, we considered the mixture
an ideal model system on which to test our methodology. To target this sepa-
ration, we first tested the selectivity of our model OHRhMOP core for 3-CIPy
(over 2-CIPy), through UV-Vis analysis of the solutions obtained after titrating
OHRhMOP (0.29 mM) with 12 mol. eq. of 3-CIPy or 2-CIPy in methanol/DMF
(1:2). In these tests, we only observed a shift in Amax for those solutions titrat-
ed with 3-CIPy, which indicated that the steric hindrance-driven coordination
selectivity also applies in this case, despite the small size and vicinity of the
pyridine substituents (Figure 4.32). Note that the isosbestic point is lost after
the addition of 6 mol. eq. of 3-CIPy, which is indicative of multiple coordination
modes between Rh(ll) axial sites and 3-CIPy (see inset)
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Figure 4.32 (a) UV-vis absorption data of the titration of OHRhMOP with 3-CIPy in metha-
nol/DMF (1:1) solution. (b) UV-vis absorption data of OHRhMOP before (blue dotted) and
after (blue line) the addition of 12 mol. eq. of 2-ClPy.
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Inspired by this result, we designed a liquid-liquid extraction system based on
the solubility and hydrophobic character of 3-CIPy and 2-CIPy. To this end, we
prepared a water-cyclohexane biphasic system in which both pyridine regioi-
somers were dissolved in the organic phase at 8.82 mM (6 mol. eq. per Rh(ll)-
MOP), and in which ONaRhMOP (1.47 mM, pH = 11) was dissolved in the aque-
ous phase (Scheme 4.5 and Figure 4.33).
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Scheme 4.5 Schematic representation of the selective extraction of 3-CIPy from cyclohex-
ane-d;, and its subsequent recovery in CDCls-d;.
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Figure 4.33 IH NMR spectrum of the cyclohexane-d12 phase of the initial mixture
of 2-ClPy and 3-ClPy.
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Shaking of this biphasic system for 5 s resulted in an immediate change in the
colour of the aqueous phase, from green to purple. Spectroscopic character-
isation revealed the presence of pure 2-CIPy in the cyclohexane phase (Fig-
ure 4.34), whereas 3-CIPy was coordinated to ONaRhMOP and transferred to
the aqueous phase. Two subsequent extractions were required to completely
transfer 3-CIPy to the aqueous phase (Figure 4.35).
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Figure 4.34 *H NMR spectrum of the cyclohexane-d;, phase after three ONaRhMOP extrac-

tions indicating the relative integrals of the 2-CIPy assigned proton signals. Stars tags the

remaining signals attributed to residual 3-CIPy, which quantitative integration could not be
performed due to the low signal/noise ratio.
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The fact that 3-CIPy is also soluble in CHCl; enabled us to recover it as a
pure fraction upon addition of acetonitrile to a water-CHCI3 biphasic system
(Scheme 4.5).

Moreover, this configuration allowed us to remove acetonitrile from the aque-
ous phase and therefore, to recover the initial ONaRhMOP in its active form
for further use. The ease of recovering ONaRhMOP after the separation of
3-CIPy and 2-CIPy prompted us to perform several extraction cycles to sep-
arate regioisomeric mixtures at a higher concentration (70.6 mM, 48 mol. eq.
per Rh(Il)-MOP). We found that, after six extraction cycles, 3-CIPy was com-
pletely removed from the initial equimolar mixture; thus, we obtained pure
2-CIPy in the cyclohexane phase (Figure 4.37).

Additionally, MALDI-TOF and 1H-NMR confirmed the integrity of the ONaR-
hMOP after the extraction cycles (Figure 4.38).
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Figure 4.36 H NMR spectrum in CDCI[3-d1 phase after the 3-ClPy recovery indicating the
relative integrals of the assignable 3-CIPy proton signals. Note that the proton called b is
overlapped with the CDCl3-d1 phase.
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Figure 4.37 Stacked 'H NMR spectra of the remaining cyclohexane-diz phase after the subsequent

ONaRhMOP aqueous extractions. Note that a CHC(3 signal appears after the first cycle due to the

CHCI3 washing required for recovering the ONaRhMOP aqueous solution. These signals overlap
with proton 2 belonging to 2-CIPy.
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Figure 4.38 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) six separation
cycles of 2-ClPy and 3-ClPy regioisomers. Both solutions were treated with the same dilution fac-
tor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after one cycle (red) and after 6
cycles (blue) of the extraction of 3-CIPy. The weight corresponding to the formula [Rhzs (OBDC)24
+ 23Na]-+MeOH has been highlighted: expected = 7352; found = 7350. 1H NMR spectrum in D20
of recovered ONaRhMOP after six complete extracting cycle indicating the relative integrals of
the assigned proton signals. The position of the assigned protons matches with those for the in-
itial ONaRhMOP. Note the presence of a CHCI3 signal tagged with a star coming from the CHCls
washing step required for recovering the ONaRhMOP aqueous solution.
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4.3 Conclusions

We have demonstrated that Rh(I)-MOP can be harnessed for use in a lig-
uid-liquid extraction system to separate regioisomers of substituted pyridines.
We found that steric hindrance from the pyridine substituents surrounding the
coordinating N-atom leads to selectivity in the exohedral coordination posi-
tions of the dirhodium paddlewheels in solution. To elucidate this mechanism,
we combined computational and experimental studies, including large-scale
all atomic MD simulations of systems of up to ~ 105 atoms up to time scales of
~ 1 us. We exploited this phenomenon to obtain pure phases of four different
regioisomeric mixtures of pyridines of diverse physicochemical properties and
degrees of steric hindrance. We validated our system by using two different
approaches: using the Rh(Il)-MOP as retaining agent or as extracting agent.
Such versatility, combined with the tuneable solubility provided by external
organic functionalisation of Rh(ll)-MOP, enabled us to adapt our extraction
system to the specifics of each isomeric mixture.

4.4 Experimental and computational section

4.4.1 Materials and methods

Rhodium acetate was purchased from Acros Organics. 5-Hydroxy-1,3-benzen-
edicarboxylic acid, sodium carbonate, 3,5-lutidine, 2,6- lutidine, 4-IPy, 2-IPy,
2-COOHPy acid, 4-COOHPy acid, 3-CIPy and 2-CIPy were purchased from
Sigma-Aldrich. All deuterated solvents were purchased from Eurisotop. Sol-
vents at HPLC grade were purchased from Fischer Chemicals. UV-vis spectra
were measured using an Agilent Cary 4000 at room temperature (ca. 25 °C).1H
NMR spectra were acquired using Bruker Avance Il 400SB NMR spectrome-
ter at "Servei de Ressonancia Magnética Nuclear” from Autonomus Universi-
ty of Barcelona (UAB). MALDI-TOF measurements were performed using a
4800 Plus MALDI TOF/TOF (ABSCIEX — 2010). The matrix used in each case
were:  trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononi-
trile (DCTB) for C12RhMOP measured in positive mode; and sinapinic acid
for ONaRhMOP measured in negative mode. Scanning Electron Microsco-
py-Energy Dispersive X-ray spectroscopy (SEM-EDX) was performed in a SEM
Quanta 650 FEM.
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4.4.2 Synthetic methodologies

ONaRhMOP synthesis

The synthesis of ONaRhMOP was adapted from a reported protocol.?®
In a typical synthesis, 100 mg of Rhy(AcO),-2MeOH (0.2 mmol) were reacted
with 180 mg of 5-hydroxy-1,3-benzenedicarboxylic acid (1 mmol) and 105 mg
of NaCOj3; (ammol) in 10 ml of DMA at 100°C for 48 h. After the reaction, the
supernatant was discarded by decantation. The green precipitate was com-
bined with NaCO3 and washed three times with DMA. Then, water (20 ml) was
added tothe solid mixture. The addition of water solubilizes NaCO3, increasing
the pH above 10. At high pH, phenol groups of OHRhMOP are deprotonated
rendering the water-soluble ONaRhMOP. The green solution was centrifuged
and the solid was discarded. The pH of the green solution was decreased to
pH =1 by adding HCl (0.3 M) to obtain a green solid (OHRhMOP). The green
solid was washed three times with water, and finally dried overnight at 85°C
under vacuum to obtain pure OHRhMOP. OHRhMOP was quantitatively con-
verted to ONaRhMOP through the addition of 24 mol eq. of NaOH in water. In
a typical experiment, this conversion was achieved by first dispersing 10 mg of
OHRhMOP in 1 ml of water and adding 35 pl of NaOH 1M.

C12,RhMOP synthesis

CRhMOP was synthesized following a protocol previously described.®®

4.4.3 Computational simulations of the interaction of ONaRhMOP
and lutidine regioisomers

4.4.3.1 Computational Methods

Our Molecular Dynamics (MD) simulations of all-atomic models of ONaR-
hMOP and lutidine regioisomers in water under NpT conditions (2 atm and
298K) were performed using the NAMD program.?® The species included in
the simulations are Nay[Rhy(O-bdc),]:; (ONaRhMOP), two pyridine-based li-
gands (3,5-lutidine and 2,6-lutidine) and water. We considered different con-
centrations of these species as described below. The interactions between
atoms were computed using the generalized CHARMM force field CGenFF.4°
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For water, we employed the TIP3P water model with CHARMM parameters.
The parameters employed for the pyridine-based cargoes and the linker of
the ONaRhMOP were generated by analogy using the CHARMM General
Force Field server interface (version 1.0.0) with force field version 3.0.1. The
parameters for the interactions involving Rh(Il) (which are not parametrized
in CHARMM) were derived here from DFT calculations using Gaussian 16 pro-
gram, 3° as described in detail in 4.3.3.2. The initial coordinates for the differ-
ent simulations corresponding to different concentrations were built using
Chem3D and Visual Molecular Dynamics (VMD) 1.9.3 programs, as described
in detail in 4.3.3.3. The protocols employed in all simulation runs are described
in 4.3.3.4. Post-processing, visualization and analysis of all simulations was per-
formed using VMD software.”

4.4.3.2 DFT calculations and parametrization of the Rh force field
interactions

DFT calculations for interactions and geometries involving Rh (11)

All DFT calculations reported here were done in Gaussian 16 using the Mo6-L
functional“* and SDD basis set which is appropriate for compounds containing
Rh(ll). Since both experiments and MD simulations were performed in water,
all DFT geometry optimizations and energy calculations were performed tak-
ing into account the effect of water solvent on the electronic structure. In our
DFT calculations, this was done using the integral equation formalism variant
of the polarizable continuum model (IEFPCM) that considers the effect of wa-
ter in an implicit way.42 The employed atomic radius for the IEFPCM calcula-
tions were the UFF atomic radius. In the case of Rh(Il) (for which UFF radius was
not available in Gaussian) we used the standard value of 2.3A. DFT calculations
of the full paddle-wheel is computationally too expensive, so we consider in
all cases relevant but simplified geometries involving the desired interactions.

DFT calculations of Rh(ll)-OCO interactions in implicit water

The calculations started considering the energy and geometry of the Rh(ll)-
OCO interaction in water, present in the Rh(Il)-Rh(Il) paddlewheel. In our cal-
culations, we consider as a representative model system, As represented in
Figure 4.39, Rh(ll) diacetate system built through one Rh(ll) cation and two ac-
etate anions was considered.
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The optimized distance between Rh(ll) and O atoms and the energy of the op-
timized geometry of rhodium diacetate (E(Rh_2Ace)) are given in Table 4.1. In
order to compute the desired interaction energy, the energy of the (isolated)
building blocks of Rha(AcO), (Rh and Ac, E(Rh) and E(Ace), respectively) inim-
plicit water were considered too.

o]
C%d»: [0}
H,C h/ >—CH3 —_— Rh*? )
7 N H4C o]
Rh_2Ace Rh Ace

Figure 4.39 Schematic representation of the compounds (Rh,(AcO),, Rh(ll) and Ace-) that
are considered to determine the Rh(ll)-O interactions (highlighted in green).

The energy of the interaction E(int) between Rh(ll) and four O is then esti-
mated from the energies of the compounds shown in Figure 4.39 as E(int) =
E(Rh_2Ace) — {E(Rh) + 2*E(Ace)}. Using the data in Table 4.1, we obtained a
value of E(int)=-130.86 Kcal/mol, which encompass the four Rh(ll)-O bonds,
meaning that a single Rh(ll)-O interaction is -32.72 Kcal/mol.

Table 4.1 Atomic distance d(Rh(ll)-O) and energy (E(Rh_2Ace)) obtained from DFT geom-
etry optimization in implicit water for the rhodium diacetate system shown in Figure 4.39.
The interaction energy E(int) is computed as described in the text considering that E(Rh) =
-69100.4151 Kcal/mol and E(Ace) = -143328.2548 Kcal/mol. Energies are given in Kcal/mol

and distances in A

System d(Rh-0) E(Rh_2Ace) E(int) Rh-40 E(int) per O

Rh_2Ace 2.08 -355887.7866 -130.86 -32.72

DFT Calculations of Rh(Il)-N interactions

A similar strategy was followed to calculate the Rh(Il)-N energy of interaction.
Rhy(AcO), and a pyridine molecule were used to characterize the Rh(ll)-N
interaction. As shown in Figure 4.40, the two different coordination modes
reported for this system were analyzed: (a) paddlewheel coordinated to one
pyridine molecule (Figure 4.40a); and (b) two pyridine molecules coordinated
in both axial position of the paddlewheel (Figure 4.40b).
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a CH, b CH3
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Rh—RhEN ) < NERh—an-N /

GH3 CH3

PW_Py Py_PW_Py

Figure 4.40 Schematic representation of (a) single Rh(ll)-N interaction for the coordination

of one pyridine to one Rh(ll) atom of the paddlewheel; and (b) double Rh(ll)-N interaction

for the coordination of two pyridine in both axial positions of the ONaRhMOP. The Rh-N
interactions are highlighted in red.

Table 4.2 Atomic distances involving Rh(Il) atoms and energies obtained from DFT geometry

optimization in implicit water for the systems shown in Figure 4.40. The interaction energies

were calculated as described in the text considering that E(PW) = -711860.4416 Kcal/mol
and E(Py) = -155650.9883 Kcal/mol. Energies are given in Kcal/mol and distances in A.

System d(Rh(l1)-N) | d(Rh(II)-Rh(II)) E(System) E(int) Rh(ll)-N E(int)
per Py

PW_Py 2.14 2.45 -867539.3310 -27.90 -27.90
Py_PW_Py 2:22 2.47 -1023207.9289 -45.51 -22.76

The geometry of the structures shown in Figure 4.40 (designed by PW_Py and
Py_PW_Py) were optimized using DFT calculations in implicit water. The struc-
tures of the individual building blocks, the Rh2(AcO)4 paddlewheel (designed
as PW) and the pyridine (designed as Py) were also optimized. The optimized
distances and energies are given in Table 4.2. The energy associated to the
Rh(I1)-N interaction (E(int)) can be estimated by E(int) = E(PW_Py) — {E(PW) +
E(Py)}. Using the data in Table 4.2 we obtain E(int)= -27.90 Kcal/mol.

In the presence of two pyridine molecules, the interaction energy which corre-
sponds to E(int) = E(Py_PW_Py) — {E(PW) + 2*E(Py)}, a value of E(int)=-45.51
Kcal/mol was obtained. This corresponds to an E(int) of -22.76 Kcal/mol for
each pyridine, revealing a weaker interaction compared with the single coordi-
nation mode (see Table 4.2). Our DFT calculations are in excellent agreement
with previous work that reported that the coordination of one axial position of
the paddlewheel is more stable than the coordination of both axial positions,
which produce a weaker Rh(Il)-N interaction. 4344
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Parametrization of Force Field Rh interactions

Once relevant optimized geometries and energies involving Rh atoms were
determined by DFT calculations, the next step was the determination of the
force field parameters for Rh(ll) for the MD simulations. In CHARMM force
field, any metal atom is represented by a partial charge (+2e in this case) and
two Lennard-Jones parameters (the location and energy of the potential min-
imum, Rmin and €). In previous works, > for non-coordinating interactions
of Rh the estimated values for use in CHARMM were Rmin= 1.3575 A and e=
-1.973 kcal/mol. Therefore, these values for the interactions between Rh(ll) and
any other atom except O atoms belonging to the paddlewheel structure and
N atoms from pyridines will be used. For the computation of the missing in-
teractions (Rh(Il) with O atoms belonging to the paddlewheel structure and N
atoms from pyridine) the values of the Lennard-Jones parameters were fitted
to reproduce DFT optimal energies and atom-atom distances in selected ge-
ometries.

The fitting procedure was performed as follows. First, Rh(I)-O interactions in
the paddle-wheel were parametrized. A series of NAMD Energy minimizations
of the structures shown in Figure 4.40 (as we did previously with DFT) screen-
ing different values of the Lennard-Jones parameters for the Rh(Il)-O interac-
tion were considered. Both energy minimization of the paddlewheel structure
(E(PW) and energy minimization of a reference system made of Rh(ll) and two
acetates (Rh_Ace_Ace) separated from each other (7 nm of distance between
them) were considered. During the energy minimization, the Rh(Il)-Rh(Il) dis-
tance was maintained fixed to its DFT value (all other coordinates were allowed
to change to minimize energy). The interaction energy was determined as in
section 3.2.1.1 by E(int) = E(PW) — 2*E(Rh_Ace_Ace). An excellent agreement
between Force Field energy minimization and DFT optimization is obtained
with the following parameters: R (Rh(I)-O) =2.08 A, €(Rh-0)=28.5 Kcal/mol.
The E(int) calculated using these parameters differs in only ~0.7 Kcal/mol from
the DFT calculations (see Table 4.2), which is an energy difference beyond the
resolution of the force field.

In the case of Rh(I)-N interaction, the same procedure was repeated as pre-
viously described with the structures shown in Figure 4.40 (left). An excellent
agreement with DFT data was obtained with the following values e(Rh(Il)-N)=
24.5 Kcal/moland R (Rh(Il)-N)=2.14 A. Using these parameters, the value of
E(int) obtained with NAMD differs only in ~0.55 Kcal/mol compared with DFT
(seeTable 4.3).
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Table 4.3 Comparison between optimized E(int) energies obtained from DFT calculations in

Gaussian and calculated energies by forcefield minimization in NAMD with our proposed Rh

forcefield parameters and CHARMM forcefield. The optimized distances as obtained by DFT
are also indicated. Eneraies are given in Kcal/mol and distances in A.

Interaction E(int)-DFT E(int)-FF d(Rh-X) (X=0, N)
Rh(ll)-0 -261.76 -261.09 2.08
Rh(l)-N -27.90 -28.45 2.14

4.4.3.3 Building of structures and initial coordinates

The atomic coordinates of 2,6-lutidine and 3,5-lutidine were generated with
Chem3D. Atomic coordinates of ONaRhMOP were constructed using the single
crystal X-ray data (CCDC 1883914).?° Reported data is based on [Rh2(OH-bd-
0)2(H20)1(DMA)1]12 (where OH-bdc = 5-hydroxy-1,3-benzenedicarboxylate
and DMA = N,N-dimethylacetamide). The methodology to build Nay[Rhy(O-
bdc),]y; from the atomic coordinates of [Rhy(OH-bdc),(H,0)1(DMA),]3; was as
follows: firstly, using Molefacture extension of VMD, we removed the water
and DMA molecules and the hydrogen atoms of the hydroxyl groups of the
linkers. In this way, we obtain the structure of {[Rhy(O-bdc),]123%4- which has
408 atoms (Figure 4.41)

Figure 4.41 Schematic representation of {[Rh,(O-bdc),]124%4- where Rh(ll) cations are in Van
der Waals (VDW) representation while O-bdc is in Licorice representation of Visual Molecular
Dynamics (VMD). Colour code: Rh green, C black, H white and O red.
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The initial coordinates for the simulations were obtained using the VMD pro-
gram by combining the coordinates of a central ({[Rhy(O-bdc),]123%-) with
randomly placed 2,6-lutidine and 3,5-lutidine molecules. Depending on the
simulation, six 2,6-lutidine and six 3,5-Iutidine or twelve 2,6-lutidine and twelve
3,5-lutidine molecules were used. The desired amount of solvation water (be-
tween ~4000-38000 molecules depending on the concentration) and the re-
quired neutralizing Na(l) cations (e, 24 added Na(l)), were added using the
solvate and ionize plugins of VMD. The four different systems considered are
summarizedin Table 4.4.

4.4.3.4 Protocol for the all-atomic MD Simulations

We have performed MD simulations of all the systems given in Table 4.4 us-
ing the NAMD program, version 1.13.2¢ In all cases, before running the actual
MD simulations, an energy minimization of the initial configurations was per-
formed as described in section 4.3.3.3 using NAMD in order to solve possible
wrong contacts between atoms. The Newton equations of motion were solved
using a time step of 2 fs in all simulations. Electrostatic interactions were com-
puted using the PME method with the standard settings in NAMD (1 A resolu-
tion, updated each 2-time steps). Lennard-Jones interactions were truncated
at1.2 nmemploying a switching function starting at 1.0 nm. Periodic boundary
conditions were employed in all directions. Temperature was fixed at 298 K us-
ing the Langevin thermostat (relaxation time 1 ps). Pressure was kept constant
at 1atm using the Nosé-Hoover-Langevin piston barostat (oscillation period of
100 fs and decay time of 5o fs).

During all the MD simulations, the atomic positions of Rh(ll) atoms were main-
tained fixed at their initial values with a Rh(Il)-Rh(Il) distance of 2.42 A, avoiding
the need of considering explicitly the interaction between Rh(Il)-Rh(ll). It also
fixes the location of the central structure of the ONaRhMOP inside the water
box. Additionally, in Simulation 1 the position of the oxygen atoms of ONaR-
hMOP were fixed to their crystallographic coordinates.

Table 4.4 Summary of systems simulated using all-atomic MD simulations performed in this

work, showing the total number of atoms, the number of 2,6-lutidine and 3,5-lutidine mol-

ecules in each system, the total number of water molecules and the initial size of the com-
putational box. The atoms fixed in determined positions in each simulation are indicated.
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System Total atoms 2,6-lutidine / Fixed atoms Water Box size (A)
3,5-lutidine
1 13,155 12 /12 Rh(ll) and O 4,105 55 x 54 x50
2 13,155 12 /12 Rh(l1) 4,105 55x54 x50
3 14,061 6/6 Rh(11) 4,475 52x60x50
4 114,599 1212 Rh(11) 37,920 108 x 107 x 104

During the simulations, the contacts and the possible coordination of pyri-
dine-based cargoes to Nay,[Rhy(O-bdc),l;; were monitored in order to dis-
tinguish between Rh(ll)-N coordination or molecular contacts due to other
non-coordinating interactions (e, hydrophobic contacts). Following the
standard procedure in MD simulations,“® the identification of the first coordi-
nation shell is based on the radial distribution function (rdf). The rdf functions
g(r) describing the correlations between rhodium and nitrogen atoms are de-
fined by:

SN(r) = g(?‘)4ﬂ?‘2p8r'

where 6N(r) is the number of N atoms from pyridine-based cargoes in a small
shell of size &r around a given Rh(ll) atom and p is the number density of the
N atoms. N atoms (from pyridine-based cargoes) are assigned to the first co-
ordination shell of the paddle-wheel (Rh(Il) atoms) if their separation is inside
the first peak of the g(r) function measuring the correlation between these two
types of atoms (i.e, separation smaller than the distance r corresponding to
the first minimum of the g(r)).

For Simulations 1, 2 and 3, the total simulation times were between 200-300
ns, much longer than the times required to obtain stable numbers of adsorp-
tion and contacts of pyridine molecules with to Na,,[Rho(O-bdc),]y, . In the
case of System 4, due to the low concentration, the selected simulation time
was 1 s to ensure equilibrium.

Chapter 4 | 159




4.3.3.5 Adaptive Biasing Force Molecular Dynamics (ABF-MD)

In order to quantify the cargo - ONaRhMOP interactions observed in our MD
simulations, a series of Adaptive Biasing Force Molecular Dynamics (ABF-MD)
simulations were performed.3* In the ABF-MD simulations, the results of Sys-
tem 2 MD simulations were used as starting point and a selected molecule
is forced to sample a selected generalized (or reaction) coordinate. The free
energy profile along the selected coordinate is obtained. Here, the selected
generalized coordinate was a molecule — paddle-wheel separation relevant for
each type of interaction found in the simulation.

4.4.4 Experimental procedures

4.4.4.1 Selectivity evaluation for 2,6-lutidine and 3,5-lutidine

The coordination selectivity of ONaRhMOP towards 2,6-lutidine and 3,5-luti-
dine in agueous solution was tested by means of UV-vis spectroscopy meas-
urements. A 2 mL aqueous solution of ONaRhMOP (0.3 mM) was transferred
to a quartz cuvette and additional aliquots of 20 pL (2 mol. eq.) of a 3,5-luti-
dine stock (58.7 mM) were sequentially added. Upon addition of 3,5-lutidine,
the color of the solution gradually turned from green to purple. UV-vis spectra
were recorded after each addition. Parallelly, the coordination capabilities of
2,6-lutidine were assessed by adding 12 mol. eq. (48 uL of a stock solution
0.073 M) to an aqueous solution of ONaRhMOP. This solution was prepared by
adding 4 mg of OHRhMOP (5.87:10- mmol) to 2 mL of water containing 24
molar equivalents (mol. eq.) of NaOH (14 pL of a stock solution 1M).

4.4.4.2 Weak interactions between 2,6-lutidine and ONaRhMOP

Two separated solutions of ONaRhMOP were prepared dissolving 10 mg of
OHRhMOP in 0.5 mL of D,O containing 24 mol. eq of NaOD (2.47 uL of a stock
solution g.75 M) to generate in situ ONaRhMOP. Then, 12 mol. eq. (48 pL of a
stock solution 0.073 M) of 2,6-lutidine were added to one ONaRhMOP solu-
tion. A second solution was prepared adding 12 mol. eq. (48 pL of a stock solu-
tion 0.073 M) of 2,6-lutidine together with 12 mol. eq. (48 L of a stock solution
0.073 M) of 3,5-Iutidine to the previously prepared ONaRhMOP solution
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4.4.4.3 Blank experiments

Blank experiments were performed to demonstrate that ONaRhMOP needs
to be present in the aqueous phase as a retaining agent in order to obtain pure
2,6-Iutidine in the cyclohexane phase. For this, 1 mL of cyclohexane-dp; was lay-
ered on top of 1 mL of an equimolar D,O solution of lutidines (8.8-10-> mmol,
120 pL of stock solutions 0.073 M) in the absence of ONaRhMOP. After shaking
for 5's, both phases were separately analyzed by IH-NMR spectroscopy.

4.4.4.4 Separation procedure of 2,6-lutidine and 3,6-lutidine

Initially, 6 mol. eq. of each lutidine (120 pL of a stock solution 0.073 M) were
added to an aqueous solution containing 10 mg of OHRhMOP (0.0015 mmol)
in 1 mL of water with 24 mol. eq. of NaOH (35 pL, 1 M). Then, a biphasic sys-
tem was prepared layering 1 mL of fresh cyclohexane on top. After shaking
for 5 s, the organic phase was removed, and fresh cyclohexane was layered
again. The extraction procedure was repeated up to three times to ensure the
complete extraction of 2,6-lutidine from the aqueous phase. The UV-vis spec-
trum of the aqueous phase was recorded before and after each extraction. The
same experiment was repeated by using deuterated solvents and both phases
were analyzed by H NMR. Next, we explored the release of 3,5-lutidine and
subsequent recovery of ONaRhMOP. To this end, the aqueous phases contain-
ing ONaRhMOP(3,5-lutidine) obtained from the three subsequent extractions
with cyclohexane were isolated and treated with 0.73 mmol of solid BaClz.
Immediately after the addition of BaCl,, a purple precipitate appeared due to
the in situ counter cation exchange between Na(l) and Ba(ll) cations This sol-
id was washed with water to eliminate the excess of BaCl2 and finally, with
acetonitrile-a3 The addition of acetonitrile-d3 onto this solid induced a rapid
colour change of the solid from purple to pink colour. 1H NMR spectrum of
this acetonitrile-d; phase revealed the presence of 3,5-lutidine. The remaining
pink solid was washed with acidic water in order to obtain the protonated form
OHRhMOP and, finally, dissolved in 1 mL of water containing 24 mol. eq. of
NaOH (35 pL, 1 M) to recover the initial solution.

4.4.4.5 Selectivity evaluation for monosubstituted pyridines

A solution of OHRhMOP was used in order to separately test the selectivity of
the Rh(Il)-Rh((l) paddlewheel towards the coordination of 4-substituted pyri-
dines or 3-substituted pyridines and 2-substituted pyridines. To do so, a solu-
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tion containing 4 mg of OHRhMOP (5.87-10-4 mmol) in 2 mL of methanol/DMF
(1:1) was titrated by adding aliquots of 20 pL (2 mol. eq.) of a 4-substituted
pyridine stock (58.7 mM). In parallel, 12 mol. eq. (240 uL of a stock solution
58.7 mM) of the 2- substituted pyridine were added to a quartz cuvette con-
taining 2 mL of a 4 mg OHRhMOP (5.87-10-* mmol) methanol/DMF (1:1) solu-
tion. UV-vis spectra before and after the addition.

4.4.4.6 Extraction strategy. Separation protocol for 4-IPy and 2-IPy

First, 20 mg of OHRhMOP (0.0015 mmol) were dissolved in 1 mL of water con-
taining 24 mol. eq. of NaOH (35 pL, 1 M). A biphasic system was prepared by
layering 2 mL of toluene-dgontop. Then, 12 mol. eq. of each regioisomer (2-1Py
and 4-I1Py) were added from a stock solution to the toluene-d8 phase (100 pL
from a 0.176M stock solution). After vigorously shaking the system, the green
aqueous solution turned into purple. UV-Vis and H NMR were used to moni-
tor the spectroscopic changes in both phases. After that, fresh toluene-d8 was
layered on top of agueous solution containing the 4-IPy coordinated to ONaR-
hMOP. Then, 10 pL of acetonitrile were added to the aqueous phase inducing
a rapid colour change from purple to pink. Then, the ensuing biphasic system
was shaken to properly transfer the water insoluble 4-IPy to the organic phase.
1H NMR of the deuterated toluene. Finally, initial ONaRhMOP solution was re-
covered by extracting the aqueous phase with CHCls.

4.4.4.7 Extraction strategy. Separation protocol for 4-COOHPy and
2-COOHPy

A solution containing an equimolar mixture of 2-COOHPy and 4-COOHPy (12
mol. eq. each) was prepared by adding 200 pL of two different stock solutions
(5.5 mMM) to 600 pL of water. Then, this solution was layered on top of a CHCI3
solution containing 10 mg of C;;RhMOP (9.2-10- mmol). After shaking the two
different phases, they were separately analysed by H NMR and UV-Vis spec-
troscopy. Then a fresh aqueous phase (1 mL) containing 100 uL of DCl (3 M)
to the was layered on top of the remaining organic phase. The acidic biphasic
system was shaken and both phases were separately analysed.
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4.4.4.8 Extraction strategy. Separation protocol for 3-CIPy and
2-CIPy

10 mg of OHRhMOP (0.0015 mmol) were dissolved in 1 mL of water containing
24 mol. eq. of NaOH (35 pL, 1 M). Then, a biphasic system was prepared by
layering 1 mL of cyclohexane-d;; on top. After that, 6 mol. eq. of 2-CIPy and
3-CIPy were added from a stock solution in cyclohexane-dg; (20 L from a stock
0.44 M). The biphasic system was shaken for 5 s. This process was repeated
two more times using fresh ONaRhMOP solutions each time to completely ex-
tract 3-CIPy from the cyclohexane phase. H NMR of the organic phase. UV-vis
spectra of the aqueous phases were also measured after the extractions. We
next explored the release and subsequent recovery of the coordinating 3-CIPy
from the aqueous phase by using the above mentioned ligand exchange strat-
egy. To do so, fresh CDCl5-d; was layered below of an aqueous solution con-
taining the 3-CIPy coordinated to ONaRhMOP. Then, 10 L of acetonitrile were
added, and the aqueous phase rapidly revealed a colour change from purple
to pink colour.

4.4.4.9 Purification of a 48 mol. eq. mixture of 2-CIPy/3-CIPy thought
subsequent ONaRhMOP extraction cycles

1mL of cyclohexane-dj; solution containing 48 mol. eq. of each chloropyridine
was prepared by adding 160 pL of two different stocks of 3CI-Py and 2-ClIPy
(0.44 M) to 680 pL of cyclohexane-d;, . The abovementioned extraction and
recovery procedure was repeated up to 6 times until iH NMR measurements
showed no remaining 3-CIPy in the cyclohexane-d;; phase.

Chapter 4 | 163




4.5 References

10.

n.

12.

13.

14.

15.

164

S.S. David, R. P. Lively, Nature. 2016, 532, 435—437.

Materials for Separation Technologies. Energy and Emission Reduction Op-
portunities, United States, 2005.

R.A. Meyers, Handbook of Petroleum Refining Processes, Third Edition,
McGraw-Hill Education, New York, 2004.

Y.Yang, P. Bai, X. Guo, Ind. Eng. Chem. Res. 2017, 56, 14725-14753.

W. B.Wilson, L. C. Sander, M. L. de Alda, M. L. Lee, S. A. Wise, J. Chromatogr.
A 2016, 1461, 107-119.

M. P. Marszatt, M. J. Markuszewski, R. Kaliszan, J. Pharm. Biomed. Anal. 2006,
41,329-332.

M. C. Hilton, R. D. Dolewski, A. McNally, .. Am. Chem. Soc. 2016, 138, 13806—
138009.

S. Shimizu, N. Watanabe, T. Kataoka, T. Shoji, N. Abe, S. Morishita, H. Ichimu-
ra, Ullmann’s Encycl. Ind. Chem. 2000.

S.V Sivakumar, D. P. Rao, Chem. Eng. Process. Process Intensif. 2012, 53, 31-52.

X.Gu, J. Dong, T. M. Nenoff, D. E. Ozokwelu, J. Memb. Sci. 2006, 280,
624—633.

J.Huang, X. Han, S.Yang, Y. Cao, C.Yuan,Y. Liv, J. Wang, Y. Cui, J. Am. Chem.
Soc. 2019, 141, 8996—-9003.

Z.R.Herm, B. M. Wiers, J. A. Mason, J. M. van Baten, M. R. Hudson, P. Zajdel,
C. M. Brown, N. Masciocchi, R. Krishna, J. R. Long, Science 2013, 340, 960-964.

Z.-Y.Gu, D.-Q. Jiang, H.-F. Wang, X.-Y. Cui, X.-P.Yan, J. Phys. Chem. C 2010,
114, 311-316.

D.-S. Guo, Y. Liu, Chem. Soc. Rev. 2012, 41, 5907-5921.

T. Ogoshi, K. Kitajima, T. Aoki, T. Yamagishi, Y. Nakamoto, J. Phys. Chem. Lett.
2010, 1, 817-821.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

T.Tozawa, J.T.A. Jones, S. 1. Swamy, S. Jiang, D. J. Adams, S. Shakespeare, R.
Clowes, D. Bradshaw, T. Hasell, S.Y. Chong, C. Tang, S. Thompson, J. Parker,
A.Trewin, J. Bacsa, A. M. Z. Slawin, A. Steiner, A. I. Cooper, Nat. Mater. 2009,
8, 973-978.

D. Zhang, T. K. Ronson, J. R. Nitschke, Acc. Chem. Res. 2018, 51, 2423-2436.
T.R. Cook, P. J. Stang, Chem. Rev. 2015, 115, 7001—7045.

D. Fujita, Y. Ueda, S. Sato, N. Mizuno, T. Kumasaka, M. Fujita, Nature 2016,
540, 563-566.

G. Liy, Y. DiYuan, J. Wang, Y. Cheng, S. B. Peh, Y. Wang, Y. Qian, J. Dong, D.
Yuan, D. Zhao, J. Am. Chem. Soc. 2018, 140, 6231.

G. Zhang, A.-H. Emwas, U. F. Shahul Hameed, S. T. Arold, P.Yang, A. Chen,
J.-F. Xiang, N. M. Khashab, Chem 2020, 6, 1082-1096.

J.Hu, J.S.Ward, A. Chaumont, K. Rissanen, J.-M. Vincent, V. Heitz, H.-P.
Jacquot de Rouville, Angew. Chem. Int. Ed. 2020, 59, 23206.

D. Zhang, T. K. Ronson, R. Lavendomme, J. R. Nitschke, J. Am. Chem. Soc.
2019, 141, 18949-18953.

S. Furukawa, N. Horike, M. Kondo, Y. Hijikata, A. Carné-Sanchez, P. Larpent,
N. Louvain, S. Diring, H. Sato, R. Matsuda, R. Kawano, S. Kitagawa, /norg.
Chem. 2016, 55, 10843-10846.

A.Carné-Sanchez, J. Albalad, T. Grancha, I. Imaz, J. Juanhuix, P. Larpent, S.
Furukawa, D. Maspoch, J. Am. Chem. Soc. 2019, 141, 4£094—4102.

T.Grancha, A. Carné-Sanchez, L. Hernandez-Ldpez, J. Albalad, I. Imaz, J.
Juanhuix, D. Maspoch, J. Am. Chem. Soc. 2019, 141, 18349-18355.

E.B. Boyar, S. D. Robinson, Coord. Chem. Rev. 1983, 50, 109—208.
J. C. Phillips, R. Braun, W.Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chi-
pot, R. D. Skeel, L. Kalé, K. Schulten, J. Comput. Chem. 2005, 26, 1781-1802
W. Humphrey, A. Dalke, K. Schulten, J. Mol Graphics 1996, 14, 33.

M. J. Frisch, G. W.Trucks, H. B. Schlegel, Gaussian 16, Revision A.03, Gaussi-
an, Inc,, Wallingford CT, 2016.

E. Warzecha, T. C. Berto, J. F. Berry, Inorg. Chem. 2015, 54, 8817-8824.

Chapter 4 | 165




32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

166

K. Aoki, M. Inaba, S. Teratani, H. Yamazaki, Y. Miyashita, Inorg. Chem. 1994,
33, 3018—3020.

F.Haase., G. A. Craig, Bonneau, M. K. Suguimoto, Furukawa, S. J. Am. Chem.
Soc. Rev. 2020, 142, 13839.

J. Henin, G. Fiorin, C. Chipot, M. L. Klein, J. Chem. Theory Comput. 2010, 6,
35- 47

X.Xu, M. P. Doyle, Inorg. Chem. 2011, 50, 7610.

K. Kawano, N. Horike, Y. Hijikata, M. Kondo, A. Carné-Sanchez, P. Larpent, S.
lkemura, T. Osaki, K. Kamiya, S. Kitagawa, S. Takeuchi, S. Furukawa, Chem.

2017, 2,393-403.

C. Skoutelis, M. Antonopoulou, |. Konstantinou, D. Vlastos, M. Papadaki
J. Hazard. Mater. 2017, 321, 753—763.

X.Sheng, E. Li,Y. Zhou, R. Zhao, W. Zhu, F. Huang, . Am. Chem. Soc. 2020,
142, 6360-6364.

Carné-Sanchez, A; Craig, G. A; Larpent, P; Hirose, T.; Higuchi, M_; Kitagawa,
S.;Matsuda, K;  Urayama, K.; Furukawa, Nat. Commun. 2018, 9, 2506.

Vanommeslaeghe, K.; Hatcher, E.; Acharya, C,; Kundu, S.; Zhong, S.; Shim,
J.E.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyoy, I.; MacKerell, J. A. D. J.
Comput. Chem. 2009, 31, 671.

Zhao,Y,; Truhlar, D. G. J. Chem. Phys. 2006, 125, 194101.

Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999 — 3094.
Xu, X.; Doyle, M. P. Inorg. Chem. 2011, 50, 7610—-7617.

Long, J. R;; Cosmano, R. Inorg. Chem. 1982, 21, 2196—2202.

Sebesta, F; Sldma, V.; Melcr, J.; Futera, Z.; Burda, J. V. J. Chem. Theory Com-
put. 2016, 12 (8), 3681-3688.

Frenkel, D.; Smit, B. Academic Press: San Diego, 2002.



Chapter 4 | 167






Click Chemistry on
Metal-Organic Polyhedra

5.1 Introduction
5.2 Results and Discussion
5.2.1 Synthesis of the “clickable” alkyne-terminated Rh(Il)-MOP
5.2.2 CUAAC click reactions on ethynylRhMOP: functionalisation
with small and polymeric azide molecules as model substrates
5.2.3 Functionalisation of ethynylRhMOP with carboxylic and
phosphonic acid groups
5.2.4 Synthesis and bio-recognition capabilities of biotinylated MOPs
5.3 Conclusions
5.4 Experimental and computational section
5.4.1 Materials and methods
5.4.2 Synthetic procedures
5.4.3 Competitive HABA-Avidin assay
5.4.4 Computational Methods for the MolecularnDynamics Simulations
5.5 References

169



5.1 Introduction

As a subclass of molecular cages assembled from metal-ions and organic link-
ers, MOPs exhibit unique porosity capabilities: for example, they can host mol-
ecules in solution and are permanently porous in the solid state. Importantly,
most of these materials fall within the nanoscale regime, having outer diame-
tersof ~ 2 nmto 5 nm. This is especially true for the archetypical cuboctahedral
[My(m-bdc);]1; MOP, which resembles a spherical ~2.5 nm-in-diameter mo-
lecular nanoparticle.* As such, as in inorganic nanoparticles, most of its phys-
icochemical properties (e.g, solubility, recognition, and assembly) rely on its
surface chemistry.?3 Therefore the development of synthetic strategies able
to diversify the surface chemistry of MOPs will further expand their frontiers
and applications.

Among the existing functionalisation strategies, copper(l)-catalysed azide-
alkyne cycloaddition (CUAAC), commonly known as click chemistry, is prob-
ably the most popular, powerful, and versatile chemical tool to post-synthet-
ically modify molecules and materials.“® This is mainly due to its quantitative
and orthogonal reactivity, which makes it compatible with myriad functional
groups and even biomolecules.”® However, the straightforward use of CUAAC
for the PSM of MOPs presents several challenges due to the instability of co-
ordination bonds to common click chemistry reagents (e.g., reducing agents
and metal salts).? Therefore, researchers have developed alternative reac-
tion conditions for the CUAAC reaction to avoid the use of reducing agents.
These conditions involve the use of Cu(l) complexes as catalysts,[10] or of the
strain-promoted version of the azide-alkyne cycloaddition, the latter of which
has been employed for most partial modifications of parent cages.*** Only
very recently did Prof. E. D. Bloch and co-workers show that robust rectan-
gular prismatic MOPs assembled from Co(ll) calixarene-capped clusters and
5-azido-bdc or 5-propargyl-bdc can withstand the reaction conditions of the
classical CUAAC reaction. Indeed, they reported the quantitative conversion of
4 pendant alkyne or azide groups of the MOP through this reaction run at high
temperature.®

Herein we have adapted and optimised CUAAC to enable covalent function-
alisation of up to 24 positions of cuboctahedral Rh(Il)-MOPs* with a diverse
repertoire of molecules. To this end, we initially introduced an alkynyl group
onto position 5 of the aromatic organic linker of a 24-functionalized cuboc-
tahedral Rh(I)-MOP through a protection/deprotection method,* forming a
“clickable” Rh(Il)-MOP with formula [Rha(ethynyl-bdc),,] (hereafter named
ethynyIRhMOP, where ethynyl-bdc is 5-ethynyl-isophtalate). Afterward, we
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demonstrated that each of the 24 alkyne groups located on the outer surface
of the cuboctahedron could be reacted at room temperature with azide-con-
taining molecules without compromising the integrity of the MOP. Thus, we
used click chemistry to quantitively and densely functionalise the surface of
ethynylRhMOP with a wide range of functionalities that could not otherwise
be easily introduced (e.g, by direct synthesis or current post-synthetic ap-
proaches). These functionalities include polymers, free carboxylic acid groups,
free phosphonic acid groups, and bioactive biotin molecules. Furthermore, we
proved that addition of these functionalities modulates the properties (e.q.,
solubility) of ethynylRhMOP, and that the biorecognition capabilities of biotin
moieties grafted onto the surface of ethynylRhMOP to avidin are preserved.

ﬁ PP{ZI:}) Cgﬂ

Figure 5.1 (a) Schematic of the cuboctahedral Rh(ll)-MOP, highlighting the positions at

which the CuAAC click reaction is performed. (b) Schematic showing the synthesis of the

"clickable” ethynylRhMOP, and its subsequent post-synthetic modification through a
CuAAC.

5.2 Results and discussion
5.2.1 Synthesis of the “clickable” alkyne-terminated Rh(Il)-MOP

Traditionally, cuboctahedral Rh(I)-MOPs are synthesised through a solvother-
mal reaction between Rhy(AcO), and the corresponding linker.** However,
ethynylRhMOP cannot be synthesised this way because the linker ethynyl-bdc
is not stable at high temperatures or under basic conditions. Thus, we devel-
oped a protection-deprotection strategy that entailed the synthesis of the
alkyne-protected Rh(ll)-MOP and its subsequent deprotection to finally yield
the targeted clickable MOP (Figure 5.1). In order to implement this strategy,
it is necessary to choose a protecting group that exhibits thermal and chemi-
cal resistance to the solvothermal and basic conditions involved in Rh(Il)-MOP
synthesis. The protecting group should also show inert behavior towards free
Rh(Il) metal ions and offer relatively mild deprotection pathways. Triisopropyl-
silyl (TIPS) was selected as the protecting group due to its compatibility with
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the linker and the synthetic conditions required for Rh(Il)-MOP formation. Un-
like simpler and more common silyl protecting groups such as trimethylsilyl,
the bulkiness of TIPS provides it with enhanced resistance to basic conditions,
thus becoming a suitable candidate for our purpose. After reacting dimethyl
s-iodoisophtalate with (triisopropylsilyl)acetylene and subsequently depro-
tecting the carboxylic groups, the protected version of ethynyl-bdc, 5-((triiso-
propylsilyl)ethynyl))isophtalic acid (TIPS-bdc), was obtained. Next, TIPS-bdc
was reacted with Rhy(AcO), in DMA at 100 °C in the presence of Na,CO;s for
48 h to yield a MOP with formula [Rha(TIPS-bdc).s] (yield: 80%). The forma-
tion of the alkyne-protected Rh(Il)-MOP was confirmed by matrix-assisted
laser desorption/ionisation-time-of-flight (MALDI-TOF) spectroscopy, which
showed a signal at 11024.5 m/z, which closely agrees with the targeted cuboc-
tahedral Rh(I)-MOP ([Rha(TIPS-bdc),, + H*]*2DMA-2MeOH, expected m/z =
11024.9) (Figure 5.2).

Figure 5.2 MALDI-TOF spectrum of the
10245309 | glkyne-protected Rh(ll)-MOP in CHCls. The
molecular weight corresponding to the for-
mula [Rh24(TIPS-bdc)2s + H*]*2DMA-2MeOH
has been highlighted: expected m/z = 11024.9;
found m/z = 11024.5.

