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SUMMARY

The development of supramolecular assemblies with big cavities is important to recognize
specific guests or infer a chemo- or regioselective chemistry, in analogy to natural enzymes.
The objective of this thesis was to design, synthesize and characterize new 3D
supramolecular nanocapsules bearing large cavities to use them in different applications.
Host-guest studies for each nanocapsule were performed with different guests including
fullerene-Ceo, the Ceo=[10]CPP complex, higher fullerenes and the azafullerene-(CsoN)>.
Furthermore, the synthesis of metallic nanoparticles was investigated in the presence of

supramolecular nanocapsules.

In the first part of this thesis, corresponding to the Chapter V.1 and Annex 1, a matryoshka-
like assembly was synthesized by encapsulating the Ceoc[10]CPP complex in a tetragonal
prismatic nanocapsule bearing a pTp-based macrocyclic clip. This new system showed
strong host-guest assembly only when the three components were present. The synergistic
effect of the tetragonal prismatic nanocapsule and the nanohoop [10]CPP molecule severely
limited the exposed surface of the C¢o entrapped and led to the regioselective formation of
trans-3 bis-adduct under Bingel cyclopropanation conditions. The combination of XRD,
NMR and void analysis afforded a clear understanding on the specific regioselectivity
imposed by the supramolecular mask. The trans-3 bis-adduct products were analyzed and

characterized by means of HPLC, UV-Vis and NMR.

In Chapter Il and Chapter V.2, the use of large tetragonal prismatic nanocapsules to
selective encapsulate higher fullerenes was investigated. Effectiveness on the Cgs4
purification directly from fullerene extract soot was demonstrated by using the pTp-based
nanocapsule, as ascertained by ESI-MS, HPLC and MALDI-TOF. The affinity of pTp- and ppp-
based nanocapsules for other larger fullerenic species such as azafullerene (CsoN), was
studied by UV-Vis titrations. Moreover, competition studies of (CsoN); and fullerene-Css
with a supramolecular nanocapsule served to determine the association constant of pTp-

nanocapsule with Cgs and circumvent the poor solubility of the latter.

Finally, in Chapter IV and Chapter V.3, in the context of developing catalytically-active
metallic nanoparticles with large surface/volume ratio, the synthesis of sub-nanometric Ru
nanoparticles in the presence of the ppp-based supramolecular nanocapsule was
performed. The catalytic properties of this nanoparticles were tested on the hydrogenation
of styrene to ethylbenzene, in agreement with the sub-nanometric size of the Ru NPs.

Moreover, the encapsulation of clusters of [Rus] was observed by ESI-MS monitoring,
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suggesting the trapping of the initial stages of the nucleation process towards nanoparticle
formation. DFT studies were performed to determine a plausible structure for [Rus]

clusters and the possible stabilization regions of the nanocapsule.
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RESUM

El desenvolupament d'assemblatges supramoleculars amb cavitats grans és important per
tal de reconeixer substrats especifics o inferir un control en la quimio- o regioselectivitat
d’un procés quimic, en analogia als enzims naturals. L'objectiu d'aquesta tesi era dissenyar,
sintetitzar i caracteritzar noves nanocapsules supramoleculars 3D amb grans cavitats per
utilitzar-les en diferents aplicacions. S’han realitzat estudis d’afinitat per a cada
nanocapsula amb diferents substrats, incloent ful-leré-Ceo, el complex Cec=[10]CPP,
ful-lerens d’ordre superior i I'azaful-lere-(CsoN)2. A més, s’ha investigat la sintesi de

nanoparticules metal-liques en preséncia de nanocapsules supramoleculars.