Intenisty (a.u)

T T
8000 10000 12000 14000
Molecular weight (m/z)

The 1H-NMR spectrum of the alkyne-protected MOP in CDCls-d; further con-
firmed the synthesis of a discrete metal-organic assembly with 24 TIPS pro-
tecting groups on its surface (6 = 1.05 ppm; Figure 5.3a). After exposing the
alkyne-protected MOP to digestion conditions, 2H-NMR analysis revealed the
presence of TIPS-bdc linker, thus further confirming that the obtained Rh(ll)-
MOP is purely composed of this linker (Figure 5.3b). Furthermore, diffusion-or-
dered spectroscopy (DOSY) NMR analysis showed the same diffusion coeffi-
cient of 3.7.10%° m2 s* for the aromatic and protecting group protons, which
further corroborated that both moieties belong to the same metal-organic
structure (Figure 5.4).
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Figure 5.3 (a) tH-NMR spectrum (300 MHz, 25 °C) of the alkyne-protected Rh(1l)-MOP in CD-
Cl-d1. Note that no residual TIPS-bdc peaks are observed. (b) H-NMR spectrum (300 MHz,
25 9C) of the digested alkyne-protected Rh-MOP in DMSO-d6 under acidic conditions (DCl,
100 °C, 2 h). Note that no-extra signals could be observed, confirming that the obtained

alkyne-protected Rh-MOP is purely composed by the TIPS-bdc linker.
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Figure 5.4 DOSY NMR representation (300 MHz, 25 °C) of the alkyne-protected Rh(ll)-MOP

in CDCls-d;. The same diffusion coefficient (D = 3.7-10™*° m*-s™) is identified for the aromatic

signals attributed to the aromatic core of the Rh-MOP and the aliphatic signals attributed to

the protecting group, thus confirming that they all belong to the same molecular entity. The

diffusion coefficient (D = 2.5-10 m*-s-*) for the CHCI3 signal was used as internal reference
to corroborate the veracity of the measurement.

The integrity of the Rh(Il)-Rh(ll) paddle-wheel was confirmed through UV-Vis
spectroscopy in chloroform, which showed the characteristic band centred at
630 nm, which corresponds to Band | of the Rh(ll)-Rh(ll) paddlewheel (Figure
5.5).
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The alkyne-available Rh(Il)-MOP (ethynylRhMOP) was synthesised by treating
a THF solution of the alkyne-protected MOP with 36 mol. eq. of TBAF solu-
tion (2.0 Min THF) (Figure 5.1). Upon addition of the TBAF solution, a blue pre-
cipitate was immediately formed. This solid was collected by centrifugation,
washed with THF and finally, dissolved in DMSO for further analysis (yield: >
95%). The H-NMR spectrum of ethynylRhMOP in DMSO-dg confirmed the
quantitative fading of the peaks ascribed to the TIPS protecting group, togeth-
er with the appearance of a new signal at 4.3 ppm (Figure 5.6a), which corre-
sponds to the alkyne proton. Also, the H-NMR spectrum of ethynylRhMOP
obtained after the acidic digestion confirmed the quantitative deprotection of

the alkyne-protected Rh(Il)-MOP as no-extra signals could be observed (Figure
5.6b).
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Figure 5.6 (a) H-NMR spectrum (300 MHz, 25 °C) of ethynylRhMOP in DMSO-ds. (b)
1H-NMR spectrum (300 MHz, 25 °C) of the digested ethynylRhMOP in DMSO-d6 under
acidic conditions (DCl, 100 °C, 2 h).
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The aromatic and alkyne protons showed the same diffusion coefficient of 6.5
-10™m?sinthe DOSY H-NMR data (Figure 5.7a). The hydrodynamic radius
of ethynylRhMOP was calculated to be approximately 1.7 nm, which agrees
with the value obtained from the computer simulation of this structure (Figure

5.7b).Y
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Figure 5.7 (@) DOSY NMR representation (300 MHz, 25 °C) of the ethynyl[RhMOP in DM-
S0-ds The same diffusion coefficient (D = 6.5-10™** m*-s™) is identified for the aromatic
signals attributed to the aromatic core of the Rh(ll)-MOP and the signal ascribed to the
acetylenic proton, thus confirming that they all belong to the same molecular entity.
The diffusion coefficient (D = 6.3-10*° m*.s™) for the DMSO signal was used as internal
reference to corroborate the veracity of the measurement. (b) Modelled structure of ethy-
nylRhMOP. Colour code: Rh(ll) (green); C (black); H (white); O (red).

MALDI-TOF analysis of ethynylRhMOP was characterised by a single broad
peak centred at 7061.6 m/z, which closely agrees with the expected mass of
7064.1 m/z for the targeted formula [Rha(ethynyl-bdc),, + H*]*DMSO (Fig-
ure 5.8a). Additionally, the integrity of the Rh(I)-Rh(Il) paddlewheel after the
deprotection reaction was further confirmed by UV-Vis spectroscopy in DMF,
which showed the characteristic band centred at 589 nm that corresponds to
Band I of the Rh(Il)-Rh(ll) paddlewheel (Figure 5.8b). Altogether, these results
corroborate the successful synthesis of ethynylRhnMOP as a cuboctahedral
Rh(Il)-MOP functionalised with 24 available alkyne groups on its outer surface.
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Figure 5.8 (a) UV-Vis spectrum of the ethynylRhMOP in DMF (0.3 mM). A__ is centred at

589 nm. (b) MALDI-TOF spectrum of ethynylRhMOP in DMSO. The molecular weight corre-

sponding to the formula [Rhzs(ethynyl-bdc),, + H*]*-DMSO has been highlighted: expected
m/z = 7064.1; found m/z = 7061.6.

5.2.2 CUAAC click reactions on ethynylRhMOP: functionalisation with
small and polymeric azide molecules as model substrates

We initially assessed the reactivity and functionalisation of ethynylRhnMOP
through CuAAC click chemistry using azidobenzene as our model azide com-
pound. To this end, 36 mol. eq. of azidobenzene per MOP unit (ie, 1.5 mol.
eq. of azidobenzene per alkyne group) were added to a DMSO solution of
ethynylRhMOP followed by the stepwise addition of CuSO, (1.5 mol. eq. per
alkynyl group) and sodium ascorbate (4.5 mol. eq. per alkynyl group, 3 mol. eq.
per Cu(ll)). The reaction mixture was left to react overnight at room temper-
ature. The reaction proceeded under homogenous conditions: no precipitate
was observed throughout the reaction. The product of the reaction (hereafter
named Bz-clickRhMOP) was precipitated out by adding ethyl acetate as coun-
ter solvent, and further purified through successive washing with 1:2 mixtures
of DMF/HCI (0.3 M) and of DMF/water (yield: 95%).

The UV-Vis spectrum of Bz-clickRhMOP in DMF showed a A =591 nm, which
confirmed the integrity of the Rh(ll) paddlewheel unit through the catalyt-
ic reaction (Figure 5.9a). This result corroborated that Rh(Il) is not reduced
upon addition of ascorbic acid or exchanged in the presence of Cu(ll). MAL-
DI-TOF analysis revealed a single broad peak centred at 10045 m/z, which
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closely agrees with the expected molecular mass for [Rha(5-(1-phenyl-1H-
1,2,3-triazol-4-yl)-bdc),, + H*]*DMF + 3H,0 (expected m/z = 10045 g/mol)
(Figure 5.9b).
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Figure 5.9 (a) UV-Vis spectrum of the Bz-clickRhMOP in DMF (0.3 mM). Amax is centred at

591 nm. (b) MALDI-TOF spectrum of the Bz-clickRhMOP in DMF. The molecular weight cor-

responding to the formula [Rhy,(5-(1phenyl-1H-1,2,3-triazol-4-yl)-bdc),, + H*]+DMF - 3H,0
has been highlighted: expected m/z = 10045; found m/z =10045.

IH-NMR analysis of a DMSO-d6 solution of Bz-clickRhMOP showed a down-
field shift of the aromatic protons of the bdc moiety, and the appearance of a
new broad aromatic signal at 6 = 7.55 ppm, which corresponds to the incorpo-
rated phenyl moiety on the surface of the MOP (Figure 5.10). Furthermore, the
formation of the triazole ring linking the MOP unit to the phenyl ring was first
evidenced by the appearance of a signal at & = 9.35 ppm, which corresponds
to the olefinic proton of the triazole ring, and by the quantitative fading of the
signals of the alkyne protons groups (6 = 4.30 ppm, Figure 5.10 orange dot).

Supporting this later observation, the Fourier transform infrared spectroscopy
(FT-IR) spectrum of Bz-clickRhMOP revealed complete disappearance of the
stretching band corresponding to the alkyne group at 3284 cm™ (Figure 5.11).
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DMF

Figure 5.10 *H-NMR spectra (300 MHz, 25°C) in DMSO-d6 of ethynylRhMOP
(black) compared with product obtained after reacting it with azidobenzene
through the CuAAC reaction (blue).
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Figure 5.11  FT-IR spectra of the ethynylRhMOP (black) compared with
Bz-clickRhMOP (blue).
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DOSY NMR data of Bz-clickRhMOP showed the same diffusion coefficient
(5.3-10-12m?s ") for all aromatic protons (Figure 5.12a). Note that the diffusion
coefficient after the reaction (overlaid DOSY representation shown in green,
D = 5.3:10™ m*s™) decreases with respect to the corresponding value for
the free azidobenzene molecule (black, D = 6.3:10"° m?*s™), thereby demon-
strating that they belong to a larger molecular entity after the click reaction.
The calculated hydrodynamic radius was found to be 2.1 nm, in agreement
with the equilibrium configuration of the simulated structure (Figure 5.12b).
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Figure 5.12 (a) DOSY NMR representation (300MHz, 25°C) of the Bz-clickRhMOP (blue) and

free azidobenzene (black) in DMSO-d6. The same diffusion coefficient (D = 5.3-10"** m*:s™)

is identified for all the aromatic signals attributed to the aromatic core of the Rh(ll)-MOP

and the signals ascribed to the olefinic proton and the pending pheny! group. The diffusion

coefficient (D = 6.3-10° m*-s™*) for the DMSO signal was used as the internal reference

to corroborate the veracity of the measurement. (b) Modelled structure of Bz-clickRhMOP.
Colour code: Rh(ll) (green); C (black); N (blue), H (white); O (red).
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Further evidence of the quantitative conversion of the alkyne groups was pro-
vided by the H NMR analysis of the acid-digested Bz-clickRhMOP. The spec-
trum of the digested Bz-clickRhMOP showed only the signals corresponding
to 5-(1-phenyl-1H-1,2,3-triazol-4-yl)-bdc, which is the linker expected to be
created upon coupling of the initial 5-ethynyl-bdc linker of Bz-clickRhMOP to
azidobenzene via CUAAC (Figure 5.13).
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Figure 5.13 (a) TH-NMR spectrum (300 MHz, 25°C) of the digested Bz-clickRhMOP in DM-
SO-ds under acidic conditions (DCl, 100°C, 2h). (b) 2D 1H-1H COSY (500 MHz, 25 °C) spec-
trum of the digested Bz-BCN-23 in DMSO-d6 under acidic conditions (DCl, 100 °C, 2 h).

Chapter 5 | 181



Further NMR characterization was performed to ensure the quantitative for-
mation of the expected product by using the acid-digested Bz-clickRhMOP.
2D H-BC HSQC spectrum and 2D H-BC HMBC spectrum allowed to identify
carbon signals attributable to the formation of an olefinic bond while no-sig-
nals attributable to the presence of an alkyne moiety (~ 8o ppm)(Figure 5.14).
Moreover, 2D H-15N HMBC spectrum revealed that two types of N are pres-
ent, confirming the formation of the triazole ring (Figure 5.15a).

Finally, as expected for this type of click reaction, only the 1,4-substituted
triazole ring was formed, as confirmed by the ROESY NMR data of the
digested Bz-clickRhMOP (Figure 5.15b).

(a)
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B

Figure 5.14 (a) 2D *H-13C HSQC spectrum (500 MHz, 25°C) of the digested Bz-clickRhMOP in
DMSO-ds under acidic conditions (DCl, 100°C, 2 h). (b) . 1H-13C HMBC spectrum (500 MHz,
25°C) of the digested Bz-BCN-23 in DMSO-d6 under acidic conditions (DCl, 100°C, 2 h).
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From the above model reaction, we corroborated that all 24 alkyne groups on
the outer surface of ethynyIRhMOP can be reacted through CUAAC click chem-
istry with an azide group without compromising the integrity of the Rh(Il)-MOP.
To assess the impact of steric hindrance on the degree of functionalization, we
next targeted the functionalisation of ethynylRhMOP with a polymer, to form
a polymer grafted Rh(Il)-MOP. To this end, ethynyIRhnMOP was reacted with 36
mol. eq. (ie,, 1.5 mol. eq. per alkynyl group) of an azide terminated polyethyl-
ene glycol polymer (mPEG4,-Ns) with 42 repeating units (average molecular
weight = 2000 + 300 g/mol) overnight at room temperature. As for the previ-
ous click reaction, this reaction also proceeded homogenously in DMSO. The
resulting PEGylated Rh-MOP (hereafter named mPEGy,-clickRhMOP) was iso-
lated by precipitation from the reaction mixture with diethyl ether, collected by
centrifugation, and then purified (yield: > 95%).
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Figure 5.15 2D H-N HMBC spectrum (500MHz, 25°C) of the digested Bz-clickRhMOP in
DMSO-dg under acidic conditions (DCl, 100 °C, 2 h).
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The 1H-NMR spectrum of the PEGylated Rh(Il)-MOP in MeOD-d4 showed a
broad signal in the aromatic region at ca. 6 = 8.54 ppm, which corresponds
to the bdc and to the triazole moieties (Figure 5.16a). Additionally, it showed
peaks at & = 3.64 ppm, corresponding to the aliphatic ethylene glycol units.
Both sets of signals belong to the same molecule, as confirmed by DOSY ex-
periments on MPEG,;,-clickRhMOP that revealed a diffusion coefficient of 8.1
10-12m?*s* (Figure 5.16b). The calculated hydrodynamic size of mPEGy,-click-
RhMOP was 4.9 nm. These results reflected a considerable increase in the
hydrodynamic radius relative to the previously found values, supporting the
notion that the PEG chains were indeed attached to the surface of ethynyl-
RhMOP.

(a)

SRR

Figure 5.16 (a) H-NMR spectrum (300 MHz, 25 °C) of the mPEGa2-clickRhMOP in MeOD-d,.
(b) DOSY NMR representation (300 MHz, 25 °C) of the mPEGaz-clickRhMOP (blue) and
mPEG42-N3 (black) in MeOD-d,

Next, to elucidate the degree of PEGylation, we analysed the digest-
ed mPEG42-clickRhMOP by 1H-NMR. The spectrum of the digested
MPEG42-clickRhMOP in DMSO-d6 revealed that all 24 5-ethynyl-bdc linkers
of the parent ethynylRhMOP had been clicked with the polymer chains. Two
new signals at 4.6 and 3.9 ppm appeared after the click reaction. These two
signals, which are attributed to the first monomeric unit of the PEG chain, ap-
pear because of the formation of the triazole moiety (Figure 5.17).
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Figure 5.17 IH-NMR spectra (300 MHz, 25 °C) of the digested mPEGa2-clickRhMOP in DM-
SO-ds under acidic conditions (acetic acid-d4, 100 °C, 5 h) (blue) and the mPEGs2-N3 (black)
under the same acidic conditions. (b) 2D H-1H COSY spectrum (300 MHz, 25 °C) of the di-

gested mMPEGa2-clickRhMOP in DMSO-ds under acidic conditions (acetic acid-ds, 100 °C, 5 h)

The quantitative PEGylation of ethynylRhnMOP was further confirmed by
MALDI-TOF analysis of mPEG,,-clickRhMOP, which showed a broad peak at
ca. 53470.5 g/mol, in agreement with a PEGylated Rh(Il)-MOP with formula
([Rha4(5-(MPEG42-1H-1,2,3-triazol-4-yl)-bdc),, + H*]*-20MeOH (expected m/z
= 53468.4) (Figure 18a). Also, FT-IR analysis of PEG42-clickRhMOP revealed
the complete disappearance of the stretching band at 3284 cm™, further con-
firming that all the alkyne groups on the surface of the MOP had been reacted
(Figure 18b).
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Figure 5.18 MALDI-TOF spectrum of mPEGaz-clickRhMOP in MeOH. The molecular
weight corresponding to the formula([Rhz4(5-(MPEG42-1H-1,2,3-triazol-4-yl)-bdc)za+
H+*J*20MeOH has been highlighted: expected m/z = 53468.4; found m/z =53470.5. (b)
FT-IR spectra of the ethynylRhMOP (black) compared with mPEG42-clickRhMOP (blue).
The signal attributable to the acetylenic proton is completely vanished after the reaction.
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Importantly, due to the quantitative PEGylation, the physicochemical prop-
erties of the product were drastically different from those of the initial ethy-
nyIRhMOP. For example, whereas the initial ethynylRhMOP is only soluble in
DMSO and DMF, the densely PEGylated mPEG,,-clickRhMOP exhibits a broad
solubility profile, covering most organic solvents such as methanol, CHCl,
DMF and DMSO and water in a wide range of pH values (Figure 5.19).

(a) (b) (c)
— e T
oy A A= 5920M
0 bl I
I Aae = 582 Nm Apnax = 584 NM {
L " Aay = 582 nm o : 2200 |
! - I
— . Ama = 5870M | : _ H
B ; : 57 :
= = ; 3 :
zwm g : S o |
1
|
1000 1 1000 !
w0 : !
500 1 00 :
: 1
i |
\
= 7o 7 = w0 ow &= e 5 - P e o
Weangtriemy Wavelengt (nm)
(d) (e) ;
mwod |
e Arox = 591 M \
0 000 \
' \
' A
000 ' 5000 \
] \
= ' = \
3 1 : 75 40600 A
= ' = i
Sl =
: : AN
4 ]
[ \
1 2000 N\
1000 - ] \\
'
. - .
'
I
o i o oo O
500 =0 &0 50 i 73 B 450 500 550 00 &0 1 T
Wavelength (nm) Wavelength (nm)

Figure 5.19 (a) UV-Vis spectra of mPEGaz-clickRhMOP in water at neutral (0.3 mM, A__ =582

nm), acidic (0.283 mM, A= 582 nm) and basic pH (0.268 mM, A__ = 587 nm). (b) UV-Vis

spectrum of mPEGaz-clickRhMOP in MeOH (0.3 mM). A__ is centred at 584 nm. (c) UV-Vis

spectrum of mPEGaz-clickRhMOP in CHClz (0.3 mM). A, is centred at 592 nm. (d) UV-Vis

spectrum of mPEGaz-clickRhMOP in DMF (0.15 mM). A, is centred at 591 nm. (e) UV-Vis

spectrum of mPEGaz-clickRhMOP in DMSO (0.15 mM). Overlapping with Band Il does not
allow to properly identify A of Band .
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5.2.3 Functionalisation of ethynylRhMOP with carboxylic and
phosphonic acid groups

Having demonstrated the regioselective and quantitative nature of click
chemistry on the alkyne surface groups of ethynylIRhMOP, we next sought
to take advantage of the orthogonal reactivity of this chemistry to decorate
the surface of ethynylRhMOP with coordinating groups such as carboxylic or
phosphonic acid groups. The formation of MOPs with surface-available car-
boxylic or phosphonic acid groups is very challenging, as these groups tend
to react with metal ions, thus precluding formation of the desired MOP. In-
deed, there is only one reported example of a covalent carboxylic-functional-
ised MOP, which was prepared through a post-synthetic protection/deprotec-
tion strategy, and there are no reports of any phosphonic acid-functionalised
MOPs.*> To prove that the CUAAC reaction could be used to post-synthetically
functionalise MOPs with available carboxylic or phosphonic acid groups, we
ran experiments with four azide substrates: three terminated with carboxylic
acid groups (azidobenzoic acid, 6-azidohexanoic acid, and COOH-PEG3-Ns)
and one terminated with a phosphonic acid group (H,PO3-PEG3-N3). The reac-
tion of ethynylIRhnMOP with azidobenzoic acid (36 mol. eq.), 6-azidohexanoic
acid (36 mol. eq.) or COOH-PEGs-N5 (36 mol. eq.) in the presence of CuSO, (1.5
mol. eq.), sodium ascorbate (2.25 mol. eq.) and HCl (0.0031 mol. eq.) in DMSO
yielded three new COOH-functionalised MOPs: COOH-Bz-clickRhMOP (yield:
> g5%), COOH-Cs-clickRhMOP (yield: > g5%), and COOH-PEGs-clickRhMOP
(yield: > 95%) (Figure 5.20).

Figure 5.20 Schematic composition (top) simulated structure of COOH-Bz-clickRhMOP (a),
COOH-C5- clickRhMOP (b), COOH-PEG3- clickRhMOP. Color code: Rh(ll) (green); C (black);
H (white); O (red); N (blue); P (gold). For simplicity, the MOP core is displayed as translucent.
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It is important to note here that the addition of HCl to the catalytic reaction
was required to prevent coordination of the free carboxylic acid groups to
the copper catalyst and the subsequent precipitation before the reaction is
completed. NMR spectra of the obtained products revealed the appearance
of new broad signals attributable to the targeted COOH-functionalised MOPs
(Figure 5.21). In all cases, the click reaction was quantitative, as evidenced by
the NMR spectra of the corresponding acid-digested samples (Figure 5.22).
Moreover, DOSY NMR analysis of the three carboxylic-functionalised MOPs in
DMSO-d6 corroborated the successful coupling of the COOH moiety onto the
surface of the ethynylRhMOP unit (Figures 5.23). The estimated hydrodynam-
ic radii values derived from the DOSY-NMR representation were found to be
2.2 nm (COOH-Bz-clickRhMOP), 1.9 nm (COOH-Cs-clickRhMOP), and 2.5 nm
(COOH-PEG;-clickRhMOP). These values are in agreement with the simulated
structures (Figure 5.203, 5.20b and 5.20c¢). Furthermore, the simulations also
revealed the orientation of the three types of carboxylic acids on the surface
of the MOP core. Whereas the carboxylic acids of COOH-Bz-clickRhMOP and
COOH-Cs-clickRhMOP are stretched out from the MOP core, the peg chains
of the COOH-PEGs-clickRhMOP are wrapped around the MOP core, in what is
called "mushroom” configuration in nanoparticles.®

DMF - Acetane

Figure 5.21 IH-NMR spectrum (300 MHz, 25 °C) of COOH-bz-clickRhMOP (top), COOH-
Cs-clickRhMOP (middle) and COOH-PEGs-clickRhMOP (bottom) in DMSO-ds.
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Figure 5.22 1H-NMR spectra (300 MHz, 25 °C) of the digested COOH-bz-clickRhMOP
(top), COOH-Cs-clickRhMOP (middle) and COOH-PEGs-clickRhMOP (bottom) in
DMSO-ds under acidic conditions (acetic acid-d4, 100 °C, 5 h) (blue).
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Figure 5.23 DOSY NMR representation (300MHz, 25°C) of COOH-bz-clickRhMOP (blue),
COOH-Cs-clickRhMOP (black) and COOH-PEGs-clickRhMOP (green) in DMSO-ds.
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MALDI-TOF analysis also proved that, upon reaction of ethynyIRhMOP with
each of the three types of carboxylic acid substrates separately, each func-
tionalised product has a higher molecular weight than the starting MOP. In
all cases, a broad signal containing the expected molecular formula for each
acid derivative of ethynylRhnMOP was observed (Figures 5.24). Unfortunate-
ly, the required intensity of the laser for ionization caused partial breakage
of the COOH-Bz-clickRhMOP (Figures 5.24a) and COOH-PEGs-clickRhMOP
(Figures 5.24¢) structures. Free carboxylic acid groups were also evident in the
FT-IR spectrum of all three COOH-functionalised MOPs, which showed a new
stretching C=0 band centred at ca. 1728 cm™ that corresponds to the presence
of free carboxylic acid groups (Figures 5.25). Therefore, CUAACs enable not
only the synthesis of COOH-functionalised MOPs but also enable control over
the type (ie, aliphatic or aromatic) and length of the spacer between the MOP
core and the surface carboxylic acid groups.
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Figure 5.24 (a) MALDI-TOF spectrum of COOH-Bz-clickRhMOP in DMF. The molecular
weight corresponding to the formula [Rh24(5-(1-(4-carboxyphenyl-1H-1,2,3-triazol-4-yl)-
bdc)zs + H*]*DMF has been highlighted: expected m/z = 10974; found m/z =10975. (b) MAL-
DI-TOF spectrum of COOH-Cs-clickRhMOP in water. The molecular weight corresponding
to the formula [Rh24(5-(1-(5-carboxypentyl-1H-1,2,3-triazol-4-yl)-bdc)zs + H*]*DMF- 4H20
has been highlighted: expected m/z = 11064; found m/z =11068. (c) MALDI-TOF spectrum
of COOH-Bz- clickRhMOP in DMF. The molecular weight corresponding to the formula
[Rh24(5-(1-carboxy-PEGs-1H-1,2,3-triazol-4-yl)-bdc)zs + H*] +DMF- 4H20 has been high-
lighted: expected m/z = 13071; found m/z =13066.
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Figure 5.25 FT-IR spectra of the ethynylRhMOP (grey) compared with COOH-Bz-click-

RhMOP (blue), COOH-Cs-clickRhMOP (black) and COOH-PEGs-clickRhMOP (green).

Note that, the signal attributable to the acetylenic proton is completely vanished after the

reaction and signals attributable to the free carboxylic acid (v,_, = ca. 1728 cm™) groups
become observable.

Next, we challenged our approach by attempting the synthesis of the first ever
MOP functionalised with available phosphonic acid groups. Phosphonic acids
are highly coordinating groups that are generally incompatible with metal-or-
ganic structures. However, we found ethynylRhMOP to be stable against free
phosphonic acids such as phenylphosphonic acid, which encouraged us to pur-
sue its post-synthetic functionalisation with pendant phosphonic acid groups
(Figure 5.26). However, the high coordination capabilities of phosphonic acid
groups precluded the use of the previously used catalytic mixture as a precip-
itate attributed to the coordination of Cu(l)/Cu(ll) to the phosphonate groups
immediately appeared after mixing all the reaction components even in acid-
ic media. Thus, we took inspiration frem the biochemical field to develop an
alternative CUAAC methodology for MOPs. Avoiding the formation of highly
toxic reactive oxygen species (ROS) when Cu(l/l) interacts with oxygen is one
of the most concerning issues when CUAAC is used for bioconjugation.
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One method to avoid this formation is the use of copper-free strain-promoted
azide-alkyne cycloaddition (SPAAC), which, however, significantly reduces the
reaction rate by 10-100 times. In order to maintain the favorable kinetics of
CuAAC, another approach involves the addition of external ligands that can
form complexes with Cu(l). This allows for better control of the active species
within the reaction media and prevents the formation of toxic ROS species by
stabilizing the oxidation level (+1). Inspired by this synthetic strategy, we select-
ed tris-hydroxypropyltriazolylmethylamine (THPTA) to capture the Cu(l) cata-
lytic species and, therefore, prevent coordination of the phosphonate groups
to the copper catalyst (Figure 5.27).
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Figure 5.26 Stability test. UV-Vis spectrum of ethynylRhMOP and 36
mol. eq. of phenylphosphonic acid in DMF before and after incuba-
tion at room temperature for 9 hours (0.22 mM).
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Figure 5.27 Schematic representation of the selected chelating
agent to protect capture Cu(l) species during the CUAAC reaction.
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Therefore, the click reaction between ethynyIRhAMOP and H,PO3-PEG;-N; (36
mol. eq.) was performed in the presence of the previously employed catalytic
mixture comprising CuSQO, (0.25 mol. eq. per alkynyl group), sodium ascorbate
(7.5 mol. eq. per alkynyl group, 30 mol. eq. per Cu(ll) ion) and THPTA (1.25 mol.
eq. per alkynyl group). After 1h of reaction at room temperature, a precipitate
(hereafter named H,PO3-PEGs-clickRhMOP) was obtained, isolated by cen-
trifugation, and subsequently washed with 0.3 M HCl and water (yield: 87%).
The integrity of the Rh(Il)-Rh(ll) paddlewheel in H,PO3-PEGs-clickRhMOP was
first confirmed by the presence of the characteristic A__ = 582 nm in the UV-
Vis spectrum (Figure 5.28a). The MALDI-TOF spectrum of H,PO5-PEG;-click-
RhMOP revealed a broad peak with a centred m/z value of 13855.5 g/mol, in
good agreement with a Rh(I)-MOP of formula [Rh24(5-phosphono-PEG;-
(-1H-1,2,3-triazol-4-yl)-bdc), + H* - 4H,0 (expected m/z for this formula =
13855.0) (Figure 5.28b).
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Figure 5.28 (a) UV-Vis spectrum of the POs*- PEGs-clickRhMOP in basic water
(pH =12.5,0.346 mM). A __ is centred at 582 nm. (b) MALDI-TOF spectrum of the
PO32-- PEG3-clickRhMOP in water.

Furthermore, the 1H-NMR spectrum of H,PO3-PEGs-clickRhMOP in D,0 evi-
denced the solubility modulation because of the graphting of the phosphonate
groups and revealed the disappearance of the alkyne protons and the appear-
ance of broad PEG and aromatic signals (Figure 5.29a). The use of the THPTA
allowed to quantitatively convert all the free alkynyl groups, as demonstrated
by the IH NMR spectrum of the digested product (Figure 5.29b).
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Figure 5.30 (@) DOSY NMR representation (300 MHz, 25 °C) of PO3*"-PEGs-clickRhMOP in

D20 (pH =12.1). The diffusion coefficient (D = 2.3-10™** m?-s™) for the residual water signal

was used as internal reference to corroborate the veracity of the measurement. (b) Simulat-

ed structure of PO3* -PEGs-clickRhMOP. Colour code: Rh(ll) (green), C (black), H (white), O
(red), N (blue) and P (gold). For simplicity, the MOP core is displayed as translucent.
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The hydrodynamic radius calculated from diffusion coefficient of 7.2 - 10-12m2
s—1 was 2.6 nm, in agreement with the simulated structure (Figures 5.30a). As
in the case of COOH-PEG3-clickRhMOP, the PEG chains are wrapped around
the MOP core (Figure 5.30b).

The presence of the free phosphonic acid group on H,PO3-PEGs-clickRhMOP
was further confirmed by FT-IR, which exhibited the characteristic band cen-
tred at 1044-1046 cm™ (Figure 5.31). Altogether, these results demonstrate
that ethynylRhMOP is stable under homogenous conditions in the presence of
free phosphonic acids and chelating agents. This outstanding stability enabled
quantitative functionalisation of the surface of ethynylRhMOP with 24 availa-
ble phosphonic acid groups.

The porosity of the new carboxylic or phosphonic acid-functionalised MOPs
was assessed in CO,-adsorption experiments at 200 K, which revealed that all
the tested MOPs were porous to CO2. Specifically, the maximum CO,-uptake
capacities at 1 bar were: 2.13 mmol/g (COOH-Bz-clickRhMOP); .62 mmol/g
(COOH-Cs-clickRhMOP); 3.53 mmol/g (COOH-PEG;-clickRhMOP); and 2.23
mmol/g (H,POs3-PEG;-clickRhMOP) (Figure 5.32). Therefore, synthesised car-
boxylic or phosphonic acid-functionalised MOPs combine permanent porosity
with on-surface coordination and covalent reactivity, making them ideal can-
didates as porous monomers in subsequent self-assembly processes.
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Figure 5.31 FT-IR spectra of the ethynylRhMOP (black) compared with
H2P03-PEGs-clickRhMOP (blue).

Chapter 5 | 195



(b)

z

o
n

in ~

Quantity Adsorbed (mmol/g)

Quantity Adsorbed (mmol/g)

o

in
=3
=

o

20 40 60 80 100

Absolute Pressure (kPa)

(d)

—_
2]
—

Quantity Adsorbed (mmol/g)
Quantity Adsorbed (mmol/g)

Absolute Pressure (kPa)

.
£

-
@™

-
S

-
b

o
o

o
o

-3
[

=]

2.5

o

-
n

o
in

=)

20

40 60

Absolute Pressure (kPa)

80

100

20

40 60
Absolute Pressure (kPa)

80

100

Figure 5.32 CO2 adsorption isotherms at 200 K for COOH-Bz-clickRhMOP (a),
COOH-Cs- clickRhMOP (b), COOH-PEGs-clickRhMOP (c) and H2POs-PEGs-clickRhMOP (d).

Finally, we studied the pH-dependent solubility of all the synthesised carboxyl-
ic or phosphonic-acid functionalised MOPs. As expected, both types of MOPs
were soluble in agueous solution upon the stoichiometric deprotonation of the
peripheral carboxylic or phosphonic acids, to obtain the corresponding car-
boxylate or phosphonate groups, respectively, affording negatively charged
MOPs, as demonstrated by Z-potential measurements (Figure 5.33). However,
the pH range in which each MOP was found to be water-soluble varied accord-
ingly to its respective functionalisation (Figures 5.34). Thus, whereas carboxylic
acid-functionalised MOPs precipitated out at pH 4.5 to 5.5, due to protonation
of the surface COOH group, the phosphonic acid-functionalised one was sol-
uble in water up to pH 2.7, which reflects the higher pKa of carboxylic acids

relative to phosphonic acid.
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Figure 5.33 Z-Potential values of the carboxylic- or phosphonic-functionalized
Rh(1l)-MOP in basic aqueous media.
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Figure 5.34 UV-Vis spectra of COOH-Bz-clickRhMOP (a), COOH-PEGs-clickRhMOP (b),
COOH-Cs- clickRhMOP (c) and H2POs-PEGs-clickRhMOP (d). € is preserved in all cases,
thus demonstrating the integrity of the Rh(ll)-Rh(ll) paddle-wheel.
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5.2.4 Synthesis and bio-recognition capabilities of biotinylated MOPs

Since we have demonstrated that the molecules introduced onto the ethynyl-
RhMOP surface through click chemistry reactions retain their physicochemical
properties such as acid-base reactivity, we aimed to investigate the feasibility
of extending this approach to more complex processes involving supramolec-
ularinteractions, such as bio-recognition. Avidin-biotin was selected as a mod-
el system due to its strong non-covalent interaction. In this system, avidin, a te-
trameric protein, can bind up to four biotin molecules in specific binding sites.
This interaction has been extensively utilized in biochemical assays, diagnos-
tics, drug delivery systems, among others. Biotinylation of organic or inorganic
nanoparticles, which involves attaching biotin molecules to their surface, has
proven to be an effective method for enhancing their ability to interact with
biological systems through the widely known biotin-streptavidin/avidin inter-
action.” For example, biotinylated nanoparticles have proven invaluable in the
development of innovative biosensors and targeted delivery systems.>>*

Consequently, as a first step towards the development of MOP-based biocon-
jugates, we employed CUAAC for the biotinylation of MOPs, and then studied
the resultant products for their interactions with avidin. EthynyIRhMOP was bi-
otinylated by reacting it with biotin-PEGs-azide under the same standardised
click conditions previously used for the model compounds (i.e., azidobenzene).
The structure of the product, hereafter named biotin-PEGs-clickRhMOP, was
confirmed by IH-NMR in DMSO-dg, which showed new broad signals that cor-
respond to PEGylated biotin (Figure 5.35).

DOSY NMR revealed the same diffusion coefficient (D = 7.6 - 10-11 M2 s—1)
for these signals and for the aromatic peaks assigned to the MOP core (Fig-
ure 5.36a). The calculated hydrodynamic radius was 2.5 nm in agreement with
equilibrium configuration of the simulated structure (Figure 5.38a). The incor-
poration of the PEG-biotin moiety onto the surface of ethynylRhMOP was
further confirmed by mass spectrometry, which revealed a broad peak that
included the expected mass for [Rhy,(5-biotin-PEGs-(-1H-1,2,3-triazol-4-yl)-
bdc)a + HT* of 19770 g/mol (Figure 5.36b).

198



(a)

5 1 4

r T T T T T T T T T 1
9 8 7 6 8 4 3 2 1 ppm
(b) 6,8,1213,H,0
13 11
—o e g
G'):.T/‘-u;i My
13

% i -
A 10
9 16-17 \ 15y #5
r T T T T T T T T T
9 8 7 6 5 4 3 2 ppm

Figure 5.35 (a) H-NMR spectra (300 MHz, 25 °C) of biotin-PEGs-clickRhMOP

in DMSO-ds (blue) and the biotin-PEGs-Ns3 (black). (b) H-NMR spectrum

(300MHz, 25°C) of biotin-PEGs-clickRhMOP in DMSO-ds. Integration reveals
complete biotinylation of ethynylRhMOP.
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Figure 5.36 (a) DOSY NMR representation (300 MHz, 25 °C) of the bio-
tin-PEGs-clickRhMOP in DMSO-ds. The diffusion coefficient (D = 6.3-10-10 m2-s-
1) for the residual DMSO signal was used as internal reference to corroborate
the veracity of the measurement. (b) MALDI-TOF spectrum of biotin-PEGs-click-
RhMOP in DMSO. Such spectrum demonstrates the preservation of a large mo-
lecular entity after the CUAAC reaction. The molecular weight corresponding to
the formula [Rhz4(5-biotin-PEGs-(-1H-1,2,3-triazol-4-yl)-bdc)2s + H*]* - 4H20 has
been highlighted: expected m/z = 1984 2; found m/z =19839. The required intensi-
ty of the laser for ionization caused partial breakage of the structure.

Next, we aimed to test the biorecognition capabilities of biotin-PEGs-click-
RhMOP. To this end, we employed the competitive HABA-avidin binding assay.
In this assay, 2-(4-hydroxyphenylazo)benzoic acid (HABA) initially occupies the
four possible binding sites of avidin. When this interaction occurs, A__ is centred
at 500 nm, in contrast to the free form of HABA, whose A__ is at 350 nm. The
addition of free biotin to this complex induces the quantitative replacement of
HABA due to the greater affinity of avidin for biotin (K, = 10) than for HABA
(K, = 10°%). Therefore, the stoichiometric exchange between HABA and biotin
can be followed through UV-Vis spectroscopy, by monitoring the changes in ab-
sorbance of the band centred at 500 nm (Scheme 5.37).
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Figure 5.37 Schematic representation of the competitive HABA-avidin binding assay.

Thus, to study the biorecognition capabilities of MOP-bounded biotin moi-
eties, we performed a competitive test in which increasing amounts of bio-
tin-PEG5-clickRhMOP were added to separated aliquots of HABA-avidin at a
constant concentration. The reaction mixture was maintained in solution up
to the addition of one biotin-PEGs-clickRhMOP per avidin (i.e. 24 biotin mole-
cules per avidin), after which partial precipitation was observed. The analysis of
the aliquots that remained in solution revealed that biotin-PEG5-clickRhMOP
does indeed recognise avidin (Figure 5.38c). Furthermore, the molecular na-
ture of the biotin-PEGs-clickRhMOP enabled calculation of the stoichiometry
of these interactions. Thus, the average number of avidin groups attached
to the MOP was found to be 1, irrespective of the excess amount of avidin in
solution (Figure 5.38d). This result implies that, once one avidin protein has at-
tached to the MOP surface, there is strong steric hindrance that inhibits the
recognition by the remaining 23 available biotin moieties on the surface. This
steric hindrance might arise from the relative size of avidin (maximum cross
section of ca. 8 nm) relative to the biotin-PEGs-clickRhMOP (diameter of ca. 5
nm), and/or to the mutual steric hindrance of surface-bound biotin groups, giv-
en their high surface density (ca. 0.5 biotin molecules per nm2) (Figure 5.38a
and 5.38b).
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Figure 5.38 (a) Snapshot of the equilibrivm structure of biotin-PEGs-clickRhMOP
as obtained from molecular dynamics simulations in water solvent. Color code:
Rh(ll) (green); C (black); H (white); O (red); N (blue); S (yellow). For simplicity, the
MOP core is displayed as translucent. (b) Structure of avidin. (c) Plot of the aver-
age number of avidin proteins interacting with biotin-PEGs-clickRhMOP at differ-
ent molar ratios of biotin-PEGs-clickRhMOP /avidin. (d) Population of avidin that
interacts with a biotin moiety in solution as a function of the biotin-PEGs-click-
RhMOP molecules per avidin in solution.



5.3 Conclusions

We have designed the synthesis of a novel alkyne-functionalised MOP that can
be post-synthetically modified through CUAAC reactions. The CUAAC reaction
proceeds quantitatively without compromising the structure of the parent
MOP structure, which enables the synthesis of densely functionalised MOPs.
We validated the scope of our approach by decorating the MOP surface with
a wide range of chemically diverse substrates. For example, we synthesised
novel MOPs with unprecedented functionalities, including carboxylic or phos-
phonic acid groups, or bioactive biotins. We envisage the use of CUAACs on
“clickable” MOPs to further expand the repertoire of functional MOPs to guide
the development of novel catalysts, sensors, and building blocks for hierarchi-
cal bio-mediated self-assembly processes.

5.4 Experimental and computational methods

5.4.1 Materials and methods

Rhy(AcO), was purchased from Acros Organics. Dimethyl 5-iodoiosophta-
late was purchased from Fluorochem. Pd(PPhs), Cul, tetrabutylammonium
fluoride (1.0 M in THF), triethylamine, ethynyltriisopropylsilane, anhydrous
MgSO,, NaOH, TBAF (1M in THF), Na,COs, anhydrous CuSO,, sodium ascor-
bate, azidobenzene (0.5 M solution in tert-butyl ether), 5-azidohexanoic acid,
4-azidobenzoic acid (0.2 M solution in tert-butyl ether), Hydroxyphenylazo)
benzoic acid (HABA) and avidin (from egg white, BioUltra, lyophilized pow-
der) were purchased from Sigma-Aldrich. mMPEG,,-N; was purchased from
Rapp Polymere. COOH-PEGs-N3, H,PO3-PEG3-N;, THPTA and biotin-PEGs-N;
were purchased from BroadPharm. All deuterated solvents were purchased
from Eurisotop. Solvents at HPLC grade were purchased from Fischer Chem-
icals. UV-Vis spectra were measured using an Thermo Scientific™ Nano-
Drop 2000 at room temperature (ca. 25°C). NMR spectra were acquired
using Bruker AVANCE 5oo NMR spectrometer operating at 500.13 MHz and
equipped with a cryoprobe z-gradient inverse probehead capable of pro-
ducing gradients in the z direction with a maximum strength of 53.5 G cm-1
and a Bruker Ascend 300 MHz at “Servei de Resonancia Magnetica Nuclear”
from Autonomus University of Barcelona (UAB). Chemical shifts (&) for 1H
NMR spectra are reported in parts per million (ppm) and are reported rela-
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tive to the solvent residual peak. Mass Spectroscopy (MALDI-TOF) measure-
ments were performed using a 4800 Plus MALDITOF/TOF (ABSCIEX — 2010).
Fourier-Transform Infrared Spectroscopy (FT-IR) measurements were per-
formed using a Bruker Tensor 27. Z-potential measurements were carried out
using a Malvern Zetasizer Nano ZS. Prior to zeta-potential measurements, a
standard solution with a zeta-potential of —42 + 6mV was measured to ensure
correct calibration. Volumetric CO; isotherms were collected at 200K using an
ASAP 2460 (Micromeritics). Temperature for CO, isotherms measurement
was controlled by a chiller.

5.4.2 Synthetic procedures

5.4.2.1 Synthesis of 5-((triisopropylsilyl)ethynyl)isophthalic acid,
H2btc-TIPS

H2btc-TIPS was synthesised adapting a procedure from the literature.? A 200
mL three neck Schlenk flask was purged using vacuum and filling with Ar along
three consecutive cycles. Then, dimethyl 5s-iodoiosophtalate (2g, 6.25 mmol),
Pd(PPhs3)4 (487.94mg, 0.44mmol) and Cul (72.4mg, 0.37mmol) were added and
the flask was evacuated under vacuum and refilled with Ar three times more.
The solids were dissolved by addition of both anhydrous THF (50 mL) and de-
gassed triethylamine (20mL). Then, the mixture was cooled down to o °C in
anice bath, and ethynyltriisopropylsilane (1.71 g, 9.38mmol) dissolved in anhy-
drous THF (smL) was added dropwise into it via syringe. The resulting yellow
solution was stirred at room temperature for 1 hour and then, reacted under re-
fluxand argon atmosphere for additional 18 hours. After that, the mixture was
cooled down to room temperature and CHCl; (somL) was added into it. The
resulting mixture was subsequently washed three times with water (3omL).
The recovered organic layer was dried over MgSO,, filtered, and evaporated
under vacuum. The obtained crude product was purified by column chroma-
tography on silica gel using CH,Cl, to obtain dimethy! 5-((triisopropylsilyl)eth-
ynyl) isophthalate as a yellowish oil. This intermediate product was dissolved
in a THF: methanol (6omL, 1:1) mixture, and a NaOH aqueous solution (30mL,
1M) was slowly added. After 1 hour reacting under stirring at room tempera-
ture, the organic fraction of the solvent mixture was subsequently evaporated
under vacuum and aqueous HCI (3M) was added drop-wise under stirring until
pH 1 was reached. The resulting white solid was collected by filtration, washed
with water, and dried in a vacuum oven at 85°C (1.73 g, yield: 76 %b).
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5.4.2.2 Synthesis of alkyne-protected Rh(Il)-MOP

Rhy(AcO),-2 MeOH (20mg, 0.04mmol), Hobdc-TIPS (74.4mg o.2mmol) and
Na,COs (25 mg, o.2mmol) were dispersed in 4mL of DMA. The mixture was
then transferred to a scintillation vial and heated at 100 °C for 48 hours. A deep
green solution was obtained and separated from the residual solids by centrif-
ugation. The crude product was obtained by precipitation with water (20 mL)
and then, separated by centrifugation. The solid was washed with water and
dried by lyophilization. The resulting green solid was washed two times with
methanol (20mL) for further purification and dried in a vacuum oven at 85°C
overnight (93.9 mg, yield: 80 %b).

5.4.2.3 Deprotection procedure of alkyne-protected Rh(Il)-MOP.
Synthesis of ethynylRhMOP

The alkyne-protected Rh(ll)-MOP (10 mg, 0.96 umol) was dissolved in THF
(amL). Then, tetrabutylammonium fluoride (34.7uL, 34.7umol, 1 M solution in
THF) was added to this solution under stirring, from which a blue precipitate
appeared. This solid was rapidly centrifuged and subsequently washed three
times with THF (2mL) and dried under air.

5.4.2.4 Copper-catalysed azide-alkyne cycloaddition on Rh(I1)-MOPs

General CUAAC protocol for Rh(Il)-MOPs

EthynylRhMOP (6.72 mg, 0.96 pmol) and the desired azide-functionalized
ligand (34.56 pumol) were dissolved in DMSO (10 mL). Then, two aqueous
solutions of sodium ascorbate (1.04 M) and CuSOy4 (0.7 M) were prepared.
The addition of the required amount of catalyst (100 uL of CuSO, and 200ulL
of sodium ascorbate) to complete the reaction was added stepwise in five
additions over a period of 1.25 hours under stirring. Once the additions were
completed, the mixture was reacted at room temperature overnight. Finally,
the obtained reaction products were separated and purified according to their
solubility (purification details provided for each MOP below).
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Bz-ClickRhMOP

EthynylRhMOP (6.72 mg, 0.96 pmol) and azidobenzene (69.12 pL from a 0.5
M solution in tert-butyl ether, 34.56 pmol) were dissolved in DMSO (10 mL).
The CuAAC reaction were performed following the above-described general
procedure. Then, ethyl acetate (40 mL) was used to precipitate the product
obtaining an orange coloured solid. This solid was washed once with a mixture
of DMF: 0.3 M HCl (40 mL, 1:2) and twice with a DMF/H,O mixture (40 mL, 1:2).
The final blue solid was dried in a vacuum oven at 85 °C for 2 hours.

Polymeric ligands

EthynylRhMOP (6.72 mg, 0.96 pmol) and mPEG.,-N5 (67.05 mg,34.56 pmol)
were dissolved in DMSO (10mL). The CuUAAC reaction were performed fol-
lowing the above-described general procedure. The obtained reaction mix-
ture was precipitated with Et,0 (200mL). Then, the resulting red solid was
collected by centrifugation and dissolved in water (5mL). Upon addition of 10
mL CHC, a change in colour of the CHCl; phase indicated a phase transfer
of the MPEG,,-clickRhMOP into this organic phase. After removing the aque-
ous phase, the CHCl; phase was extracted three times with 0.3 M HCI (x:omL)
and three times with water 10 mL. The colour of the organic phase changed to
green, indicating the removal of remaining coordinated DMSO. Et,0 (25mL)
was added to the organic phase, which induced the precipitation of a green
precipitate that was isolated by centrifugation. This precipitate was re-dis-
solved in water (1omL) and filtered using a centrifugal filter with a molecular
cut-off of 10 kD3, in order to remove uncoupled mMPEG,,-Ns. This was repeated
three times (3omL as a total amount of water). The concentrated and cleaned
MOP solution was then removed from the filter. Again, after adding CHCls
(5 mL), the MPEGy,-clickRhMOP was transferred into the organic phase, which
was then precipitated using Et,0 (3omL) and collected by centrifugation.
In order to remove remaining water and CHCl;, the resulting solid was stirred
for three days with 20 mL Et,0, exchanging the Et,O at least three times.
Finally, the clean mPEG,,-clickRhMOP was collected by centrifugation and left
at room temperature to dry.
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5.4.2.5 Introducing coordinating groups

Introducing free carboxylic acid groups

EthynylRhMOP (6.72 mg, 0.96umol) and 34.56 umol of 5-azidohexanoic acid
(5.1 L), 4-azidobenzoic acid (172.8 uL from a 0.2 M solution in tert-butyl
ether) or COOH-PEG;-Ns (8.6 mg) were dissolved in DMSO (1omL). The pres-
ence of free carboxylic acids in the reaction required the addition of acid to
avoid precipitation during the reaction (20 plL, HCl 0.3 M). The CUAAC reaction
were performed following the above-described general procedure. After the
reaction, ethyl acetate (40mL) was used to precipitate the product obtaining
an orange coloured solid. These solids were washed once with a mixture of
DMF: 0.3 M HCl (40mL, 1:2) and twice with a DMF/H,O mixture (40 mL, 1:2).
The final blue solids were dried in a vacuum oven at 85 °C for 2 hours.

Introducing free phosphonic acid groups

Because of the strong coordinating capabilities of the phosphonic acid groups,
an alternative pathway to perform the CUAAC was followed. EthynylRhMOP
(6.72 mg, 0.96 pmol) and H,PO;3-PEG;-N3 (9.82 mg 34.56 pmol) were dissolved
in DMSO (10 mL). Then, an aqueous solution (160 plL) containing THPTA (15.1
mg, 34.7 kmol) and CuSO, (10 pL from a 0.7 M solution, 6.94 pmol) was added
to the mixture. Afterwards, sodium ascorbate (41.24 mg, 0.83 M) was added,
and the mixture was reacted at room temperature overnight. Ethyl acetate
(40 mL) was used to precipitate the product obtaining an orange-coloured
solid that was subsequently washed once with 0.3 M HCl (40mL) and twice
with water (40mL). Then, this purple coloured solid was dissolved in water
(1 mL) using an aqueous solution of NaOH (46.24uL, 1M). The resulting pur-
ple solution was further purified using a dialysis procedure for 2 days. After
that, a green solid was precipitated from the aqueous solution by treating
it with @ 3 M HCl until pH 1 was reached. Finally, the solid was lyophilized.

5.4.2.6 Water-soluble COONa- and Na2PO3-functionalized MOPs

The as-made COOH- and H,POs-functionalized MOPs were deprotonated
into water-soluble MOPs as follows. 0.96 pmol of each of the corresponding
MOPs were dispersed in 2 ml of water. Then, 24 mol. eq. of NaOH (23.04pL,
1 M were added to the COOH-functionalized MOPs or 48 mol. eq. of NaOH
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(46.08 pL, 1 M) to the H,POs-functionalized MOP. In all cases, the addition of
NaOH induced the complete dissolution of the MOP.

5.4.2.7 Acid digestion of RhMOP

Procedure #1: smg of the corresponding MOP was dissolved in a mixture of
500 Pl DMSO-dg and 20 pL DCl (20wt% in D20). The mixture was heated at
100°C for 2 hours to achieve complete digestion of the sample. Alkyne-pro-
tected Rh(Il)-MOP, ethynyIRhMOP, Bz-clickRhMOP, COOH-PEG;-clickRhMOP,
H,PO3-PEGs-clickRhMOP were digested following this protocol #1.

Procedure #2: 5 mg of the corresponding MOP was dissolved in a mixture of
soopl DMSO-ds and 20ul acetic acid-d,. The mixture was heated at 100°C
for 5 hours to achieve complete digestion of the sample. MPEG,,-clickRhMOP
and COOH-Cs-clickRhMOP were digested following this protocol #2.

5.4.2.8 Biotinylation of RNMOPs

EthynylRhMOP (6.72mg, 0.96pmol) and biotin-PEGs-N3 (18.4 mg, 34.56 pmol)
were dissolved in DMSO (10 mL). The CuAAC reactions were performed fol-
lowing the above-described general procedure. Afterwards, ethyl acetate
(4omL) was used to precipitate the product obtaining an orange coloured sol-
id. This solid was washed once with a mixture of DMF /0.3 M HCl (40mL, 1:2)
and twice with a DMF/H,0O mixture (40 mL, 1:2). The final blue solid was dried
in a vacuum oven at 85°C for 2 hours.

5.4.3 Competitive HABA-Avidin assay.

The biorecognition capabilities of the biotin-PEGs-clickRhnMOP were as-
sessed by using a HABA-Avidin competitive assay. Positive and nega-
tive controls were used to corroborate the proper operation of this test.
The initial HABA-Avidin mother solution was obtained upon the addi-
tion of an HABA (45ul, 8.26mM) aqueous solution to an avidin aque-
ous solution (7.6uM) to obtain a final volume of 10mL. Aliquots of 0.4mL
of this solution were used to perform the competitive assay using bio-
tin-PEGs-clickRhMOP and the corresponding positive and negative controls.
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Positive and negative controls

A biotin stock solution (3.06 mmol, 3.06 mMM) was prepared in a mixture of
DMSO:H,0 (0.8:1). Different amounts of this biotin stock solution (1ul, 2pl,
4ul and 8 uL) were added to different aliquots of the HABA-avidin stock solu-
tion prepared previously (0.4 ml each aliquot) to finally obtain solutions with
an increasing biotin:avidin ratio (0.5:1, 1:1, 2:1, 4:1). In parallel, negative con-
trols consisting of the addition of the same volume of DMSO:H,0 (1pL, 2pL,
4uL and 8ul) to individual aliquots of the initial HABA-avidin stock (0.4mL)
were performed. The samples were shaken for 5 minutes in darkness. AUV-Vis
spectrum was recorded for each aliquot (both the positive and the negative
control) and the obtained absorbency at 500 nm were used to elucidate the
amount of interacting biotin in each case by using the following formulas:

AAbs__ = Abs — Abs
500

500 ne gative control 500 positive control

L i AAbs_DD-diIution Ffactor
Biotin concentration (M) = ——————

3 el
HABA complex.

Where €51 comglex COrresponds to 34500 M*-cm™ and / corresponds to 1 cm.

= Biotin concentration (M)-V

biotin total

Biotin . ,
interacting biotin

Avidin

n
avidin in a 0.5 mL aliguor

Biotin-PEGs-clickRhMOP biorecognition capabilities test

The biotin-PEGs-clickRhMOP biorecognition capabilities were assessed in the
following manner. Two biotinylated-BCN-23 stock solutions at a concentration
of 127 uM and 10.6 uM were prepared in a mixture of DMSO and water. In the
case of the stock solution at 127 uM, the DMSO:H,O mixture was 0.8:1. In the
case of the stock at 10.6 pM, the DMSO:H,0 mixture was 0.04:1. Then, 6 pL
of the 10.6 uM stock or 2 pL, 5 pL, 6 pL, 9 pL, 10 pL of the 127 uM stock were
added to different aliquots of the HABA-Avidin stock solution (0.4 mL) to pre-
pare solutions with different Biotin-PEGs-BCN-23: HABA-Avidin molar ratios.
The mixtures were shaken in darkness for 5 minutes and centrifuged at 15000
rpm for 3 minutes. Negative controls containing the same amount of DMSO
but lacking the MOP were also prepared to account for any eventual effect of
the organic solvent. Similarly, MOP solutions at the same concentration as in
the biorecognition were prepared to account for the adsorption of the MOP
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unit in the UV-Vis. The amount of biotin interacting with the HABA was calcu-
lated following the above-mentioned calculations and calculating the AAbssgg
through the following formula. Biotin-PEGs-clickRhMOP competitive assay
was performed in triplicates.

AAbs__ = Abs — (Abs
500

500 negative control

)

— Abs
500 positive control 500 blank

5.4.4 Computational Methods for the Molecular Dynamics Simulations

All chemical species were described with full atomistic detail. The species
included in the simulations are ethynylRhnMOP, Bz-clickRhMOP, COOH-Bz-
clickRhMOP. COOH-Cs- clickRhMOP, COOH-PEGs- clickRhMOP, H,PO5-PEG;-
clickRhMOP and Biotin-PEG5-clickRhMOP The force field employed for the
molecules was the CHARMM General Force Field (CGenFF) .24%5 In this force
field, interatomic non-bonding interactions are given by electrostatic and Len-
nard-Jones 12-6 potentials. Bonded interactions in molecules include harmon-
ic bonds, harmonic angle and dihedral potentials. The molecular models and
values of the parameters employed for the linker of the Rh-MOP were gen-
erated by analogy by CHARMM General Force Field (CGenFF) web server.?
The Rh(Il)-MOP modelling was done using the Molefacture plugin version 2.0
included in VMD?® version 1.9.3 by generating the corresponding fragments of
each linker. The files employed in this modelling step are freely available at our
GitHub repository.”

During the all-atomic Molecular dynamic (MD) simulations, we fixed the atom-
ic positions of the Rh atoms and of the O atoms directly coordinated to Rh. For
Rh(Il), CHARMM does not provide standard values for Lennard-Jones param-
eters, so we used values fitted from DFT calculations (R =1.3575 Aand e=
-1.973 kcal/mol), as in our previous works.?®

AllMD simulations were performed using the NAMD program, version 2.14.>
All simulated systems are shown in Table 5.1. Simulations 1-7 were performed
in implicit DMSO solvent by considering a dielectric constant of 46.7 (primitive
model). Simulation 8 was performed in explicit water using the TIP3P model of
water, employing 21800 water molecules to solvate the structure.

In all cases, before running the actual MD simulations, we performed an ener-
gy minimization of the initial configurations using NAMD to solve possible bad
contacts between atoms.
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We have performed MD simulations of systems 2 to 7 in Table 5.1, in the NVT
ensemble at 25°C. In the case of system 8, we considered the NpT ensemble at
25°C and 1 atm. In the case of simulation 1 we considered only an energy min-
imization without further MD simulation because the ethynylRhMOP system
considered there was extremely rigid and, in this case, thermal effects were
considered not relevant.

In the MD simulations, the Newton equations of motion were solved using
a time step of 2 fs. Electrostatic interactions were computed using the PME
method with the standard settings in NAMD (1 A resolution, updated each
2-time steps). Lennard-Jones interactions were truncated at 1.2 nm employ-
ing a switching function starting at 2.0 nm. Periodic boundary conditions were
employed in all directions. The employed thermostat was the Langevin ther-
mostat as implemented in NAMD with the standard relaxation time of 1 ps.
In the case of simulations performed with implicit DMSO (Systems 2-7), the
volume of the simulation box was 216 nm3. In the NpT simulation of System 8
in explicit water, the pressure was kept constant at 1 atm using the Nosé-Hoo-
ver-Langevin piston barostat (oscillation period of 100 fs and decay time of 50
fs). The volume of the equilibrium simulation box was 666.2 nm3.

The simulation time was 25 ns for the systems in implicit solvent (systems 2 to
7) and 100 ns for the simulation performed in explicit water (System 8).

Table 5.2 Summary of all the MD carried out in this study.

Time of Simulation
System MOP Solvent N2 atoms Cimtistion e
1 EthynylRhMOP 456 minimization
2 Bz-clickRhMOP 792
COOH-Bz-
3 clickRhMOP 864
COOH-C,- Implicit
A clickRhMOP DMSO e e
5 COOH-PEG,- £=467 1272 25ns
clickRhMOP
H,PO;- PEG;-
¢ clickRhMOP 1,320
7 biotin-PEGs- 2280
clickRhMOP ’
biotin-PEGs- :
8 clickRhMOP Water 67,680 100 ns 666 nm
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General Conclusions

6.1 General Conclusions

The development of this Thesis was focused on positioning MOPs, and more
precisely cuboctahedral Rh(ll)-MOPs, as molecular nanoparticles. For that,
we aimed to explore the possibilities offered by the combination of a dense-
ly functionalized surface and the presence two orthogonal reactive sites. The
reactivity of these two site-specific chemistries was studied both individually
and synergistically, being such synergistic effect a key-point to introduce cub-
octahedral Rh(Il)-MOPs on specific applications. In particular, special efforts
were addressed on engineering molecular systems in which the governance
of Rh(Il)-MOPs on the solubility of coordinatively anchored molecules plays
a critical role. Motivated by the pivotal role of covalently bounded groups on
the surface of Rh(Il)-MOPs on their resulting properties as molecular nanopar-
ticles, we have also devoted efforts to expand and diversify their functionality
through the PSM approach.

Within this frame, we firstly demonstrated the potential of Rh(Il)-MOPs to con-
trol the solubility of coordinatively anchored molecules based on the pH-de-
pendent solubility of water-soluble carboxylic-functionalized cuboctahedral
MOPs. This approach was implemented into a pH-controlled organic pollutant
removal system. The rapid and reversible acid-base reactivity of the carboxylic
groups exhibited on the selected cuboctahedral Rh(Il)-MOPs demonstrated
to be essential for this strategy. Particularly, at high pH, anionic water-soluble
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COONaRhMOP was formed and the outer surface interacted, through coor-
dination chemistry, with organic pollutants bearing basic N-donor atoms. The
interaction immediately occurred thanks to the concomitant absence of dif-
fusion barriers of a homogeneous system. A rapid decrease in pH forces the
precipitation of the resultant MOP-pollutant complex leaving purified water.
Remarkably, the efficiency of the approach was tested for a collection of water
contaminants at various concentrations, using both single and multiple-pollut-
ant solutions, with a wide range of pKa values and coordination strengths. The
coordinative interaction demonstrated not only to influence on the solubility
profile exhibited by these molecules but also on their protonation capabilities
of as the removal efficiencies were remarkable even though final pH values
were below the tabulated pKa values. Moreover, an easy regeneration by us-
ing readily available reagents (CaCl2 and NaOH) together with the unprece-
dented robustness of Rh(Il)-MOPs, provided by the Rh(ll)-Rh(ll) paddlewheel
unit, allowed multiple cycles of removal/regeneration maintaining the removal
performance. Remarkably, multi-component systems showed the possibility
toinduce cooperative hydrophobic and Van del Waals interactions that unlock
the possibility to enhance the performance and even the use of Rh(Il)-MOPs
to remove non-coordinating pollutants; thus enlarging the scope of this ap-
proach.

Overall, this work lays the foundation for the development of pH-induced pre-
cipitation of organic pollutants, akin to currently used methods for the removal
of inorganic salts. Moreover, we envisage that the wide structural versatility
of MOPs will enable such approach to be extended to many other organic
pollutants, especially by exploiting other MOP-pollutant interactions than (or
in addition to) coordination chemistry, including host-guest, m—m and electro-
staticinteractions, chiral recognition and combinations thereof. Therefore, the
results presented here widen the scope of applications for the emerging wa-
ter-soluble metal-organic cages toward pollutant removal and environmental
applications. Inthis regard, we have already demonstrated that the highly spe-
cific MOP-pollutant interactions can be transferred to photonic sensors for the
real time monitoring of organic pollutants in water.

Next, the potential selectivity exhibited by the Rh(ll)-Rh(ll) paddlewheel was
targeted to evaluate the possibilities of cuboctahedral Rh(Il)-MOPs to dis-
criminate between molecules in solution. Specifically, steric hindrance from
the pyridine substituents surrounding the coordinating N-atom was found to
induce selectivity in the exohedral coordination positions of the Rh(Il)-Rh(ll)
paddlewheel in solution. The mechanism of such selectivity was elucidated
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through a combination of computational (MD) and experimental studies (UV-
Vis and NMR). Such selectivity was synergistically combined with the solubility
control over coordinatively anchored molecules to engineer liquid-liquid sepa-
ration systems. The tuneable solubility provided by external organic function-
alisation of Rh-MOP, enabled to adapt the extraction system to the specifics of
each isomeric mixture. This approach was implemented both using the Rh(ll)-
MOP as retaining agent or as extracting agent. Remarkably, the extracting
approach demonstrated the power of such mechanism, as the working prin-
ciple was maintained even with a minimum contact in the interphase when
the biphasic systems were shaken. We believe that this steric hindrance-driv-
en selectivity will open up new avenues in the field of chemical purifications,
including for challenging mixtures such as racemates, as well as for practical
applications such as pollutant removal and drug purification. Specifically, our
approach benefits from a selective interaction that is an order of magnitude
higher than other supramolecular interactions (i.e., Van der Waals, H-bonding,
-1, etc...), which enables the development of robust self-sorting systems able
to operate in challenging conditions (i.e., aqueous conditions, high tempera-
ture, wide range of concentrations). Additionally, we established an important
collaboration with the Institut de Ciencia de Materials in regard to the of study
Rh(I)-MOPs through computational techniques. This work paves the way to
model the behaviour of MOPs both in solution and solid state, giving highly
precious information to correlate the experimentally observed surface effects
of MOPs. This information allows us to better understand how Rh(Il)-MOPs
interact with their chemical environment and to precisely design systems in
which the surface chemistry of such molecular nanoparticles plays an specif-
ic-role.

Finally, considering the huge influence of the surface functionalization on the
properties and the potential applications of Rh(Il)-MOPs, we developed a ver-
satile PSM approach to enable introducing a wide range of functional groups
that cannot be easily grafted either by direct synthesis or current post-syn-
thetic approaches. We selected copper-catalysed azide-alkyne cycloaddition
(CUAAQ), as it stands as one of the most versatile chemical tool to post-syn-
thetically modify molecular and extended architectures because of its high
compatibility with a myriad of functional groups and synthetic conditions.
We expanded the use of protection/deprotection strategy to introduce the
required alkyne moiety. Such previous step was required as alkyne moiety
is not compatible with the solvothermal/basic conditions for the Rh(ll)-MOP
synthesis. Once again, the robustness of the Rh(Il)-Rh(ll) paddlewheel demon-
strated to have an important role as the structural stability of the Rh(I)-MOP
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was not endangered when the required conditions to proceed with CUAAC re-
action were used (i.e., presence of metallic salts and reducing agents). A wide
scope of substrates with very different chemical profile were quantitatively
post-synthetically introduced to the Rh(I)-MOP surface following both the
classic Cu(Il)/NaAsc catalytic cycle and the alternative pathways that comprise
the use of chelating agents to protect the formed Cu(l) ions (i.e., THPTA). This
last development allowed to introduce free phosphonic acid groups on a met-
al-organic material for the first time and pave the way to bio-functionalization
of Rh(I)-MOPs with Cu(ll)-sensitive biomolecules, such as proteins or DNA.
Deep NMR characterization of the product obtained from the reaction of the
alkynyl-funcyionalized RhMOP allowed to demonstrate that the regioselec-
tivity of the CUAAC reaction was maintained. This study also allowed to stab-
lish a very valuable collaboration with the Servei de Ressonanica Magnética
Nuclear (SeRMN) from the Universitat Autbnoma de Barcelona (UAB) and to
deepen on the information that NMR techniques can provide. The introduced
surface functionalities demonstrated to retain their chemical activity and co-
operatively modulate the physicochemical properties of Rh(Il)-MOPs, leaving
the coordinating open metal-sites available to further exploit their chemical
capabilities. Since we have demonstrated that the molecules introduced onto
the Rh(I)-MOP surface through click chemistry reactions retain their physico-
chemical properties, we aimed to investigate the feasibility of extending this
approach to more complex processes involving supramolecular interactions,
such as bio-recognition. Avidin-biotin was selected as a model system due to
its strong non-covalent interaction. Biotinylated Rh(Il)-MOP demonstrated to
retain the biorecognition capabilities of the biotin moiety, as supramolecular
interaction was detected though a competitive HABA-Avidin assay. This bi-
orecognition allowed to form supramolecular adducts composed of one avidin
and one biotinylated Rh(Il)-MOP. The crowding effect on this interaction and
the possibility to further exploit such interaction to immobilize active proteins
on an extended framework will be further explored in soon coming studies.
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GLOSSARY

List of acronyms and abbreviations

Adaptive biased force ABF
Aqueous ag.
Atrazine ATZ
Benzothiazole BTZ
Benzotriazole BT
Aproximately c.a
Cetyltrimethylammonium CTA
Concentration Conc.
Copper-catalyzed azide-alkyne cycloaddition CuAAC
Covalent organic framework COF
Cyclopentadienyl Cp
Deoxyribonucleic acid DNA
Dichloromethane DCM
Diffusion-ordered spectroscopy DOSY
Dimethyl sulfoxide DMSO
Dimethylformamide DMF
Ethylenediamine en

For example e.g.
Four-connected 4-C
Fourier transform infrared spectroscopy FT-IR
Gas chromatography GC
Institut Catala de Nanociencia i Nanotecnologia ICN2
Inductively coupled plasma mass spectrometry ICP-MS
Inverse-electron-demand Diels-Alder IEDDA
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Isonicotinic acid

Isophtalic acid/1,3-benzenedicarboxylic acid
Isoquinoline

Ligand

Matrix-assisted laser desorption/ionisa-
tion-time-of-flight

Metal

Metal-organic framework
Metal-organic polyhedra

Minutes

Molar. Equivalents.

Molecular dynamics
Normal-electron-demand Diels-Alder
Nuclear magnetic resonance
Phosphate buffered saline

Picolinic acid

Polyethylene glycol

Post-synthetic modification

Professor

Radial distribution functions

Removal efficiency
Reversible-addition fragmentation chain transfer
Rh(Il)-based mops

Scanning Electron Microscopy-Energy Dispersive
X-ray spectroscopy

Stimuli-responsive MOP
Strain-promoted azide-alkyne cycloaddition

Tetrahydrofuran

4-Coohpy
bdc

1Q

L
MALDI-TOF

M

MOF
MOPs
min

Mol. Eq.
MD

DA

NMR
PBS
2-Coohpy
PEG

PSM

Prof.

rdf

RE

RAFT
Rh(Il)-mops
SEM-EDX

sr-MOPs
SPAAC
THF

Glossary
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Thatis

Ti(IV)-based MOP

Trifluoroacetic acid

Triisopropylsilyl
Tris-hydroxypropyltriazolylmethylamine
Ultraviolet-visible

United states environmental protection agency
Zr(IV)-based mops
1,4-benzenedicarboxylic acid
1-naphthylamine

1-substituted ciclopentadiene
2-chloropyridine

2-iodopyridine
2-octadecylnorbornadiene
2-substituted norbornadiene
3-chloropyridine

4- iodopyridine
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ie.
Ti(IV)-MOPs
TFA

TIPS
THPTA
UV-vis
USEPA
Zr(IV)-MOPs
1,4-bdc

NA

R-CPD
2-Clpy

2-lpy
C18-NBD
R-NBD
3-Clpy

4-Ipy
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g groups in

Herein we report that strategic use of p

bles directional that leads to hesis of highly
functionalised metal—organic polyhedra (MOPs], rather than of the
Using this app we func-

tionalised two new porous cuboctahedral Rhis)-based MOPs with
24 peripheral carboxylic acid groups or 24 peripheral amino groups.

Undesired side reactions are the most common limitation in

chemical synthesis.”™ Even when the simplest protocol is followed,

any minor misstep can lead to wasteful s\lde-pmdms, leading lc I]le

costly path of having to stant over. A persi in

side reactions is to ensure that the l.'hermsny in questmn oceurs
lusively at the 1 R )57 This has led to

dewlopmenlofahrrmdarsmainf_ _,gmupsand hod
for their use, includi T steps for p and subseq
! ....-ofthe (s) whose is to be il

blocked.® In Organic Chemistry, protecting groups confer poly-
funcuunal molecules with chemsebcm'e and md)ugonal reactivity,

pening up unp d s for synthesis of active
i with pre-defined

) e ) ST
sequences of monomers* and amino acids %’ In Goordination

Fig. 1 Scheme of the protecting group strategy to synthesise a COOH-
tagged cuboctahedral Rhis)-based MOP.

moities located at its periphery (hereafter called COOH-REMOP).

Chemistry, protecting groups have proven ial for introducing  The I of this class of MOPs entails assembly of 1,3-
sensitive moieties inside the pore walls of metal-organic b dicarboxylic acid (H,bdc) derivatives and Rh{n)-Rh(n)
(MOFs)"™* and/or for controlling the fi k intery ion of ddlewheels, in which the 5-position of the bdc derivative
MOFs.'® dictates the outer functionality of the MOP.'® Accordingly, the

Herein, we report that prolecnng gmups can also be used to
synthesise previously i I bli

synthesis of COOH-RhMOP use of 1,3,5t

specifically, we have developed chemistry to prepare functionalised
porous mehl-wgnnlc polyhcdm [MOPS) rather than the extended
form in the absence of

i Fig. 1ill our strategy for synthesising
a cuboclnhed.rai Rhi{n)-based MOP with 24 available carboxylic acid
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boxylic acid (Hbte) as the linker. However, as expected,
reaction of Rh{u) with H;bte tends to form extended coordination
networks instead of the desired COOH-RhMOP. This is because
the three carboxylic groups react with Rh(u), extending the material

uncontrolledly. Consequently, cc ional MOP-synthesis condi-
tions (DMA, Nn;OCI,, -100 “C; detailed syndlesns in ESIT), afford
an ded poly in the form of an amorphous

solid as product (Fig. 51 and $2, ESK), whereas solvothermal
conditions (in methanol) yield a porous coordination polymer.®®
Our protection strategy comprises three steps. Firstly, one of the
three carboxylic groups of the linker 1,3, S‘bemmemcarbowtyhc
acid (Hybte) is p d, which provid ic control
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over the coordination of two of the three chemically equivalent
COOH funetionalities in H;bte, dly, the p d linker
is reacted with Rh acetate, such that the af ioned stereo-
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H,bte-COOTSE were monitored by 'H NMR and ESI-MS
(Fig. 5355, ESIf), and no further purification steps were

chemical control hmdels the extension of the coordination netv
waork, thereby g the fi of the di

4 d for the syn:hesis of COOH-RhMOP,
We then p d the 1 by mixing the

MOP. Finally, chemcselecdve deprotection of the p d

d thtc-COO'l'SE linker with Rh acetate in N'N-

COOH affords COOH-RhMOP, in which 24 carboxylic acid
moities are dated at its periphery.

We began our study by carefully selecting an appropriate
protecting group. We sought one that would be sufficiently
robust to endure the conditions for the Rh(n}-MOPs h

dimethyl ide (DMA} under solvothermal conditions
(100 °C, 48 hours). Water was used to precipitate out COOTSE-
RhMOP from the supernatant, which was a green solid. The
product was sequentially washed and finally, dried under
vacuum. MALDITOF analysis revealed a peak at m/z = 9890.3,

(Le., strong basic media and temperatures of up to 100 °C) and
be amenable to quantitative and chemoselective deprotection.
To this end, we revisited the work of Barrett et al, who had

ly described a ¢ lled d tion of a 2-(tri-
meﬂlylsﬂ)’lkthyl protected (TSE) d:l:arbowllc acid by stoichio-
metric addition of fluoride.” Since TSE is kinetically stable
under basic conditions, we reasoned that it would be suitable
for MOP protection.

We first synthesised the mono-protected H;bte-COOTSE acid
derivative, using a threestep route (Fig. 2; detailed synthesis in
ESIf). Initially, Hybte was converted to its triacyl ehloride counter-
part in sifu, through reaction with SOCL,. Then, the triacyl chloride
product was reacted with 3 mol. eq. of 2-{trimethylsilyl)ethanol and
pyridine to obtain the trip ted i diate tris(2-(trimethyl
sill jethyl)benzene-1,3,5-tricarboxylate (bte-COOTSE;). Finally, stoi-
l:llmmetnc deprotection of bte«COOTSE;, using 2 mol. aq of a

I ium flucride solution (1.0 M in hyd
in two successive additions, followed by a final protonation step,
am)rdtd the rmnoproteemed H,bte-COOTSE. The purity of the
b d tri-p diate and the no-f

Fig. 2 {a) Scheme of the strategy used to synthesse COOH-RRMOP.
b} MALDI-TOF of COOTSE-RhMOP (green) and COOH-RRMOP (red.
i) €Oy adsorption isotherm at 298 K of COOTSE-RhMOP (green) and
COOH-RRMOP (red).
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the th 1 value for a cuboctahedral Rh(il}-based
MOP of formula ([Rh,,(COOTSE-bdc),,] + H')" (expected mfz =
9891.5; Fig. 2b, Fig. S6, ESIT). Additionally, *H NMR <g)
further d the ion of a di | architecture
featuring 24 TSE protecting groups at its periphery (5 = 8.85, 845,
4,35, 1.28, 0.05 ppm) (Fig. 57, ESIt).

Next, we did a subsequent deprotection step by reacting
COOTSE-RhMOP with 24 mol of a tetrabutylammonium fluoride
solution (1.0 M in tetmhydrofurane) for 6 hours. The precipitated
product was isolated, washed with diethyl ether, 1.0 M HCl and
water, and finally, dried under vacuum. 'H NMR (DMSO-dg)
confirmed quantitative fading of the TSE signals (at & =
0.05 ppm, 1.28 ppm and 4,35 ppm) with appearance of a new
signal at § = 13.4 ppm, which we attributed to the free COOH
groups (Fig. §9, ESIt). MALDEFTOF analysis showed a peak at m/
2 =7439.4 (Fig. 3b and Fig. 510, ESIt), which matched accordingly
with the estimated formula ([Rh,,(COOH-bdc),,] + H')" (expected
miz = 7441.5). As expected, the dep jon step rendered these
MOPs significantly more porous than the corresponding parent
MOPs. Thus, whereas COOTSE-RhMOP was non-porous to Ny,
COOH-RhMOP showed a BET surface area (Sger) of 198 m* g™
(Fig. S11 and $12, ESIT). Similarly, the CO, uptake increased from
0.8 mmol CO; g~* for COOTSE-RhMOP to 2.0 mmol €0, g™* for
COOH-RhMOP (Fig. 2c). The increase of gas uptake observed after
the deprotection step is attributed to the removal of the TSE bulky
groups from the surface of the Rh{a}:MOP akin to similar examples

in which a ds in surface fi ion of molecular cages
caus«l a beneficial effect on their porous properties.™

ic acids typi have ly low pKa values
{:e pk, = 3to5). Therefore, at hysi 1 pH, they tend

to be deprotonated. Accordingly, (JDOH-RhMOP dissolved in water
upon addition of 1 mol. eq. {r.e 24 mol per MOP) of NaOH (pH =
10.5), dering a harged MOP, as evid d by the
z-potential value dcmm:l Ty Dynarmc Light Analysis measurements
(Fig. 514, ESIf). MALDI-TOF analysis of the solution revealed a
peak at miz = 7945.6 (Fig. 515, ESIf), matching the theoretical
formula (Naz[Rha(00C-bde)yyJ}2Na* + H')™ (expected miz =
7947.0). After confirming the solubility of COOH-RhMOP in basic
pH, we ran a pH calibration curve to identify the lowest pH at
which the cage would be water soluble, After the addition of 6 mol
of NaOH (25% of COOH groups deprotonated), the MOP fully
dissolved in water, giving a final pH value of pH = 8.2. 'H NMR of
the product after it had been in aqueous solution for 7 days did not
reveal any signs of scaffold degradation (Fig. S16, ESIf).

Inspired by our previous results, we then aimed to extend
our MOP-protection chemistry by end

ing to incorporate

This journal is © The Royal Sodety of Chemistry 2019

227



ded by Unii de B on T/W2023 12:07:25 PM.

01 October 2019, Dy

ChemComm

that had p ly been i ible in Rh-based
materials. The strong affinity of Rh{n) paddlewheels wowards
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Fmally, we deprotected the NBoc-RhMOP by following a

N-d groups precludes the hesis of a NH - tagged Rhin)-
based MOP, unlike with other metal sources. Amino groups are
among the most exploited functional groups in the litmlurt.

owing to their basicity, d leophilicity and

P of stirring it in a solution of trifluoroacetic
acid (TFA; 9 mol. eq. v&. MOP) in the dichloromethane for a few
hours. 'H NMR and UV-vis analysis of the obtained supernatant
{F:g 522 and $23, ESIY) did not reveal any signals of leached

as they can be transformed into myriad products under dmrse
conditions. Thls has led to t.he of a rich catalogue of

hthalic acid linker or partial degradation, thereby
conl‘].rmmg the robustness of the MOP under the deprotection
diti The cmde product was then neutralised with a

amine ck i can
exhibit enham:ed physwmhem:ca] properties and have been
thoroughly used in many applications, such as surface anchoring,
carbon dioxide capture, water uptake and pollutant removal. >
We explored the possibility of protecting the reactive NH:
moiety of 5-aminoisophthalic acid with a suitable protecting
group to synthesise the desired MOP. Note that, as in the
formation of COOH-RhMOP, direct reaction of Rh acetate with

triethylami 1| in washed with methanol and
aoetone and characterised by "H NMR and MALDI-TOF (Fig. 3b
and Fig, 524, 825, ESIY). Both techniques confirmed that the
deprotection had been quantitative. Likewise, '"H NMR analysis
evidenced generation of free amino moieties in the MOP (§ =
5.32 ppm) and quantitative fading of all the previous NBoc
signals (6 = 9.50 ppm and 1.42 ppm}. In addition, MALDI-TOF
analysis in DMSO revealed a peak at miz = 6899.2 consistent

S-aminoisopthalic acid under the same diti

duced an network in the form of
nn amorphous solid (Fig. 51 and 52, ESI1). As protecting group,
we chose tert-butyloxycarbonyl (Boc), given its excellent stability
in basic media and its compatibility with free carboxylates.
Thus, we synthesised a Boc-protected version of the linker
(Habde-NBoc) by reacting S-aminoisophthalic acid with di-tere-
butyldicarbonate (Boc,0) in a mixture (1:1 viv) of dioxane and
1 M NaOH (Fig. 3 and Fig. 518, ESI})."® This linker was then
reacted with Rh acetate and Na,CO, in DMA at 100°Cﬁ3rashours
The solids were discarded, and the suf was [

with the fi la of the fully dep 1 Rh-MOP [Rhy(NHx-
bdc), + H + DMSO]" (expected miz = 6895.3).

Nesxt, we explored an alternative route for the deprotection of
NBoc-RhMOP in the solid state, reflecting on the fact that the
Boe group can undergo thermoiablle deprotection without any

or ion step.)”*® To this end, we
ran a thermogravimetric analysis (TGA) on NBoc-RhMOP to
identify the weight-loss attributable to the thermolabile deprotection
(Fig. $26, ESIf). The thenmogram clearly showed a step of 24.9%
mlgi‘ll-lossmﬂiemmonmen 150 “C to 200 °C, owing to the

with diethyl ether and washed with a 1 M NaOH solntmn and
water. The formation of NEoc-RhMOP was confirmed by
MALDITOF (mifz = 9110.1; expected 9105.4) and "H NMR (5 =
9.24, 8.40 and 1.41 ppm) (Fig. 3b and Fig. $19 520, ESI{).

a)

i g =

Fig. 3 (a) Scheme of the strategy used 10 synthesise NH,-RhMOP, (o) MALDI-
TOF spectra of the NBoc-RhMOP (red) and the NH;-RhMOP prepeared by
thermolysis (navy) or by the TFA based deprotection (bluel. {c} COz adsorption
Isathermn at 208 K of the NBoc-RhMOP (red) and the NH,-RhMOP prepeared
by thermolysis (navy) or by the TFA based deprotection (blue).

]
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Itic cleavage of 24 Boe groups in CO, and iscbutylene
[z&i%hasedonmeormcalmss}mm&mmamsumemal
experiment at 150 °C for 6 hours to confirm that no further
degradation of the MOP would occur. After the initial weight loss
attributable to solvent loss and the deprotection itself, the curve
plateaued until the end of the measurement, thus confirming the
robustness of the scaffold (Fig. 527, ESIt). MALDFTOF analysis of
the crude product further confirmed the thermolytic cleavage,
with a peak at mfz = 7066.3 matching with the formula
[Rhy (NHbdc)y, + H® + H,0 + 3DMSO]" (expected miz =
msm] (Fig. 3b and Fig. $25, BSIf}

ly to the def of COOTSE-RhMOP, the
depronecnon of NBoc-RhMOP (either by thermwolysis or by
treatment with TFA) yielded a product that was more porous
than the T g starting ial. Thus, wh the
Suer of the NBoc-RhMOP was 59 m* ¢, upon deprotection, the
resultant NH,-RhMOP showed Sgey values of 255 m® g™*
(thermolysis) or 417 m* g * (TFA) (Fig. 529 and 530, ESIf).
We attributed the difference in Sper between these two products
to their different morphologies: the thermolytic deprotection of
NBoc-RhMOP yields micrometric particles (Fig. S$31, ESIf),
whereas the TFA-based method yields an amorphous powder
composed of aggregated nanoparticles (ca. 50 nm). These values
echo the previously rtponed trcnd that MOPs exhibit greater gas
ption upon mini I tthO, upwke
measured at 298 Kalso i ‘afher ion, as d
in Fig. 3c. Thus, whereas the NBooRhMOP adsorbed 0.88 mmol
€O, g7, the deprotected products (NHz-RhMOPs) exhibited
uptakes uf 1.39 mmol CO, g™ (thermolysis) and 1.52 mmol
€O, g™ (TFA) at 1 bar under the same conditions (Fig. 2c).
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Remarkably, both the Sger and CO, uptake values for these
NH,-RhMOP products are significantly higher than for their Cu(u)
analogue (non-porous to Ny €O, upmke 0.70 mmol CD; g").a
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ABSTRACT: The transfer of nanoparticles between immis-
cible phases can be driven by extemally triggered changes in
their surface composition. Interestingly, phase transfers can
enhance the processing of nanoparticles and enable their use as
vehicles for transporting molecular cargo. Herein we report
extension of such phase transfers to encompass porous metal—
organic poly]ledra (MOPs). We report that a hydroxyl-
functi d, cuboctahedral Rh(II)-based MOP can be

ferred b immiscible phases by pH changes or by
cation-exchange reactions. We demonstrate use of this MOP to
transport coordinatively bound cargo between immiscible
layers, including into solvents in which the cargo is insoluble.
As proofof- :on:ep! r.'nat our phase-transfer approach could be
used in ch I

we ,,*Rh(u)mamopsm parate a chall

. CARGO

. RELEASE

LIGAND
EXCHANGE

RECOVERY

SEPARATION
- O -
£ i
1-bantanal q Pq
o |
SELECTIVE HIASE <y

COORDINATION TRANSFER vy

g mixture of structurally similar cyclic

Tk ( hydrothioph )md |(|_~I.

ds. We mﬂnpne that transport of coordinatively bound

molecules wil open new avenues for molecular separation based on the relative coordination affinity that the molecules have for

the Rh(II) sites of MOP.

B INTRODUCTION

Phase t-a-m‘e: has gamed 1mpcrtance in dm syllthests,
cti and

those of inorganic n:mopamdes (N'Ps) Many appllmuons of

NPs demand transfer of as-synthesized NPs from polar to

nonpolar solvents and vice versa. For example, biomedical

applications demand water- soluble NPs,” whereas pmcessmg

linked through carboxylate organic ligands and that exhibit
permanent porosity between organic and aqueous media and
vice versa. To this end, we selected the cuboctahedral Rh(I1)-
based MOP of formula [Rh,(OH-bdc),(H,0)(DMA)],,
(hereafter called OHRhMOP, where OH-bde = $-hydroxy-
1,3-benzenedicarboxylate and DMA = N,N-dimethylaceta-
rmde),.'IJ whose outer surface is functionalized with 24

of NPs for optocl lications often involves nonp

ydroxy gmups (Figure la) We discovered that the reversible
and of the peripheral

P P S
orgamc solvems These phase are typically
hobici

1’ P

hydroxyl groups un be tnggered by changing t]lepH, which

dulation of the hydrophilicity/hydrop
of NPs upon in situ modification ofdmr surface mmposjmn
Such modifications can be driven by external stimuli, inclu
changes 'm pH,‘ Iighl‘.S ionic strmg?h" or temperature,’
i i or ligand-exchang, reactions.” In
situ tuning of solubility via memal m#ers has been recemly
ded to cationic metal and organic cages,'
whose phase transfer is usmllyI driven by counteranion
exchange. Given the rich host—guest chemistry of such
cages, their transfer between phases has shown promise as a
method to transport cargo between two immiscible phases.
Herein we report the phase transfer of metal—organic
polyhedra (MOPs),"" ™" a neutral class of metal—organic
cages that arise from the self-assembly of metal ions or clusters

< ACS Publications @ 2019 American Chemical Sadiety

induces a change in solubility that enables transfer of the
Rh(II)-MOP between immiscible phases. Further, we found
that once the anionic Rh(IT)-MOP is generated, a second
reversible phase transfer can occur, via cation exchange. We
anticipated that these two phase-transfer phenomena could be
sequentially coupled via a triphasic solvent system, in which
spontaneous phase trans&r triggered by cation exchange would
drive the ( ) pH-medi phase
transfer. Finally, we cambmed the reversible phase transfer of
the MOP with the coordination capabilities of its 12 Rh—Rh
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pH-triggered
Bl

Bl a0
Ho m H0
- Bl Na 1 A
Catlon
no
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Figure 1. Crystalline structure of OHRAMOP.™ Color key: green,
rhodium; red, oxygen; gray, carbon. Hydrogen atoms and solvent
molecules have been omitted for clarity. (b) Schematic representation
of Bh(II}-MOPs during pH change-triggered (blue) or cation
exchange-triggered (orange) phase transfers and upon recovery after
precipitation with diethyl ether and subsequent dissclution i 1-
butanol (green). The photographs illustrate the biphasic systems of
the corresponding phase transfers.

—

I{

Recovery w

[ll

OHRhMOP to the aqueous phase. Since OHRhMOP contains
24 hydroxyl groups that can be deprotonated by base, we
studied the transfer efficiency (TE) in function of the molar
equivalents (molar equiv) of NaOH added to the agueous
phase. The TE was quantified by means of ultraviolet—visible
spectroscopy (UV—vis) ts on the ag phase
after phase transfer (51, Figures 51—53). Using 24 molar equiv
of NaOH in the aqueous phase (which gave a pH of ca. 11.5)
provided a TE of 100%, whereas use of fewer than 24 molar
equiv gave only parual I:ransfer These resuits corm'bmted a
phase-transfer h by |
of the hydroxyl groups renders a full'y depmlomled\. water-
soluble Rh(II)-MOP of formula Nay[Rh,(O-bdc),],; (here-
after named ONaRhMOP). The formation of ONaRhMOP
was confirmed by 'H NMR, energy-dispersive X-ray spectros-
copy (EDX), and inductively coupled plasma optical emission
spectrometry (ICP-OES) (51, Figures 84, 55 and Table 51).
Next, we explored the reversibility of the phase transfer,
observing complete reversibility upon addition of trfluoro-
acetic acid (TFA) to the l-butanol phase (Figure 1b). We
determined that 36 molar equiv of TFA are necessary to
complete the transfer from water to 1-butanol, and 36 molar
equiv of NaOH are necessary to move the Rh(I1)-MOP back
into water. The reversible transfer could be repeated up to 10
cycles with an overall TE of 78%, estimated by comparing the
maximum absorbance value in the UV—vis spectra of
OHRhMOP in the 1-butanol phase before the first transfer
had begun and after the 10 cycles had been completed (SI,
Figures 56, 57 and Table S2). These results confirmed that pH
changes enable phase transfer through formation of (neutral)
OHRhMOP or (anionic) ONaRhMOP. The integrity of these
Rh(I1)-MOPs under the above-mentioned basic and acidic
conditions was confirmed 24 h after each phase transfer
through UV—vis, dynamic light scattering (DLS), and matrix-
assisted laser desorption/ionization (time-of-flight analyzer)
mass spectroscopy (MALDI-TOF) (51, Figures $8-510).
Cation Exchange-Triggered Phase Transfer. Having
demonstrated that reversible phase transfer of Rh(1I)-MOP

A } u“.lsAlZZto 1 T bﬂ\mdfﬂsﬁ
between immiscible liquids, mcludmg into llqmds in which the
cargo is not soiuble As proof- bined the

chemi y of the Rh(][) sites to the

phase-transfer phenomena of Rh(II)-MOPs to separate a
challenging mixture of a cyclic aliphatic molecule (tetlahy-

| L-butanol and water could be achieved by changing
the pH, we then evaluated whether phase transfer of
ONaRhMOP could be achumd ﬂ:ruugh calmn exdiange To
this end, a 1-butanol ¢

nium bromide (CTAB) was layered on mp of an aqntcus
solution of ONaRhMOP, and the resulting biphasic system
was shaken for 5 s (Figure 1b; SI, Video 51). UV—vis of the
aqueous phase showed that 48 molar equiv of CTAB ensured
the

transfer of ONaRhMOP from the water to the

drothiophene) and its corresponding aromatic
(r.hiophent) Rll(l[) MOPs can thus behave as a kind of
g the properties of NPs
(e.g., high densur)r ofsnrface functionalization) and molecul
(eg., stoichiometric transformation on well-located reactive
sites and solubility), opening up novel avenues for molecular
transport and separation.

M RESULTS AND DISCUSSION

pH-Triggered Phase Transfer. We began our study by
transferring OHRhMOP from an organic phase to an aqueous
phase using a simple acid/base reaction (Figure 1b; SI, Video
S1). To this end, we prepared a biphasic system of a i
of OHRERMOP in 1-b l and an aq
containing NaOH. The phase transfer was partial when left
spontaneously to occur (51, Figure 51), whereas shaking the
biphasic system for 5 s induced a complete transfer of the

I-butanol (51, Figures 513 and 514). Complete transfer was
further corroborated by ICP-OES, which revealed the absence
of Rh(II) ions in the aqueous phase (51, Table 53). The
Rh(I1)-MOP that had entered the 1-butanol was precipitated
out by addition of diethyl ether and then isolated. Character-
ization of this solid by EDX, 'H NMR, and ICP-OES (5],
Figures 515—518 and Table 54) revealed formation of Rh(II)-
MOP of formula CTA,,[Rhy(0-bdc),],; (hereafter referred to
as OCTARRMOP), in which all the Na* cations of the
previous Rh(I1)-MOP had been replaced by CTA" cations.
These results confirmed that the phase transfer could be driven
by cation exchange. Moreover, the stability of OCTARRMOP
24 h after the phase transfer in 1-butanol was confirmed
through UV—vis (51, Figure 519). Remarkably, replacing the
CTA" cations with Na® cations enabled reverse transfer
(Figure 1b): addition of 480 molar equiv of NaCl to the

DO 10,1021 facs 5b10403
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aqueous phase (10 times the concentration of CTAB) pushed
the Rh(II)-MOP from the I-butanol back into the water
(Figure 1b; SI, video §1, Figures 520-522).