Ala primera part d'aquesta tesi, corresponent al Capitol V.1 i Annex 1, es va sintetitzar una
estructura del tipus matrioixca encapsulant el complex C¢o=[10]CPP en una nanocapsula
prismatica tetragonal basada en clips macrociclics pTp. Aquest nou sistema presentava una
forta interaccié entre els diferents components quan els tres hi eren presents. L'efecte
sinérgic de la nanocapsula prismatica tetragonal i la molécula circular, [10]CPP, limitava
severament la superficie exposada del Ceo atrapat, provocant aixi la formacio regioselectiva
del bis-adducte trans-3 en condicions de ciclopropanacié Bingel. La combinaci6
d’experiments de difraccié de raigs X, RMN i analisi de buits va permetre una comprensio
de la regioselectivitat imposada per aquest tipus de mascara supramolecular. Els bis-

adductes trans-3 es van analitzar i caracteritzar mitjan¢ant HPLC, UV-Vis i RMN.

Al Capitol 111 i Capitol V.2, es va investigar 1'is de nanocapsules prismatiques tetragonals
grans per encapsular selectivament ful-lerens d’ordre superior. Es va demostrar que amb la
nanocapsula supramolecular basada en pTp s’obtenia una eficag purificacié de 'especie Csa
directament d'un sutge de ful-lerens, comprovat mitjancant ESI-MS, HPLC i MALDI-TOF.
L'afinitat de les nanocapsules basades en pTp i ppp per a altres especies de ful-lerens de
mida gran com l'azaful-lere (CsoN)2 es va estudiar mitjangant valoracions UV-Vis. A més, es
van dur a terme estudis de competicié del (CsoN)2 i el ful-lere-Cs4 amb una nanocapsula
supramolecular. D’aquesta manera es va determinar la constant d'associacié de la
nanocapsula amb el Cgs, ja que la poca solubilitat d’aquest ful:-leré feia impossible el calcul

mitjancant valoracions UV-Vis.

Finalment, al Capitol IV i Capitol V.3, per tal de desenvolupar nanoparticules metal-liques
actives en catalisi amb un valor elevat de superficie/volum es va decidir utilitzar una
nanocapsula supramolecular basada en clips macrociclics ppp per tal de generar

nanoparticules sub-nanometriques de Ru. Les propietats catalitiques d'aquestes
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nanoparticules es van provar en la hidrogenacié d'estiré a etilbenzé, d'acord amb la mida
sub-nanometrica de les nanoparticules de Ru. A més, es va observar mitjancant ESI-MS,
I'encapsulacié de cldsters de [Rus], suggerint 'encapsulacié d’aquests en 'etapa inicial del
procés de nucleaci6 seguit de la formacié de les nanoparticules. Per ultim, es van realitzar
estudis DFT per determinar una estructura plausible per als clasters [Rus] i les possibles

regions d'estabilitzaci6 de la nanocapsula.
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RESUMEN

El desarrollo de ensamblajes supramoleculares con cavidades grandes es importante para
reconocer sustratos especificos o inferir un control en la quimio- o regioselectividad de un
proceso quimico, de manera analoga a las enzimas naturales. El objetivo de esta tesis era
disefiar, sintetizar y caracterizar nuevas nanocapsulas supramoleculares de 3D, cuyas
grandes cavidades internas puedan ser utilizadas en distintas aplicaciones. Por tal motivo
se han realizado estudios de afinidad de dichas nanocapsulas con diferentes sustratos,
incluyendo fullereno-Cso, €l complejo Ceoc[10]CPP, fullerenos de orden superior y el
azafullereno-(CsoN)2. Ademas, se ha investigado la sintesis de nanoparticulas metdlicas en

presencia de nanocapsulas supramoleculares.

En la primera parte de esta tesis, correspondiente al Capitulo V.1 y Annex 1, se sintetiz6 una
estructura del tipo matryoshka encapsulando el complejo Ceo=[10]CPP en una nanocépsula
prismatica tetragonal usando clips macrociclicos pTp. Este nuevo sistema presentaba una
fuerte interaccidn entre los diferentes componentes cuando los tres estaban presentes. El
efecto sinérgico de la nanocapsula prismatica tetragonal y la molécula circular, [10]CPP,
limitaba severamente la superficie expuesta del Ceo atrapado, de tal forma que cuando se
sometia a las condiciones de ciclopropanacidn de Bingel se obtenia de forma regioselectiva
el bis-aducto trans-3. Gracias a la combinacién de experimentos de difraccion de rayos X,
RMN y analisis de huecos se obtuvo comprension adecuada de la regioselectividad impuesta
por la mascara supramolecular. Los bis-aductos trans-3 se analizaron y caracterizaron

mediante HPLC, UV-Vis y RMN.