Encouraged by our results with cation exchange-triggered
phase transfer, we investigated whether this method could
enable transfer of ONaRhMOP from water to less polar
solvents, including aprotic organics solvents such as chloro-
form. To this end, an aqueous solunon of 0NaRhMOP was
layered on top of a chlorof: CTAB.
Remarkably, the transfer from water to chloroform lhmugh the
formation of OCTARRMOP (Figure 1b; SI, Figure $23)
occurred spontaneously; indeed, shaking of the biphasic system
was not even required. In this case, 96 CTAB molar equiv were
necessary to complete the phase transfer, as confirmed by UV—
vis, ICP-OES, EDX, and '"H NMR. (51, Figures 523—S528 and
Tables $5 and 56). Again, the stability of OCTARKMOP
chloroform solution 24 h after the phase transfer in chloroform
was confirmed by UV—vis (51, Figure 529). Furthermore, as
addition of NaCl to the water phase did not enable the
corresponding reverse transfer, we attempted to recover the
parent OHRhMOP by protonating OCTARKMOP with TFA
(Figure 1b). The "H NMR spectrum of the precipitated solid
after addition of TFA did not contain any peaks corresponding
to CTA" counter-cations, thereby confirming recovery of the
initial OHRhMOP, which could be redissolved in 1-butanol
(51, Figure 530).

Coupling the Two Phase-Transfers: A Triphasic
Solvent System. Unlike the spontaneous phase transfer of
OHRhMOP between water and chloroform that is triggered by
cation exchange, the phase transfer of OHRhMOP between 1-
butanol and water triggered by pH changes requires shaking.
Therefore, to build an aumnomus s'_vstem in wluch Rh(II)
MOP could be sp i
liquid phases solely via external chemical stimuli, we
investigated the possibility of seque.nlia.lly muphng the lwn
phase transfers into a single system. A

a)
] 3] =

F-bistaned T bt

.Olllll\lﬂl' 1-brtassd
NaOHH,0 ONaRhMOPH,0 H,0
CTAR CHEL, CTAR I CHCT, .on.ma.\m?.mcl,
b)
o — — —
s t=12h t=24h 1=48h

Figure 2. (a) Scheme showing the composition of the triphasic
system and the subsequent phase transfers that spontaneously
occurred. (b) Photographs showing the changes in the triphasic

system over time.

hanges of the band 1 at Ay, = S00—600
nm, which corresponds to the #*— o* transitions of the Rh—
Rh bond.*"**

As proof-of-concept that OHRhMOP could dehver cargo via
phase transfer, we chose 4-ami dine ( pyridine) as
test cargo, considering that each OHRhMOP could coordinate
12 aminepyridine molecules to form the loaded product
(hereafter called OHRhMOP(aminopyridine)). This loading
ratio was confirmed by single-crystal X-ray diffraction (Figure
3a) and UV—vis (4., shifted to 554 nm; SI, Figure 533). As
biphasic solvent systems, we chose wa.ter.l’chlwofwm and
water/1-butanol, as insoluble in chlorof:
and only slightly soluble m ]-buunol

To test the transport of OHRhMOP(aminopyridine) from
water to either chl or 1-butanol, we first prepared an

triphasic solvent system (1- buhmlfwna'!dllomfom), wllich

q solution of ONaRhMOP containing 12 molar equiv of

we used to test whether OHRhMOP would sp
cross from the 1-butanol into the chloroform phase (via the
aqueous phase). The system comprised three layers, listed here
by increasing density: a 1-butanol solution of OHRhAMOP; an
aqueous layer containing 24 molar equiv of NaOH and sodium
chloride (5%, w/w); and a chloroform layer containing 96
molar equiv of CTAB (Figure 2). After 48 h, OHRhMOP was
found and ch ized in the chlorofi phase, fi

that bining the two ph fi an aut
mous system (5I Figure $31). We “reasoned that the
spontancous phase transfer between water and chloroform
triggered by cation exchange drives the pH-mediated phase
transfer between water and 1-butanol, thus obviating the need
for shaking.

Cargo Transport. We reasoned that, since the transfer of
OHRAMOP between immiscible liquid phases requires only
modification of its 24 surface hydroxyl groups, then the 12
exohedral axial sites of the Rh—Rh paddlewheel clusters would

aminopyridine. Formation of ONaRhMOP(aminoj 'py'nd.me)
was firmed by UV—vis (4, = 555 nm) and "H NI
(51, Figures $34—537). Note that ONaRhMOP-
(aminopyridine) could also be prepared from phase transfer
of OHRRMOP in 1-butanol to a basic aqueous solution
containing aminopyridine (Figure 3b; SI, Video 52). After
formation of purple ONaRhMOP(amlnopynd!ne], two
biphasic systems were d: water/« form (¢
96 mohr equiv of CTJ\B) and water/1-butanol (containing 48
molar equiv of CTAB). Complete transfer of ONaRhMOP-
( idine) to chloroform upon exchange of Na' ions
with CTA" ions occurred spontaneously (Figure 2b; 51, Figure
$40), wh in 1-butanol, complete transfer required that the
system be shaken for 5 s (SI Figure $38 and Video 52). In
each case, transfer was further confirmed by UV—vis and 'H
NMR spectra (S, Figures $38—841).

We next explored cargo transfer in the opposite direction,
from I-butanol to water, using 4-pyridinylboronic acid (PBA),
an N-donor ligand that is insoluble in water, as cargo. Thus, a

remain accessible for functionalization via coordination 1-butanol solution of OHRhMOP was treated with 12 molar
cl 5 Accordingly, we 1 that said clusters equiv of PBA, and the solution rapidly changed from green to
Wuld be used to bind l:atgo (via coordination bonds) to the purple. These spectroscopic changes were followed by UV—vis,

surface of the OHRhMOP and that the resultant cargo-loaded
OHRRMOP could then be transferred between phases. An

ple of possible cargo is N-d ligands, which strongly
coordinate to such clusters and whose coordination can be
readily followed, either by the naked eye or by monitoring

which revealed a shift in A, from $96 to 554 nm (S, Figure
542), which evidenced coordination of OHRhMOP to 12
molecules of PBA. A biphasic system was then prepared with
the 1-butanol sclution on top of a basic water layer. After
shaking for § s, transfer of OHRhMOP(PBA) to the aqueous

DO 101021 Jacs 5B 10403
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Figure 3. (a) Crystalline structure of OHRhMOP(aminopyridine). Color key: green, rhodium; gray, OH-bdc ligands; }:ulple: aminopyridine

molecules coordinated to the Rh(II) axial site. Hydrogen atoms and solvent molecules have been omitted for clarity. (b

Scheme representing

loading of OHRhMOP with aminopyridine via pH-driven phase transfer from 1-butanol to water driven by pH and subsequent cation exchange to
trigger a second phase transfer, thus delivering the aminopyridine-loaded Rh-MOP into chloroform. (c) Photographs of the biphasic systems
BuOH/OHRhMOP and aminopyridine/basic water before and after the phase transfers. (d) Photographs of the biphasic systems
ONaRhMOP(aminopyridine) /water and CHCl,/CTAB before and after the phase transfers

phase by deprotonation of the Rh{II)}-MOP was complete, as
confirmed by UV—vis and '"H NMR (51, Fj $43-546).

Finally, we explored the amenability of OHRhMOP to
transport larger molecules into solvents in which they are not
soluble. To this end, we chose as cargo neutral red (NR), a
phenazine-based dye with available N-donor sites capable of
coordinating to the axial sites of the Rh—Rh paddlewheels (s1,
Scheme §1). Since NR is salnble in 1-butanol but not in basic
water or chlorof we igated its by two
consecutive phase transfers: first, from 1-butanol to basic water
and, second, from basic water to chloroform. The maximum
number of NR molecules that OHRhMOP could transport to
the basic aqueous phase was assessed (Figure 4a). Thus,
solutions of OHRhMOP in 1-butanol were separately treated
with different amounts of NR (from 1 molar equiv to 12 molar
equiv). The resultant solutions were independently layered on
top of basic water, the resulting biphasic systems were shaken
for 5 5, and finally, the fraction of NR that had been transferred
into each aqueous phase was quantified by UV—vis of the 1-
butanol phase (SI, Table 57). As depicted in Figure 4b, each
OHRhMOP could transport up to four NR molecules into the
aqueous phase. Furthermore, UV—vis analysis of the aqueous
phases revealed that the molecular transport is driven by
coordination of NR to Rh(II}-MOP (SI, Figure 549). Next,
the aqueous phase containing the ONaRhMOP(NR) complex
was layered on top of a chloroform phase containing CTAB
The ONaRhMOP(NR) was sp and i
transferred into the chloroform phase, hning been mediated
by cation exchange (51, Figure $50).

Role of Rh(ll)-MOP in Cargo Transport. Since, in our
approach, the transport of requires its coordinative
anchoring to the outer Rh(IT) sites of the paddle-wheels, we
sought to investigate whether the Rh{I1)-MOP would offer any

over the analogous paddle-wheel Rh(1I) complex
that constitutes the MOP scaffold. Ac:urdmgly, we synthesized
the neutral Rh(II) paddle-wheel [Rh",(4-hydroxybenzoate),]

a)
- .- .
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- . .
—
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Figure 4. (a) Photographs of the biphasic systems containing
OHRhMOP and NR in I-butanol and basic water before (top) and
after (bottom) shaking. (b) Amount of NR (in molar equiv)
transferred in each experiment.
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Figure 5. Scheme illustrating the application of phase transfer of Rh{II)}-MOPs for molecul:
tetrahydrothiophene in 1-butanol and further phase transfer to the aqueous phase enable the s P
which is

with aminopyridine triggers the release of tetrahydrothioph

| SEPARATION:
|  Phase Transfer |

QO
|
+CHCI,
[ =4 s
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H.O

?OOO — | CHCl,

=
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W

| CARGO RELEASE: |
Ligand Exchange )

Selective coordinati nth(]I)MOPIn
A sub ligar reaction

d in the CHCI, phase. Finally, a second phase transfer, triggered

by addition of TFA, regenerates the MOP by lransferdng it to the 1-butanol phase and releasing the aminopyridine into the aqueous layer.

by adapti g a li proced (QI Figure $51) and then
i d its phase-transfes Initially, we found
that this Rh(][) dimer wes. ingobable in 1-butanol, thus

loited to hysicochemically similar les that
differ only in their alﬁ.mty toward Rh(II) centers. We
considered separ.\uon of a cyclic aliphatic compound from

its which is icall

preventing the pH-triggered phase transfer b 1-butanol
and water. We attributed the high solubility of OHRhMOP in
various long-chain aliphatic alcohols—including in 1-octa-
nol—to the higher density of hydroxyl groups (up to 24 per
MOP) at its outer surface.

Next, we investigated the phase transfer of [Rh",(4-
hydroxybenzoate),] from water to chloroform via cation
exchange. First, we dissolved the dimeric cluster in water by
adding a stoichiometric amount of NaOH to d its

challengms due to their physicochemical similarity.”””"

Specifically, we postulated that the different basicity of
aliphatic and aromatic heterocycles could be exploited to
separate them via phase transfers of OHRhMOP.

As proof-of-concept for separation by phase transfer using
Rh(II)}-MOP, we chose the pair tetrahydrothiophene and
!]uop]lene (F1gurc 5). Note that, although we have previously

les of N-d cargo, Rh(I1} ions also show

four hydroxyl groups, which ided the di
sodium salt. However, all mempls to transfer this sodium
complex from water to chloroform by exchanging Na® with
CTA fmled (SI, Figure 553). Although spectroscopic
strated that the Na' counterions of
the Rh(Il) complex had been replaced by CTA", the transfer
did not occur in less polar solvents (e.g, chloroform). In fact,
in cases of poor solubility, a green solid precipitated out into
the interphase (51, Figures 553 and 554). On the basis of these
results, we concluded that the paddlewheel-based Rh{II)
dimer does not undergo the same phase transfers that we had
observed for OHRhMOP. This finding demonstrated the
importance of ing several ive charges (in this
case, 24 per MOP unit) or hydro'phchd.c moieties at the MOP
periphery m facil{me phase transfer—md by extension, cargo

el

] aﬁmry toward S-donar ligands.” Thus, we exploited
the diff ¢ in the sulfor atom in
tetrahydrothiophene, which serves as a basic site, and that in
thiophene, whose electron pairs are significantly delocalized in
the & ring system, thus precluding any bonding to the Rh(II)
acidic site (S, Figure $55). We prepared a I-butanol solution
of OHRhMOP (1 mol equiv), thiophene (12 mol equiv), and
tetrahydrothiophene (12 molar equiv). Note that these
compounds are soluble in 1-butanol but not in water. This
solution was then layered on top of an aqueous solution of
NaOH (24 molar tqluv) Aﬁ‘er sh:]uns for § 5, the
OHRAMOP and hy i into the

phase, wh ; the (n dinating) thioph
remained in the 1-butanol layer. These results were suppcrted
by UV—vis and '"H NMR (S1, Figures $58 and $59).
We then explored release of the tetrahydrothiophene

Molecular parati hrough Phase Transfer of
Rh[ll] -MOPs. Having d diverse molecules b

iacible liquids by combining the % capability of
Rh(lI) MOP Mth the phase tnnsfers, we envmged that
istry of Rh(Il) centers could be

hrough I hange based on the differential affinity of
Rh(]ﬁ sites toward different functiona] groups. Given thal
Rh(!l) ions p lly bond to py over thiceth

we targ d the exch ge of the coordinated hydrothi
phene with aminopyridine. Hence, 12 molar equlv of

DO 10,1021 Jacs. 51 0403
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1

aminopyridine were added to the aq

£d e

that the into

ONaRhMOP—tetrahydrothiophene, leading to a rapui change
in color from violet to pink. UV anal}mls of the aqueous phase
before and after the addition of led a shift
in Ay, (565 nm — 555 nm), w‘hlch confirmed the

di of 12 molecules of pyridine to ONaRh-
MOP (51, Figure 560). 'H NMR of the aqueous phase further
confirmed the formation cf ONaRllMOP—ammopyddme (SI

y of
environments in which they are not nal\mﬂy so]uble for their
subsequent release via external chemical stimuli, will prove

utile in diverse p 1 appli such as 1
paration, poll I, and catalysi
B EXPERIMENTAL SECTION
and | Rhoddi acetate, 1,3-b di

Figure S61). C was
and extracted into a cna, layer, whose Iy NMR

a::ld S—hydmxy 1.3 'bauzenediuthyllc acid, sodium
de (TBAB), benzyltributylam-

hydroxid

dicated pure without any trace of
thiophene (Sl F:gure 862) Note that without the use of
of chloroform to the ONaRhMOP—

1

dad not trigger mrahy-
g the

dmc.hmphgne rclease, farther ¢
for ligand exchange (SI, Figure S63).

Finally, we explored recovery af I.'he original DHRhMOP
from the ONaRhMOP- i ion via
the aforementioned pH- mediated phase transfer, We prepared
a biphasic system with the aqueous solution and 1-butanol
containing TFA. After shaking for 5 s the protonated

mrmlmn bromide (BTBAB), dndeqvllxlme!hylammnmm bromide
(DTAB), cetyltrimethylammonium bromide (CTAB),
dioctadecyldimethylammonium bmmide (Dom)_ I,eu'aorxyhmmc»
nium bromide (TOAB), 4-ami acid,
ml]ummoeuc m:ld, deulenum dllond!, sodm.m r_hlund!, neulral red,
4-hyd: acid, were
purchased from Sugma-ﬂ.ldnd: and used as received. Solvents at
HPLC grade were purchased from Fisher Ch I

UV—vis r:wmmemredmanngilem&xymarmm
temperature (ca. 25 °C). 'H NMR spectra were acquired in a Bruker
Avance 111 4005B NMR spectrometer at "Servei d'Anilisi Quimica”
from the A of Barcelona (UAB). The digested

1 £l

OHRhMOP was found and dlarachem.edm the 1-butanol
phase, wk the rel ined in the
aqueous phase (51, Figure 564).

B CONCLUSIONS

We have demonstrated phase transfer of Rh(II)-MOPs
between water md organlc phases by pH changes and by
cation exch ion enables
complete and reversible phase transfer from 1-butanol to
water, exchange between hydrophilic and hydrophobic
counter-cations can drive the opposite phase transfer, from
water back into 1-butanol (or into chloroform). Moreover, we
have designed a triphasic solvent system in which the pH-
change-triggered and cation-exchange-triggered phase transfers
were sequentially coupled to yield an autonomous transfer
mechanism. A unique feature of our phase-transfer system
vehicle is that it combines the functional groups of the organic
linkers (responsible for shuttling the Rh(II}-MOP across
immiscible liquids) and available axial sites of the Rh{II)
paddle-wheels (reactive toward ligand exchange reactions) in a
way that their relative position and stoichiometry are precisely
known. Thus, the surface of the OHRhMOP shows two
functionalities that present orthogonal mm\ﬂty and thal o
be used for different purp and i

This feature enables mm'blrung the phase ‘transfer behavior of
Rh(II}-MOP with its ability to coordinate up to 12 anchored
molecules as cargo, thus enabling shuttling of diverse N-d

PY

ligands by ible liquids, including into solv in
which the cargo is insoluble. M we firmed that
bulky cargo muld be dehwred from 1- butanni. to basic water
hl gh two sequential phase transfers. Such a

h of molecul port is not based. on host—-guen

lation but on dinati ng novel

pcssﬂnlltles in the field of molecular sepanuon To
dzmonmte use of our ap'proa:h in chemical separaxm
loited the di

abuhhes of Rh(I]) MOP to separalze an aliphatic heterocycle
hi ) from its 1 (thio-

phme) We showed that the coordination h.emthy of Rh{II)
sites enables the release of tetrahydrothiophene through ligand
exchange with aminopyridine and that OHRhMOP can be
d after the and release processes. We are

) ‘P

18354

lutions were g the same procedure. Roughly 10
mg ofﬂmpbwdmolved in 2 mizture of 500 #L of DMSO-d; and
20 yL of DCL The mixture was heated to 100 °C for 8 h. Scanning
electron microscopy (SEM}-EDX was performed in a SEM Quanta
650 FEM. ICP-OES was performed in a PerkinElmer Optima
4300DV at “Servei d'Analisi Quimica” from UAB. Mass spectroscopy
(MALDI-TOF) measurements were performed in a 4800 Plus
MALDI TOF/TOF (ABSCIEX, 2010). The matrix used in cach
case was trans-2-[3-(4-tert-butylphenyl)-2-meth: ]-
‘malononitrile for neutral Rh(Il }MOPs and sinapinic ‘arid for anboric
Rh-MOPs, Neutral Rh(II)-MOPs were measured in positive mode,
and anionic Rh(11)-MOPs were measured in negative mode. DLS and
Z-potential data were acquired in a Zetasizer Nano Z5.
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Synthesis of Polycarboxylate Rhodium(II) Metal-Organic Polyhedra
(MOPs) and their use as Building Blocks for Highly Connected Metal-

Organic Frameworks (MOFs)
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Abstract: Use of 1 1 metal-organic |
as supermolecular building bocks (SBBs) for the syndrms a{

Iyhedra (MOPs)  the synthesis of porous phous soft Is, wherein
MOPs are connected through flexible NN-based linkers
using the peripheral axial of their

metal-organic frameworks (MOFs) remains
due to lack of robust functionalized MOPs Herein we repaﬂ
the wse of polycarboxylate cuboctahedral RR"-MOPs for

ir i I-J JMOFJ.(-I o, ‘MOP.T

paddle-wheel units™ Additionally, porous crystalline salts
have been assembled from the electrostatic interaction of
ppositely charged MOPs™ In metal-organic frameworks

were fum:flmﬂhzm‘ with carboxylic acid groups on their 12
vertices or 24 edges through coordinative or covalent post-
synthetic routes, respectively. We then used each isolated
polycarboxylate RW-MOP as 12 cuboctahedral or 24¢
rhombicuboctahedral SBBs that, upon linkage with metallic
secondary building wnits (SBUs), afford bimetaliic highly-

(MOFs), MOPs are used for the rational construction of
highly-connected nets following the well-known supermolec-
ular building block (SBB) approach.*™ In this approach, the
in situ assembly of the MOP s traditionally hamessed to
guide formation of a targeted MOF with a given ic:g:mkrg},'.""’t

An al ive, but far | plored, route for the

d MOFs. The biy af a p h d 12-c SBB

with a 4-c paddle-wheel SBU, and a 24-c SBB with a 3-¢
triangular Cu® SBU gave rise to bimetallic MOFs having fiw
(4.12)-¢ or rht (3,24)- topologies, respectively.

M" gani¢ polyhedra (MOPs) have ged as power-
ful building blocks for the creation of extended porous solids
as they are intrinsically porous and exhibit high symmetry,
connectivity and well-defined peripheral points of exten-
sion. These characteristics have been recently exploited for
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of MOFs is the use of pre-synthesized, isolated
MOPs as SBBs. Zhou and Chun first showed the feasibility of
this route. They applied a similar approach to that used for the
synthesis of MOP-based soft materials but, instead of flexible
NN"based linkers, they used the rigid 44-bipyridine (bipy)
and 1 4-diazabicyclo[2.2.2)octane linkers to bridge Cu- and
Zn"-based octahedral and cuboctahedral MOPs and form 6-
connected (6-¢) pru and 12 fou MOFs, respectively."™
Later, two more 12 fou MOFs made from the assembly of
cuboctahedral MOPs with bipy were reported "' However,
no one has yet ds d the ability to ch Iy control
the formation and isolation of MOPs with multiple penpheral
coordinating sites {e.g. carboxylic acid groups), and then use
them as SBBs for the synthesis of MOFs This is mainly due to
the difficulty o!'tontlemg the formation of the MOP, rather
than extended li ks, when the p

MOP linkers are ionalized with additional di
groups; the challenge of preventing any cross-linking T\':ac-
tions between MOPs that are functionalized with available
coordinating sites;"™ ™ and the lack of stability and solubility
of the isolated MOPs under the conditions commonly used for
MOF synthesis?

Herein we report the design, synthesis and isolation of two
types of polycarboxylate MOPs, and their subsequent use as
SBBs to build highly-connected bimetallic MOFs. We chose
cuboctahedral Rh"-based MOP as our platform for poly-
carboxylate MOPs owing to ns hrgh stability, symmem' and

multiple sites for with ylic acid
groups™- We began by synthesizing the two polycarb
late MOPs, each n! which by a dlffunnl mulL (F'gun: IJ
Firstly, we synth | a cuboctahedral MOP

with twelve carboxylic acid groups by using a coordinative
route, in which the twelve vertices of the cuboctahedron are
functionalized by lination of i ic acid (HINA) in
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Figure 1. Schematic ilfustration showing both coordinative (top) and covalent (bottom) routes to polycarbouylate Rh-MOP 5885, CCDC numbers
of OH-RhMOP{HINA) ; and COOH-RhMOP can be found in the Supporting Information.

each peripheral axial position of the twelve constituent RE"
paddleAwhen.I units (Figure 1, lop} Next, we prepared
hedral MOP functionalized with 24 carboxylic acid

grmq:s using a covalent route based on selective callxnyllc

unit through its pyridine moiety, while leaving the carboxylic
acid group free, as it cannot ra.plaue cither the Rh™-pyridine
or the Rh"™.{OH-bdc) i bonds. Topol lly, OH-
REMOP(HINA),, forms a cuboctahedral SBB with 1welve

group protection.™ In it, the 24 edges of the
are functionalized with carboxylic acid groups using a protec-
tive synthetic strategy (Figure 1, bottom).” We anticipated
that the different number and location of carboxylic acid
groups on the periphery of both Rh'-MOPs, which define
a 12-¢ cuboctahedral SBB and a 24-c lhmnbmnbmtmdnl
SBB. could be used to anticiy their

upon assembly with metallic secondary building units (SBUs).
To demonstrate the utility of these SBBs for constructing
MOFs, we combined both a 12-¢ SBB with a paddle-wheel 4-¢
SBU, and a 24-c SBB with a triangular 3-c Cu" SBU 1o
construct atomically-precise bimetallic MOFs having (4,12)«
fiw and (3.24)-c i topologies, respectively.

We began with the coordinative synthesis of the 12-c cub-
octahedral SBB. To this end, we first prepared the cubocta-
bedral RW.MOP with formula [Rhy{OH-bdc)(H,0)-
(DMA)];; (hereafter named OH-RhMOP; where OH-bdc is
Sdhydmwy lﬂ—knzcm:dxmrlungdau: and DMA is N.N-dime-

acid groups (Figure 1 top).

Next, we d the 24-¢ SBB
via the covalent route, We began by preparing the RW-MOP
with formula [Rhy{COOH-bde)(H,ONDMF} )y (hereafier
named COOH-REMOP), following our own previously
reported protocol entailing the use of stoichiometric protect-
ing groups™ Crystals of COOH-RhMOP suitable for
SCXRD were obtained by slow diffusion of diethyl ether
vapms into a DMF solution of this MOF. Formation of the

RA"-MOP functionalized with 24 free carbox-
ylic acid groups on its edges was confirmed by SCXRD.
Topalogically, COOH-RhMOP can be considered as a thom-
bicuboctahedral SBB with 24 available carboxylic acid groups
(Figure 1, bottom),

Onge isolated the 12-¢ and 24-¢ polycarboxylate Rh'
MOPs, we then evaluated their use as SBBs in the con-
struction of highly-connected bimetallic nets, by reacting
them with Cu'- bsscd SBUs We considered that 24c SBB

ported protocol P!
Then, the twelve DMA Ilnkm coordinating each peripheral
axial position of their twelve paddle-wheel units were
substituted with HINA linkers, through addition of 12 mol.
eq. of HINA 1o a DMF/methanol solution of OH-RhMOP.
This reaction generated [Rhy(OH- bclc),{H,O](HIN'A)],,
(here-after named OH-RhMOP(HINA),,), as d

geometr is not compatible with square planar
nodes (4-¢ Cu paddle-wheel clusters) to form a (4,24)-c net, as
lhe oniy b:mdal topology comprising 24-¢ nodes of rhombi-

ionality is the edg itive, (3.24)-c rht
net. It is known that, in presmn: of geometry mismatch ™8
certain clusters have Itndcnq to undergo structural changes
and form 4 4 clusters, including Cu™. Therefore,

by UV/Vis spectroscopy and single-crystal X-ray
(SCXRD) (FiguresS1,82a and Figure 1top). Note that, to
prepare this SBB, instead of using an NN-based linker that
would connect the MOPs 1o form an amorphous soft
material® or a MOF with fou topology™ we selected
HINA because it bears both pyridine and carboxylic acid
groups. These coordinating groups enable HINA to coordi-
nate to the peripheral axial positions of cach paddie-wheel

www.angewandte.org
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we d the classical paddle»w!lﬁ':l forma-
tion in the permnce nf our COOH-RYMOP, aiming for the
discovery of a novel 3¢ node comprising 3 carboxylates,
distinet from the late based trimer Iy used for
the formation of rht-MOFs!™ Thus, following this SBB
principle, we first assessed our polycarboxylate 24-c rhombi-
cuboctahedral MOP for the formation of a bimetallic RhCuo-
rit-MOF, Solvothermal reaction of COOH-RhMOP with

Anges, Chem, bnt. B, 301, o, 5729 4713
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Figure 2. a) Fragments of the structure of RhCurht-MOF, highlighting
the connectivity of COOH-RhMOPs (24-c SB8) through 3 Cu, unit,

b) Structure of RhCu-tht-MOF, highlighting the inner cavity of COOH-
RAMOP [blue) and the cavity C (pink). c) Augmented representation of
the rht topology. CCDC number of RhCu-rht-MOF can be found in the
Supporting Information.

copper(Il) nitrate in DMFiethanol (3:1) at 85°C for 24h
afforded RhCu-rit-MOF, in which each Rh"-MOP is linked
through an in situsynthesized triangular 3¢ Cu" SBU
{Figure 2). This SBU of formula Cu,ONOOC), comprises
three Cu' jons that are interconnected through three bridging
bidentate carboxylate moieties and one central oxygen atom
(Figure 2a and $3).

Ideally, the structure of RhCu-rbt-MOF is 2 MOP-based
three-di 1(3D) fi vk in which each Rh-MOP

unit is d to twelve neighboring polybedra through

Communications

that only cighteen carboxylic acid groups from cach Rh-MOP
SBB were coordinating to Cu ions to afford neutrality to the
framework, leading to charge-induced Cu® defects in the
overall structure and giving a formula for RhCu-rhi-MOF of
[Rhga(bie)3CuseO]

The overall framework of RhCu-rht-MOF comprises
three different types ul' microporous cages (A—C Figure 85).
CageAisa of 24 units
from bic linkers and twelve Rb, pnddleawlwels. with an inner
sphere diameter of ca. 150 A (Figure $6). Each triangular
window in cage A is shared with another cage, which can be
defined as a truncated tetrahedron (1-Td, Cage B). Cage B is
formed by four CuyO trimers (one in each face of the +-Td)
and twelve Rh, paddle-wheels, and has an inner sphere
diameter of ca. 12.0 A (Figure 57). Finally. cage A connecls
with 6 truncated octahedra (1-Oh, cage C) through its square-
shaped windows. Cage C comprises eight Cu,0 trimers (one
in each face of the t-Oh) and 24 Rh, paddle-wheels and has an
inner sphere diameter of ca. 168 A (Figure S8). Thus, the
overall network in RhCu-rbt-MOF is constructed by the
packing of cages A, B and C at a ratio of 1:2:1, respectively.
‘This generates an open framework in which the total
accessible volume is 71% 71

Once slshlc polycarboxylate MOPs are isolated, then they
can rath be d to other well-k metallic
SBUs as a strategy 1o increase the variety of accessible

hical hight 4 nets. A lingly, we sought to
connect our 12-c OH-RhMOP(HINA},; with a 4-c paddie-
wheel SBU to guide the formation of an edge-transitive net
exhibiting an underlying (4,12)-c fiw topology (Figure 3). To
this end, we slowly diffused DMF/methanol solutions of
stoichiometric amounts of OH-RRMOP(HINA),, and Cu-
(NO,); in an H-shaped tube standing at RT for 3 weeks. This
yielded a homogenous crystalline sample suitable for SCXRD
analysis. In this structure, hereafter called RhCu-fiw-MOF-1,
each Rh"-MOP is linked through 4-¢ Cu" paddie-wheel SBUs
to cighteen other neighboring Rh"-MOPs, adopting the
expected (412)c fiw md.cr]ying bopolqu (Figures 3 and
$16). Note that the topology can be
the (4.5)-c xae net, oonsldenngtl\e Iwolrpesofpadd!e whzels
{Rh, 5-c and Cu.4-c) SBUs as nodes. RhCu-ftw-MOF-1 shows
three different types of cages {D-F). Cage D is a cuboctahe-
dron composed of 24 isophthalate units from OH-bdc linkers
and twelve Rh, paddic-wheels, with an inner sphere diameter
of ea. 15.0 A (Figure S18). Each triangular window in cage D
is shared with cage E. which can be defined as a rhombicu-

the 24 available carboxylate groups (Figures 2 and 54). With
this connectivity, we would expect a Rh/Cu ratio of 1:1,
meaning that a positively charged (+12) should

boctahedron. Cage E is formed by six Cu{OOC-py), and 24
Rh, paddle-wheel units, and has an inner sphere diameter of
ca. 184 A (Figure $19). Each square window in cage D is

be formed. However, EDX analysis indicated a RhCu molar
ratio of 1:0.3. Remarkably, the amount of Cu® in these crystals
increased after 1 week of incubation in a concentrated
solution of copper(ll) acetate in DMF/EIOH. Afterwards,
both EDX and the copper occupancy factor number
{extracted from the SCXRD structure) revealed a Rh/iCu
molar ratio of 1:0.75 (Figure $10), which is identical to the
molar ratio for the bulk sample that we had synthesized in
water (Figures S11-15). Al ber these values suggested

d with six ic cages (cage F) that fill the gaps
between cages D and E. Cage F is formed by eight Rhy
paddle-wheels and has an inner sphere diameter of ca. 11 A
{Figure 520). This structure leads to an open framework in
which the total accessible volume is 72% .7

Interestingly, the larger cages E of RhCu-fiw-MOF-1 are
decorated with the outer OH groups of the initial OH-
RhMOP(HINA};; SBB (Figure 3d). This feature paves the
way 1o using the external functionalization of isolated MOP

Angew, Chem. int. Ed. 3031, 60, 57295733
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SBBs to modulate the pore f lization of the lti
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Figure 3. a) Fragments of the structure of RhCu-fw-MOF-1, highlight-
ing the connectivity of OH-RhMOP(HINA}y, (12-c SBB) through 4<
Cu; paddiewheel units. b} Structure of RhCu-fw-MOF-1, highlighting
the inner cavity of OH-RRMOP(HINA),, (blue) and the cavity E
{erange). ¢ IMustration of the fiw topology. ) Outer Runcticnalization
of the starting Rh-MOP [pink spheres) decorates the inner surface of
cage E in the resulting MOF. CCDC number of RhCu-flw-MOF-1 can
be found in the Supporting Infarmation.

MOFs. We proved this concept by synthesizing an identical
SBB in which we substituted the outer OH groups of the OH-
RhMOP(HINA),, with H atoms. Accordingly, we followed
the aforementioned coordinative route except that the Rh'-
MOFP was prepared with bde instead OH-bde (see SI). Then,
by combining the new SBB with Cu" ions, we prepared the
isostructural RhCu-fiw-MOF-2, in which we decorated the E
cages with H atoms instead of OH groups (Figur-
s §22,527,28,531,32).
‘The three MOFs that we have presented here exhibit
between crystalline and amor-
phous states upon solvent guest removal and upon immersion
in gither water {for RhCu-rht-MOF: Figure 515) or methanol

www.angewandte.org

Communications

© 2020 WileyVCH GmbH

(for both RhCu-fiw-MOFs; Figures $2324) However,
unlike most flexible MOFs and coordination polymers,
which lose their porosity upon activation-triggered amorph-
ization, amorphous RhCu-rht-MOF and both RhCu-fiw-
MOFs exhibit permanent porosity. We atiributed this feature
to the fact that, similarly to the case of previously reported
amorphous soft porous materials!™ amorphization does not
entail collapse of the Rh"-MOPs that remain accessible upon
activation. Indeed, gas-sorption measurements revealed that
all three MOFs are microporous 1o Ny, showing BET arcas
(Ager) 0f 700 m?g™! (RHCu-rht-MOF), 400 m?g™" (RRCu-flw-
MOF-1) and 680 (RhCu-fiw-MOF-2) (Figur-
5 533,835.36). Moreover, CO, uptakes at 1 bar and 298 k
were 25 (RhCu-rht-MOF) 1.1 (RhCu-ftw-MOF-1) and
13 mmolg™! {RhCu-Rw-MOF-2) (Figures 34, 537).
In summary, we have rep d the is and

of two types of robust polycarboxylate Rh-MOPs, each by
a different route. We demonstrated that once isolated, these
MOPs can be used as SBBs to build highly-connected MOFs
through coordination of their available peripheral
ate groups towards metallic SBUs The well-located and
highly-directional carboxylate groups in Rh-MOPs allow to
predict their assembly by means of reticular chemistry. It also
allows i ing with atomic p the clusive Rh"
paddle-wheel into highly connccted MOF structures. We
believe that the results here presented will enrich the

pertoire of gies for is of MOFs, including
those incorporating inert metal jons P

—
Y
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Steric Hindrance in Metal Coordination Drives the Separation of
Pyridine Regioisomers Using Rhodium(II)-Based Metal-Organic

Polyhedra

Laura Herdndez-Lépez, Jordi Martinez-Esain, Arnan Carné-Sinchez,* Thais Grancha,

Jordi Faraudo, and Daniel Maspoch*

Abstrace: The physicochemical similarity of isomers mokes
their chemical ion through ional technigues
energy intensive. Herein, we report that, instead of using
traditional encapsulation-driven processes, steric hindrance in
metal coordination on the outer surface of Ri"-based metal-
organic polyhedra (Rh-MOPs) can be wsed to separate
pyridine-based regioisomers via  liquid-liquid  extraction.
Through molecular dynamics simulations and wet experi-
ments, we discovered that the capacity of pyridines to
coordinatively bind to Ri-MOPs is determined by the
pasitions of the pyridine substituents relative to the pyridine
nitrogen and s influenced by steric hindrance. Thus, we
exploited the differential solubility of bound and non-bownd
puridine regioisomers to engineer lguid-liguid self-sorting
systems. As a proof of concept, we separated four different
guinol m‘mm'.rmne.sof ini: including a mixture of
the i illy relevant c s 2-chloropyridine and 3-

clude pyridine derivatives that are extensively used in the
pharmaceuticals and fine chemicals sectors, whose production
often leads to mixtures of regivisomers that must be
separated.™ Such is the case with 2-chloropyridine (2-CIPy)
and 3-chloropyridine (3-ClPy), ynthetic building
blocks for drugs and pesticides!™

Great effort has been focused on the development of new,
less-energy-in methods for chemical separation. One
example is ad of the comy s 1o be sef d
distinet porous materials™ Indeed, inorganic zeolites!"™
covalent organic frameworks (COFs)' and metal-organic
frameworks (MOFsf™™™ have all been used as selective
adsorbents, thanks to the facility with which their cavities can
be rationally designed for selective recognition of target
isomers, However, erystalline porous solids are emploved in
heterogencous systems that often require vaporisation of

lecules and sub ivation of the adsorbent, draw-

i:\fdwuplmfm(“ isolating highly pure compounds in all cases.

Introduction
Chemical are crucial but probl ic steps in
industrial purification. They are energy int and expen- hodolog

ing on additi 'cngrg}' M An al type of
porous materials to these is discrete molecules with defined
cavities, such as macrocycles ™™ porous organic cages™ and
metal-organic cages!"™ These materials are amenable to
selective host-guest recognition in liquid-based separation
(eg liquid-liquid extraction), which are

sive, especially for mixtures of chemicals with similar
solubility, boiling point. andior molecular size or shape)

known in industry for requiring relatively little energy -4
Qur group has recently shown that nanoscale cuboctahe-

An 1ally chall case is the of someric  dral Rhodium- hawd Metal-Organic Phlﬁn.du (Rh-MOPs),
mwlurﬁ for which common methods such as distillati a class of per Iy porous metal-org cages bled
extraction and chromatography are often insufficient  from 24 (functi lised) 1.3-benzenedicarty vlate linkers

Archetypical ugmmumus that are d]fﬁcull 1o scparate
include aliphati Pl pounds and

:nh] 12 drrhunlnum paddlmhulﬁ.m can also be harnessed for

h les™ such as functionalised pyridines™ These in-
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i albeit through an alternative mecha-
nism 1o host-guest recognition. Unlike other coordination
cages, Rh-MOPs present twelve Rh" paddiewheels, each of
which has an exohedral open metal site that can be used to
hind molecules with coordinating groups (Figure 1) This
reactivity enables separation of physicochemically similar
molecules that differ only in their affinity to the exposed Rh"
axial sites of the Rh-MOP. For instance, we previously
reported the utility of this reactivity in the scparation of
aliphatic and aromatic heterocycles that differ in their
coordination affinity (o RK".P

Hercin we report that steric hindrance in the coordination
of the exohedral positions of Rh" jons in Rh-MOPs can
efficiently drive the separation of pyridine regivisomeric
mixtures, including a mixture of 2-CIPy and 3-CIPy (Figure 1).

Supporting information and the ORCID identification {s) for
. the author(s) of this article can be found under:
hitps:/fdoi.org/10.1002 fanie 202100091,

© 20 Wiy VCH GmbH

We 1, both experi lly and through simula-
tions, that the capacity of pyndines to bind to the surface of
Rh-MOPs is determined by the position of the pyridine

Angew. Chem, It Ed 2021, 6o, 11406 ~ 1413
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Figure 1. Top: Structure of cubactahedral Rh-MOP, highlighting the
axial sites of s d'rhmﬁum paddiewheels. Bottom: Chemical structures
of the coordi dinating pyridine-based regioi s
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the pyridine nitrogen o the dithodium paddlewheel clusters,
Contrariwise, the addition of 2.6-lutidine did not induce any
change in the colour of the ONaRhMOP solution, suggesting
that the pyridine nitrogen in this compound cannot coordi-
nate to said clusters. The corresponding UV/Vis spectra
confirmed these observations: when ONaRhMOP was treat-
wd with 3.5-lutidine (Figure 2a and 51), the Ag,, shifted from
58 nm to 549 nm, whereas when it was treated with 2,6-
lutiding, the i, (586 nm) did not change.

Next, we employved all-atomic Molecular Dynamics (MD)
simulations in unkr o identify the ma:hamsm responsible for
the selective ion ohserved exp 1ly. Thiis was
done by performing a series of simulations (Table $4) of
atomistic models of ONaRhMOP and mixtures of 3.5-lutidine
and 2,6-lutidine in solution. We employed NAMH‘”'VMD'""
and Gaussian 16 sofl for the simul as deseribed
in detail in the Supporting Information.

In the first batch of simulations, we considered two
different atomistic models of ONaRhMOF and 12 molecules
of each species mixed in ~ 4000 water molecules ar 298 K.
Both ON. JP models were based on the erystal struc-

separated in this slud}\

ture of its protonated form (QHRMMOP), of formula [Rhy-
(OH-bdc)],; (where €H-bade = S-hydroxy-13 benenedicar-
boxylate). In the first model (System 1 in Table $4), we

substituenis relative 1o the p:-ndmr. mtmgm we

idered the p of the atoms involved in the

| that Id be i
ed bmdon the I‘:u:l that the ml\lblllly of the bound pyridine-
isg Iby the of the Rh-MOP onto

wllich is anchored. Thus, we exploited the dﬂf«.mnlml

litchodium paddlewheel (i.c. Rh-O coordination bond and
Rh-Rh bond) fixed 1o match those observed in the crystal
structure of OHRhIMOP. In the second model (System 2 in
Table 84), we fixed only the Rh—Rh bond, allowing thermal

solubility of the coordinating and non-c i o
gioisomers 1o cngineer liquid-liquid self-sorting systems
Using this method, we separated four different equimolecular
mixtures of pyridine regioisomers, in all cases isolating the
target compounds at a purity above 90%.

e-

Results and Discussion

Selective Coordination of Rh-MOPs 1o Functionalised
Pyridines Induced by Steric Hindrance: A Misture of
Lutidine Regiobomers as a Case Study

We chose a mixture of 26-lutidine and 35-lutidine as

di wons of the paddiewheel cluster in solution.

Cr the r!:sn]ls of System | simulations did not show
any selective behaviour but System 2 simulations showed
selective Rh-N coordination of the ONaRhMOP toward 3,5-
lutidine. In the simulations of System 1 {Figures §7-59), 2,6-
lutidine was found to bind perfectly to both the exohedral and
endohedral axial sites of the dirhodium paddlewheel. On the
c*mlmry lhc n:su]ls of System 2 simulations gencrated

d paddlewheel cluster in water. Note
lhdl the dtglﬂ. of dlslonmn of this simulated paddlewhecl
was found 1o be within the range of experimentally observed
distorted paddlewheel structures (Figure 1015 The diston-

amodel tostudy how peometry i the way
that pyridines coordinate 1o the exposed axial sites of the
dirhodium paddlewheels of Rh-MOPs Thus, we Ics[wj the
coordination capability of these two water-solubl

ers o an anionic cuboctahedral Rh-MOP of Enrmula Ny
Ekh‘{O bk (where O-bec = S-hydroxylate-1 3-b

od paddlewheel permits Rh-N lination with 3 5-lutidi

and inhibits Rh-N coordination to 2.6-lutidine, as we had
observed experimentally (Figure 2b and Figure 511-814),
Therefore, our MD simulation resulis predict that the crystal
structure of OHRhMOFP must be allowed to deform to show
Tectivity, This prediction from si is

b 2 this MOP is h fter named ONaRJrMOP} ]
The aforementioned affinity of the dirhodi ddlewheel

Pr 1 by lhc act that crystalling strue-
Iurcs of rhodium acctate complex {Rhy{acetate)) coordinat-
ed 1o 26-lutidines can be found in the literature > This

axial sites to N-donor ligands can be readily rollmwd cither
by the naked eye or by monitoring spectroscopic changes in
the bands centred in the range from 500 am to 600 nm (4, ).
which comresponds 1o the n°— o* transitions of Rh-Rh
bonds®? Thus, we added 3.5-lutidine (12 mol.eq.) or 26-
Iutidine {12 mol. ¢q.) to an agueous solution of ONaRhMOP
(0,29 mM. pH 11). Addition of 3.5-lutidine led to an imme-
diate change in the colour of the ONaRhMOP solution, from
green to purple, characteristically indicating coordination of

Angew. Chem, Int. Ed 2o, 6o, ngof-1141)

& 2021 Wiley VCH GmibH

result suggested to us that, in the case of symmetnic dirhodium
paddlewhcel custers with reduced mobility, as in crystalline
solids, there is no steric hindrance-driven sclectivity for
specific lutidine isomers. To further confirm this behaviour,
we exposed ONaRhMOP crystals 1o 2.6-lutidine vapours. We
observed that the sample turned purple within 12 b, indicating
that 26-lutidine does indeed coordinate to solid-state
ONaRhMOP (Figure 82). Therefore, our MD simulations
and the experimental evidence demonstrated that the dy-
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Figure 2. a) UV|Vis spectra of OMaRhMOP in water befere (dash line) and after addition of 12 mol.eq. of 2 6-lutidine (turquoise) or 3,5utidine
{pink). b) of an | ion obtained during a Molecular Dynamics simulation of a system with one ONaRhMOP and
a 1:1 misture of 3,54utidine and 2,6-lutidine molecules in water (12 ligand molecules of each species, Syster 2 of Table 54), The ONaRhMOP is
shown in licorice representation with the Rh atoms emphasized a3 green Van der Waals spheres. We show the closest 2, 6-utidine malecules {pink

colar) and all 3,5-lutidine (cyan color) molecules with their N atom emphasized, Water malecules are not shawn far clarity. In this image we
observe Rh-N coordination between ONaRhMOP and all 3.5-lutidine molecules. Several 2.6-lutidine molecules can be observed near the
ONaRhMOP with three of them making shortdived contacts. Insets: detailed images of the stable coordination site of 3,5.lutidine with Rh.N
coordination at the adal site of a dirhodium paddlewheel (top right). and of a configunation comesponding to a short lived contact of 2.6-lutidine
with the squared window of the ONaRhMOP through a -7 interaction between (bottom right). The free energy comespanding to each interaction
calculated from ABF-MD simulations i also shown (see main text for details).

namics of the ONaRWMOP in solution directs the sel

coordination of this MOP toward 3.5-lutidine.

Detailed analysis of System 2 simulations revealed inter-
esting molecular scale details of the interaction between
ONaRhMOP and 3.5-1
showed that 3.5-lutidi {i
exohedral axial site of the dlrhndlum psddli."w
The majority of the exchedral axial sites 1o one

ine or o-lutidine. Our results
i 1o the

7 as il d in Figure 2b, which have AG =
.06 Kmlmu‘l 3
To lIn: diff: L. 1i maodes sngg;_sl
ed by our ¥ I we sought

evidence by analysing the UV/Vis spectra of OMRhMOP
that we had ttrated with 3 5-lutidine. We observed that, after
addition of 6mnlcq of 35-lutidine, the soshestic point

molecule of 3.5-lutidine; however, we found that 17% of
them simul 1 fi o two 3.5-lutidi fecul

(Figure 514). Additionally, we found that the hydrophobic
interactions of 3 5-lutidine with the squared windows of the
ONaRhMOP cnable this compound 1o cnter the cavity of the
MOP and sut Iy i 1o the endohedral axial
site of the Rh- R.h padt.lk."wllul Eﬁ;um 514), We have
performed gy caleu-
Iations using the adaptive biased force :ABF]I“’ nulhud in
order to compare the free energy associated 1o the different
coordination or adsorption modes (see Figures $15-518 for
the detailed calculati with their figurations). Our
results showed that the most favourable coordination mode
is a single 3 5-lutidine molecule coordinated to one external
Rh" site with AG=—4354 Kealmol™ (this is the configu-
ration shown in the inset of Figure 2b). The free encrgy for
the case of two molecules of 35-lutidine bound 10 one
exohedral axial site was —~31.76 Kealmol ™, whereas for the
case of one molecule of 3 5-lutidine bound 10 cach Rh" axial
site of the paddlewheel, the value was —40.00 Kealmol ™, The
only interaction observed between 26-lutidine and ONaRh-
MOP in our simulations were short lived contacts through -

www.angewandte.org
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disapy 1, imdi g that not all Rh-Rh paddlewheels are
coordinating to only am, 3.5-lutidine molecule but that there
is a portion of them that coordinate to two molecules of 3.5-
lutidine (Figure S28 and §29).") The 'H-NMR specira of
ONaRhMOP titrated with 2. 6-lutidine revealed an upfield
shift in the aug;mls of all the lutidine protons, thereby
providing exg | evids of inative inter-
actions between it and ONaRhMOP (Figure 835 and S348).
To further study the consistency between our MD
simulation results and our experimental data, we performed
Iditional MD simulations of a model identical 1o System 2
with only six molecules of each regivisomer per ONaRhMOP
{System 3). This corresponds to the experimental conditions
in which the isosbestic point is preserved during the titration,
In this simulation, ONaRhMOP exhibited 100% coordina-
tion vty for 3.5-1 and, it only i 1 with 2,6-
lutidine through a-7 stacking with its windows (Figure S20-
522). These results indicated that 26-hnidine does not
coordinate to ONaRhMOF, despite the presence of multiple
free Rh-Rh axial sites. Additionally, we only obscrved one
lination mode of 35-lutidine to the d Tium axial sites,
which agrees with the maintenance of the isoshestic point
upon addition of up to 6 mol.eq. of this regicisomer. Finally,

Angess. Chem. Int. Ed 2021, 6o, 11406 - 1411
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we performed simulations of a much diluted system {Sys-
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theoretical and experimental siudies showed that, under these
z : s :

tem 4), build from System2 with 12molecules of cach
lutidine regioisomer but adding a much larger amount of
water (= 38000 water molecules instead of —4000). This
corresponds to a concentration of 1.47 mM, exactly corre-

ling 1o the i | conc ion wsed for separa-
tion experiments (vide infra). After equilibration for a very
long time (~1 ps which is in the limit of timescales of MD
simulations), we obtain again the same results (Figure S23-
527). The ensemble of experimental and computational
results led ws to conclude that ONaRhWMOP in solution
interacts differently with lutidine regioisomers in function of
the position of the lutidine methyl groups,

of Lutidine

Having observed the regiolsomeric preference of ONaRh-
MOP for dination to 3 5-lutidine, relative to 2.6-lutidi
we envisaged that the difference in the type and strength of
interaction between it and these two regioisomers could be
exploited to achieve chemical separation by liquid-ligud
extraction. To this end, we designed a separation protocol
based on the premise that the solubility of the coordinated
pyridine would be dictated by the solubility of the ONaRh-
MOP. Thus, by taking advantage of the broad solubility
profile of lutidines, the non-coordinated lutidine would be
selectively extracted with an organic solvent, whereas the
coordinated lutidine would remain attached 1o the ONaRh-
MOP in the aqueous phase (Figure 3a).

To test the separation of 26-lutidine and 3.5-lutidine
mixtures enabled by ONaRhMOP, we first added 6 mol.eq. of
each luiidine 1o an agqueous solution of ONaRRMOP
(14T mM. pH 11). We sclected this stoichiometry because

o,

P cond each 35-lutidi ] pref-
crentially to one axial site. This scenario maximizes the
energy difference of the interaction of the ONaRhMOP with
A5 utidine relative 1o 26-lutidine, Once the regi
mixture was added., the solution immediately became purple
(=563 nm) (Figure 541). due to formation of the
ONaRWMOP bound to 35-lutidine (hereafter named as
ONaRRMOP(3,5-luridirre)). Then, cyclohexane was layered
on top of the aforementioned solution and the biphasic
system was shaken for 55 to induce the extraction of 2.6-
lutidine (Figure 3b). The 'H-NMR speetra of the aqueous and
the cyclohexane phases revealed that 2.6-lutidine had been
completely removed from the aqueous phase after three
consect! extractions with fresh cyclohexane {Figure $39
and $40). Next, UV/Vis analysis of the agucous phase

firmed that 35-utidine had not detached from the
ONaRhMOP during extraction process, as the 4, remained
at 563 nm throughout the process (Figure 541). Consistent
with these observations, blank experiments performed with-
out ONaRWMOP showed that 3.5-lutidine was panitioned
between the organic and aqueous phase (Figures S37 and
538). Ab her. these results d 1 thar ONaRh-
MOP can retain a coordinating pyridine within one solvent,
even if that pyridine is exposed to another solvent in which it
is also soluble.

Next, we explored the release of 3,5-lutidine and subse-
quent recovery of the ONaRhMOP For this, we used
acetonitrile as a coordinating solvent to release 3.5-lutidine
from ONaRhMOP via ligand exchange. Due to the solubility
of 3 5-lutidine in water, we reasoned that its recovery from the
aqueous phase would entail multiple extraction cycles with an
organic solvent, A dingly, we devel I an al i
process that comprised first precipitating the ONaRh-

il
g e
I

1) H:Water
2) NaOH:Water
b
%
u

5o ou I R T

it et

Figure 3. 3) Schematic of the selective retention of 3,5-lutidine in water and its subsequent recovery in acetonitrile. b) 'H-NMR spectrum of 2,6
lutidine in [Dy]eyclohexane (Cyhex). ¢} "H-NMR spectrum of 3,5-utidine in [D;jscetonitrile (MeCH).
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MOP(35-lutidine) complex via addition of BaCl; 1o trigger
a cationic exchange with Na' ions, rendering an insoluble salt
(Figure $42). After removing the agueous supernatant, the
next step was addition of [Dyfacetonitrile 1o the solid 10
detach 3.5-lutidine from the precipitated salt. The 'H-NMR
spectrum of the [Dsjacetonitnile revealed the presence of pure
35 utidine (Figure 3¢ and Figure $43). Next. ONaRhMOP
was recovered by first adding HCl to the solid from the
previous step, to yield OHRhMOP, which was finally
converted into ONaRWMOP upon addition of NaOH (Fig-
ure 3a). Overall, this liquid-liquid extraction process enabled

Research Articles

st

dissolved in an organic solvent. To this end, we prepared
a biphasic system comprising a tolucne phase, containing an
cquimolar mixture of 4-1Py and 2-1Py (17.64 mM, 12 mol. eq.
per MOP), layered on top of an aqueocus phase, containing
ONaRWMOP (1.47 mM, pH 11) (Figure 4a). The 'H-NMR
spectrum of the toluene phase obtained after shaking the
biphasic system for 55 revealed the presence of pure 2-1Py
(Figures 4b and §51). The UV/Vis spectrum of the aqueous
phase showed the expected shift of 1., from 585 nm to
549 nm, corroborating the coordination of ONaRhMOP 1o
12 molecules of 4-IPy (Figure 530). The 4-IPy was then

us to obtain pure lutidine regio from  equi
mixtures. Moreover, the integrity of the ONaRhMOP was
maintained through the whole cyele, as evidenced by UViVis,
'H-NMR and Mass Spectrometry measurements (Figur-
s 544-546),

P g the Scope: S
Pyridines

of 2- and 4-M ]

Encouraged by our prcvmm results, we mughl 1o tﬁ(. Rh-
MOP to separate regh of by P
which exhibit less steric b around the
heteroatom than do the mrn:spnnding disubstituted pyri-
dines. Accordingly, we evaluated the feasibility of using Rh-
MOPs 10 separate two regioisomernic mixtures of 2- and 4-
substituted pynidine moictics. As model systems, we sclected

d in a fresh toluene phase, by adding 10pL of
acetonitrile 1o the aqueous phase and shaking the biphasic
system for 5 s. Acetonitrile triggered the release of 4-1Py from
ONaRKMOP through 2 ligand-cxchange mechanism. Upon
shaking of the biphasic system, the 4-IPy rapidly migrated
into the toluene phase, as it is insoluble in water. The 'H-
NMR spectrum of the toluene phase indicated recovery of
pure 4-IPy (Figures 4b and 552). The acetonitrile was easily
removed [mm the agqueous phase by washing it with chloro-
form, enabling recovery of pure ONaRhMOP, with no traces
of acetonitrile and no sign of degradation over the separation
cvele (Figures $33-555),

Both 2-COOHPyY and 4-COOHPy are highly soluble in
water, but they arc not soluble in other water-immiscible
organic solvents. Accordingly, we decided 1o implement an
extraction approach whereby the Rh-MOP acs as an
extracting agent in the organic phase. Thus, we selected

regioisomeric mixtures of pyridines functionalised with
carboxylic acid groups or halogen atoms, For each mixture,
we established a working protocol. Firstly, we determined the
selective coordination of the Rh-MOP core toward one of the
regioisomers in solution. S flv, we impk 1 this

& phabi Rh‘MOP of formula [Rhy(Cyebac)s;s (where
Cirybde = dod 13-dicarboxylate: this MOP is
hercafter called € RIMOP), whose surface is functionalised
with 24 aliphatic chains.™ Despite this hydrophobic func-

li CREMOP also showed coordination selectiv-

sclective interaction in a biphasic lquid-liquid extraction
system by considering the solubility profiles in each regioiso-
meric mixiure,

Thus, we first titrated OHRRMOP (029 mM) with
solutions of picolinic acid (2-COOHPy) in methanol and of
wonicotinic acid {(4-COOHPyY) in mL{h:lmL’DMI' (1:1) Next,
we a similar exp using of 2-
iodopyridine (2-1Py) and of 4-iodopyridine (4-1Py), both in
DMF/methanol (1:1). The UV/Vis spectra revealed that in
both experiments, the OHRILMCIP had selectively coordi-
nated to the ponding 4-sub I pyridine (Figure 547
and 548).

The two regivsomeric mixtures that we tested show
aclearp for either hydrophobic (4/2-1Py) or hydro-
philic (42-COOHPY) solvents, thereby complicating use of
the selective retention strategy that we had earlier used 10
separate the lutidines Thus, we decided to implement
a biphasic extraction approach, whereby the Rh-MOP acts
as a sclective ing agent for the 4-substi I pyridine.
This apy h entails coordination of the 4-substi |
pyriding to the Rh-MOP in situ, at the interface of two
immiscible liquids, and its subsequent transfer 1o the solution
containing the Rh-MOP.

In the case of hydrophobic 2-1Py and 4-1Py, we designed
an extraction system in which the extracting Rh-MOP was in
the aqueous phase. whereas the regivisomeric mixture was

www.angewandte.arg

& 2001 WilepVCH GmbH

ity for 4-COOHPy over 2-C00HPy in solution, as deter-
mined by UV/Vis experiments done in DMF (Figure $57).
MNext, we prepared a biphasic system of a solution of 4-
COOHPy and 2-COOHPy (both at 11.16 mM, 12 mol. eq. per
MOP) in water and CpREAMOP (093 mM) in chloroform
(Figure 5). After the biphasic system had been shaken for 5 s
the two different phases were separately analysed. The UV/
Vis spectrum of the chloroform phase showed a i, of
544 nm, indicative of the coordination of 12 molecules of 4-
COOHPy 1o C,RWMOF, suggesting complete separation of
the two regioisomers (Figure 557). The "H-NMR of the water
phase corroborated this observation, as 2.COOHPy was
found 10 be pure after the liguid-liquid extraction (Figure §
and S58).

Next, we employed a pH-triggered release of bound 4-
COOHPy. by layening a dilute agqueous acid solution (0.3 M
HC1) on top of the chloroform phase (Figure 5). Note that we
did not use acetonitrile to release 4-COOHPY, because it
would have been difficult to remove it from the chloroform
phase after the separation eycle. thus hindering the recovery
of the CRAMOP. Shaking of the biphasic system for 155
induced a change in colour of the chloroform phase, from
purple 1o green, which was characterised by UV/Vis spec-
troscopy, which revealed a shift of A, from 544 nm to
627 nm, indicative of the detachment of 4-COOHPY from
C;RhMOP (Figure $60). The "H-NMR spectra of the two

Angesw, Chem. . £d. 3031, 60, 11406 - 11413
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Figure 4. a) Schematic representation of the selective biphasic extraction of 4-1Py into the aquecus phase and the subsequent recovery of the
ONaRhMOP, b) Stacked 'H-NMR spectra of the [Dyjtaluene phase before the extraction {top), after the first extraction (middle), and after the

recovery of 4- 1Py (bottorm).

»
ACOOH-Py a0

8.6 82
Chemical shift {ppm)

Figure 5. a) Schematic representation of the sebective liquid-liquid
extraction of 4.CO0HPy into the chloraform phase and its subsequent
recovery in the aquecus phase. b) Stacked "H-NMR spectra of the 0,0
phase before the extraction (tap), after the extraction (middle), and
after the recovery of 4-COOHPy (bottam).
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phases revealed that the aqueous phase contained 4-COOH-
Py (Figure 5 and 559), whereas the organic phase contained
the recovered CpRAMOP (Figure $61). The integrity of the
C:RhMOP had becn maintai parati
cycle, as evidenced by UV/Vis, 'H-NMR and mass spectrom-
etry (Figures S60-562),

1 th I the

Separation of an Industrially Relevant Mixture: -
Chloropyridine/3Chloropyridine

Having d d the ibility of sey ing pyri-
dinic regioisomers, we next sought to apply our liquid-liquid
extraction system Lo separate an industrially relevant isomeric
pyridine mixture. M bstituted chi yridi and es-
pecially 2-CIPy, are frequently used as synthetic intermediates
in many sectors, such as pharmaceuticals, pesticides and fine
chemicals P However. the synthesis of 2-CIPy is generally
not selective, producing the isomer 3-CIPy as a by-product.
Thus, major efforts have recently been devoted 10 optimising
the separation of 2-CIPy and 3-CIPy, which is currently based
on the high energy demanding distillation method (boiling
point of 2-CIPy and 3-CIPy is 166°C and 148°C, respective-
1) For this reason, we considered the mixture an ideal
model system on which 1o test our methodology. To target this
separation, we first tested the selectivity of our model
OHRhMOP core for 3-ClPy (over 2-CIPy). through UV/Vis
analysis of the solutions obtained after titrating OHRhMOP
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{0.2% mM) with 12 mol.eq. of 3-CIPy or 2-CIPy in methanol/
DMF (1:1). In these tests, we only observed a shift in A, for
those solutions titrated with 3-CIPy, which indicated that the
steric hindi Art ' i s ivi I I' 5 in
this case, despite the small size and vicinity .»r the |'|YI'IdII'H.‘
substituents {Figure S63). Inspired by this result, we designed
a liquid-liquid extraction system based on the solubility and
hydrophobic character of 3-ClPy and 2-CIPy. To this end, we
prepared a water-cyclohexane biphasic system in which both
pyridine regioisomers were dissolved in the organic phase at
882 mM (6 mol. eq. per Rh-MOP), and in which ONaRh-
MOP {147 mM, pH 11) was dissolved in the aqueous phase
{Figure 6. Shaking of this biphasic system for 3 s resulted in
an immediate clmn;.t. in II\chIDurDI the aqueous phase, from
green 1o purple. § led the
presence of pure 2 ClPy in |I|¢ cyelohexane phase, whereas 3-

CIPy was coordinated to ONaRhMOP and transferred to the
aqueous phase {Figure 6 and Figure S65 and S66). The fact
that 3-CIPy is also soluble in chloroform enabled us 1o recover
it as & pure fraction upon addition of acctonitrile to a water-
chloroform  biphasic system (Figure $67). Moreover. this
configuration allowed us to remove acetonitrile from the
agqueous phase and therefore, to recover the initial ONaRh-
MOP in its active form for further use (Figure S69). The ease
of recovering ONaRhMOP after the separation of 3-CIPy and
2-C1Py prompted us to perform several extraction cycles 1o
separate regioisomeric mixtures at a higher concentration
{706 mM, 48 mol. eq. per Rh-MOP). We found that, after six
extraction cycles, 3-CIPy was completely removed from the
initial equimolar mixture: thus, we obtained pure 2-CIPy in
the cyclohexane phase (Figure 568). Additionally, Mass
Spectrometry and 'H-NMR confirmed the integrity of the
ONaRBMOP after the extraction eycles (Figures $70, §71).

Conclusion

We have demonstrated that Rh-MOFP can be hamessed
for use in a liquid-liquid extraction system to separate
regioisomers of substituted pyridines. We found that steric
hindrance from the pyridine substituents surrounding the
coordinating N-atom leads 1o selectivity in the exohedral

fination positi of the dithodium paddlewheels in
solution. To elucid hani: bined compu-

this we
tational and | studies, including larp e all
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atomic MD simulations of systems of up to ~ 1n‘ atoms up to 2:CIPy
time scales of - 1 ps. We exploited llm plunmgnun 1o obtain Figure 6. Schematic representation of the selective extraction of 3-CIPy
gif! of  from [Dyfeyeloh and its sub recovery in COC, (left): and

pure phases of four

pyridines of diverse physicochemical properties and degrees
of steric hindrance. We validated our system by using two
different approaches: using the Rh-MOP as retaining agent or
as extracting agent. Such versatility, combined with the
tuneable solubility provided by external organic functional-
isation of Rh-MOF. enabled us 1o adapt our extraction system
1o the specifics of each someric mixture. We believe that this
steric hindrance- dn\'cn st.]m:uvlt) wd] OPLR Up NEW avenues
in the ficld of chemical pur Huding for chall
mixtures such as racemates, as well as for practical upplnﬁ
tions such as pollutant removal and drug purification.
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the corresponding "H NMR spectra after each separation step {right).
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Metal-Organic Polyhedra as Building Blocks for Porous

Extended Networks

Akim Khobotov-Bakishev, Laura Herndndez-Lépez, Cornelia von Baeckmann,
Jorge Albalad, Arau Carné-Sdnchez,* and Daniel Maspoch*

Metal-organic polyhedra (MOPs) are a subclass of coordination cages that
ly porous in
solid-siam. Thasa d‘lll‘a:ﬁrhtlcs, together with ﬂle recent development of

1ietd

can adsorb and host species in and are p

versatility, " which makes them attractive
l.—.mduiales for applications such as gas

[10-14]

sor
ca!alysls-“’"' and sensing,!"*%! The chem-

their " chemistry and the bly of more stable cages, istry of porous materials has matured
have awakened the latent potential of MOPs to be used as building blocks for syl o Bis port decdn, ks
the synthesis of ded us rks. This review article fc on gt at a hetic w00l for intro-

exploring the key developments that make the extension of MOPs possible,
highlighting the most remarkable examples of MOP-based soft materials and
crystalline extended frameworks. Finally, the article ventures to offer future
of MOPs in fields that still remain ripe toward

pectives on the exg
dla use of such unorthodox molecular porous platforms.

1. Introduction

The development of new materials with benchmark physical
properties is unpemnve for the r_hetmcal industry. To this end,
researchers must gain fund, hts into self- bl

and create predictive damgn principles for structure-function re-
lationships. Advances in both areas have recently been reported
for porous materials, for which establishing the relationship
between physical properties and pore chemistry is crunal“ 3
Porous materials have ion from both

ducing pre-organized subunits within
extended materials.*'-**) Thus, researchers
have developed an extensive library of
synthetic (and post-synthetic) strategies
that, unlike standard one-step syntheses,
aim to control the assembly of elaborated
architectures with well-defined chemistry
in a stepwise fashion.”*** Although these
multistep approaches are generally tedious,
they g als with lleled molecular precision at
one or more porous domains, owing to the greater levels of pre-
during self bly than those seen in one-step

syntheses.

The judicious assembly of pre-synthesized molecular build-
ing blocks into porous architectures has enabled an unprece-
dented degree of control over the structure and composition
of porous m'.wemls. as m:mpllﬁed by the success of reticular
chemi: Y to ks (MOFs) with

tal

g

and

and academia due to their ding structural d
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such a3 hieratchical porosity7** Hi-
elarrhrcally porous materials possess a complex structure with
multiple micro-, meso- and macroporous domains that exhibit
highly distinct c} and functionali 1239 These ma-
terials have attracted interest for their unique performance dur-
ing « lled port of sub gh their frame-
works, which is heavily influenced by the degree of order in
Iheu' 3D structures.'"*2] Among the most promising—albeit
plored—routes to g Itiple well-defined porous
domains is the bly of intrinsically porous build-
ing blocks (i.e., the spatial polymerization of preformed porous
cages).”"! This methodology arguably offers the highest level
of hierarchical control, in which the pore’s inner chemistries
(windows, diameter, polarity) and outer chemistries {function-
alization, directionality) are strategically pre-established to con-
fer the resultant material with at least two well-defined chemi-
cal domains.*! Furthermore, the better defined the reactivity of
these porous building blocks, the greater the precision at which
they can be interconnected for specific applications without dis-
turbing their core functionalities.! !
Metal-organic polyhedra (MOPs) have become one of the most
attractive classes of building blocks for the growth of hierarchi-

2104753 (1 of 19) ) 2022 The Authors, Advanced Science published by Wiley- VCH GmbH
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cally controlled, metal-organic, porous materials.| "'l MOPs are
a subclass of coordination cages, which present the distinctive
feature of being permanently porous in solid state.™ The molec-
ular nature of MOPs and their hybrid metal-organic surface en-
dow these materials with a rich erthogonal surface reactivity that
is accessible both in solution and in the solid-state. Furthermore,
the number and location of the different functional groups on
the surface of the MOP can be precisely known. This enables
very fme control over thelr processability, stability, and chemical

ivity while mai their p 1* The unique com-
blmtm of intrinsic porosity with a well-defined surface reactiv-
ity is what makes MOPs ideal candidates to be used as pnmug

www.advancedscience.com

solid-state.***"| This dmaraclﬂlsu: stems | from the strong metal—
ligand (typically, metal ion bonds that sus-
tain their structure. 'l11crefore MOPs can be classified as retic-
ular materials, owing to the presence of strong and directional
bonds that lead to p porous ials. Accordingly
one can subject MOPs to reticular chemistry, such as the sec.
ondary building unit (SBU) appruadl to generate discrete poly-

hedral architectures, d by the bly of M(IT) pad-
dlewheel clusters with hent dlcxdxn(yhle ligands. This paddle-
wheel can be conceptualized as a 4 d (4-c) square planar

unit. Accordingly, the ibly of M (L) paddlewheels with bent
ligands can be 2 anticipated by considering the angle between the

monomeric units for the bly of ded porous
The use of MOPs as building blocks for porous networks
presents several advantages such as the possibility to confer ex-

two carboxylate groups. The most rep MOPs obtained
with these building blocks are the lantern-type (general formula
M}]., 0 ? angle between carboxylic groups), the octahedral-type

tended materials with permanent p i dless of the fi-

nal degree of order of these matenals s:ru:e both the function.  and the cuboctal
lization and integri ol’the ge—particularly for these with

strong metal-ligand dis bonds—are th hly main-

| formula MuLu 90 angle between carboxylic groups),
la My, L,,; 120 ° an-
gle between carbaxylic groups} 1¥7] This approach has been pro-

tained during the polymerization step.[**l This in turn paves the
way for the c L g of p ity mtosoﬂ matter
such as gels or self- bled ! . Al ively, the pos-

ded to other metallic clusters of higher nuclear-
ily. mclud.mg iron- or zirconium-capped trimers, and calixarene-
capped tetranuclear clusters.[*65051 The defined position of each
b ng block in a final MOP structure enables the use of reticu-

sibility to precisely locate reactive sites on the polyhedral surface
of MOPs with accurate knowledge of their number, location, and
orientation enables the use of MOPs as pre-synthesized super-
molecular building blocks that can be assembled into highly con-
nected crystalline nets via reticular chemistry.*!! This approach
was recently employed to target such nets, which could not be
readily accessed th M2
Theoretically, the hlenrchlcal assembh' of MOPs should
offer tremendous advantages over more conventional one-
pot syntheses in reticular crystalline frameworks as well as
in softfamerpheus materials. Howwer, the use of MOPs
as in subseq ly ization re-
actions has been long hind ’b]rthree“' ies: lack
of solubility in desired solvents, poor stability, and limited
reactivity.*!! Fortunately, all three issues are being addressed by
researchers, who have engineered a new generation of MOPs
that combm: high structural stability with surfaces amenable
to functi ion. =71 M the synt to
assemble sur_h MOP& have been ﬂour!shmg indeed, MOPs as-
« lecular, and/or covalent
interactions have recently been reponed. These MOPs are be-
ing harnessed to synthesize an exciting variety of porous mate-
rials that are well-poised to advance the field of porous networks.
In thns context, this review article is pmsed to guide the lector
h the rnaln fmo:sthxt ibuted to bracing MOP toward
b ni 1 g blocks for the assembly of
mmplex porous extended arrhmechm from soft matter to crys-
talline frameworks.

2. The Building Block: Metal-Organic Polyhedra

As a subclass of coordination cages, MOPs employ directional
metal-ligand coordination bonds that can be exploited for the de-
sign and synthesis of discrete molecular architectures that pos-
sess internal cavities. However, MOPs differ from other coor
dination cages in that their cavities are preserved upon activa-
tion or desolvation, making them permanently porous in the

Adv. Sci. 2022, 9, 2104753

lar chemisu'y to functionalize, with atomic precm.l.on. the MOP's
internal cavity and I surface. For the 5 ion of
the benzene ring of the 1,3.] benzenedlcaxbouylw acid (qu has
been used to functionalize the surface of cuboctahedral MOPs
with up to 24 functional groups of diverse nature (Figure 1,
orange).”"| In the case of reactive moieties, the scope of the MOP
surface functionality can be further expanded through covalent
post-synthetic modification reactions. Such control over the sur-
face chemistry of MOPs enables tuning of their physicochemi-
cal properties such as sclubility, reactivity, and chemical stability,
making MOPs a medular porous unit with unique features for
hierarchical self-assembly.

3. MOPs as Porous Building Blocks for
Hierarchical Self-Assembly

The use of MOPs as mnlccular porous building blocks for
bottom-up bly of d ials rests on three pillars:
stoichiometric reactivity, stability, and solubility. Each of these
three requirements ensures that the final extended material is ob-
tained through the linkage of pre-designed MOPs. the
hierarchical assembly of soluble MOPs with well-defined reactive
sites enables a better reaction design and raticnalization of the
stmcturefpropert{es ofdle I'ma]ly accessed porous network. The

can be i ly present in the
as-synthetized MOPs thanks to the properties that their molec-
ular constituents confer to them, or can be introduced a posteri-
ori through post-synthetic modification. In the following section,
we describe the different routes explored to develop robust, solu-
ble, and reactive MOPs that can suk ly be used as building
blocks in the synthesis of hierarchical | porcus networks.

3.1. The Surface Reactivity of MOPs

MOPs inherit distinctive elements from both MOFs and co-
ordination rages. such as open metals sites and organic per-
dant groups. Tt MOPs are p ially reactive throug]

2104753 (2 0of 19) © 2022 The Authors. Advanced Science published by Wiley VCH GrmbH
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Figure 1. Sct i ion of the ive sites on the surf; FMOPs: f pendant groups on the organic ligand (highlighted in orange),

coordinated ligands on the open metal sites (highlighted in blue), and counter-ions in charged MOPs (highlighted in green).

their exposed organic functional groups andfor their metallic
nodes, Remarkably, both surface-reactive organic groups and
metal sites generally exhibit orthogonal reactivity, meaning that
they can be targeted independently or in tandem. Surface organic
groups have been employed to endow MOPs with both

and cmrd.mauan chem)stncs, MOPs can alsu parm:lpalt in two
other elec and
H- horld.mg Electrostatic charge has been introduced into MOPs
by using intrinsically charged clusters, as has been done with a

cluster,”™! and by using charged organic functionali-

andfor coordination reactivities. For example, covalent reactiv-
ity has been introduced to MOPs by derivatizing their surfaces
with amines, alcohols, alkyne, alkene, aldehyde ordnhlahcnzmu:
groups,|** among other there bl

chemistry with the resultant MOPs, mdnd.lng condensations,
click ch v, olefin hesis or poly i {Figure 1,
orange). Similarly, MOPs have been functionalized with crganic
funetional groups with coordination capabilities such as ammts
hydroxyls, and carboxylates. Thus, further dination

ties such as sulfonate groups (Figure 1, green).|*”) Charged MOPs
can then undergo metathesis for tuning of surface d:u:lnlsl:qr or

induction of self- bly. Similarly, the possibility to
alize the surface of MOP.s with H bcnd a:oepmrjdonor gcnps
opens the door to guiding their gh comg
tary H-bonding mteramon&
MOPs can be linked through various lecular and co-

valent interactions provided Lhat their structural integrity is not

additional metal ions allows the use of dination chemistry in
MOP surfaces. In both cases, reactive groups have typically been
introduced onto the surface of the MOP through direct symhems
by selecting ligands bearing such reactive i

« ised by such I reactions. The design of
such lecular or paly ions bene-
fits from precise b ledge of the ori i ber, and loca-

tion of‘the reamw sites on the polyhedral surface. Therefore, the
of the reactive sites, and the type of linkage

groups.*| However, in some cases, such as with free amines and
carboxyli acuds i ‘MOPsouuldnotbeduedlysyn—

hesized, thus | hting a d d for al approaches
Iused on usmg protedi.ng groups. |5 ]nlzeresung]y MOPs fune-
d with o g groups can lecular

ly via self-cond ion reactions or upnn coordina-

tion with additional metal ions. #2551
The reactivity of open metal sites in MOPs has been exploited
mainly for M(1T) paddlewheel-based MOPs (Figure 1, blue). Pad-
dlewheel clusters have a well-established reactivity at their axial
sites, whimcannndergoligand-mhange reactions with N-based
ligands m|rJ| as p}md.mrs amines, or mudxzuls without com-
g the equatorial M(11)-carboxyl. ion. 57 Ac-
conﬂngly. these open metal sites can be used as anchoring points
to functionalize the surface of paddlewheel-based MOPs or to
link them with (monodentate or bidentate) N-based ligands.
This chemistry has been explored mainly for Cu(ll)-based MOPs
(named Cu-MOPs), although it has recently been expanded to
Rh(ll)-based MOPs (named Rh-MOPs).1** [n addition to covalent

Adw Sei. 2022, 9, 2104753

y, can be ically combined to dictate the structural

k at the moh:cular scale (connec-
tivity and p le (hi hical porosity), and
the macros:ale (shape and mednnj:al properties). We address
these topics in the following sections.

3.2. Stability

In this section, we focus on the stability of MOPs in solution.
Here, we define the stability of a MOP as the conservation
of a distinguishable 0D entity throughout the entire “cage-to-
network” reaction (i.e., without any disassembly or re-assembly
of the MOP constituents). The synthesis of MOPs relies on
the ibility of the coordination bonds that sustain their
structure.**%| However, this reversibility is also a source of
concern when assessing their stabi because they can dis-
sociate in the p of ing molecules
such as water (u e., hydrolysis) or r additional ligands (i.e., ligand

2104753 (3 of 19) © 2022 The Authors. Advanced Science published by WilerVCH GmbH

11 008 ‘Wt

g




ADVANCED
SCIENCE NEWS

APGEIENCe

www.advancedscience.com

Figure 2. Main strategies to increase MOP stability. a) Shielding of the metallic nodes with hydropl

chains. b} Use of metal

ions with strong intermetallic bonds [ie, Mo{ll), Rh{ll), Ru{ll) or Cr{ll)]. €} Increasing metal-ligand r_nardmatuan bond using strongly coordinating
hard-metal ions in combination with hard bases (O-donor ligands) (i.e., zirconium clusters). d) Introduction of chelating groups.

exchange).**| Theref the rol

of MOPs in solution focus on either shle]dmg the metallic node,
using metal ions with strong intermetallic bonds, increasing the
coordination strength of the metal-ligand coordination bond, or
using chelating groups (Figure 2).

The most frequently used metallic node in MOP chemistry is
the Cu(1l) paddlewheel. However, both the chemical stability and
hydrolytic stability of Cu-MOPs are compromised by the lability
of the Cu-carboxylate bond, especially its tendency to undergo
both hydrolysis and ligand exchange.™! Consequently, the scope
of reactivity of Cu-MOPs toward coordination and covalent poly-
merization reactions may be limited. Among the most success-
ful approaches to increase the stability of Cu-MOPs is to preclude
the interaction of external agents with the labile nodes, whereby
the high surface density of functional groups on the MOP is ex-
ploited to shield the vulnerable Cu-carboxylate bonds from hy-
drolysis or ligand exchange. To this end, a surrounding organic
shell is attached to the rigid organic backbone of the MOP (Fig-
ure 2a). Depending on the shell used, the shielding can be either
hydrophilic or hydrophobic.

The protective effect of densely grafted hydrophﬂjc polymers

the Cu(ll) paddlewheel ! The same approach was later used by
Yin et al. using poly{N-lsopmpylauylam:del (PNiPAM) as a poly-
meric chain instead of PEG

Hydrophobic shielding also has been used to modulate the
permeability of water melecules into a MOP structure!* For
example, Ghosh et al. demonstrated that attaching hydropho-
bic moieties to the exposed surface of a cuboctahedral Cu-
MOP enhanced its hydrolytic stability.*”] The authors synthe-
sized neutral cages based on 12 Cu(ll) paddlewheels and 24 lig-
ands, with a naphthalene diimide core and different pendant
amino acids (alanine, valine, isoleucine, and phenylalanine) that
each provided a different degree of hydrophobicity to the MOP.
They then tested the stability of the resultant MOPs heteroge-
neously in aquecus media under alkaline, acidic, oxidizing, re-
ducing, and buffered conditions, Owing to the blocking of the
paddlewheel units, the MOPs bearing the most hydrophobic
groups fully retained their structures in so].ld state, even aﬂer
several weeks under the test cond r, the p I
of this approach for solubilized MOPs, in whlch the dxﬂ'uslon
of water molecules toward the MOP core is less hindered, is
unknown.!*!

was first suggested by Zhou et al,, who
polyethylene glycel chains (exhibiting 5 kDa as molecular weight,
PEGSk) to a cuboctahedral Cu-MOP (named pi-CuMOP; also
knewn as Cu(pi)) formulated as [Cu,(pi),];; (in which pi refers
to the ligand 5- [prop Zarnmrbenme] -1,3dicarboxylic acid), via
a copper(l)-catal oaddition./* The resul-
tant structure, denoted as PEG5k-CuMOP, demonstrated supe-
rior stability to the i ial, as di d in a 24
h aquecus dialysis expenment. The authors attributed this im-
provement to intermelecular aggregation between soluble enti-
ties, which prevented the water molecules from interacting with

Adv Sci. 2022, 9, 2104753

The afi soiiad lei & the il of
shielding strategies to protect CuflI) paddlewheel units in
MOPs and consequently, to enhance the stability of MOPs to-
ward hydrolysis in more aggressive media (i.e., alkaline, acidic,
ete.). However, the effects of organic shielding on the reac-
tivity of MOPs in polymerization reactions, particularly those
based on the reactivity of open metal sites, remain unclear.
Contrariwise, covalent polymerization reactions using poly-
meric/macromolecular ligands can be used to link MOPs to-
gether, maintaining the hydrophobic/hydrophilic shielding of
open metal sites.

2104753 (4 of 19)  © 2022 The Authors. Advanced Science published by WileyVOH GmbH
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Given the widespread use of the 4.c paddlewheel cluster in
the synthesis of MOPs, researchers have sought to generate an
equivalent $BU made of metal ions with a stronger metal-metal
bond igth, as a way to imize overall rob includ-

‘www.advancedscience.com

However, the use of ligands with strong coordinating chelating
moieties is cha].l:ng.ng as it hinders the necessary reversible
bond fi 1 in the sy is of structured metal-
orgamn: assemblles such as MOPs, Interestingly, Nitschke and

ing resistance to hydrolysis (Figure 2b). For i paddle-
‘wheel units containing intermetallic bonds such as those based
on Mo(11), Rufll}, Cr(11), or RhylI), have been described to afford
more robust MOPs in the solid-state, as reflected by their large
surface areas (order of magnitude: 1000 m? g!).[44549.68465] I
particular, Rh-MOPs are highly stable in solution under various
conditions, including in the presence of coordinating ligands,
at high temperature, and in aqueous solutions at extreme pH
levels.**7%71 The outstanding stability of Rh-MOPs stems from

et al. d P anelegam lution: the hesis of
the d:u‘:lahng pyridyl-imine moiety in situ by reversible covalent
chemistry|”"*1 However, metal-organic cages based on pyridyl-
imine ligands have been studied mainly in solution; their stability
and porous properties in the solid-state have only recently begun
to be investigated.|™ "l In 2017, Zhang et al. introduced an al-
ternative, strong-coordinating, chelate-based cluster for the syn-
thesis of robust MOPs.!*!! They reported the synthesis of a tetra-
hedral Ti(IV)-based MOP (named Ti-MOPs) assembled from a

the cooperative strength of the Rh-carboxylate coordination bond
and the Rh-Rh intermetallic bond, which lock the equatorial coor-
dination sites at room thereby p g the cage
from undergoing Hgawmchange reactions.

Another strategy to improve the stability of coordination eom-
pounds is to increase the strength of the metal-ligand ¢ di;

P ligand funetionalized with adjacent carboxylic and
phenol groups. In this Ti-MOP, three different ligands chelate
the Ti(IV) ion, thereby generating a distorted octahedral coor-
dination geometry. Due to the strong chelate-Ti(IV) coordina-
tion, the MOP was stable in water. Alternatively, Tezean et al.

tion bond.!™ The Zr-O coordination bond has a high dissociation
energy (=776 k]-mol"'), making it exceptionally resilient to hy-
drolysis in a wide pH range (pH 1-10)/"" Furthermare, metallic
centers with high coordination numbers can generate high nu-
clearity clusters, thereby yielding remarkably stable M-L nodes.
For this, Zr(IV) clusters are regularly used to provide chemical
stability—especially hydrelytic stability—to metal-organic mate-
rials (typically: MOFs).7*l Recently, Zr(IV)-carboxylate chemistry
was implemented to synthesize Zr(IV)-based MOPs (named Zr-
MOPs), which exhibit a similar stability profile to their extended

MOF counterparts.
Most Zr-MOPs reported in the literature are based on
trinuclear zi nodes and synthesized in situ. This

3-connected pyramidal cluster was also employed by Yuan
et al. to buildup a series of cationic tetrahedral cages, for
which they used 1.4-benzenedicarboxylic acid (pBDC) and
1,3.5-benzenetricarboxylic acid (BTC) as eorganic ligands to
obtain the MOPs {[Cp;Zr;u;-O{;-OH), L [pBDC }** (named
ZrT-1, with Cp being cyclopentadienyl) and {[Cp,Zru;-Op,-
0]-{),],[B’DC],}'+ :named ZrT-2), resped1wly[‘°| By subju:ting
ligands; 4,4"bipt

{BPDC} and1 35411 s{4-carboxyphenyljt (ETE) to macuu
lar chemi the authors ob d two larger MOPs formu-
lated as {[Cp;Zr;ps-Ofp,-OH), ], (BPDC)}** (named ZrT-3) and
{ICpyZr315-O(,-OH), | (BTB),}** (named ZrT-4), mpemvely
These ZrT-1 to ZrT-4 MOPs showed to be stable in metl

recently i duced the use of hyd as charged chelat-
ing groups for the synthesis of Fe{IIl}—based MOPs (named Fe-
MOPFs). I they in
the Fe(I1I)- h)'drw(amame node, susgﬁtmg that this mcnely could
be used to rationally design other MOPs.™! Given these exam-
ples, such existing porous chelate-based MOPs and others that
can be potentially made of highly stable chelates (e.g., metal-
catecholates) hold great potential for their future use in subse-
quent self-assembly processes.

3.3 Solubility

Owing to their discrete molecular structure, MOPs have remark-
able solubility in diverse solvents while maintaining their poros-
ity. Accordingly, some MOPs exhibit liquid processability, which
can be exploited to perform chemical processes in homogeneous
conditions under stoichiometric control. This is highly advanta-
geous for hierarchical assembly of MOPs into porous networks,
because self- bly can be ¢ lled at the melecular level,
thereby avoiding possible sources of py (e.g. partial re-
activity preclusion or aggregation-induced defects) in the final
material. Addl!lonally the solwnl in which the MOP is soluble

(MeOH) and dimethyl sulfoxide (DMS0). More recently, Su et
:l Itlnd.uﬁed pBDC with an amino group to obtain the ligand

14-dicarboxylic acid (2-NH,-pBDC) and then
used it to construct a Zr-MOP of formula {[Cp,Zriu,-Ofp,-
OH),],[2-NH,-pBDC]; }**.1"1 The authors evaluated the stabil-
ity of this tetrahedral MOP (named NH,-ZrMOP; also known
as UMOP-1-NH;) under an aqueous environment from pH=
2 to pH= 10, after which point the NH,.-Zr-cage began to
decompose.™! Interestingly, their finding is ¢ with the

can e the bly process and/or the per-
e /application of the obtained poly ic network, as ob-
served for hydrogels. Tt the solubility profile of the MOP
must be und dand c lled before the bly process.

In this regard, MOPs can be readily functionalized—either by di-
rect synthesis or by post-synthetic modification—with functional
groups that enhance their solubility.

The solubilization of MOPs, as for any molecule, is regulated
by the balance of the interaction energies of mbl:nnoltcu]ar at-
traction in the solid-state and of solvation in sol Tt
the surface of MOPs is critical to solubilization, as it can be used
to hinder inter-MOP interactions (e.g., by using bulky groups to

ic hind and/o MOP-sclvent interac-

behavior reported for Zr-based MOFs. ™!

An al method to i e robust metal nodes into
MOP structures entails the use of ligands that form chelates with
metal ions, as the dlelahng effect hzs been observed to increase
the stability of coordi ! in media.l"!

Adv. Sei, 2022, 9, 2104753

for
tions (e.g., by using hydrophilic or hydrophohdc moieties to pro-
mote solubility in water or organic solvents, rtsp:ctwdy]
Among the first for surface-functi gof MOPs
to tune their solubility is the use of pendant functional Broups.
Interestingly, these organic terminal groups in bridging ligands

2104753 (5 of 19) @ 2022 The Authors. Advanced Science published by Wiley-VCH GribH
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are largely responsible for the solubility of MOPs. A representa-
tive example of this is the cuboctahedral MOP family, based on
5-functionalized BDC bridging ligands. Yaghi et al. published the
first report of a cuboctahedral Cu-MOP (named H-CuMOP; also
known as MOP-1), having the formula [Cu,BDC,),;, which did
not bear any functional group on its surface.**! Therefore, the ag-
gregallcn ofthjs H-CuMOP during its synthesis cannot be easily

is hindered by the strong H-CuMOP pack-
ing mherac&ans which preclude the solvent molecules and the
MOP surface from interacting. Later, the same group reported a
surface-modified isostructural MOP related to H-CuMOP, whose
surface was functionalized with 24 aliphatic dodecyloxy chains by

www.advancedscience.com

and, for the amide-functionalized cages, ascertained the influ-
ence of the ligands on the solubility of the resulting cages.
They found that intreduction of alkane- and diphenyl-groups
inm the parent MOP enhanc:d saluhluly in vohh!e organic
ents such as dichle form,
and acetone. Ailemahvely. our group pmloush' develaped a
tio: ize the first-ever (re-
ported} mmple of a MOP beanng free carboxylic groups on its
surface.™| The synthesized cuboctahedral Rh-MOP of formula
[Rh,(BTC), ], (named COOH-RhMOF) was highly scluble in po-
lar solvents such as DMF.
Zhou et al. deseribed a unique mechanism for tuning

substituting BDC with the 5-dodecoxyt 1,3-dic
acid (5-C,;-BDC).™ This functionalized MOP with formula
[Cu,(5-C,;-BDC), |, was h)ghly sulub.l: in polar and apolar apro-
tic organic sol (e.g. {DMF) and chloro-
form, respectively). This appmad: has been expanded to myriad
functional groups to confer the cuboctahedral Cu-MOP family
with a I:rul;v bxuad sulubll:ly pmﬁle l‘-'or example Zaworotko et
al. cubog Iral Cu-MOPs
that exhibited l'ngh sclubll:ty in alcoholic solvents, DMF, and
hot acetonitrile.'®! Altematively, Zhou et al. reported that tert-
butyl functionalized MOPs were highly soluble in polar solvents
such as MeOH and DMF.*"! The same authors were the first to
introduce charged groups on the surface of cuboctahedral Cu-

the solubility of cuboctahedral Cu-MOPs, based on iso-
izati d b groups at the MOP
surface ] rﬁm they linked Cu(ll) fons to the ligand 5-(2,4-
thylphenyljdiazinyl)b 1,3-dicarboxylic acid (L1) to
obtain a cuboctahedral Cu. MOP, with dm formu]a [C\.lﬂjL‘J.h]lz
(named srMOP-1). The azok
stMOP-1, which the authors identified as the lrnuwsamer. in-
duced strong inter-MOP interactions through s-x interactions,
thereby limiting the solubility of trans-srMOP in organic sol-
vents such as MeOH or chloroform. Next, the authors irradiated
srMOP-1 with UV-light to trigger the trans-to-ds isomerization
of the azobenzene groups, which disrupted the inter-MOP

MOPs by employing BDC ligands functionalized with sodium
sulfonate at the 5-position (5-50,-BDC) to yield a MOP with the
formula Na,,[Cu,(5-50,- BD’CM12 [mmcd S0, Na- CuMOP} 1591

and o quently, making cis-stMOP-1 soluble in
organic solvents. Their photo-switching mechanism holds great
potential to control the release of active molecules as well as for
spatiotemporal contrel, in situ, of the amount of soluble MOP

The exposed sulfonate groups rend a negatively charged
MOP that inhibited MOP aggregation due to el ic repul-
sion. Additionally, they used hydrophilic counter-cations such
as Na(l) to sclubilize the SO, Na-CuMOP in water, albeit it hy-
drolyzed after short incubation times. Conversely, the function-
alization of MOPs with strongly hydrophobic groups (e.g., triiso-
propylsilyl groups) enables their solubilization in highly apolar
solvents such as diethyl ether or benzene.*! Examples of ligands
used, implementing this effect, incdude again 5-functionalized
ligands such as 5-C,-BDC and 5-hydrexy-1,3-dicarbexylic acid
{5-0H-BDC), which have been combined with highly stable Mo-
or Rh-based cuboctahedral cages. A similar strategy has been
used in Zr-MOPs. For example, the sclubility of Zr-based tetra-
hedral cages in organic solvents such as DMF can be increased
by d them with dant NH; groups.”* Similady,
Zhou et al. m-partcd a series of geometrically distinct, lantern-,

octahedral- and cuboctahedral-type MOPs based on a quadruple-
bonded Mo(ll) paddlewheel combined with diverse ligands of
various sizes, bending anges and organic pendam groups. The
authors attributed t]‘u: lut d:le products to the
infl fthe groups, inct solubility pro-
files for isostructural cages that dlﬁned only in the functionali

ilable for poly reactions.

To date, the mle of pendant organic groups on the solubil-
ity of MOPs has been investigated according to their intrinsic
characteristics or covalent reactivity. However, MOPs bearing pH-
responsive groups can undergo alternative chemical modiﬁm-
tions that are based on their state and
can be selectively pH- tngge:ed These processes alter the surface
chemistry of MOPs and, consequently, affect their selubility. We
exploited this concept to tune, in situ, the solubility of a hydroxyl-
functionalized Rh-MOP of formula [Rh, (5-OH-BDC), ], (named
OH-RhMOP)./™ We showed that the 24 hydroxyl groups at the
periphery of OH-RhMOP could be stoichiometrically deproto-
nated with NaOH to afford a negatively charged MOP of for-
mula Nay,[Rh,(5-OH-BDC),],; (named ONa-REMOP). We ob-
served that ONa-RhMOP was soluble in aqueous solution, which
is consistent with the ability of water molecules to solvate charged
species in the presence of hydrophilic counter-ions. We further
demonstrated the crucial role of counter-cations in dictating the
solubility of the dmrged MOP. We dnscm'cmd that analogously
to what had previously been rep din i
or mher meta!-orgamc cages, the sodium ions in ONa- RhMOP

of such surface moieties./**|

ingly, selubility provided by the P group in
MOPs can be further ta.llortd b post:
modification. Bloch et al, d i this p with

two cuboctahedral cages, of the formulas Mu{SOH BDC);, and
Mu(i NH‘. BDCj (where M = Cr, Mo, Cu and 5-NH,-BDC =

13 dicarbexylic acid), which they fuucﬁonal—
ized with esters and an'udcs respectively.® The authors em-
ployed a notably large library of functional groups in their study

Adv Sci. 2022, 9, 2104753

d with organic cations such as cetyltrimethy-
].am.momum (CTA), which afforded a lipophilic MOP of formula
CTA,,[Rh,(5-OH-BDC),],, that was highly soluble in chloroform
(Figure 3).

The aforementioned examples reflect the remarkable role of
the pendant groups in defining the solubility profile of MOPs,
The polarity, hydrophilicity/hydrophobicity, charge, and counter-
ions of these groups govern the solvation of MOPs by sol-
vent molecules and consequently, their solubilization. Neverthe-
less, despite the predominant role of these groups in dictat-

2104753 (6 0f 19) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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0O Na*

Figure 3. Schematic illustration of the control over solubility dependent on the pendant organic groups,

ing the solubility of MOPs, the metallic nodes also contribute
to solubility. For instance, the trinuclear zirconocene cluster
found in Zr-MOPs is inherently positively charged which in-
hibits strong inter-MOP interactions, thereby facilitating sol
ubilization of these MOPs in polar sol 1% Additi

can be used to further tune solubility. For example, Bloch et
al. used jon-exchange to increase the solubility in methanel of
a MOP with the formula Cl, {[CpZrp,-O(u,-OH)], [Me,-pBDC],}
[named Ms;-ZrMOP} with Me,-BDC being 2,5-dimethyl-14-

rbonylic acid, by exch the initial chloride with

these metallic cluster undergo cation-exchange reactions that

Adv S 2022, 9, 2104753

trifl h ulfonate as 155
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An indirect strategy to mod1l'y the solubility of MOPs is to
leverage the chemistry of their metallic nedes to lo-
calize axial ligands toward their penpb:ry as these ligands ult-
mately modify the overall surface chemistry of MOPs and con-
sequently, their solubility. Our group, together with the team
of Purub have d d the potential of this approach
by functionalizing cuboctahedral Rh-MOPs with N-donor lig-
ands containing diverse functional groups.!*! Specifically, we
found that the solubility of [I!h,,(l!DC:;l]I2 {named H-RkMO.P]

www.advancedscience.com

tively, the possibility of functienalizing MOPs with strong coor-
dmaung gmups (e, carbm:ylic acids) while avoiding MOP self-

bly of MOPs via coordina-
tion using brldg'mg metal |onsj'clusms.\"|

4.1.1. Self-Condensation of Functional MOPs

The self-condensation of MOPs is based on the fact that they can

and OH-BEhMOP could be d by functi g their
12 surface di-rhodium axial sites with distinct N-d ||gands

bine open metal sites and coordinating groups from their
c i organic ligands. Zaworotko et al. exploited this fea-

We observed that the solubility of the Iti

Rh-MOP correlated with the hydmphdicity;hydmphohaw of
the N-doner ligand used to fi them. For
L/D-proline as axial hgand aﬂimlcd water-soluble Rh-MOPs
h 4-(trifl hyl)pyridine as axial ligand yielded MOPs
soluble in halogenaled or apmuc organic solvents such as
hyd Remarkably, the coordina-
tive solubilizer method applied to Rh-MOPs does not imply any
irreversible structural modification in the cage, as the coordi-
nating ligand can be removed by ligand exchange or by proto-
nating the donor group, in either case without compromising
the structural stability of the cages."””! Therefore, this strategy
does not prevent the use of fi lized MOPs in sub
coordination-driven polymerization reactions (vide infra).
Importantly, the surfaces of some MOPs are functionalized
with capping ligands that fulfill the :ocrrdmanm r:qum:mcms
of the MOP's consti metal ions. gthep lim-
pact of these ligands on the solubility prorﬁle “of MOPs, we be-
lieve that they may have been overlooked in the literature, as in-
dicated by the fact that they have been previously employed to
tune the solubility of related non-porous Pd(ll)-based discrete

dichlorc or

ture to ble MOPs inte crystalline networks for the first
time.*) They showed that cuboctahedral Cu-MOPs with reac-
tive surface groups self-polymerized t} h sulfe Cu(ll) or
methoxy-Cu(ll) coordination into 3D or 1D networks, respec-
tively. These networks are distinguished by the fact that their
cages are held together chiefly by a strong metal-ligand coordi-
nation bond, rather than by the weak, intermolecular, van der
Waals interactions typically found m pxwmush' reported MOP
structures. Niu etal. d this approach by isolati
the target MOP before its self-condensation reaction to achieve a
higher degree of control over the final framework structure.%!
To this end, they synthesized a cuboctahedral Cu-MOP of for-
mula [Cu,(5-OH-BDC},},, (named OH-CuMOP) functionalized
with 24 hydroxyl groups. The reactivity of this OH-CuMOP was
modulated by the solvent in which it was solubilized. For most
MOPs, solvent molecules tend te coordinate to open metal sites,
thereby influencing their surface chemistry. Indeed, bulky sol-
vents such as dimethylacetamide and DMSO imposed steric hin-
drance around the MOP, which preduded the self-condensation
reaction. However, when the authors dissolved OH-CuMOP in
less-coordinating and bulky sol such as methanel, it spon-

metal-organic assemblies. ™! This strategy may be applicable to
permanently porous Zr-MOPs, which contain on their surface
three capping Cp moieties per Zr(IV) cluster. Each of these Cp lig-
ands can be functionalized or exchanged by other capping ligands
to tune the surface chemistry and solubility of Zr-MOPs. Simi-
larly, the solubility of calixarene-capped MOPs could be modu-
lated by tuning exposed functional group of the macrocyclic cap-
ping ligand. /-]

4. Assembly of MOPs into Porous Networks
4.1. Coordination-Driven Poly fzati

The reactivity of exposed open metal sites in MOPs has been har-
nessed to drive the assembly of MOPs into crystalline as well
as amerphous porous networks. Accordingly, M{II) paddlewl

bled into a 3D structure bridged via Cu(ll)-
] lic hydroxyl coordination of adjacent MOPs. Interestingly,
tI'ley were able to exploit the presence of small quantities of
DMSO in the methanolic reaction mi to modulate the steric
hindrance around the MOPs, partially masking some of its open
metal sites and reducing the connectivity of the OH-CuMOP,
thereby enabling synthesis of layered 2D ks !** This exam-
ple highlights how previously unoonmdered parameters, such as
the used solvent, can heavily i the surface ch y of
MOPs and their self-assembly reactivity.

An alternative manner to control the assembly of functional
MOPs is to temporally occlude their latent reactivity by using
protecting groups. For example, Bloch et al. reported that self
polymerization of a protected NH,-functionalized, lantern-type
Cu-MOP oi'{bn'nula [C\.l;ll..Z:;l11 :whele L2 iz 3,3'-((2,5-diamino-

based MOPs, with acocsslble reactive metal sites, are excellent

did. for coordi driven MOP pol: ization reac-
tions. This approach benefits from the fact that the equatorial
carboxylate-M(II) coordination bonds of M(1l) paddlewheels are
more robust than their axial coordination sites. Thus, one can
target such reactive sites to polymerize MOPs without com-
promising their backbone structure. This can be achieved by
two different types of coordination reaction: self- d

1,3-ph 2,1-diyljjbenzoic acid) could be trig-
gercd by unmasking reactive groups in solution™! However,
their strategy demanded that the protected MOP withstand the
deprotection conditions, which for Cu(ll)-based cages, might
limit the scope of compatible protecting groups. Indeed, the
authors showed that, although the protected MOP could not

itk d the high or strong acids required to re-
maove di-tert-butyl dicarbonate protecting groups, it was stable

of MOPs functionalized with c ii on their sur-
face; and linkage of MOPs via ditopic N-donor ligands. Alterna-

Ade Sg. 2022, 9, 2104753

to the alkali condihons d to remove protecung groups
such as fl lmeth carbonyl. 1 ly, the authors
correlated the se]l’polymerl'utmn rate of protecled MOP to the

2104753 (B of 19) © 2022 The Authars. Advanced Science published by Wiley VCH CmbH
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Figure 4.

amount of base added to the reaction media, as the latter de-
termined the rate of fannatmrl nft.he r!acnve groups (i e, pen

ofthe bly of MOPs using rigid MN-ditopic linkers, highlighting the generated interMOP cavity (orange sphere).

derlying 12-connected (12-¢) fou topology (Figure 4).! Later, Su
et al. employed the same strategy to tune the structure and com-

dant amines). The coordi
morphous nanoscopic (size: ( 50 nm), sp]:eru:al nanopam
cles, However, they found all the coordination polymers to be
pennanentty porous to N, md COy, with great uptake values
[ 1 to the p rate. The authors rea-
suned that at lllghex seifpulmenzatwn rates, the MOPs pack
less efficiently, thereby g g larger pore vol in the
coordination-polymer pxodm:n.

4.1.2 Assembly of MOPs through N-Based Ditopic Ligands

N-donor ligands exhibit an 3 balance b di

tion strength and directionality for M(11) paddlewheel axial sites,
thus making p)md.lm a.rmm: and imidazole-based ditopic lig-
ands suitable for ion-driven poly ization of MOPs.
The use of these ligands to link MOPs has enabled the scope of
MOP-based networks to widen, as it precludes the standard pre-
requisite that only inherently reactive MOPs can be used. Addi-
tionally, the geometry and the degree of flexibility of N-based lig-

of MOFs with fcu topology, using a Cu-MOP precursor
beanng free amino groups at its surface, of formula [Cu,(5-NH,-
BDC),),; (NH,-CuMOP; also known as MOP-15). Thus, they as-
sembled the NH,-CuMOP with bipyridine to obtain an feu MOF
in which the inter-MOP cavities were derivatized with pendant
amino groups.**! The same authors also demonstrated that the
inter-MOP space could be systematically expanded by increasing
the length of the pyridine based ligand, from pyrazine to 1,2.
dipyridin-4-yljethane.*”!

Furthermore, given that the polyhedral shape of a MOP pre-
cursor determines the final topology of the MOF, the dimension-
ality of the assembled structure can also be reduced by employing
M OPs with fewer vertices or paddlewheel units in their structure.
For example, K.Ioste’nnar.\ et al. used a lantern type Cu-MOP as

to izea 1D coordi mer.!"”!l The above
mmples illustrate how strategic choice of MOP and ligand pre-
cursors enables the design of dimensionality, framework topol-
ogy, and/or inter-MOP chemical space of MOP-to-MOF struc-
tures,

As puﬂnausly suhed the solub:hly ofa MOP in a given reaction
ly of MOPs into extended

ands can be harnessed to direct the distance, y, and pe-
riodicity between adjacent MOPs, which in turn shape the final
assembled material. Thus, this approach has successfully been
employed both with rigid ligands, to assemble MOPs into crys-
talline MOFs, and with flexible ligands, to produce amorphous
soft materials.

Crystalline MOFs:  Zhou et al. and Chun et al. were the
first ones to show the feasibility of crosslinking previously
synthesized and isolated MOPs through ditopic N-based lig-
ands to obtain MOFs/***| By lying the
building block approach to MOPs ‘with well-defined polyhedral
shapes, and rigid or straight ligands, researchers have been
able to anticipate the topology of the resultant structures.™'*l
For example, the linkage of octahedral Cu-MOPs of formula
[C“}[CDC]JH :where CDC is 9H-carbazole-3,6-dicarboxylic acid)

gh 4,4"-bipyridine (bipy), d a G-c: d (6-c) peu
network, ] whereas the connection of cuboctahedral Zn(II)-
based MOPs (named Zn-MOPs) of formula [Zn, (5-Me-BDC), |,
(wl!er! 5-Me-BDC is 5-methyl-1,3-dicarboxylic acid) through 1,4-
bicyclo[2.2.2} (dabeo), lted in a MOF with an un-

Adu Sci. 2022, 9, 2104753

structures, Hm:\'er, Lah e-t al. demrmstnhcd that MOPs could
also be used in solid state providing excellent templates for gen-
erating hollow MOF str 11921 They impl. d this ap-
proach by soaking single crystals of OH-CuMOP in a methanolic
solution containing N-donor npd hgands {dabco, pyrazole, and
bipy). Under these two Were Cou-
pled: (i) solubilization of surface MOP units fmm the MOP crys-
tal into the methanol phase; and (i) the in situ cross-linking of
the solubilized MOPs with the ligand, which generated a shell of
the pcu MOF on the MOP crystals. As the reaction progressed,
the authors obtained hollow single crystals of the pou MOF, Later,
Choe et al. demonstrated that single crystals of the same MOP
could be transformed into a pcu MOF through a single-crystal
to single-crystal process comprising immersion of OH-CuMOP
crystals into a DMF/DMSO solution containing dabeo.'" The
success of this approach relies on the fact that the fec packing
structure of the MOP units in the OH-CuMOP crystal is related to
the position of the MOP units in the feu MOF, Thus, slight rota-
tion and translations of the MOFP units in the MOP crystal enable

2104753 (9 0f 19) © 2022 The Authors. Advanced Science published by WileyVCH GrmbH
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acmmmodation ol’dabcu Ii.gands inside the final MOI-' structure.
Iy, by qt ati

fore the :omplehan of the smge-crysta] to single-crystal transfor-

mation, the authors were able to isolate MOP@MOF superstruc-

tures. Subsequenl selective removal of the MOP core through

bled hesis of single crystalline MOF
hollow structures. Further MOP gxuwth on the core shell struc-
tures, followed by MOF synthesis and Juent MOP 1,

www.advancedscience.com

namic light scattering, for both kinetic analysis of the gelation
process itself as well structural characterization of the colloidal
network.™ The structural data were important, as the struc-
ture of these gels determines their viscoelastic properties. In
this sense, the authors discovered that the gel network depends
mainly on the concentration of the initial C,,-RhMOP (bix),, pre-
cursor. Additionally, through mechanistic analysis, the authors

enabled synthesis of matryoshka and double-shell hollow struc-
tures.

d that the main parameters governing the gel net-
work structure (density, correlation length, and degree of branch-
1n.s} are established at the stage in which the colloids aggregate

Soft Porous Materials: By assembling MOPs into pk
soft materials, researchers can design porosity inte materials
that are typically non-porous, such as amorphous coordina-
tion polymers. Compared to crystalline networks, these mate-
rials have the advantage of a higher degree of processability,
as their porosity does not rely on long-range order. lrm:usl-
ingly, MOPs have been polymerized into soft porous

gh attractive i forces, just before percolation.
Based on this discovery, the authors devised a novel methodaology
to selectively confer gels with a continuous and gradual change
in mechanical properties. Their strategy is based on using cen-
trifugal force to create a gradient of pre-gelating, reactive colloidal
particles, which are then incubated at high temperature to in-

through use of short N-based flexible ligands. Chun et al. were
the first to employ thls appmach in which they polymerized

duce gelation. Since the ation of reactive colloidal gels
varies across the height of the gel, so do the mechanical proper-
ties of each final gel. More recently, Furukawa et al. also showed
an alternative way to trigger the gelation of C,,-RhMOP(bix),, via
acid- mggured detachment of bix.!*’l They found that addition of

Cu-MOPs into ion poly usmg ﬂexn-

ble diamine ligands, such as ethylenediami Iyl

and diaminoheptane.'™! Crucially, all bled di

polymers adubneﬁ permanent porosity, as assessed by N,, H,

and CO,; adsory at an P Fur.
the 1 coordinat displaved Hi-

modal porosity: the authors ascribed contributions from the mi-
croporous regime to the inner MOP cavity, and from the meso-
porous regime to the inter-MOP voids. Following the flexible
ditopic ligand approach Furukawa et al. symhesuzed intrinsi-
cally porous s bli

of trifl ic acid (TFA) to a DMF
solution of C,,-RhMOP(bix),, triggered gelation at room temper-
ature. By replacing TFA with the photoacid 8-hydroxypyren-1,3,6-
trisulfonic acid (pyranine), they were able to synthesize porous
gels upon light i ion at room thereby
photo-patterning of the gel.
The long aliphatic chains on the surface of the C,,-RhMOP
used to synthesize MOP-based gels ensure the solubility of the
MOP precursor. However, these chains are detrimental to the

P ]

by
C,,thMOPvn\‘hlhc idazole-b "hgz.nd‘l,"' imidazol
1-ylmethyljbenzene (bix).'"! This assembly process was dictated
by the quantity of bix ligand added to the C,-RhMOP solution.
The stepwise addition of bix to the C, - IthDP solution Inggmd

porosity of the derived aerogels, as they occupy free volume in
the final assembly, thus hindering gas diffusion. Nevertheless,
as explained above, MOPs can also become soluble through re-

a polymerization reaction that followed a nucleation-el

mechanism to yield spherical nanoparticles. Allrmanvely, addi-
tion of C;;-RhMOP to a selution containing excess bix (12 mo-
lar eq. relative to MOP) in a single portion, 1 in forma-

activity of their axial site, Accordingl our group, togs her with
Purukawa et al,, developed a methodol ble the highly
porous but insoluble H- RhMOP IﬂtD oo].lnldal particles and gels
(Figure 5b).1"%%! First, the long al le, 1-dodecyl-1H-

le, was attached to the open metal sites of H-REMOP

tion of a kinetically trapped molecule in which all the Rh(II) ax-
ial sites of the C,,-RhMOP were occupied by bix ligands mon-
odentate coordination, to give a MOP of formula [Rh,(5-C,,-
BDC),(bix)],; (named C,,-RAMOP(bix),,). Self-assembly of such
C,,-RhMOP(bix),, in solution was triggered by heating the solu-
tion at 80 °C. Under these conditions, a fraction of the monaoden-
tate bix was detached from the surface of the MOP, g

to make it soluble in organic solvents. Next, bix was added to
the functionalized H-RhMOP, which triggered its self-assembly
into colloidal particles via ligand exchange reaction. Remarkably,
this strategy enabled us to increase the porosity of the derived
aerogels, which showed bimodal porosity and BET surface areas
(Sggr) of up to 540 m? g-'. Moreover, Furukawa et al. were able

vacancies that enabled crosslinking of the MOPs via ft

ta thc ity of th: H-RhMOP-derived gels through

of bidentate bix bridges. This in turn generated a colloidal sus-
pension that, upon further incubation at 80 °C, assembled into a
colloidal gel in situ. In terms of functional porosity, both forms of
the coordination polymer (colloidal particles and supramolecular
gels) outperformed the initial C,,-RhMOP, as assessed by N, and
CO, sorption measured at??and ‘195 K, respecti\re}y Speuﬁa]ly,

t-synth gel 1157) They found that,
upcn incubation at 80 °C, the colloidal gel network became more
porous due to greater inter-MOP crosslinking, reaching an Sg:r
value of 758 m’ g'. More imp Iy, this work highlights how
molecular scale pt {e.g., MOP crosslinking) span mul-
tiple length scales up to the macroscale (e.g., gel densification) to
influence the final properties (e.g., gas adsorption) of functional

N, adsorption d a
ol’l) 17 mol(N,)/mel(C,,- RhMOP} for the dlscrete Cu-RhMOP
and uptakes of 8.70, and 18.61 mol(N;)/mol(C;- mmop; fanhe
colloidal particles and sup ular gel, resp

Furukawa et al. studied the gelation of hnﬂ:lmlly tr.lpp:d
porous building blocks into colloidal gels by time-resolved dy-

Ady Sdi. 2022, 9, 2104753

products. Al ly, MOP-based hydrogels can be prepared by
employing the counteraction solubilization approach. For exam-
ple, Furukawa et al. reacted the water-soluble ONa-RhMOP with
bix in a mixture of acetonitrile and water to obtain a colloidal
el Subsequent water exchange treatment afforded a hydro-
gel with no traces of organic solvent.

2104753 (10 of 19) & 2022 The Authors. Advanced Sclence published by Wiley-VCH GmbH
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sl

Figure 5. a) Schematic lllustration of the assembly of MOPs as porous monomers through flexible ditopic linkers to form amorphous supramalecular
polymers with intrinsic perasity arising from the MOP units. b) Photograph of a supramelecular colloidal gel resulting from this assembly. Reproduced

with permission | Copyright 2019, Wiley-VCH.

4.1.3. Assembly of MOPs through Coordi with Additional

Metal lons

Recently, our group introduced a novel hodelogy that dif
fers from the approaches that we have discussed so far, such
as self-condensation of MOPs, or linking of MOPs via rigid
ditopic ligands. Qur approach consists of introducing p

P the Cu(ll) iens from replacing the Rh(ll) ions in the
MOP structure, and prevents the HINA from detaching from the
MOP in the presence of Cu(ll). Therefore, the stepwise assem-
bly of MOPs functionalized with well-defined points of extension
through hierarchic or orthogonal interactions provides the oppor-
tunity to construct multi-component MOF structures with a pre-

and available carboxylic acid groups onto the periphery of a
cuboctahedral Rh-MOP, and then harnessing the reactivity of
these groups to assemble COOH-RhMOPs with additional metal
ions.**) The chemistry of Rh-MOPs enabled us to precisely po-
sition carboxylic acid groups on the 24 edges or the 12 vertices
of their cuboctahedral surfaces, through a covalent or coordina-
tion post-synthetic route, respectively. The Rh(l1) axial sites of the
OH-RhMOP were used to anchor 12 isonicotinic acid (HINA)
molecules onto its vertices via Rh-pyridine coordination to ob-

defined logy and of its different constituent build-

i%

ing blocks.

4.2, A bly of MOPs through Si lecul:
MNon-Coordinative Bonds

The supramelecular reactivity of MOPs is not limited to coordina-
tion chemistry: their surfaces can be functionalized with organic
ieties able to blish alternative non-covalent interactions

tain a MOP with formula [Rh,(5-OH-BDC), (HINA)],, (named
OH-RhMOP(HINA),;), unaltering the carboxylic acids. Topolog-
ically, the resulting OH- RhMOP{H]NA!u can be described as a
12-c cuboctahedral sup ular b g block. We, pared
the anal 24 ted (24-c) rh bicuboctahed 1 super-
malc:ulax building block COOH RhMOP, following our own
protocol, iling use of stoichi ic protecting groups. Both
COOH-functionalized MOPs were soluble in organic solvents
and, owing to the low chemical affinity of carbosylic acld groups

such as - stacking, H-bonding, and electrostatic or hydropho-
bic/hydrophilic interactions. Indeed, such interactions are com-
monly observed in as-made MOP packing structures."™! How-
ever, the deliberate use of non-coordinating supramolecular in-
teractions for the hierarchical construction of MOP-based net-
works is currently in its infancy. Bloch et al. recently provided the
first example of electrostatically driven assembly of MOPs % The
authors used two oppositely charged MOPs as building blecks
to syni.hesiz.e the first intrinsically porous salt. Reaction of the

for the Rh(II) axial sites, did not und any self-

However, addition of Cu(Il) ions to OH- RhEMOP(HINA);, and
COOH-RhMOP triggered their self-assembly into crystalline n:t—
works of the topelogies (4,12)-c fiw and (3,24)-c rhn, resp

itively charged Me,-ZrMOP with a negatively charged Cu-
MOP of formula [Cuy, (5-50,- BDC}.;]“ (named 50 CuMOP}
gave rise to amorphous powders, in which the charge is bal-

The final accessed topelogy for each of the COOH-functicnalized
MOPs agreed with the outcome that we had expected upon con-
sidering the connectivity and geometry of each of the COOH-

anced exclusively by the presence of charged MOPs (i.e., 6 Me,-
ZrMOPs for 1 $O,-CuMOP). The amorphous porous salt ex-
hibited greater pm'oslty than lts building blocks, dnc to the re-
rnoval of P from the | structure,

REMOPs. Interestingly, Cu(Il) adopts an unc
tion environment, forming a Cu(ll) trimer in the rht structure
to satisfy the steric and connectivity requirements of the (24-c)
COOH-RhMOP. From a chemical perspective, the assembly of
up to 4 different molecular components into a single compo-
sitionally complex structure, such as in the fiw network, is en-
abled by a clear gradient in coordination strength of the differ-
ent coordination bonds present in the multi-component struc-
ture (Figure 6). This hierarchy in coordinati gth is what

lisplaying a Sper of496 m’ g for the amorphous porous salt,
against the $..; of 416 m* g-! and non-porous of the individ-
ual Me,-ZrMOP and $O,-CuMOP, respectively (Figure 7b). In-
terestingly, the presence of large counter-ions in each of the
charged precursor MOPs, such as tetraethylammonium for the
anionic $O,-CuMOP or triflate for the cationic Me,-ZrMOP, en-
abled the authors to isolate a crystalline salt of formula X,.[Me,-
ZrMOP];[$0;-CuMOP] (where X is H* or tetraethylammonium

Adv. Sci. 2022, 9, 2104753

tions) (Figure 7). The authors suggested that the use of larger
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Figure 6. a) Fragments of the structure of RhCu-fiw-MOF, highl g the

ity of OH-RhMOP( Jaz (12-c SBB) through the 4.c Cu; paddle-

wheel unit. b) Structure of RhCu-frw-MOF, highlighting the generated interMOP cavity {orange sphere). c} lllustration of the fiw topelogy.

b)
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Figure 7. a) A portion of the crystal structure of the doubly porous uItX‘G[Mez ZrMOP];[SO, CuMOP], Grey and green polygens represent the cuboc.

tahedral 50;-CuMOP and the

Me;-ZTMOP,

My
S0-CuMOP (black). Reproduced with permission |5} Cnpynghl 2020, American Chemical Society.

counter-ions likely slowed down the metathesis reaction, en-
abling formation of the crystalline product. Later, they expanded
their approach to create a large library of novel porous salts, by
:omhnm? an array of positively charged and negatively charged
MOPs!"0!

Interestingly, Ohba et al. used a similar strategy to demon-
strate that bulky counter-ions could be used to control assem-
bly of charged MOPs."'!! They assembled Me,-ZrMOP with the
polyoxometalates (POMs) of the formula [SiW,,0,, 1. Consis-
tent with the charge of each building block, the resultant POM-
MOP crystalline assembly has a MOPF/POM ratio of 1:1. Further-

Ady Sei. 2022, 9, 2104753

at 77 K of the porous salt {red), Me,-ZrMOP [blue), and

more, the POM-MOP network is permanently porous in the solid
state exhibiting an Sger up to 425 m?® g', making the POM units
highly accessible within the network.

4.3. Covalent Polymerization

Covalent bonds are the chemical bonds.
Therefore, their use to link MOPs holda great potential to de-
velop robust MOP-based networks. Additionally, the mature field
of polymer science can be used as a guide to develop synthetic

methodologies that enable shaping of MOP-based networks into

2104753 (12 of 19) @ 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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bridging ligand
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Figure 8. Schematic representation of the covalent polymerization and the i linking hlighted in red are the newly

formed covalent bonds and in blue the participating functionality on the bridging ligand. Photos of green leaves: Repfodu(.ed with permission.['1%]
Copyright 2020, Royal Society of Chemistry. Phtos of blue gels: Reproduced with permission.| %] Copyright 2019, Royal Soclety of Chemistry.

diverse fi 1 ials such as gels, mono-
liths, or thin flms. However, there are few literature reports on
using covalent bonds to assemble MOPs into porous ncmurks
underlining the difficulty of this approach. Possible drawb

include the stability and/or solubility of the MOPs (vide supra)

NH,-ZrMOP with acyl chleoride ligands (6 to 10-membered car-
bon chains) to cross-link the MOPs through amide bonds./'*?
They ran the reaction under heterogeneous conditions, with the
NH,-ZrtMOP precursor in its solid crystalline state. Interest-
ingly, the crystalline padan.g and the intrinsic microporosity of

under the required coupling conditions (ie. Drgnmc solvcms at  the MOPs were x d after cond Therefore, this pi-
high temperatn.rc-s in the presence of p ing il that Zr-MOPs are sufficiently ro-
gents) gly, most of the li les are con-  bust to mthmnd amide-bond formation, even when this en-

! fon (fc of amides, ar irn.in;e:a}'”“’““I or
olefin-based cross-linking (polymerization or metathesis)!"7-121]

(Figure 8).

4.3.1. Cross-Linking Based on Condensation Processes

The first example of cross-linking MOPs through covalent chem-
istry was provided by Choe et al. in 2017.1'"*] The authors reacted

Adu Sci. 2022, 9, 2104753

tails in situ release of HCL. However, the heterogeneous reac-
tion conditions demanded leng reaction times (up to 3 days)
and offered only limited control over the processability and the
macroscopic form of the final MOP network. Intriguingly, to gain
greater control over amide-bond formation and to reduce dif-
fusion pathways, Guo et al. used a water-soluble NH,-ZtMOP
as precursor.''? They reacted NH,-ZrMOP with trimesoyl chlo-
ride through an interfacial polymerization method to produce
Zr-MOP-based thin films. The resultant films exhibited excel-

2104753 (13 of 19) © 2022 The Authors. Advanced Science published by Wiley-¥CH GmbH
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lent water permeability, dye rejection, and strong antibacterial ac-
tivity, making them suitable for nanofiltration. Similarly, Zhang
et al. fabricated MOP-based membranes by condensing NH,-

ZrMOP with aldehydes to form polyimi ks.114] They
ran the reaction under h a2 conditi in a mi
oforgmic and in Ihe of the triamine tris{2-
i and hihalaldehyde as oo to 1

www.advancedscience.com

the NH;-CuMOP with methacrylate to make it reactive toward
butyl methacrylate, using UV-light to yield a cross-linked mem-
brane with a MOP content of up to 10%. The MOP within
the membrane was much mere stable against hydrolysis than
the initial MOP precursor, due to the polymeric shielding ef-
fecl (vlde supra), which enabled the use of these membranes

form the h'ype-r-cross linked nﬁworks The 1 were eas-
ily obtained upon solvent removal and exhibited high perme-
ability and anionic dye rejection. The membranes also had en-
hanced mechanical properties, stemming from the highly cross-
linked nature of their network. Alternatively, Volkmer et al.
showed that Cu.-| MO Ps ﬁmcﬁonaliz:ed wlth hydmcyl groups wuld
be grafted with poly chains th of
thane bonds!''5! Likewise, Yan et al. 1 ustd this chemical ap
preach to crosslink cuhomhed:al Rh -MOPs into polyurethane
ks./ 1€ Th, hesi reactive MOPs with the
formula [Rh, (BDC),,(SHOC,-BDC).|; (named HOC,-RAMOP)
lic acid

oforgam: dyes in aqueous media.'"® The same

authms used an alkene-fi lized MOP of fi la [Cu,(5-
(3-butene-1 ylcrxy)BDC,]“ (named Bt-CuMOP) as HOOIET in
self-polymerizing and as inp iza-

tion reactions with polystyrene. """l In the latter case, ‘the authors
used azobisisobutyronitrile and heat as radical initiators, which
led to a final compeosite exhibiting a MOP content of 88% (1
MOP polymerized with 10 styrene molecules). Both strategies
yielded covalently linked MOP ks with greater hydrolytic
stability and better sorption properties relative to the initial Bt-
CuMOP. Adduhcmally. the polystyrene co-polymerization strategy

{5-HOC,- BDC} :ma thesymhesw ol‘H RhMOP with different ra-
Hos (m =16, n=8 m=8 n=16and m = 0, n = 24). They
found that the ratio between the reactive ligand and BDC dic-
tated the reactivity of HOC,-RhMOP. In ali cases, upon react-
ing HOC,-RhMOP with a mi [ diiso-
cyanate, polytetramethylene glycol, and 1,4 bu 1, they ob.

bled the sy of easy-to-shape gels, thus enhancing the
p bility oflhe MOP-networks. Similarly, Zhao et al. sub-
jected an ami lized Zr-MOP to post hetic, UV-

light mediated cross-linking.""*! The authors reacted single erys-
tals of NH,-ZrMOP with acryloyl chloride to obtain an acrylated
NH,-ZrMOP (named AA-ZrMOP),'*!! which they then reacted,
as solublc precursor, with acrylate-terminal polyethylene oxide

tained elastic MOP-polymeric materials, which Ihey named Elas-
toMOPs. Interestingly, they correlated the mechanical properties
of the ElastoMOPs (MOP content: 6.5% to 7.8% w/fw) to the type
of MOP precursor used: those ElastoMOPs with a higher percent-
age of hydroxyl groups at their surfaces exhibited better mechani-
«cal properties, due to their greater degree of cross-linking. Finally,
inspired by nature, the authors used Elasto-MOP to build a leaf
that exhibited biometric upon exp to vapor (see
Figure 7, right).

4.3.2. Cross-Linking Based on Olefins

There are various examples of MOPs undergoing olefin-based
cross-linking chemistry. For instance, Shimizu et al. cross-
linked a cuboctahedral Cu-MOP that was partially functional-
ized with alkyl chains containing terminal alkene groups [5-
(dec-9-en-1-yloxy)1,3-benzenedicarboxylic acid (C = C,-BDC) and
5-{octyloxy)1,3-benzenedicarboxylic acid (Ci-BDC)], through

This linking gave rise to self-standing
thin membranes with a MOP content of up to 3%. The use of the
AA-ZIMOP asc linking agent in the poly reaction
later bled thesis of by with great thermal stabil-
ity and CO, permeability. The above examples demenstrate that
covalent linking can be used to enhance the robustness of synthe-
sized superstructures and thus is ripe for further investigation.

5. Perspectives

The longstanding potential of functional MOPs as building
blocks for the design and assembly of porous materials is
finally beginning to bear fruits, as reflected in an increas-
ing number of reports of their use in hydrogels,"*! hybrid
composites,' ] salts,[* hairy dendrimers ' and MOFs.[**! In-
deed, beyond ﬂu:sr pommty, MOPs boast an impressive array
of other exploi including tunable sol-
ubniuky high connectivity, and well-deﬁncd penpheral points of
1.

olefin. metat]les:.s usi.n.g a Crubbs catalyst.'"”) The degree of

lized MOPs with the
ideal formula [Cu!{C c., BDC)(C,s-BDC)],, (named € = C-
CuMOPs) could be controlled by the amount of catalyst used.
The physicochemical properties of the obtained metathesized
networks related to their cross-linking degree, which varied from
20% to 80% (depending on the catalyst loading). Thus, net-
works with a higher degree of cross-linking were insoluble in
organic solvents and h.ad superior mechanical properties {le s

greater hardness and lower elastic modulus). Additi

[71.106335] 1 their practical usage has remained

limited due toa 1adc ofrobust functionalized MOPs and a poor
with For ly, the develop-

ment of robust MOPs, elthtr through direct synthesis or post-
synthetic modification, has enabled researchers to harness the
surface chemistry of MOPs to modulate their solubility and to
open up alternative extension pathways that, whilst demanding
more aggressive conditions than in other methods, neverthe.
less afford materials with a higher degree of specialization and
smxcrural integrity [108.12.126] However, there is ample room for

MOP-networks showed greater adsorption than did the 1solated
C = C-CuMOPs, most likely due to the appearance of addi-
tienal voids at the inter-MOP space. Another compelling cou-
pling method using olefins to connect MOPs is radical poly-
merization, as realized by Sun et al.''!"% They derivatized

Adu Sei. 2022, 9, 2104753

in the design and synthesis of stable functional
MOPs and their sub q ion into ded materi-
als. Herein, we provide the lector wn.h our msxght mln the future
of the field and highlight the most p i for the

ynthesis of previously i ibl Is with cutting-edge
properties,
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The first pathway, and a rather straightforward one, is to in-
vest more in developing new MOP cages w1lh d:recuoml fune-
tionalities poised for hether by di-
rect synthesis or post-synthetic rnod;ﬁcannn. As we previously
mentioned, the design of functional MOPs with reactive sur-
faces had long been hampered by stability issues, which have
recently been overcome with the advent new synthetic and post-
synthetic methodologies. To date, researchers have not had any
incentive to add new functionalities to MDPs per se; however,
there is now a vast land ial patk for the
preparation of extended MOP. bas:d materials. Thc [ e

www.advancedscience.com

these particular macromolecules. Thus, if researchers cou}d fur-
ther optimize the ivity of the ortl

of MOPs and achieve md:mmem: control over the total degree
of extension, r]|en ﬂzey could potentially mmhme some :ﬂ:lhng

porous ials with gt
of control.

Finally, we bv.']l!ve that the mhemal funcxmmllty of MOPs
has been d for developing unique materi-

als. Unlike other a:chely'pmal porous framewuﬂw those assem-
bled from functionalized MOPs are built from supermolecular
building blocks with accessible cavities positioned for host-guest

of further developing this path is ill i by the recent
creation ofcarboxy!ate—tagged MOP cages, in which incorpora-
tion of such a simple, yet challenging, moiety at the periphery
of a Rh-based cage has laid the first stone toward the forma-
tion of crystalline, hierarchically porous, MOF architectures with
unusual topologies and well-defined hybrid metal sites.*! In-
deed, although there is only one reported example of this use
of carboxylates, it demonstrates the potential for a single func-
tional group to massively expand the potential catalog of syn-
thetically feasible MOPs: thus, tluausnnds afprevlwsly lnames
sible h hical MOF gh the
assembly of COOH-tagged preformed cages, without thc need
for any uncontrollable metal-ligand exchange reactions or any
chemical-etching.**'*"! We anticipate the same effects for other,
equally relevant functional groups (acrylates, azide-alkyne, se-
quential nuclectides, etc.), once they are used in a similar way
on MOP surfaces, whether individually or :ollcd:lvd'_v, to gen-
erate novel soft matter and crystalline ded arch

chemistry, and thus, can be used to periodically space important
substrates within the solid-state. Although the host-guest chem-
istry of MOPs is p ly not as developed as this approach de-
mands, the same principles could be extrapolated from the more
mature host-guest chemistry of coordination cages. Indeed, co-
ordination cages have rich pathways for encapsulation of target-
solvated guests within their cavities.!"'7| In fact, such encap-
sulation stabilizes the guest molecules and can even enhance
their reactivity!'*! Thus, once researchers extend this concept
to MOPs, they will be able to arrange critical substrates within
a periodic solid-state lattice, thereby exposing them to heteroge-
neous conditions, including solid-gas phase processes, strongly
demanded by industry."*! This approach could be further en-
riched by ordered combination of different MOPs into porous
networks to pave the way for the spatial organization of varied
functional guests.

In summary, the use of MOPs in bottom-up synthesis of

Thus, there is a need to re-explore the c.hernl.sn'y behind the ba-

perous mostly looked, is now a thriving topic in
materials science. Recent advances in MOP surface chemistry,

sic cage design bearing new horizons in mind. Furth

most MOP-extension chemistry, whether reported or simply pos-
tulated, is based on building a single type of cage for simplic-
ity. However, as clearly exemplified in the field of mulueompo-

and the devel of soluble MOP platforms that can with-
stand aggressive thermal and chemical conditions, together have
led to a new g ion of highly p 1 melecular build-
m.g blocks with exciting structural properties. This progress is

nent MOFs, /' there is a latent possibility of buildi

fl ing a diverse array of materials, from soft matter to crys-

architectures from multiple molecular building blocks,

nodes or ligands.|'™* Therefore, the same prmcxples could be
applied to assemble multiple MOP cages, w'nh d.lsnru:r geome-
tries and functionality, to obtain d architec-

talline , for which researchers are achieving unparal-
leled levels ol’strucmral contrel thanks to their intrinsic cavities,
open metal sites, and orthogonally reactive surfaces. Our review

tures gh one or more bl apptroachcs mdudmg H-

rep merely the tip of the iceberg of the pohenhal ofMOPs
to contribute to nearly any self- bled heth

bonds, dy—narmc covalent bonds, or metal
Pioneering work en the co-crystallization of varied MOPs reflects
the potential of this approach toward fine tuning of the physico-
chemical properties of MOP-based materials,!'* 1311

Another topic that we consider promising for the future is the

crete or ded, which is built from well-defined, speqahzed
molecular building blocks.
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pH-Triggered Removal of Nitrogenous Organic
Micropollutants from Water by Using Metal-Organic
Polyhedra
Laura Hernandez-Lépez,™" Alba Cortés-Martinez™"™ Teodor Parella,
Arnau Carné-Sanchez,**" and Daniel Maspoch*>" ¢
Abstract: Water pollution threatens human and environ- explnil tl\e hedral di of Rh-MOP to

mental health worldwide, Thus, there is a pressing need for
new approaches to water purification. Herein, we report a
novel supramolecular strategy based on the use of a metal-
organlc polyhedron {MCIP} as a capture agent to remove

a organic microp from water, even at very
low concentrations (ppm), based exclusively on coordination
chemistry at the external surface of the MOP. Specifically, we

beanng N-donor atoms in
aqueous solumr\. and then hamess their exposed surface
carboxyl groups to control their aqueous solubility through
acid/base reactions. We ualldahed this approach for removal
of b iazole, b inoline, and 1-napthyl-
amine from water.

Introduction

H dous organic micropoll are found in natural water

resources worldwide, posing a threat to human health and to

e(osyslems " Thus, there is a pressing need to develop
and ials for water purification. Among the most

efficient strategies for removal of organil: micropollutants from

water is adsorptive removal, which in some cases is followed by

als such as zeolites, activated carbon, covalent organic frame-
works, and metal-organic frameworks, all of which offer large
surface areas and whose pores can be chemu:dl)r rm:d'iﬁecl o
Other didates are ials (e. nano-
tubes, graphene, etc.), which boast I'ugh 1urfa(e area- wvolume
ratios, given their small size. Additionally, some

exhibit highly reactive surfaces that can be functionalised for

lysing the degradation of the adsorbed pollutants™

degradation of the poll Effective adsorb must com-
bine high surface areas with strong chemical affinity for the
target pollutants. Promising candidates include porous materi-

Researchers have recently begun to develop supramalecular
strategies based on host-guest chemistry to capture and
separate substances of interest™'? In these strategies, discrete
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lecul pounds can be used in solution to selectively
recognise, adsorb, and entrap the substance of interest inside
their cavities™" The resultant host-guest complex is then
isolated in solution by liquidfiquid extraction or phase transfer.
Finally, the guest molecule is liberated from the host upon
breakage of the host-guest interaction. For example, metal-
organic coordination cages have been used to selectively
separate specific polycyclic aromatic hydrocarbons from a
mixture of similar molecules by phase-transfer phenomena”
Alternatively, multitopic  ion-pair  receptors  based on
calix[4lpyrrole derivatives have been employed to remove
inorganics (K°, Li*, and Cs*) from aqueous solution by liquid/
liquid extraction."*'®

Qur group recently reported an i ing all ive to
the aferementioned hest-guest approach to capture species of
interest: rather than do coordination chemistry in the pores or
cavities of molecular systems such as cages, we instead focus
on coordination chemistry at the external surface of metal
organic cages or polyhedra (MOP). As proof-of pL. we
used the prototypical Rh™-based MOP that comprises 12
divalent Rh—Rh paddlewheel clusters and 24 angular benzene-
1.3-dicarboxylate (bde) linkers, exhibits a cuboctahedral shape,
and has an external diameter of 2.5 nm. Given the nanoscopic

© 2022 The Authors, Chermistry - A European Journal pubdlished by Wiley VCH GmbH
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size and functional outer surface of this MOP, using it to capture
species resembles the use of nanoparticle to do the same, albeit
with the benefit of stoichi ic precision, This precisi
stems from the 84 available positions on the outer surface of
the MOP, of two types. The first type, of which there are 12, are
located in the 12 Rh—Rh paddlewheels. Each of these clusters
expose a single exohedral axial coordination site that can be
hamessed to bind coordinating molecules.

The second type, of which there are 72, derive from the 24
bde linkers, each of which can be functionalised at three
positions (4, 5 and 6) of its phenyl ring by comventional organic
chemistry.™ Our group previously d i that this

COONaRhMOP; where COO-bdc=1,35-benzenetricarboxylate).
COONaRhMOP can then be reprotonated upon exposure to an
acid fe.g. HCI), which precipitates it out from water such that it
can be recovered by filtration or centrifugation. We envisioned
that this pH-based solubility could serve as a trigger in a
pollutant-removal system, reasoning that, once a coordinating
molecule had become anchored to the surface of a3 MOP, the
latter would govern the sclubility of the former.

Thus, our lecular process for poll |
based on four steps, Firstly, interactions b
the organic pollutant and the water-soluble COONaRhMOP are

is

surface chemistry could be used to separate physicochemically
similar molecules that differ in their affinity to the exchedral Rh'
axial site (separation by phase-transfer™ and in the steric
hindrance around their coordinating atom (separation by
liquid/liquid extraction).™

In the work that we report here, we adapted our previous
surface chemistry approach to develop a new lecul

blished in solution (Figure 1). Secondly, the COONaRhMOP-
pollutant complex is precipitated out, by lowering the pH using
HC, and subsequently isolated from water by filtration or
centrifugation. Thirdly, the precipitate is washed with aq. CaCl,,
leading to liberation of the pollutant. Through this washing
step, Ca" ions coordinate strongly to the organic micropollutant,
breaking the COOHRhMOP-pollutant coordination interaction
and dissolving the poll back into an aqueous solution, In

strategy that uses the cuboctahedral Rh-MOP as a capture
agent to remove organic micropollutants from water by pH-
controlled precipitation (Figure 1). This strategy is based on
combining the coordination ability of the Rh" sites to capture
organic pollutants that bear functional groups, with a simple
acid-based reaction performed on the bde linkers to control the
solubility of the MOP in water. Thus, each one of the character-
istic 12 exohedral axial coordination sites of these cuboctahe-

the fourth and final step, the COOHRhMOP is treated with
MNaOH, causing it to redissolve in the remaining solution, which
might contain residual pollutants, thereby enabling its reuse for
subsequent cycles of water purification.

Results and Discussion

dral Rh'-MOPs is used to capture and bind i

pollutants from water by L M f

& Fafk fasola At 2 fecr
bety I le and COO L

Step 1: Coordil
OP in water

among the different members of these cuboctahedral MOPs,
we selected [Rh,(COOH-bdc),},, (hereafter named COOHRRMOP;

As proof-of-concept, we chose to test our MOP-based strategy

where COOH-bdec=5-carboxy-1,3-bx dicarboxyl This
MOP is functionalised with a carboxylic acid group at the 5-
position of the phenyl ring of each bdc linker, such that its
external surface is functionalised with a total of 24 carboxylic
acid groups®™ These groups are essential for our
supramolecular strategy, as they confer the MOP with pH-
dependent aqueous solubility. Indeed, when COOHRRMOP is
exposed to a base (e.g, NaOH), it becomes an anionic, water-
soluble MOP of formula Nay,JRh,[COO-bdc)],; (hereafter named

by pting to remove benzotriazole (BT) from water.
Benzotriazole is broadly used both in industrial and household
products: for instance, as a corrosion inhibitor; as an ultraviolet
light-stabilizer in plastics; as an ultraviolet filter; as antifogging
or defogging agent; and in de-icing/anti-icing fluids. The high
amount of BT disposed by such activities, the high water-
solubility of BT (ca. 20 g-L""), and the slow biodegradation of
BT lead to its high e in aquatic where,

at concentrations above about 5 ppm/™** it causes environ-

= o 0 o#
g ?ﬁ%“‘f

S

-
W

Figure 1. a) Structure of the Rh"-MOF,

paddiewheels (green balls). b) Schematic of the pH-triggered supramolecular

Chem. Eur. 1 2022, 28, 202200357 (2 of §)

the 5-pasiti

n the grganic backbone red balls) and the adal sites of its dithadium
removal strategy.
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mental harmlul long-term eﬂect&m In fact, BT has been

d as a mic Il dli of water
lhfough anthropogenic activities, due to its ubiquity in surface
‘water and its environmental toxicity. ™ Given that BT contains a
triazole functional group fused to a benzene ring, we envisaged
that we could anchor the molecule to the surface of
COOMaRhMOP, by coordinating the free N-donor atoms in the
triazole of the former to the exposed axial sites of the Rh-Rh
paddlewheels in the latter. To confirm this, we added BT to an
aqueous solution of COONaRhMOP, and then monitored their
interaction by naked eye. We found that the addition of BT
(24 molequiv, 380 ppm) to an aqueous solution of COONaRh-
MOP (0133 pmol, 1mlL} induced an immediate change in
:olour of Ihe :olutlon, from blue to purple, suggesting a
the BT and the Rh-Rh
paddlewheel. Next, we momtored this interaction by UV-Vis
spectroscopy, focusing on the bands centred at 500 to 600 nm,
which correspond to the n*—o* transitions (1, of the Rh —Rh
bonds. A shift in the Rh-Rh bond absorption band (3_..), from
585 to 551 nm, comoborated coordination of the BT to the
Rh—-Rh  paddlewheel (Figure53 in the Supporing
Information)."*" To further study the coordination of BT to the
Rh-fh paddlewheel units, we followed the titration of
COOMNaRhMOP with BT by UV-Vis spectroscopy. We found that,
below 10 molequiv (159 ppm) of BT, the isosbestic point is
preserved, indicating that each by axial site
behaves independently.™ Finally, we gained additional evi-
dence that coordination of BT to COONaRhMOP proceeds
through the exposed surface dirhodium axial sites, upon
observing a marginal shift in i, above 12 molequiv of BT
(190 ppm).

Step 2: pH-triggered precipitation of COONaRhMOP{ET)

Having demonstrated the coordination of BT to COONaRhMOP,
we reasoned that the captured BT could then be removed from
water through insitu precipitation of the formed complex
{hereafter named COONaRhMOP(BT)). Our hypothesis was
based on the premise that, once the coordination between
COONaRhMOP and BT had occurred, the solubility of the latter
would be dictated by the solubility of the COONaRhMOP.
Therefore, we expected that protonation of the surface
carboxylate groups of COONaRhMOP(ET) weuld induce its
precipitation, as we had already observed for COONaRRMOP
alone (Figures 51 and 52). We expected that the precipitate
(hereafter named COOHRhMOP(BT)) could then be easily
removed by using simple techniques such as cer ion or
filtration. To this end, we optimised the pH at which a
quantitative precipitation of the MOP occurs, while minimising
protonation-induced cleavage of the BT—Rh"—MOP :aotdlnanan
bond, These experi were p paring two
different mixtures containing COONaRhMU’ {0.]33 pmal, l mL}
and 6 molequiv (95 ppm) o 24 mlequw 1330 ppm} o[ BT,
being these two of
def and excess conc ] wkh respect to lhe 12
exohedral axal sites present in the MOP structure. Both

i

Chem. Eur. L 2022, 28, eX02200357 (3 of §)

resulting solutions (final pH=86 and 78, respectively) were
incubated for only 10s and subsequently precipitated by
lowering the pH with different amounts of HCl acid, The
precipitation solids were isolated by centrifugation. Once the
solids had been isolated, the optimum amount of acid for the
predpitation process was determined by analysing the remain-
ing BT in the aqueous solution after the precipitation step by
means of UV-Vis measurements and establishing its removal
efficiency (Figure S4). For both mixtures, the best performance
was observed under milder acidic conditions when 10 pl of HCl
1M (final pH=23) were used to precipitate out the
COOHRhMOP(BT). Based on this amount of acid, the following
removal efficiency values were determined: 77% for the
solution initially containing & mol equiv of BT; and 53% for the
one containing 24 molequiv of BT (see Section 53.5 in the
Supporting Information). In both cases, the amount of MOP
remaining in solution was lower than 0.1% (Table 51). Impor-
tantly, blank experiments (i.e, lacking COONaRhMOP) were
performed in solution. These experiments revealed that the
ion of BT i constant ' the pH
range studied (pH: 5.8 to 1.9), demonstrating the high aqueous
solubility of BT and indicating that the solubility of the
COOHRHMOP(BT) complex is indeed governed by that of
COOHRhMOR itself (Figure 55).

conc

Influence of the pH, the incubation time, and the
concentration of BT on the removal efficiency

Once we had optimised the pH at which COOHRhMOP{ET}
precipitates, we sought to elucidate the influence of the pH of
the polluted water on the coordination of BT to COOMaRhMOP

and  theref on the pol removal  effici This
parameter might nﬂuenr.e the removal efficiency of our
1 pH-tri il o hodology due to

tlle amphoteric propemes of BT (pK,: 0.42, pK,;: 827). To this
end, we ran new experiments. Thus, three aqueous solutions
containing COONaRhMOP (0.133 pmol, 1.03 mL) and BT (24 mo-
lequiv; 380 ppm) were prepared. Each of these solutions, were
brought to a different pH: either acidic (pH: 4.3), neutral (pH:
7.6) or basic (pH: 9.5). The UV-Vis spectrum of each aqueous
phase revealed that the largest 4., shifts were observed for the
acidic conditions (Figure S10). This result is consistent with the
fact that, at basic pH, BT can be deprotonated, which weakens
its coordination to COONaRhMOP due to electrostatic repulsion.
[« iwise, acidic itions lead to the fi of neutral
BT, thereby favouring the formation of COONaRhMOP(BT)
(Figure 59). However, these differences in the coordination of
BT to COOMNaRHMOP did not translate into significative differ-
ences in the removal efficiencies after the precipitation step.
Thus, after addition of the proper amount of diluted HCI (1 M)
to each solution (1 pL to the acidic solution; 10 pL to the newutral
one; and 10pL to the basic one} to reach the optimised
precipitating pH 2.3, the removal efficiency for BT was found to
be around 54% in all cases (see Section 53.6). Altogether, these
results that our ular strategy works in
polluted water samples that vary in their initial pH level.

© 2022 The Authors. Chemistry - A Eurapean Journal published by Wikey-VCH GmbH
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The experiments that we have described so far indicate that
the interaction between COONaRhMOP and BT is fast, due to
the absence of diffusion barriers, making a rapid methed for
pollutant removal feasible. To further confirm the lack of
significant diffusion barriers in our proposed method, we
performed new experiments to assess the impact of the
incubation time ptbor the precipitation s!ep on the BT rernaual
efficiency. Accordingly, four ind aq
containing COOHNaRhMOP (0.133 pmol, 1 lnl.} and & molequiv
of BT (95 ppm) were prepared. Each solution was incubated for
a different time (either 105, 10 min, 30 min, or 60 min), and
then subjected to the aforementioned precipitation p i

with a linear increase in BT removed per MOP with increasing
initial conc. of BT (Figure 2b). Remarkably, the removal
efficiency was up to 90% in solutions that had contained BT at
initial concentrations of 16 ppm. In this case, the remaining BT
was below 1.6 ppm, which is below the level considered to be
erwironmentally toxic (ca. 5ppm)™* Contrariwise, when
24 molequiv (380 ppm) were initially present in the solution,
the final amount of i dropped to 10 moleq

(158 ppm; removal eﬁideﬂtly'. 55%). These experiments con-
firmed that the ratio b Il and exohedral axial
coordination metal sites in the (OONaHhMOP determines the

The UV-Vis spectra did not indicate any significant differences
in the removal efficiencies, all of which were > 70%, suggesting
that the incubation time dees not influence the removal
efficiency (Figure 2a, green dots, see Section 53.7.1). These
results further confirmed the rapid capture and binding of BT to
COONaRhMOP,

Once we had d i that our pH d, COO-
NaRhMOP-based strategy could indeed remove BT from water,
we next evaluated its performance at different concentrations
of BT (Figure 2b, see Section S3.8). The initial and final
concentrations were determined by either UV-Vis spectroscopy
{conc. BT: >16ppm} or 'HNMR spectroscopy (conc. BT:
<16 pprn, Figures 521 and 523). The mlstency of the mulls
d using both techni was b

e of our pH strat-

egy-

Step 3: Regeneration and reusability of COOHRhMOP

Rapid and easy regeneration of the COOHRhMOP is essential for
the feasibility of the proposed removal ular strategy.
Initially, we reasoned that exposing the COOHRhMOP(BT] solid
to harsh acidic conditions would promote the formation of the
protonated form of BT and consequently, its detachment from
COOHRhMOP. However, we found that the detachment of BT
required incubation under extremely acidic (3M HCl) condi-
tions, which we rule out, as they endangered the structural
stability of the Rh-MOP (Figure 525). Alternatively, we sought a

samples at an i conc i (6 moleq

95 ppm), using both techniques (Figures 521c and 522, Ta-
bles 56 and 57). The removal effidency of BT for the solutions
that had initially contained between 1 molequiv (16 ppm) and
10 molequiv (158 ppm) was found to be >70% in all cases,

milder thadal that would entail washing of the precip-
itate with an aqueous solution containing a competing metallic
centre for the lination of BT. The ion of a new
metal-BT complex would thus favour the regeneration of the
occupied awal coordination sites of COOHRhMOP, whereby

a) b)
160 100
& Homogeneoss
e @ g o
® Etale
. Hel | wf . ]
— .“"!| T
Homagensous. [
E‘ea
< £
el
i". 2 "
la® |
_— et .
Stirring Static a .
.
o
W »n 30 A 5 L & & & & & &
T o 2T T

Figure 2. a) Left: Three methods for using COOHRRMOP

95 ppm) from water: as a porous solid under

conditions, either with stiming of in a static reaction; or dissolved umhmogmucnmimln our proposed, pH-triggered,
supramolecular strategy. Right: Plat of the influence of reaction/incubation time on removal efficiency for each method: stiring, static, o

reactions. b) Removal effidency of COO for BT at different

1 molequév (16 ppem) and 24 mol equiv (380 ppm), by

of BT,
using the supramalecular strategy. In both graphs, the data are reported as average values from triplicate experiments. Errors bars indicate standard
deviation.
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new uptake cycles could be performed. To this end, Ca" was
selected as a competing metallic centre, because of its reduced
toxicity as well as its low cost. To explore its efficacy, we
performed a preliminary washing experiment. To this end, the
solid COOHRhMOP(BT) was washed twice by incubating it in a
saturated solution of aq. CaCl, for 30s Mote that this
COOHRhMOP(BT) was initially precipitated from § mL solution
of BT (6 molequiv; 95 ppm), to which the removal strategy had
carlier been applied using COONaRhMOP (0.67 pmol). After
bath washing steps, the remaining COOHRhMOP was quantita-
tively transformed into COONaRhMOP through basification with
NaOH (16,1 pmal). This basification step caused the Rh™-MOP to
redisselve in the (now basic) aquecus solution. The success of
the jon procedure was confirmed by UNV-Vis analysis,
as the initial 4, of 583 nm characteristic of COONaRhMOP was

btained, thus further borating the detach of BT from
the outer surface of the Rh"-MOP (Figures 526 and 527). Finally,
the recovery and reusability of COONaRhMOP was confirmed
by comparing the BT removal efficiency for three additional
cycles of uptake (using the same conditions as in Cycle 1),
precipitati and i R kably, the recovered
COONaRhMOP maintained its remaoval efficiency for BT for at
least three consecutive cycles (Figures 528 and 529, Table 59),
Moreover, the integrity of COONaRhMOP was maintained
through the whole cycle, as evidenced by UV-Vis, "H NMR, and
mass spectrometry (MS; see Section 53.10).

Use of fil

in the pH i lecul

strategy

Next, we simplified our supramolecular strategy by replacing
the centrfugation steps with a unified filtration process in
which recovery of COOHRhMOP(BT), detachment of BT, and
regeneration of COONaRhMOP occur sequentially. To this end,
a test was run on SmL of a solution of BT (6 molequiv;
95 ppm), to which the removal strategy was applied using
COONaRhMOP (067 pmol). After precipitation with HCl, the
aqueous solution was passed through a nylon syringe-filter
{0.45 pm). The filter captured the COOHRhMOP(ET), observed as
a purple solid, and the aqueous supematant was recovered and
analysed by means of UV-Vis spectroscopy (Figure 3a). This
analysis revealed a comparable removal efficiency to that
previcusly obtained (73%; Figures 3b, 533, Table 510). The filter
was then treated with saturated aq. CaCly, which induced an
immediate change in colour of the selid, from purple to blue,
representative of cleavage of the RivBT coordination bond and
subsequent release of the BT into the CaCl; solution. Finally, ag,
NaOH was passed through the filter to redissolve the resultant
COOHRhMOP, through formation of COONaRhMOP (Figures 3a
and 534). Importantly, a blank experiment (i.e, without
COOHRhMOP) revealed that the nylon syringe-filter alone dees
not contribute to any removal of BT (Figure 532). Interestingly,
the strategy also proved successful when, instead of Milli-Q
water, regular tap water was employed throughout the entire
process (Section 53.12).

Chem. Fur. J 2022, 28, 202200357 {5 of 8)

P—

e £ -
COONaRhMOP

Remreval efciency (%)
4 B B

Fitration Contritugation

Figure 3. a) Schematic of the partial removal of BT by the pH-triggered,
supramobecular strategy using filtration (rather than centrifugation) to lsolate
the capture agent. b) Comparison of removal efficiency for filtration vs.
centrifugation. The data are reported as the average uptake value from
duplicate experiments. Error bars Indicate the standard deviation.

Comparison of the removal of benzotriazole using
COOHRhMOP as a porous solid

To evaluate the possible influence of classical diffusion barmiers
on the efficiency of COOHRhMOP at removing BT from water,
we next ran tests under heterogeneous conditions. To this end,
COOHRhMOP powder (5mg, 067 mmol) was soaked in a
solution containing BT (6 molequiv; 95 ppm; 5 ml) at a pH of
6.0. This pH was selected to ensure that the MOP remains in its
neutral form, and that the BT is predominantly in its more-
coordinative state. The heterogeneous removal tests were
performed both with stiring and without (hereafter called
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static), and the removal effidency was quantified after different
incubation times, Interestingly, the removal efficiency was
slightly higher in the stirred reactions (46%) than in the static
one (33%; Figure 2b, purple and sky-blue dots, and Se:hm
53.7.2). For both conditi the best perfi e was ok
after 1h of incubation. Altogeth: Iheseresuils id the
detrimental effect of diffusion barriers in the coordination of BT
to COOHRRMOP under when used as a solid powder (ie,
heterogeneous conditions), for which the kinetics are less
favourable - and consequently, the removal efficency, lower -
compared to using COOMaRhMOP in solution (i.e, homoge-
neous conditions).

Explndlr\g the scopt of the pH -triggered
lar strategy

We reasoned that our strategy might become more challenging
to apply to removal of pollutants that contain coordinating
groups that are more pH-sensitive than BT, as protonation of

whereby a balance between the removal efficency and the
complete precipitation of COOHRHMOP(pollutant) was found.
For all these experiments, UV-Vis and 'H NMR were employed
to quantitatively evaluate the removal effidency. As depicted in
Figure 4, very high remaval efficiencies were found for BTZ (ca.
80% to 90%) throughout the tested range, with
values even higher than those for BT. We attributed this
performance to the greater hydrophobicity of BTZ relative to
BT, which facilitates its removal from water {Section 54.2.4). The
removal of pollutants containing weak bases/nucleophiles
could be limited by the weakness of the coordination bonds.
However, despite the weak coordination observed between NA
and the dirhodium paddlewheel (Figure 550), the removal
efficiency for NA was 80% at low concentrations {1 molequiv;
19 ppm; Section 54.3.4). Moreover, although the required pH for
the  precipitation of either COOHRhMOP(NA}  or
COOHRhMOP(IQ) was lower {ca. 3.5) than the reported pK, for
either NA or 1Q, the removal efficiency for both pollutants was
70% (Sections 54.3.4 and 54.4.4). These results confirm that the
respective coordinative bonds remain intact at these (more

these groups preclude the i ion b the poll acidic) pH values, Lastly, in all cases, the complexes obtained
and the COONaRhMOP. To explore this hypothesis, we tested  from precipitation were recoverable again by using Ca" as a
the performance of our strategy at ing other nitrog, competing metallic centre for the coordination of the organic
organic micropollutants from water, whose coordinating groups  coordinati Il Note that both NA and 1Q could also

are easier to protonate than are the coordinating N-atoms in
the triazole ring of BT (pK,;: 0.42). Thus, we chose three polar
pollutants commenly found in water: i) benzothiazole (BTZ; pK;:
228), which is used as vulcanisation accelerator in rubber
manufacture and as an herbicide™ i} 1-naphtyl (NA;
pK,; 4.25), used both as a fungicide and as a precursor of azo-
dyes, which is classified as a r"""amjiii,.l' quinoli

[ recwered by using an acidic (0.3 M HCI) wash, as their easier
protonation allowed the complete recovery without endanger-
ing the MOP structure, Additionally, the r\ecvvened materials
were ble, as they d removal
efficiency values in subsequent cycles sl.ruclule (Sections 54.2.5,
5435 and 54.4.5). The integrity of COONaRhMOP was further

ich d by UV-Vis, "HNMR, and MS (Sections 54.26, 5436

(10 pk,: 5.26),” which is a p iall d
found in coking wastewa!ets {Flgnm'k right). ley. the
coordination of BTZ, NA, or IQ to COONaRhMOP was confirmed
by UV-Vis spectroscopy (Figures 537, 550 and S66). Then lhe

and 54.4.6).

removal of

organic

precipitation conditions for each poll were
using a similar approach to that previously lullcmed for BT,

o P |
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Bemoval e ancyi’s]
=
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from an solution

Emcuraged by our results, we envisaged that we oould use our
pH-trigg lecular strategy to simul y remove
multiple organn: pollutants from water. To this encl. we
performed a test in an aqueous solution containing a mixture
of BT, BTZ NA, and 1Q. Thus, a 3mL of an aqueous solution
containing COONaRhMOP (0.4 pmel) and equimelar mixture of
BT (6 molequiv; 95ppm), BTZ (6 molequiv; 108 ppm), MA
(Emolequiv; 114 ppm), and 1Q (6 molequiv; 102 ppm) was
prepared Then, ﬂ!ls mixture was subjecled to multiple cydes of

¥

536

togancing
Imien  Wmeles  f2mele )

1 i,

r-mn& Efficiency of COONaRhMOP at removing BTZ, NA, and I3 from
uegus sofutions. *A removal efficiency of = 95% was assurmed for BTZ at

1 molequiv (18 ppm) because the residual concentration of BTZ in the

remaining aqueous solution was below the limit of guantification m’.wml.

All values are reported as an average of triplicate experiments. Erors

indicate standard deviation.
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p gent As indicated by
TH NMR spectra taken before and after the first cyde, the
removal efficiency values were, from highest to lowers: 87%
(BTZ), B5% (NA), 74% (1Q) and 66% (BT; Figure 5). Although a
similar value was observed for removal of BTZ from this multi-
pollutant  solution compared to from the mono-pollutant
solution, the corresponding values for the other pollutants did
differ. Interestingly, the values for removal of NA and 1Q were
higher than from the respective mono-pollutant solutions,
whereas that for BT was slightly lower. Overall, these values
confirm that each COONaRhMOP can capture more than 12
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napthylamine - from water at various concentrations, using
both single and multiple-pellutant solutions. In all cases, the
COOHRhMOP can be easily regenerated by using readily
available and mild reagents (CaCl, and NaOH), and its perform-
ance is maintained through multiple cycles of removalfregener-
ation. Our work lays the foundation for the development of pH-
induced precipitation of organic pollutants, akin to currently
used methods for the removal of inorganic salts. Moreover, we
envisage that the wide structural versatility of MOPs will enable
our approach to be extended to many other orgaruc pd!urantsv

ially by exploiting other MOP-poll than

Figure 5. Top: Schematic of the simultanacus removal of various organic
micropollutant pollutants from an aqueous multipoliutant solution by the
pH-triggered, supramalecular strategy. Bottom: Stacked "H NMR spectra of a
£40 solution before {top) and after three subsequent {from high to low)
removalregeneration cycles. Left: Legend for both parts.

poIBuhant molecules (ca, 201 We attributed the results to the

of drophobic and Van der Waals
interactions, wh»c-h can enhame the performance of the
capturing agent once all the specific binding sites have been
occupied. Next, the capture agent was regenerated, and the
remaining aqueous solution with the four residual pollutants
was subjected to additional removal/regeneration cycles. By the

Iar in addition ta} coordination chemistry, including host-guest,
n-n and electrostatic interactions, and combinations thereof.
Thus, the results presented here widen the scope of applica-
tions for !he emerging water-soluble rnetd olgnm: cnges
toward p removal and
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second cycle, all of the BTZ and NA had been fully |
and by the third cycle all of the BT and 1Q had been removed
(Section 55.3). Again, the stability of the COONaRhMOP was
maintained throughout each cycle, as confirmed by UV-Vis,
'H NMR, and MS (Section 55.4).

Conclusion

Through this proof-of-concept study, we have demonstrated
that robust, water-soluble MOPs can be harnessed to remove
organic pollutants from water in a pH-triggered fashion. We
engineered a novel organic-poll removal suf lecular
strategy based on the pH-dependent solubility of COOHRhMOP.
At high pH, the anionic, water-soluble COONaRhMOP is formed,
whose outer surface interacts, through coordination chemistry,
with organic pollutants bearing basic N-donor atoms. A rapid
decrease in pH forces the precipitation of the resultant MOP-
pollutant complex from purified water. We demonstrated the
efficacy of our app(oach at :emcwmg lcmr comman micro-

s - b k inoli and 1-

Chem. Eur. [ 2022, 28, e202200357 (7 of 8)
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Metal-organic polyhedra (MOPs) are discrete, intrinsically-porous architectures that operate at the

molecular regime and, owing lo penphelai reactive sites, exhibit rich surface chemistry. Resear\:he!s

have recently ited this y through post-synth {PSM) to g pecialised
Received L4th Dy ber 2021 [= that may overcome certain li L of porous Indeed, the
Accepted 25th January 2022 combination of modular solubility. orthogonal reactive sites, and accessible cavities yields a highly
DOl 10.1039/d1cc070 34g versatile molecular platform for solution to solid-state applications. In this feature article, we discuss
representative examples of the PSM chemistry of MOPs, from proof-of-concept studies to practical
applications, and highlight future directions for the MOP field.

rsc.lifchemcomm

1. Introduction

Research on porous materials dates back centuries but has only
bloomed over the past few decades. This is down to two
Teasons: growing interest in their physical properties, and the
ability to rationally design them via bottom-up methods.'”
A new of porous Is such as Metal-Organic
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Frameworks (MOFs)"® and more recently, Covalent-Organic
Frameworks (COFs)™” has gamered interest from both academia
and industry, omngln their modular structures with well-defined

* These ials can be designed

retlcula.rly with bespoke structural features (eg., pore sizes,

windows, and inner lisation) that, together with strong
ling among i p by derne thz hanical
R P (R of i 4 10-12

Additionally, the structured building units retain a chemical
reactivity similar to that of their molecular counterparts; there-
fore, the pore domains of framework can be further modified with

specific functionalities by post-synthetic modification (PSM)'**
By applying PSM w0 pamus materials, researchers have heen able
to blend sp ials with previously
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properties. Indeed, by bypassing the solvothermal synthetic
l:ondmms typically used for porous materials such as MOFs,

ists can now i highly-reactive and sensitive
moieties into these materials. 1635

i have ded PSM to Metal-Organic

Polyhedra {MOPS] which are discrete, intrinsically-porous
architectures assembled through metal-linker coordination
bonds, similarly to MOFs."™* MOPs are an underrepresented
family of porous materials whose unique attributes are not
found in ded ks. Unlike their ded
MOPs are generally bound in the solid state by weak cage-to-cage
interactions that can easily be disrupted to dissolve them
Thus, while these materials generally lack the long-range order
effects that confer MOFs with robustness and high surface areas,
researchers can exploit their molecular nature to access a wide
libraty of solution-based PSM chemistry to precisely control their
solubility, processability, and solid-state paﬂ:k'ing.“”‘ This in
tum can generate unique porous materials with well-defined
surfaces poised for specific applications in homogeneous and
interfacial regimes, where long-range order and diffusion
kinetics have proven detrimental ****

In this feature amde, we explam the |nf|uem:e of PSM on
MOPs and their molecul highli g the i i
properties conferred to MOPs vig PSM that arc not found in ueher
common porous materials, Whilst MOPs have attracted some
interest as potential building blocks for the synthesis of extended
materials,*”** that is beyond the scope of this article. I.n the frst

View Article Onding
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amassed to date into the design of porous soluble platforms with
unique functionalities.

2. Morphology and structural features
of prototypical metal-organic
polyhedra

structurally, MOPs are similar to the well-known coordination
cages devised by the groups of Fujita,”™* Stang,”*' and
others. Thus, MOPs can be considered a subelass of such cages,
disti ished i Ill ("H:SQ]IdSIEtt

and for their strong, typically metal
bonds. Just like their extended MOI-‘ :malogues, MOPs exhibit
rich and ile st 1ch A , the polyhedral
nature of MOPs provides snrucmrsl attributes that are not
found in MOFs: (i) a single i 1 cavity, ible th b
the cage's windows; (i) two well-defined surfaces (internal and
external); (iii) finite, directional, orthogonal reactive sites
throughout both surfaces (e axial metal sites and organic
lities); and (iv) modular solubility.® Together, these
features confer MOPs with isite reactivity, ing that of
MOFs, albeit within the molecular solution regime. Thus, MOPs
can operate as highly-processable soluble hollow nanoparticles,™
where the finite number of reactive sites enables mchlomm
control of their surface as well as ibl

I'rcm solution phase to packed phase®*™ Consequently, the

section of the present article, we cover the fund.

features of MOPs, aiming o ﬁc:luarc visualisation of their surface
hemistry for the sul Next, we discuss the
pﬂm:lpal challenges r.har. researchers face for PSM of MOPs at
their metal nodes and at their organic linkers, and cite significant
milestones in the chemistry at each site. In these sections,
we i of 1 and practical value. Finally,
we look towards L‘ne future, identifying what we believe to be
the most important paths to follow for the next decade, in terms
of translating the wealth of chemical knowledge that has been
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lisation of MOPs can be characterised both in solution
[eg by NMR, mass-spectrometry, DLS) and the solid-state (eg by
Xeray  diffracti llography, infrared sp Py, gas
sorption).

We recognise that ensemble of structural details that we
have provided on MOPs so far may be difficult to visualise for
some readers, especially for those new to the field. Thus, in this
section, we provide a graphic of all the fi
that we described above. Fig. 1 depicts the structure of a MOP
from the prototypical My,L, family, arguably the most studied
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QOuter surface functionality

Small trigonal window
454

Large square window
66 A

Inner surface functionality

M,,L,, cuboctahedral MOP

Fig. 1 Schematic representation of the internal and extemal

reactive sites within th hetypi

| Mz4lzq metal-organic polyhedra, Left: The

extemnal surface (red) contains twebve axial open-metal sites that stemn from the dimetallic M-M paddlewheel SBUs, as well a5 up to 72 organic functional
groups from positions 4, 5, and 6 of the linker, The intemal surface (blue) contains 12 axial open- metal sites and 24 organic functionalities that stem from
position 2 of the linker. Right: The internal cavity of the cage (2.5 nm; yellow sphere] s accessible through two distinet windows: a trigonal cne (diameter:

4.5 &) and a square-shaped one (diameter; 6.6 A).

architecture to date.” It comprises 12 divalent M-M paddle-
wheel clusters and 24 angular aromatic linkers perfectly spaced
throughout the material, ging into a cuboctahedral
shape with an intrinsic inner cavity (diameter: 2.5 nm). The
rigidity and directionality imposed from both subunits rendera
distinct geometry in which all vertices, edges, and facets can be

groups, and cavities, Representative MOPs include the lantern-
type (MaLy)*™ tetrahedral (M,L,*),** and octahedral
(M.L.,)"s‘ families, nmong other, more complex variants with

26 Thus, h now have access to
ibl, lecular platforms with very distinct
attributes lhar. offer potential for devclopmcm of smart soluble

p! F

chemically elucidated with atomic-level precision by adapting
the principles of reticular ch ry.* Within the cage shown
in Fig. 1, one can clearly depict both an internal (blue) and

ials with lecular-level p P Iy, each
reactive site can be modified via PSM to exponentially increase
the number of variables that scientists can tune to generate a
1y ialised MOPs for countless

external (red) MOP surface. These surfaces can be targeted
separately during the design, self-assembly, and PSM of the
cage. The inner surface is tagged with 12 spaced coordination
centres that stem from the axial sites of each paddlewheel
cluster. Likewise, 24 distinct organic functionalities point
inwards from position 2 in the aromatic ligand (bottom, left)
and heavily infl both the hydrophobicity and sterics of the
inner cavity. The inner metal sites and the organic functionalities.
can only be accessed by substrates small enough to fit through the
two windows (diameters: 4. S A and 6.6 A) in the MOP structure

library of functi P
applications in solution or solid phase.

3. Post-synthetic modification of
metal-organic polyhedra
Reflecting on the impressive features of MOPs, we are shocked

that their PSM has 1 rather underref 1 in the
literaxure, and that MOPs have been overshadowed by other

(right), so that rhese are mainly d
towards paration of small suk or gas-phase
molecules.”” Alternatively, the esternal surface contains 12
independent axial metal sites, and the organic linkers confer this
surface with up to 72 different functional sites that stem from
positions 4, 5 and 6 of the aromatic linkers (top, left), which
dictate the solubility of the cage. Consequently, if for simplicity,
one limits the total | to a single ion per positi

then this one cage could contain up to 36 moieties on its internal
surface and up to 84 moieties at its external one. Importantly, cacll

comj g porous materials. Nevertheless, we recognlse that
this may be partially explained by certain
to the earliest MOPs. Foremost among these is the structural
fragility exhibited by the first generation of Cu(u)-based MOPs,
which madc them prone to dmdaﬁan by moisture, heat,
or acids. A lingly, for years, researchers
focused on shielding MOPs within confined environments, """
which meant that they could learn very little about the surface
chemistry of these materials.

In the following sections, we review the most remarkable

les of surface functionalisation of MOPs at both the
I and I surfaces, grouping the ples by the

moiety is perfectly defined, both directionally and I
within the cage’s backbone.
The ioned | analysis can be led to

the entire repertoire of (over fifteen) reported MOP structures,
each of which contains distinct metal nodes, linkers, functional

Thils journal is @ The Roval Society of Chemistry 2022

subunit targeted and the type of chemistry employed in each
case (Fig. 2). We how the develop ofal i
modification | Is, and the bly of bust

Chem. Commun,, 2022, 58, 2443-2454 | 2445
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Fig. 2 Schematic representation of the surface reactivity of the archetypical Mg,L;, metal-organic polyhedra. 5 refers to solvent and Nu refers to a

nuckecphile.

cages—including those of MOPs based on Rh(n), Crn), Mo{n),
or Zr{w}—have togeth bled 3, to use more

(Fig. 3a). The authors harnessed the reversible nature of their
MOPs, successfully exchanging the initial MOP linkers with
structurally-diverse dicarboxylate variants to obtain a set of func-

attractive ch ies to P I MOP platfi
for diverse applications.

3.1. Post-synthetic modification of MOPs at their metal
centres

Unlike most molecular platforms, MOPs present two defined
d at their peripl one prising organic groups
from the linkers; and one comprising inorganic groups from
the coordination clusters that extend throughout the lattice.
In the latter, one can distinguish two distinct types of positions
around the metal nodes: one type, which helps hold the cage

together; and another type (open-metal site), which does not, but

tionalised isostructural MOPs. The successful exchange was based
on two major driving forces that include the equilibrium displace-
ment with d linker solutions and the | of the
prod from sol , they were able to change
the cage topology, by selecting a substituting ligand with an
appropriate bending angle for ligand-exchange. Thus, they first
converted their initial lantem-type cages to cuboctahedral cages,

which they subseq to octahedral cages (Fig. 3b).
Unfortunately, performing PSM on the equatorial positions

in paddlewheel MOPs th the ch I stability of

the structure, as lled ligand ions, 1

is available and is prone to p partial or complete, can induce hydrolytic or defect-promoted
For ple, in a four 1, dimetallic paddlewheel node,  degradation.”** Accordingly, for PSM of MOPs at their inorganic
there are four eq ial ination | (M-COO) that are ~ sites, hers have prioriti geting the ible axial
directly involved in the MOP formation, and two axial labile sites  sites under conditions that do not interfere with the cage’s
that generally accommodate weakly-bound solvent molecules. Both i ity. Even the simplest cage ining paddlewheel nodes
types of positions are ble to PSM. Imp ly, they can be  features accessible open-metal sites that exhibit a strong affinity
targeted independently under distinet reaction conditions.™ ds electron-d ing leophiles and, | can
Zhou and coworkers were the first o d rate the date those leophiles within its These
feasibility of reacting the equatorial positions in Cu(v}based PSMs entail ligand-exchange in solution, as said axial positions
paddlewheel MOPs through a ligand-exchange approach.” are inl ly pied by solvent molecules. When el
These positions are directly impli 1 in the dination- donating nucleophiles with higher affinities compete for these
driven self-assembly of MOPs under solvothermal conditions. coordination sites, the solvent molecules of poor leophilici
can be replaced. Therefore, the exploitation of op: tal sites in

Such assembly requires a certain degree of bond lability, as it
facilitates the fi of thermod: ically E
defect-free assemblies.”™"* Certainly, the equatorial metal-linker
bonds are not “blocked” after formation of the MOP, and
their dynamic reactivity can be further exploited through PSM

2446 | Chem Commun, 2022, 58, 2443-2454

MOPs is strongly influenced by the solvent in which the MOPs
have been dissolved, which can drastically affect the properti

and juently, the ity of solvated cages both in solution
and in the solid state. Recent work highlights the strong influence

This journal is @ The Royal Society of Chemistry 2022
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the lability of Cufu)-, Zn(n), and Cofu}-based nodes in solution

° . . !las precluded further work on the potential of their coordinative
3 fi'z_. L1 -_:::_‘ s i ding-sites. Interestingly, h have ively
-Fi,‘% i Tih d rated that the p of mild N-d leophil

b)) Linker axchange-based functionasisation of MOPs

Fig. 3 (a) Schematic of the equatorial lability of dimetallic M-M paddie-

(eg primary amincs, pyridine  derivatives, or imidazole
derivatives) induces the decomposition of certain MOPs into
discrete clusters, via Ilgandexchange between the N-donor and

MOP bridginglig ngly, investigators have recently
begun to fi st MOP archi built
from labile, I-linker bonds. Among these, we

would like w© Iughllght here the rich surface-functionalisation
chemistry of Rh{u}based MOPs that are isostructural to the
hetypical Cu(n) paddlewheel analogues. Rh{n)-based MOPs
were first presented by the groups of Su (in 2015) and Furukawa
{in 2016), who reported unprecedented thermal and chemical
robustness in these ials."** This enhanced smbilily
relieson a bi of ch Hly-inert ial
in the paddlewheel, and strong mtermetslhc Rh-Rll bonds.
Remarkably, although the equatorial position of the dirhodium
paddlewheel is “chemically locked”, its axial metal sites remain
highly reactive, albeit without compromising the integrity of
the nodes. Thus, these sites can readily accommeodate a
plethora of coordinative nucleophiles, the most-widely studied
ofwhich are N-d , although nucleophiles with other donor
atoms (e.g. S-donors, P-donors, O-donors) can establish similar
coordination bonds. The pioneering work of the Su and
Furukaws gmups thus paved the way for researchers to explore

1b) The c of CulAc; and the ¢ linker
in mixed solvents at room temperature affords multiple Cu-based MOPs
with labile equatorial positions. To modify the external surface of the
resultant MOPs, the labile bonds can be subjected to linker-

I fonali of the op tal sites of MOPs.
Our (Maspoch) group and the Furukawa group were the first to
interrogate the axial sites in Rh(n}based MOPs and esmbllshed

chemistry. This entalls mixing an excess of the new ligand(s) with the
{soluble) parent MOP in a suitable solvent at room temperature. Adapted
with permission from ref, 51

of linating solvent maolecules on the sorption properties'>*
and crystal packing® of MOPs, and illustrates how the same cage
can exhibit drastically different attributes owing to its intrinsic
solvatomorphism. Likewise, the coordination-based reactivity of
MOPs with accessible open-metal sites can be either enhanced or
pletel maslctd by fully selecting the reaction medi

the basic ch of these und Our
cont'n'ned that up to twelve pyrldmr-based linkers could be

l hed to the external axial Rh-Rh sites of the cage.
Thus, we demonstrated that these porous molecular
could be functionalised at their axial sites with diverse

dinating linkers of diffe poiamy, charge. and chirality.
C quently, centain intrinsi ies of
these rnalrnals (Le. solubility, hydmph:l:clly, and Cl‘lll'albt}“] could
be selecti dulated in a 1 and way,

without compromising their inner porosity. Through this

1 i 1 leg DMSO or DMF) generally
oocl’ude the unoou.rpled nodes in the cage, which might restrain
their ivi ly, this occl is not |

linated solvent molecules can be replaced by a gicall
chosen coordinating moiety of |nnerest that will promote Khe
fi ion of i bonds, Non- i

PE it was | to modulate the solubility of mulnple
Rh(a}based MOPs in a broad sp of sol y
non-polar (diethyl ether), halogr d (DCM & polar
aprotic (DMF & DMS0), and protic (H,0 & aleohols) solvents, by
tagging the open-metal sites with suitable pyridine derivatives.
Interestingly, the hybrid nature of MOP surfaces confers these

suhmm{ag.allanesor leohols) will the ivity of

ial wnJI well-defined orthognnal positions that can be

the cage due to their weak interaction vmh the open-metal sites,
but might induce the self-aggregation of the cages in solution.

Overall, seeking to maximise the p ial of MOPs as

lecular pl should first anticipate the infl of the
solvent(s) to be used before studying the reactivity of the MOP(s)
in question.

The examples that we cited above laid the foundation for the
open-metal site chemistry and reactivity of MOPs. Unfortunately,

This journal is @ The Royal Society of Chemistry 2022

d ind dently and without p
the other an:tlve sites in the cage, whﬁ.her internal or mrnal
(Fig. 4).** This approach allows for further chemistry at the MOP
surface, which would othewise be precluded by the insolubility of
the parent MOP in the desired solvent. As pmofofooncepr, we
lised an OH-fi
Rh{n}-basrd MOP (named OH-RhMOP, of formula [Rhy(5-OH-
bdc)s}ya, where 5-OH-bde = 5-hydroxy-1,3-benzenedicarboxylate)
in a solvent in which the cage was insoluble and thus, unreactive,

Chem. Commurn., 2022, 58, 2443-2454 | 2447
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organic substrates by coordinating them to a suitable MOP
platform, such that the entire MOP-bound substrate molecules
dissolve in a media where the substrate molecules alone would
nomally be insoluble. This approach is best suited for MOPs that
contain pendant organic groups that can heavily influence their
solubility profile, such as long aliphatic chains or charged polar
groups, despite the i of small lecules to the
axial sites. In 2021, this ted'mlque was |mplememed for the
solubilisation of strongly b hobie or | into
agueous or non-polar phases respectively. hpﬁ:lﬁcally, we used
fully-deprotonated OH-RhMOP (named ONa-RhMOP; vide infra),
a watersoluble species, to dissolve the swongly hydrophobic
substrate 4-pyridinylboronic acid in water. Conversely, we used a
hydrophobic MOP with 24 aliphatic chams(mmed C1-RhMOP) to
dissohe the strongly hydrophili dine intwo
CHC, (Fig. 4).% This mlrycan be implemented IIIID separation
systems, as the MOP-bound su'hsuale mo'kl:u'les can be eastly

separated from the corresy bound
thanks to its diffe sohbilily Therefi lecules can be
d ding to their capacity to dinate to Rh{u)-based

Mops. which is mﬂumood h-,.r the basicity and steric hindrance of
their i « ' “This approach could
prove highly valuable for dwerse applications, including currently

yielding catalytic that are limited by solubility
ints of the reag and/for ! Thus, we believe that
further of this di solubilising methodology

will enable lesmrchm to surpass the solubility constraints in
homog organic ch

3.2, Postsynthetic modification of MOPs at their organic
linkers

Having overviewed the PSM of MOPs at their metal centres, we
now turn to their organic linkers. From a strictly chemical

pective, soluble dination cages should not behave any
dlffennlly than the simplest aromatic molecule: in both cases, the
organic ivity is shaped by the presence of functional groups.

anbe

of Rhis-based MOPs. Toc 'I‘mascm.mll(yI of insoluble MOP p

viaa method, whereby the anchoring
of fup to twelve) pyridingl nucleophiles modifies the surface properties.
Bottom: Conversely, the solubility of organic substrates can be modified by
anchoring them to the surface of suitable MOP platforms that have well-
defined solubility proftes.

By selectively coordinating twelve suitable pyridine derivatives to
the axial Rh-Rh sites, we were able to dissolve the cage in the
optimal reaction solvent for subsequent etherification of the
hydroxyl groups with allyl bromide. Next, we selectively removed
the coordination-based solubilising groups from the axial sites by
a mild acid wash to obtin the functionalised material as a

precipitate.
Iust asthe pmpemescfa MOP{:a,ge can be tuned by attached
as explained above, the ite is also true:
certain MOP | can be e ‘msur"‘ dinated

molecules. Am;!ingly, MOP surfaces can be dinatively func-

Thus, the richer the reactivity of those appendices, the broader the
SCOPE o{ possible bond formation and the w:der the rsnge of

f: odification technig the
chemistry of MOPs is not always as stralg?ltfmward as that of
organic molecules: consequently, PSM of MOPs at their organic
sites faces two major hindrances that arise from the supramole-
cular nature of the MOP backk Firstly, the functional groups
incorporated within the linkers must be able to tolerate the
conditions to synthesise the cage, which can range from room
temperam::e erystallisation to solwthermal couplings in basic

media.* dly, the il for il
functionalisation are icted to those that do not affect other
| in the , particularly the labile equatorial

M-C0O0 bonds.* Fortunately, organic chemistry is replete with
to reliably ble, cleave, or lent bonds
under mild conditions that can be safely applied to fragile MOP

ticnalised for reasons other than modulation of physicochemical

platf Most of the reported covalent PSMs of MOPs have
1 around leg ion of ester,

properties of the MOP. For example, MOP-to-molecule transfer of
properties can be exploited to direct the solubility of imponant

2448 | Chem Commun., 2022, 58. 2443-2454

imine, or amide horki.s]”"‘""" click chemistry (azide-alkyne
cyeloadditions),*™*® or alkene polymerisation, ™%

This journal is @ The Royal Society of Chemistry 2022
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One of the first examples of the covalent PSM of a MOP was
reported in 2010 by the group of Zhou, who perfolmed a Hu:sgen
eycloaddition  reaction an
cuboctahedral Cu{u)based MOP (named L,H,-CHMCIP, of
formula [Cuy(5-CaHy-bde)zlia, where 5-CiH,-bde = S-ethynyl-1,3-
benzenedicarboxylic acid) and azide-terminated polyethylene
glyeol (PEG) chains. Despite the fragility of the mother cage in
aqueous media, the combination of reagents in sitw led to
formation of water-stable, PEG-grafted cages with up to four
hydrophilic, polymeric, PEG sidechains at the periphery.®”
Intriguingly, the authors later emploved these PEG snde-chalns
to encapsulate and release i drugs in physiol
media. In 2.015 K.t.agnwa etal vepurwd the first-ever qu.mnt:t.ame

surface-fi (24 p of another Cu{ll}lmscd
cuboctahedral MOP, using dithiok or trithi

(of formula [Cuy5-Z-5CS-bdc))i;, where 5Z8CSbde = 5
dithiob 1,3b dicarboxylic acid, or 5-trithiob

1,3-b dicarbosylic acid, resp ly). They grafted up to

24 polymeric arms around the MOP core by direct coupling with
monomeric  building blocks wia soft Reversible-Addition-
Fragmentation Chain Transfer (RAFT) polymerisation, without
compromising the integrity of the cage. These results offered
a rational stmegf for the synlhms of highly-processable
MOP-based star r.., with lled grafting of
multiple side-chains.®
A!thnugh researchers can access new and exciting MOP
hrough mild 1 hemistry, if they truly wish
to exploit MOPs as functional platforms, then they must
address the lability of M-COO equatorial bonds. Indeed,
although a diverse array of MOPs derivatised with broadly
reactive moieties (e.g. hydroayl, alkyl, or alkynyl groups) is
now available, only a mere fraction of their potential reactivity
can be haressed for surface chemistry due to smhllllyI CONCErns.,
In particular, the cl i of hyd 1-fi lised MOPs is
hmm:d by their instability under basic oondmcns. wlmeh are the
most reaction conditions for ion of
ether or ester bonds. In fact, the cuboctahedral OH-CuMOP
suffers sp phase-t upon to N-based
bases or even simply to water;® consequently, it has not been

View Article Ondine
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Fig. 5 Covalent PSM of OH-RhMOP under interfacial conditions. React-
ing OH-RhMOP with at least 24 mol eq. of NaOH in H;O atfords the
quantitative deprotonation of the terminal hydroxyl groups within the
cage, forming a 24- chatged water-soluble spede& ONa-RhMOP reacts
under polar organic solventsl, or
under pyridine-assisted solution, with multiple substrates to afford PSM
of the cage in high yields. (b) Synthesis and PSM of internal NH, moieties in
the bntern-type OMe-CuMOP(L)-NH;. Despite the nuckecphilicity of the
amine groups, the cage can be assembled without having to mask the
reactive sites, thanks to steric constraints. After cage assembly, the free
NH; groups retain their reactivity, and can be subsequently reacted with
acetic to afford the i amide product; further
amide jon is by sterics. Rep with
permission of ref. 24 {Copyright 2019 American Chemical Society) and
72 [Copyright Royal Society of Chemistry).

subjected to drpmmnatmn or PSM by t.‘ms type of ¢l atits
surface, ingly, this limitation was 1 by reacting
a h}dmnyl—ﬁmmomllmd lanterntype Cu-MOP (named OH-
CuMOP(L), of formula [Cuy(OH-LR), where OH-L= 3,35
hydroxy-1,3-phenylene)-bis(ethyne-2,1-diyl)dibenzoic  acid) with
hydrophobic alkyl anhydrides in the presence of an esterification
catalyst at room temperature in DMF. Us:ng lhese very mlld
conditions, the authors were able to g

polar organic ) for esterification and etherification
(Fig. 5a). Remarkably, OH-RhMOP endured the quantitative
deprotonauon of its hydro:yl groups with excess NaOH, which
d a latf with 24 negative charges

at its periphery. We then coupled this charged platform
with various organic moieties (acyl chlorides, anhydrides,
alkyl halides, etc) in high yields, under conditions that
would completely disintegrate any Cu(u)-based analogue. More

the pendant hydrowyl groups of OH-CuMOP(L) into alkylester
side-chains, which drastically enhanced the solubility and stability
of the cage in urynic sohvents.”

Ad the af ioned limitations of

recently, the group of Bloch applied similar chemistry to Cr{u)
and Mofn)-based MOPs to obtain functionalised platforms that
would be inaccessible via direct synthesis.*

To further enhance the versatility of MOPs, researchers

OH- funmunallsed MOPs, our group, in close ion
with the group of Furuk 1 the ch of the

must develop alternative p ys to expand the catalogue of
surFacc fum:tlona] gwups. especially those that are nnrrrlally

Rh(u) analogue, OH-RhMOP.*? Speﬂﬁcally, pl
rhe possmbﬂtty or funct;cnnllsmg OH-RhMOP under standard
facial system made of aqueous and

(biphasi

This journal is © The Roval Society of Chemistry 2022

patible with the litions for cage synthesis. For
linkers with free coordinating moieties such as primary amine
(~NH,) or carboxylic acid (~COOH) groups have been challenging

Chem. Commun,, 2022, 58, 2443-2454 | 2449
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to incorporate into MOP structures due to their nucleophilicity
and their affinity for metal sources, both of which can disrupt the
assembly of the MOP. One way to circumvent these issues is to use
ligands with sterically-hindered amine groups, which essentially
renders them these non linative. For i Kl
and co-workers functionalised the inner cavity of a lanterntype
MOP named OMe-CuMOP{L}NH,, of formula [Cus(L);],, where
L = 33%(2ami 1,3-p Fhis(ethyne-2,1-diyl)-
dibenzoic acid) via direct assembly of Cu(n) precursors and a linker
with free NH; groups. The position of the amine groups on the
linker made them too sterically hindered to interfere with the Cu(u)
ions during the cage assembly, yet sufficiently reactive with small
molecules that had entered the lantem-type cavity, The authors
demonstrated this concept by reacting the lantem cage with acetic
anhydride in DMF to yield the mono-functionalised amide produet.
B lar  modelling b d the experi results,
indicating that the inclusion of a second acetate is disfavoured
due to sterics (Fig. 5b).™

Unfortunately, to synthesise MOPs that contain free amines
at their external surface, researchers cannot employ the steric
hindrance approach described above, because of the high
degree of exp of these linating groups within the

View Articke Onbine

ChemComm
They exploited the affinity of ) acetate ds ni
donors to protect the axials sites with hulky monodentate au)nlr.lry
ligands, dering the first Maslyy NHpfunctionali

MOP [NH,(.I!HCIP of formula [Cug(5-NHy-BDC))s,, where

5-NHy-bde = 1ino-1,3-k dicarboxylate) (Fig. &L" Mare
recently, our group reported the use of p g gTou

to incorporate sensitive mmeues at the external surface o:' MOPs
Through a two-step th king of
the linker functional grnups pnm- ln the assembly of lhe
cage, followed by ct we obtained the

first-ever cuboctahedral Rh(ﬂ)-based MOPs with 24 appended
NH, or COOH moieties (named NH,RhMOP and COOH-RhMOP,
of formulae [Rhy(5-NHzbde));z and [Rhy(5-COOH-bdc)z), respec
tively, where 5-COOH-bde = 1,3,5-benzenetricarboxylate) (Fig. 6b).7
These two examples established the basis for incorporating reactive
groups at the surface of MOPs independently of their stability, as the
protecting group and the deprotection step can each be adapted tw
address concerns over chemical compatibility or stability.”>™®
Indeed, this strategy was later employed by Bloch et al o control
the selfcondensation of a new family of lantem Cu-MOPs with
external NH, groups, wia controlled deprotection of Fmoe groups,
which afforded products ranging from isolated cages to crystalline

If-cond 177

bent-linker structure. To date, two opposing g
have been developed to ci the leophilicity of free
amino groups during MOP synthesis, both of which entail the
use of protecting groups to F ily mask
reactivity. The group of Yaghi was the first to introduce free

self ion crystalline

An alternative way to develop NH -tagged MOPs is based on
using hard-metal sources with no affinity for such reactive
groups (eg. Zrivkbased MOPs). In this case, exploitation of
surface NH; groups enal:les the use of PSM pathways with

amino groups onto the surface of MOPs, by developing a

hlgher d of hi ric control, since the risk of self-

1 that blocked the axial of Cu(n) |

P

COOTIEna0n

e ek

is precluded. In 2018, Yuan, Zhao and colleagues

e e

o e . ) L I ] COC

Fig. 6 (3] Nucleophile-based masking of the axal sites of copperli) acetate with tert-butyd glycine ester affords the synthesis of the cuboctahedric
NH;-CuMOP instead of evolving to extended products. (b) Protecting group-based strategy for the synthesis of NH;- and COOH-tagged Rhin)-based
MOPs, unobtainable via direct synthesis. A selective deprotection pathway affords the guantitative deprotection of the cages without compromising their
integrity, and revealing new functicnality poised for further PSM steps. (c) Top: Scheme for the PSM of NHz-ZrMOP(T) with up to 6 sites per cage. Bottom:
ESI-TOF-M5-based process-tracing of the PSM products of a Mannich reaction with formaldehyde and methancl after (1) 1 min; (2) 20 min; (3) 50 min; (4}

120 min; {5 600 min; {6) 1400 min. Rep with

2019 Reyal Seciety of Chemistry.

2450 | Chem. Commun, 2022, 58, 2443-2454

of ref. 73, 74 and 78. Copyright 2008/2018 American Chemical Society =

This journal is @ The Royal Society of Chemistry 2022



_Open Access Article. Published on 25 January 2022. Downloaded on T/9/2023 12:18:58 PM.

| This anticle is licensed under a Creative Commens Attribution-NonCommercial 3.0 Unporied Licence.

ChemComm

published the first process-tracing study on the stepwise PSM
of a NHy-tagged Zr{wv)-based MOP (NH,-ZrMOP(T), of formula
[Zrs(CP)a(2- NH,-bdc)].“. where u' = cyclopentadienyl and

View Article Onling
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what exciting possibilities will arise from exploring surface

functionalisation of robust MOPs with alkyne, NH,, or other
eqn.tall;.I reactive gmnps now that the full repertoire of

2-NHybde = 2-amino-1,4-k boxylate). The h is b 4 ible, beyond the mere use of mild
employed ESI-TOF Mass Sp w0 bi I d ion pathway
determine the molecular formula of :helr cages at different
stages of PSM, which comprised Mannich reaction of the free -
3.3. Post h h metath

NH,groups with fomaldchydc and mcchaml The mass spectra

firmed the sequenti: of amino-
methyl meth ide-chain products throughout the PSM, from a
mono-functionalised cage to a quantitatively tagged (six side-
chains) one (Fig. 6¢).™ Importantly, the authors not only
contributed to the field by elucidating stoichiometric control

MOPs with a charged backbone can undergo PSM by an
additional type of reactivity, which is based on salt metathesis.
Akin to the behaviour of charged inorganic particles,” the
type of counter ions on the surface of nano-sized molecules
influence their surface chemistry and ly, their

over MOP surface ch , but also achieved a mil
is the p bility and ipul of these materials
by controlled switching from the solid-state to solution via PSM.
Finally, we would like to highlight that covalent PSM is not
the only post-synthetic strategy that can be applied to modify
the chemistry of MOP linkers. As in MOFs, the introduction of
stimuli-sensitive moieties in the cage backbone in MOPs can
yield platforms whose structure responds stimuli such as

behaviour in solution (Le. solubility and reactivity). For example,
Nitschke et al, among other groups, have elegantly employed
ion-exchange reactions to alter the solubility of coordination
cages. B

In addition to modifying charged MOPs, researchers can
now confer neutral MOPs with charge. For example, although
the backb of paddlewheel-based MOPs is neutral, these
MOPs can be wnferred with charge through the strategic use

changes in temperature, light, or solvent.” In 2014, Zhou of pendant pH responsive gruups that, upon pmtonatlun
et al. synth d the first ple of stir ponsive MOP  (or dep ion), b ly {or negatively) charged.
(srMOPs), which they functionalised with azob groups. For instance, strong acids such as sulfamc amd can be eas:ly
The cage exhibited Uv-irradiation-induced i ion from d d to yield the 2,

the insoluble trans-conformer to the soluble cis-conformer,
whereas irradiation with blue light reversed this process to
ipitate out the tra | ly, the auth

wvre able to trap guest molecules msuie the srMOPs, and then
selectively release the guest molecules upon cis-to-trans and
trans-to-cis isomerisation, laying the groundwork for a new
class of optically-responsive soluble pl * More recently,
Bloch et al exploited this pt to engi asznesof
self-sorting lantern-type cages posed of i
ligands with different porosity profiles. The authors were able to
selectively prepare the most favourable cage isomers from
among the 34 figurationally-distinct MOPs possible, by
applying different crystallisation steps based on solubility and
crystal-packing effects. They thus obtained crystallographic evi-
dence of three distinet Cg.-symnw.ric MOPs, with two of these

i diffe ligand confor within the same cage

sulfonan: groups. Through thlsappmach leouﬂm'. S)"I\ﬂ'btﬂst’d
the first negatively-charged MOP with formula (named SO,X-
CuMOP, of formula X;,[Cuy(5-80,-bdc)s]ia, where X = Li(1) or
Nafi)).*! Later, Bloch et al used SOX-CuMOP as a charged
monomer to synthesise porous salts.®™" However, the
amenability of S0,X-CuMOP in to solution-phase metathesis
has not yet been studied, probably due to its structural fragility
in solution, especially in water.

Alternatively, our group has shown that the 24 hydroxyl
groups at the periphery of OH-RhMOP could be quantitatively
deprotonated with NaOH to afford the negatively-charged
ONa-RhMOP, of formula Nas[Rhy(5-0-bdc)s]s2. The resultant
negatively-charged species with 24 hydrophilic Na” cations on
its surface proved to be highly soluble and stable in an aqueous
alkaline solution, whereas the parent OH-RhMOP was only
soluble in aliphatic alcohols. The dep of the surface

1y ol groups was both fast and quantitative, enabling us to

assem'bly [n the solid-state, the resp cage
were locked, allowing the authors to probe the respective snlid
state transformations and porosity profiles of each fi

perform it in sitw to transfer the Rh-MOPs from an organic

We believe that the above ples reflect how I
chemistry and other chemastnes of organic subunits are the

most | ful post ic techniques with which to modify
thc surfac: of MOPS and corwcrt them into a specialised
P Recent ad s :he overall stability of
MOPs, in i with rr-‘ that i duce

functionality by eschewing aggressive synthetic conditions, have
bled r to MOPs with unprecedented

y. The recent P of Zr{iv)- or Rhiu)-based MOPs,

among o:her less-represented sources of st.rong metals, has
1 to revisit post { ‘hemistries that
were once incompatible with the platforms. Only time can tell

This journal is © The Royal Society of Chemistry 2022

phase (1- 1) into an ag) phase. Importantly, we were
also able to do the reverse transfer. Additionally, ONa-RhMOP
was not only responsive towards a change in pH but also
to cation-exchange reactions. Thus, it was possible to
quantitatively exchange the 24 Nali) ions with organic hydro-
phobic cations, such as cetyltrimethylammonium (CTA), to
yield a MOP with formula CTAz[Rhy(5-0-BDC)y],s that was
highly soluble in polar organic solvents (Fig. 7a). Furthermore,
this cation exchange reaction could also be triggered in situ to
transfer the Rh-MOPs from an aqueous phase to an organic
phase (Le. chloroform or 1-butanol). Remarkably, the pH- and
cation-triggered phase transfer steps could be coupled in a
triphasic system to induce the autonomous transport of

Chem, Commun, 2022, 58, 2443-2454 | 2451
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a) pH-triggered

Bt

Naliil

et 3

Recoveryw:

cation
exchange-triggered

CHOT,

;TTZ

. 0

=
b)

.o:m.wor r—— 7 t-hatanal
\ﬂ'l“,ﬂ ONaRRMOP) "o H'(}
CTAR CHCT, cnnimncnc, [ octarmorcia

— —

1=24h

Iy 1=12h 1=48h
Fig- 7 (& Reversible pH-triggered (blue arrows) and cation exchange-
ttlggeled {orange amows) phase transfer of OH-RhMOP after quantitative
ion of surface hy inwater. (b] The pH- and cation-
Wﬂenmmswﬁweowﬂednamdcmnww
transport of OH-RAMOP through media,
from a 1-butanol phase into water and finally, into chioroform. Reproduced
with permission of ref. 60. Copyright 2019 American Chemical Society.

OH-RhMOP from the 1-butanol phase into the aqueous phase
and finally, into the chloroform phase (Fig. 75).%
We believe that R'he synthesis of charged MOPs through

I /depr i could be extended to
other MOPs ining pH: itive pendant groups such as
amines, sulphonic acids, or carboxylic acids. H , these
functionalised MOPs would have to be su!’ﬁc:ently mbust w0
ith d the pH required for I]le pr p

Alternatively, one could use pH-independ harged pend

groups such as' idazolium rings or bstituted amines to
devel harged MOPs. Imp such charged

grnups can also be meorporaned within the axial sites of

View Article Onding

ChemComm

Unlike paddlewheel-based MOPs, Zr-MOPs are intrinsically
charged, owing to their trinuclear zirconocene clusters.
Zr-MOPs are generally balanced by €1~ jons,* which makes them
soluble in polar solvents, including water.™ In a pionecring
example, the CI™ ions in a Zr-MOP of formula CL[CpsZrap;-
Ofp-OH)(Meybdel] (where Meybde is  2,5-dimethyl-1,4-
benzenedicarboxylie acid) could be quantitatively exchanged by
larger anions such as triflate (OTf7), and that by doing so, the

lubility of the g cage in 1 is significantly greater
than that of the parent MOP.™ This example nicely illustrates the
possnb!luy of leveraging the zirconocene-cluster counterion as an

1 source of ivity to sels ly mne the p of
Zr-MOPs in solution.

Overall, salt metatheses are rapid and quantitative reactions
that can dramatically change the surface chemistry of MOPs,
and consequently, enable in situ tuning of their solubility and
reacuvny We believe that the synergistic combination of ionic

i the i P ity of MOPs, and their
cuordination and/or I ivity, is ialk i
for the development of novel for
separation, and phase-transfer catalysts.

P

4. Outlook and perspectives

Researchers were initially slow to advance the field of MOPs,
given their widespread preference for other materials with
more-robust bulk properties, such as MOFs. Nevertheless, the
chemistry of MOPs has gradually matured, proving to be as
attractive and precise as that of other porous materials. In fact,
MOPs are poised to take the spotlight for applications in which the
longrange structure or insolubility of their extended counterpans
can prove detrimental. ™™ For example, MOPs hold great potential
for the development of new porous liquids. The surface reactivity of
MOPs can be leveraged for versatile functionalisation to confer
MOPs with unusual properties, such as melting (eg polymer melts)
or solubility in bulky solvents (e.g. fonic liquids), to generate new
type 1 or 2 porous liquids, respectively.™ The molecular nature of
MOPs, their defined cmues and their open-metal sites, amenable
to rich and sel istry, together allow for the
hesis of new metal-organic porous liquids with potential as
working fluids for tasks such as separation, catalysis, or storage.
‘We believe that the stability and solubility of certain robust
MOPs in physiological pH should inspire researchers to explore
using MOPs for biomedical applications. Given the surface
chemistry of MOPs, we envision conjugation of them to bio-
lecules (e.g peptides, p , OF even DNA) by conventional
click chemistry or condensation chemistry. Similarly, we reason
that MOPs could be used for Drug Delivery, by incorporating
drug molecules onto the MOP surface and/or entrapping them
within the MOP cavities. In this regard, the proven capacity of
MOPs to solubilise hydrophobic molecules in water could prove
invaluable for engineering delivery vehicles for drugs with poor
wa(e&solublht)r This use of MOPs would merge the benefits of

ion

ddlewheel-based MOPs via dinati t Y, using
charged N-donor or S-donor nucleophiles.™

2452 | Chem. Commun, 2022, 58, 2443-2454

ic or MOF nanoparticles, with those of molecular
systems, by combining rich surface chemistry, defined cavities,

This journal is © The Royal Society of Chemistry 2022
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and stoichiometric ivity. These bined f would
enable highly versatile delwery vehicles that could be charac-
terised at the mo}ecular Ievel thus enabling facile study of their
st relati

We are cnnﬁdem that the surface of MOPs is an excellent
platform at which to localise and arrange active molecules
while keeping them in solution. The possibility of localising
chromophores on the surface of a MOP, either through cova]tnt

View Article Onling
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or coordinative linkages, would enable the synthesis of soh
with optical properties in which the distance and symmetry
between the dyes would be controlled to regulate or suppress their
energy transfer processes. This approach would circumvent the use
of solid scaffolds to regulate energy transfer processes between
dyes, thus enh g the liguid p ibility of optical !
However, the full potential of MOPs for practical applications
such as those that we mentioned above cannot be reached
unless hers take full ad e of their Ianenlrean:uvlry
Fig. 1 (Section 2) clearly ill that the p dal 1 y of
MOPs has scarcely begun to be explored. To dau.' most literature
on the PSM of MOPs o i 5 of the fard
cuboctahedral My,la, linkers. lndeed although positions 4
and 6 cover a much higher propormion of the external surface
and could provide a new type of directionality, there have not yet
been any reports on their chemistry. Likewise, the internal axial
sites and position 2 in Maglay MOPs have never been function-
alised or targeted. To access these sites, reagents must pass
through minuscule windows; even if some substrates could
: through the fi k, the internal pore is too small
to accommodate more than two or three moieties at its
accessible sites. Importantly, access to the internal cavity in
less-connected cages such as tetrahedral, octahedral or lantern-
type MOPs is much easier. Indeed, researchers have reported
some success in fi g these | despite steric
concerns,” albeit with the trade-off of a less furnished external
surface. Thus, we see a clear demand for larger MOPs with larger
windows and pore sizes, which could be targeted via the same
type of isoreticular exp that has enabled the synthesis of
systematically larger MOFs.™ Regardless of these chall we
remain convinced that unlocking the internal reactivity of MOPs,
and fully exploiting their surface reactivity, will afford porous

of unp i designs and massive potential
for such as catalysis, delivery, molecular t
separauun and storage, both in solut:on and in the solid-state.
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ABSTRACT: Metal—organic fi ks (MOEs) bled from
multiple I:ul]dmg blocks exhibit greater chemical complexity and
superior functionality in practical i Herein, we report a
new approach based on using pmfahnca:ed cavities to design
isoreticular multicomponent MOFs from a known parent MOF. We

[sil Metrics & More | o Suppaorting Information

demonstrate this concept with the f jon of multicomp

HEKUST-1 analogues, using a prefabricated cavity ﬂ:m mprises a

cuboctahedral Rh(II) metal—organic polyhedron functionalized with

24 carboxylic acid groups. The m’illes are reticulated in lhree Metal Organic
ions via Cu(Il)-paddlewheel clusters and (functi 1) P

Multicomponent
Functionalized HKUST-1

lJ,S-bcmnelncarbox}’late linkers to form three- and four-compo-

nent HKUST-1 analogues.

B INTRODUCTION

The combination of multiple organic linkers and metal ions
into multicomponent or multivariate metal—organic frame-
works (MOFs) is a fruitful strategy to achieve greater chemical
complexity in MOFs, expand the catalogue of MOFs accessible
by synthesis, and ﬂ]phmm the use of MOFs for applications
such as gas storage,’ water harvesting,” and catalysis.” In these
MOFs, complexity derives from the random or periodic
arrangement of multiple organic and metallic functionalities
into the same structure.’ To date, strategies to design
multicomponent or multivariate MOFs include bottom-up
synthesis by using any of the following: distinct linkers that
have identical backbones but differ in their respective side

Eroups or i l clusters g different metal ions,
to produce multivariate MOFs;™" or atmcturally different
linkers or metal clusurs to g te ordered multicomp

MOFs""" Al ively, the plexi m‘ parent MOF
structures can be ted th f hetic mod-

ification via covalent and coordination chem-stry.
installation,'” and linker- or metal-mhan,ge
Herein we prop a1 new app to i icul

multicomponent MOFs by starting with a known MOF.
Reticular chemistry enables the rational synthesns of MOFs
through the o tion of basic mol I g blocks
(MBBs).""'* For example, the archetypical HKUST-1 is
typically described as a 34-connected (3,4-c) network with
an underlying tho topology that is assembled from two MBBs:
the 4-¢ Cu(ll)-paddlewheel clnster and the 3-¢ 1,3,5-
benzenetricarboxylate (btc) linker.'” However, on a conceptual

hg:nd

o000 \‘hll Authors, Published
Chemical So(le‘g

< ACS Publications 15745

level, MOFs can also be seen as the product of connecting
higher order structures'™'” such as different cavities or metal—
organic polyhedral {MOP} units, whether directly or through
additional, small MBBs.""** Herein, we propose using MOPs
as pm&bncamd cavities from which a parent MOF structure
can be repli hereby its composition is changed.

Qur strategy begins with a de-reticulation exercise in which a
repetitive cavity of the parent MOF is identified. Following the
example of HKUST-1, this enabled us to identify a repetitive
cavity that defines a 24-c cuboctahedral MOP. Thus, we
reasoned that the formation of the HKUST-1 structure would
require the connection of these MOPs through the original 4-¢
Cu(I1)-paddlewheel cluster and the 3-c btc. This leads to a
change in the structural description of HKUST-1, from a
binary 3,4-c structure that comprises one inorganic (Cu(II)-
paddlewheel cluster) and one organic (btc) MBB to a tertiary
34,24-c structure that comprises these two MBBs and the 24-c
MOP. We anticipated that this would enable use of three
components in the synthesis of HKUST-1 that, if distinct,
would occupy spectﬁc pusmuns in the replicated structure,
thereby g d multicomp t MOFs i i
lar to HKUST-1. The basis of our approach is also supported
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Figure 1. Schematic of the xynthnh of three- and fo

based on the identification and expl of prefabri

HKUST-1 analogues using our design approach to multicomponent MOFs,
d cavities in the corresponding parent MOF.

by the supermolecular building block approach des:ribed by
Eddaoudi o al, in which an in situ-synthesized™™" or pre-
assembled™ MOP is used as a Iughly connected node encoded
with spen':lﬁc ic and ¥ ion to reduce
the degr of freedom of the rk's and direct
their assembly toward a target highly connected structure.
However, herein, we use MOPs in a different way. In the
prefabricated directed synthesis, the MOP does not behave as
an in situ-formed node in a network, but rather as a preformed
tiling of the targeted network, one which dictates the
arrangement of the metallic and organic MBBs around it to
ultimately generate a structure that is not necessarily described
as highly connected (in this case, HKUST-1). Thus, the work
that we present here expands the utility of MOPs in MOF
chemistry, thereby providing a new route to complex
multicomponent networks.

B RESULTS AND DISCUSSION

Prefabricated Cavity-Directed Synthesis of Multi-
metallic HKUST-1. We first applied our prefabricated cavity
approach to HKUST-1 (Figure 1), choosing our previously

F 1 Rh(Il) cuboctahedral MOP functionalized with 24
carboxylic acid groups (hereafter named COOH-RhMOP) as
the prefabricated cavity.”*** We selected COOH-RhMOP
because of its high chemical stability’’ and its structural
difference relative to its Cu(II} analogue, which would lead to
pure HKUST-1. Using this MOP as a prefabricated cavity
enabled us to replicate the structure of HKUST-1, thereby
forming the isoreticular three-component RhCu-bte-HKUST-1
comprising COOH-RhMOPs, Cu(ll)-paddlewheel clusters,
and btc.

Using COOH-RhMOP as a prefabricated cavity in the

addition of the three MBBs: COOH-RhMOP, the Cu(ll)-
paddlewheel cluster, and btc. To determine this stoichi Iy,
we studied the connectivity of the three MBBs in the targeted
structure (Figure 2). To mimic this structure, each COOH-
RhMOP must be connected to six neighboring COOH-
RhMOPs through 24 Cu(ll)-paddlewheel clusters. In this
connectivity, each COOH-RhMOP is bridged to a neighboring
COOH-RhMOP via four Cu(1l)-paddlewheel clusters (Figure
2, yellow inset). Each Cu(1l)-paddlewheel cluster must then be
connected to four other Cu(Il) cluste:s, \rla coard:nauon af
two btc linkers to their two
(Figure 2, violet inset). Overall, this mnnectwlt'_v defines a
Cu(ll)-cluster/btc/COOH-RhMOP ratio of 12:8:1. This
connectivity also defines the relative position of each metal
jon within the HKUST-1 network. Thus, RhCu-bte-HKUST-1
would present two types of cuboctahedral cavities in its
structure: the Rh(ll)-based cavity that derives fmm the
prefabricated cavity, and a mixed-metal cavity

Cu(ll) and Rh(II) ions generated upon the self-ammbly
reaction. These cavities alternate throughout the structure
(Figure 51). This degree of control over the relative position of
cavities that contain different functionalities within porous
frameworks has only been demonstrated for mIXEd{l e porons
solids, in which different MOPs are co-precipitated.”

We began the synthesis of RhCu-bte-HKUST-1, whose
formula is [COOH-RhMOP(Cu),,(btc)s], by hea:ing a
mixture of COOH-RAMOP with 24 mol equiv of Cu-
(NQ3)33H;0 and 8 mol equiv of btc in N,N-dimethylforma-
mide (DMF) at 85 °C for 1 day. The solvothermal reaction
yielded a colloidal green dispersion. A green crystalline solid
(yield: 78%; Figure 3a) was then isolated through
centrifugation, washed with DMF, methanol, water, and
acetone, and then dried at room temperature. Field emission

synthesis of RhCu-bte-HKUST-1 requires the stoichi ic

ing electron mi py (FESEM) analysis of the green

M:mmdu ofg 1, IMU}K! 206131
Am. Chem. 144, 1574515753
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Figure 2. Schematic of the connectivity of COOH-RhMOPs (dark
gray cages), Cu(ll)-paddlewheel clusters (blue squares), and bte
linkers (red triangles) to form RhCu-bte-HKUST-1. The inset details
the connectivity between two COOH-RhMOPs.

solid revealed the formation of a uniform sample comprising
particles having an average size of 22 + 3 nm (Figure S2).
Energy-dispersive X-ray sp py performed on these
single particles using high-resolution transmission electron
microscopy corroborated the presence of both Rh and Cu in
each tested particle (Figure 53). Moreover, the oxidation states
of both Rh and Cu were found to be +2 through X-ray
photoelectron spectroscopy (Figure S4). Inductively coupled
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Figure 3. (a) Photographs of as-made (left) and activated (right)
RhCu-bte-HKUST-1 powder. Scale bar: 1 em. (b) Rietveld analysis of
RhCu-bte-HKUST-1. (¢} Nysorption isotherms for RhCu-bte-
HEUST-1.

plasma-mass spectrometry (ICP-MS) measurements per-
formed in acid-digested samples revealed that the Cu/Rh
ratio was 1.02 + 0.02, in agr with the d ratio in
RhCu-bte-HKUST-1.

Synchrotron powder X-ray diffraction (PXRD) data
collected on RhCu-btc-HKUST-1 revealed a pattern nearly
coincidental with that of the parent Cu(II})-based HKUST-1
(Figure S5), with only slight shifts in the position of the peaks
attributable to small differences in lattice parameters. Starting
with the reported HKUST-1 atomic positions in the cubic
Fmm3m space group, a satisfactory Rietveld refinement was
reached (Rp = 3.32%, Rwp = 4.68%), corresponding to a
structure in which Rh(1I} and Cu(II} atoms each occupy 50%
of the crystallographic metal site in the paddlewheel clusters
(Figure 3b and Table 51). This refinement demonstrated that
RhCu-bte-HKUST-1 is isoreticular to HKUST-1, having the
same network type. While the metal atoms in RhCu-bre-
HKUST-1 are located at topologically and sy rically

quivalent positi their fi k distribution in the MBBs

is directed by using COOH-RRMOP. In addition, pair
distribution function analyses of synchrotron X-ray scattering
data st d the uni of Cu--Cu and Rh--Rh
dist , thereby d rating the lack of hetero-bimetallic
paddlewheel clusters in RhCu-bte-HKUST-1 (Figures 56 and
S7).

hittpsidol.org/10.1001/ s 206131
Am. Chem. Soc. 2072, 144, 15745-15753
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To further confirm the MOP-guided assembly of RhCu-bte-
HKUST-1, we ran a series of control experiments (see the
Supporting Information (SI)). Initially, we corroborated the
stability of COOH-RhMOP under the reaction conditions
(DMF, 85 °C, 1 day) by 'H NMR, UV-vis, and mass
spectrometry (Figures 59—511). Then, we ran three blank
reactions under the above conditions but lacking one of the
three MBBs. As expected, we did not observe the formation of
RhCu-btc-HKUST-1 in any of those reactions. Specifically, the
reaction of Cu(Il}) and bte yielded microcrystals of the
expected parent, Cu(II)-HKUST-1. The reaction of COOH-
RhMOP with bte produced a clear green solution without any
precipitate. This result further confirms that there is no
leaching of Rh(Il) ions from COOH-RhMOP; as these
l.'ventua'l. Ieached Rh(l[) |ons would react with btc to yield

! % Finally, the reaction of
COOH RhMOP with Cu(ﬂ) yielded an amorphous coordi-
nation polymer. Additionally, we reacted preformed Cu(II)-
HKUST-1 crystals with COOH-RhMOP in a mixture
containing the same molar ratio of Cu(lI)-cluster/btc/
COOH-RhMOP as that (12:8:1) used for the synthesis of

that the RhCu-btc-HKUST-1 had retained its crystallinity
(Figure 521).

Hydrolytic Stability of RhCu-btc-HKUST-1. We rea-
soned that the presence of the water-stable COOH-RhRMOP
cavity within RhCu-btc-HKUST-1 could confer the overall
structure with greater hydrolytic stability relative to the parent
Cu(lI)-HKUST-1. To test this hypothesis, we incubated
RhCu-bte-HKUST-1 and the parent Cu(lII)-HKUST-1 in
liquid water at room temperature from 1 to 31 days. The
water-incubated samples were then characterized through
FESEM, PXRD, and N; sorption. To our surprise, RhCu-
bte-HKUST-1 had retained its phology, crystallinity,
composition, and porosity, even after 1 minth of incubation
II'I liquid water (Figure 4ab, Figures 523 and S30-535).

ly, upon to water, the parent Cu(II)-
HKUSTI "had undergune the well-reported phase change,
with a corresponding loss of poresity from 1888 to 502 m*/g
within the first day (Figures S24—529).*

The hydrolytic stability that we observed for RhCu-bte-
HKUST-1 implies that not only the COOH-RhMOP cavities,

RhCu-btc-HKUST-1. Under these conditions, we did not
observe the formation of RhCu-btc-HKUST-1 crystals (Figure
512). This experiment demonstrates that the reaction
mechanism cannot proceed through an initial formation of
Cu(11)-HKUST-1 crystals that evolve through solubilization—
recrystallization toward the formation of RhCu-bte-HKUST-1.
We reasoned that, conversely, the most plausible scenario is
that the presence of the COOH-RhMOP rapidly nucleates the
formation of RhCu-bte-HKUST-1, thereby suppressing the
formation of Cu(II)-HKUST-1.

We confirmed the presence of COOH-RhMOP cavities and
bte linkers within the structure of RhCu-bte-HKUST-1
through solid-state cross-polarized/magic angle spinning
{CP/MAS) “C NMR (Figure $13). To quantify the molar
ratio between the prefab cavities and the added btc linkers, we
developed a methodology to revert the assembly process into
its initial components, which we identified and then quantified
(Figures S14—517). This was based on the high chemical
stability of COOH-RhMOP. Upon exposing a DMF dispersion
of RhCu-bte-HKUST-1 crystals to acidic conditions (see 51),
we found that they become fully redissolved. '"H NMR (DME-
d;) of the resulting solution revealed a btc/COOH-RhMOP
ratio of 8:1, in agreement with the ratio expected in RhCu-bte-
HKUST-1 (Figure 516). We were able to quantify the amount
of liberated COOH-RhMOP by UV—vis spectroscopy. From
this experiment, we calculated a concentration of 93.3 umol
COOH-RhMOP/g of RhCu-bte-HKUST-1, which is very
close to the theoretical value (94.2) (Figure 517 and Table
52). Altogether, our results confirmed the formation of RhCu-
bte-HKUST-1 without significant defects and that COOH-
RhMOP remains intact during its synthesis.

Next, we performed N;-sorption measurements on activated
RhCu-btc-HKUST-1 at 77 K, finding that it is microporous to
N,, with a BET surface area (Spgr) of 1606 m?/g (Figure 3c,
Figure 518). Furthermore, pore-size distribution analysis
revealed the presence of the three characteristic cavities of
the HKUST-1 structure together with some mesoporosity,
which we ascribed to the interparticle voids (Figure 520). This
extrinsic porosity is also responsible for the increased uptake at
high pressure (P/P, 7 0.6) and the observed hysteresis loop, as
previously observed for other nanoscopic MOFs.*' PXRD
diffractogram recorded after these sorption studies confirmed
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Figure 4, (a) PXRD diffy and (b) Ny-sorption isoth for
RhCu-btc-HKUST-1 initially Erun) and aﬂm incubation in water ﬂclx
3 (red), 14 (orange), and 31 days (blue). Snapshots (orthe,
views) of the optimized DFT structures of (¢) Cu(Il)- and (d)
Bh(I1)-paddlewheel clusters in water. (e) COy-sorption isotherms at
298 K for RhCu-btc-HKUST-1 initially (green) and after incubation
in water for 3 days (red), 14 days {orange), and 31 days (blue). (f)
Removal of MB in water by RhCuvble-H.KUST 1 as a function of
time. Inset: five ive MB g jon cycles using
RhCu-btc-HKUST-1.
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(e} CO,-adsorption isotherms at 298 K for RhCu-{NH,)bte-HKUST-1 (blue), RhCu-(NO,)btc-HKUST-1 (orange), RhCu-(Br)bte-HKUST-1

(purple), and RhCu-(COOH Jbtc-HKUST-1 (red).

but also the Cu(ll)-carboxylate bonds that link them,
withstand the incubation in water. Thus, in an effort to
rationalize the higher hydrolytic stability of RhCu-btc-
HEKUST-1, we performed electronic structure calculations in
water of both Cu(Il)- and Rh(1I)-paddlewheel clusters (Figure
4e,d). For this, we employed Gaussian 16™ at the Mo6-L/
SDD level of theory™ in the presence of implicit water solvent
modeled with the IEFPCM formalism, as described in the 1.
Our implicit solvent calculations showed that the Cu(Il})-
paddlewheel undergoes a significant kunlon when exposed to
water, wh the Rh(1I)-paddlewh stable (Figures

536—538). This torsion is enhanced after coordination of a
water molecule to the axial position of Cu(ll) (Figure 4c,
Figures $39—541), disrupting the original symmetrical
bidentate binding with carboxylate ligands (Figure 542). We
propose that Cu(I1)-paddiewheels are hydrolyzed through this
mechanical distortion as pivotal step, provoking the instability
of the parent Cu(ll)-HKUST-1. In the case of RhCu-btc-
HKUST-1, each Cu(ll)-paddlewheel is d to two
Rh(11)-paddlewheel clusters, which are not altered by water.
The inertness of the Rh(Il)-paddlewheel blocks the mechan-
ical instability of the neighboring Cu(ll)-paddlewheel, thereby
inhibiting the hydrolysis process.

We envisioned that the stability of RhCu-bte-HKUST-1
could enable its use as an adsorbent in aqueous environments
or after aqueous exposure. As a proof of concept, we evaluated

15749

the CO, adsorption capacity of RhCu-btc-HKUST-1 after
being incubated in water for up to 31 days. As observed in
Figure 4e, CO; uptake capacity did not decrease after the
incubation. Additionally, we tested the adsorption capabilities
of RhCu-bte-HKUST-1 in liquid water. To this end, we
incubated RhCu-bte-HKUST-1 in an aqueous solution of
methylene blue (MB} at 20 ppm (pH = 7) and then monitored
the decrease of MB over 1 h. We found that, after 51 min, 97%
of the MB had been removed by the RhCu-bte-HKUST-1
(Figure 4f). Moreover, after the MB-adsorption, the RhCu-bte-
HKUST-1 fully retained its crystallinity (Figure S44). This
contrasts sharply to the case of its parent, Cu(II)-HKUST-1,
which, in the same amount of time, could adsorb 62% of the
MB, due to its degradation and amorphi in water
(Figures 543 and 545). To explore the MB-removal perform-
ance of each analngue after reutilization, we tested them over
five 1/ ion cycles. The removal
step was ldenhcal to the one followed above. The regeneration
step entmlcd the recovery of thc adsorbent through

foll d by hi with water
and acetone. Finally, the adsorbent was activated at 85 °C
under vacuum for 1 h. The results showed that uptakes of
RhCu-bte-HKUST-1 were similar among the five cycles
(Figure 4f inset), meaning that it had remained stable and
that the regeneration was sufficient to maintain its removal
capacity. Contrariwise, under these conditions, the MB-

Mtps/doborg/ 10,1001/ acs. 2c061 31
L Am. Chem. Soc 2027, 184, 1574515753
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removal capacity of Cu(1I)-HKUST-1 dropped from 62% to
~10% (from the second to third cycles), and then to ~3—4%
(for the fourth and fifth cycles) (Figure S43). Thus, the
difference in MB-removal performance between RhCu-bre-
HKUST-1 and Cu(I1)-HKUST-1 only widened after reutiliza-
tion, suggesting a new mechanism for stabilization of Cu(Il)
paddlewheel clusters based on the mechanical interlock
between Rh(II}) and Cu(ll) paddlewheels, which results in
water-resistant adsorbents.

Reticulation of Varied Linkers into the HKUST-1
Structure via Prefabricated Cavity-Directed Synthesis.
We envisaged that our prefabricated cavity strategy would
provide access to four-component HKUST-1 analogues, given
the possibility to differentiate the btc linkers that form the
COOH-RhMOP from those that bridge the Cu(ll)-paddle-
wheel clusters, during the synthesis. However, we reasoned
that such four-component analogues would require a function-
alized bte linker, rather than the previously used bte linker. In
this new configuration, the connectivity of the prefabncated
COOH-RhMOP cavity dictates that the added functi

in Ny-sorption experiments, finding Sgey values of 1215, 1133,
and 1212 m¥/g, respectively (Figures 549, 556, and 563). In all
cases, PXRD diagrams collected after the sorption studies also
confirmed their stability (Figures 551, $58, and 565). All these
Sper values are lower than the Spr value for RhCu-bte-
HKUST-1. We ascribed their inferior porosity to steric
hindrance of the side groups located within the pores—a
feature common to many other MOFs, such as those of the
Ui0-66 family."” Whereas Ny-sorption isotherms at 77 K
accounted for the steric hindrance of the functional groups
introduced into these four-component HKUST-1 analogues,
CO,-adsorption measured at 298 K highlighted their different
affinities toward CO,. Thus, the presence of free amine groups
in RhCu-(NH,)bte-HKUST-1 made it a better adsorbent for
CO, than its Br or NO, analogues (Figure Se).
COOH-Functionalized HKUST-1 Analogue. Having
observed the structure-directing properties of the COOH-
RhMOP prefabricated cavity on the synthesis of multi-
component HKUST-1 analogues, we envisaged that it could
be employed to reticulate tetracarboxylate linkers to function-

bte linkers will be located on top of the triangular windows that
connect three Cu(Il) paddlewheels. These positions align into
ID channels, thus generating four-cc HKUST-1
analogues in which altemating functionalized and non-
functionalized 1D channels coexist (Figure 5a). This scenario
differs from the outcome obtained when linkers with the same
connectivity but different side functionalities are combined to
generate isoreticular frameworks. In this latter case, one
generally obtains structures in which the different linkers are
randomly distributed or are organized into a non-atomically
precise p:lt.tern,=

Based on the prefab cavity-induced desymmetrization of the
organic linkers within the HKUST-1 network, we attempted
the synthesis of four-component HKUST-1 analogues, using
bte linkers having a pendant functional group [(Br)btc,
(NO,)bte and (NH,)btc] at the second position of the
phenylic ring as one of the reagents. Thus, we followed a
synthetic strategy identical to the one that we had used for
RhCu-bte-HKUST-1, except that we substituted the non-
functionalized btc linker with either (Br)bte, (NO,)btc or
(NH,;)bte to generate RhCu-(Br)bte-HKUST-1, RhCu-
(NO,)btc-HKUST-1, and RhCu-(NH,)btc- HKUST- 1, respec-
tively. The three reactions afforded green crystalline samples
composed of particles with an average size of 24 £+ 2 nm, for
RhCu-(Br)btc-HKUST-1 (yield: 82%); 23 + 2 nm, for RhCu-
(NO,)bte-HKUST-1 (yield: 78%); and 21 + 3 nm, for RhCu-
(NH,)btc-HKUST-1 (yield: 74%) (Figures 546, 553, and
S60).

Next, we characterized RhCu-(Br)bte-HKUST-1, RhCu-
(NO,)bte-HKUST-1, and RhCu-(NH,)btc-HKUST-1 by
PXRD, finding that their patterns matched the one that we
had previously obtained for RhCu-bte-HKUST-1 (Figure 5d).
ICP-MS on fully digested RhCu-(Br)btc-HKUST-1, RhCu-
(NO,)bte-HKUST-1, and RhCu-(NH,)bte-HKUST-1 gave
Cu/Rh molar ratios of 1.16 £+ 0.01, 1.10 #+ 0.01, and 1.09
0.02, respectively. These values are in good agreement with the
value (1) expected for their molecular formula. Moreover, 'H
NMR signals of the digested materials showed btc/{Br)btc,
bte/(NO;)bte, and bte/(NH,)bte ratios of 8:1, also in perfect
agreement with the expected ratio according to their formula
(Figures 548, 555, and 562).

We measured the porosity of RhCu-(Br)btc-HKUST-1,
RhCu-(NO,)btc-HKUST-1, and RhCu-(NH,)btc-HKUST-1

alize the HKUST-1 architecture with free carboxylic acid
groups. Thus, we employed 1,2,3,5-b boxylic acid
(hereafter named (CDDH)btc) as the organic MBB in s the oo-
assembly of COOH-RhMOP with Cu(Il) paddlewheels to
yield RhCu-(COOH)bte-HKUST-1 (Figure 3b,c). The
solvothermal reaction between COOH-RhMOP, Cu(NO;),-
3H,0, and (COOH)btc afforded a green crystalline sample
made of particles of an average size of 20 + 3 nm (yield: 65%)
(Figure 567). PXRD analysis of RhCu-(COOH )bte-HKUST-1
revealed a pattern consistent with RhCu-bte-HKUST-1
(Figure 5d). The successful reticulation of (COOH)bte within
the HKUST-1 network was confirmed by the 'H NMR
spectrum of the acid-digested sample, which showed a bte/
({COOH )bte ratio of 8:1 (Figure 569). The thermally activated
sample retained its crystallinity (Figure 572), which enabled

of its gas sorp for which an Sger of 1380 m?/
g (Figure $70) and a CO, uptake (at 298 K and 1 bar) of 4.0
mmol/g were found (Figure 5e).

To further confirm that RhCu-(COOH)bte-HKUST-1
contained free carboxylic acid groups within its channels, we
performed a series of spectroscopic characterizations. First,
ICP measurements performed on the acid-digested sample
revealed that the Cu:Rh molar ratio was 0.94. The fact that
there is no excess of Cu(ll) ions in the HKUST-1 structure
suggests that only three of the four COOH groups of the
(COOH)bte are coordinated to Cu(ll) ions. Next, infrared
spectroscopy performed on RhCu-{COOH )bte-HKUST-1
showed a clear vibration band at 1702 cm™, which we
ascribed to the stretching band of C=0, which indicates the
presence of uncoordinated carboxylic acid groups (Figure
573). Altogether, our results illustrate that our prefabricated-
cavity approach can be employed to restrict the connectivity of
polycarboxylate linkers to introduce free carboxylic acid gmups
into multicomponent isoreticular structures. Accordingly, this
approach enabled the synthesw» of a COOH-functionalized
HKUST-1 \! of any defective
structures. "

Finally, as a proof-of-concept, we aimed to demonstrate that
the carboxylic acid groups located within the RhCu-(COOH)-
bte-HKUST-1 structure are functional and accessible. To this
end, we evaluated the behavior of RhCu-(COOH )bte-
HKUST 1 as catalyst in a model acid-catalyzed reaction: the

© of ¢ ldehyde dimethyl acetal to benzalde-

hitpstidodong/10,1021/Jacs 26061 31
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hyde."*"" We observed that, under identical conditions, RhCu-
(COOH )bte-HKUST-1 could convert up to 64% of
benzaldehyde dimethyl acetal into benzaldehyde, whereas
non-functionalized RhCu-bte-HKUST-1 only afforded 32%
conversion (Figure $74). Considering that the acidic groups of
RhCu-bte-HKUST-1 can only be located at its surface, we
ascribed the superior conversion obtained with RhCu-
(COOH)btc-HKUST-1 to the activity of the inner carboxylic
acid groups, which would confirm their accessibility.
Importantly, both RhCu-bte-HKUST-1 and RhCu-(COOH)-
bte-HKUST-1 fully retained their crystallinity after the acid
catalysis (Figure S75).

W CONCLUSIONS

We have presented an alternative methodology to synthesize
multicomponent MOFs, which is based on the co-assembly of
prefabricated cavities (in the form of carboxylic acid-function-
alized MOPs) and small MBBs. The methodology benefits
from the structure-directing influence of the MOP to organize
varied organic and metallic MBBs through the crystal lattice of
the targeted MOF, thus providing a greater degree of control
over the synthesis of atomically precise multicomponent
MOFs.
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