En el Capitulo Il y Capitulo V.2, se investig6 el uso de nanocépsulas prismaticas tetragonales
grandes para encapsular selectivamente fulerenos de orden superior. Se demostr6 que con
la nanocapsula supramolecular basada en pTp se obtenia una eficaz extraccién de la especie
Cgs directamente de un hollin de fulerenos, tal como se podia comprobar mediante ESI-MS,
HPLC y MALDI-TOF. La afinidad de las nanocapsulas basadas en pTp y ppp para otras
especies de fulerenos de gran tamafio como el azafullereno (CsoN). se estudié mediante
valoraciones UV-Vis. Ademas, se llevaron a cabo estudios de competicion del (CsoN)2 y el
fullereno-Cgs con una nanocapsula supramolecular. De esta forma se determind la constante
de asociacion de la nanocapsula con el Css, ya que la baja solubilidad de este fullereno hacia

imposible el calculo mediante valoraciones UV-Vis.

Finalmente, en el Capitulo IV y Capitulo V.3, para desarrollar nanoparticulas metalicas

activas en catalisis con un valor elevado de superficie/volumen se utilizé una nanocapsula
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supramolecular basada en clips macrociclicos ppp para generar nanoparticulas sub-
nanomeétricas de Ru. Las propiedades cataliticas de estas nanoparticulas se probaron en la
hidrogenacién de estireno a etilbenceno, de acuerdo con el tamafio sub-nanométrico de las
nanoparticulas de Ru. Ademas, se observé mediante ESI-MS, la encapsulacion de clisteres
de [Rus], sugiriendo la encapsulacidn de éstos en la etapa inicial del proceso de nucleacién
seguido de la formacién de las nanoparticulas. Por tltimo, se realizaron estudios DFT para
determinar una estructura plausible para los cldsteres [Rus] y las posibles regiones de

estabilizacién de la nanocapsula.
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General introduction

I.1. Supramolecular chemistry

Supramolecular chemistry was defined in the early 80s by one of the pioneers of the field,
Jean-Marie Lehn (Nobel Prize in Chemistry 1987), as “the chemistry of the intermolecular
bonding, wrapping the structures and functions of the entities developed by the association
of two or more chemical units”. In other words, it is the chemistry field that studies the

supramolecular interactions beyond molecules.!

Oppositely to conventional chemistry, which is focused into the covalent bond,
supramolecular chemistry focuses in the weak intermolecular forces such as hydrogen
bonding, hydrophobic effects, electrostatic forces, m-m interactions and van der Waals forces
as well as metal coordination bonding.2 These studies are commonly inspired by biological
systems to develop complex supramolecular structures and during the past four decades,
metallo-supramolecular chemistry have developed a wide range of structures such as
helicates, grids, links, knots, spheres and cages.? The most common and widely studied
unimolecular receptors are cyclodextrins, calixarenes, cyclophanes, cucurbiturils, crown
ethers and cryptophanes, while other more complex structures comprise organic capsules,
metal-containing cages, proteins, and DNA duplex (Figure 1.1).# Some important areas of
study in supramolecular research include molecular self-assembly and host-guest

chemistry.5-7

Figure I.1. Families of three-dimensional supramolecular structures. Reprinted with permission of Junqiu Liu
(Ref. 4).
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Chapter 1

Supramolecular self-assembly is based on the arrangement of two or more molecules or
ions through reversible intermolecular interactions without the guidance from an external

source to develop a new larger aggregates with defined shapes and dimensions (Figure [.2).

Covalent ‘ ‘
Synthesis Spontaneous .
- . . .

_

Self-assembled

Small molecules Larger molecule
supramolecular aggregate

Figure L.2. Representation of the self-assembly process between different building-blocks.

Host-guest chemistry is described as the composition of two or more molecules held
together through non-covalent bonds and it is based on the supramolecular recognition
which allows a unique structural composition. In general, a supramolecular molecule (host)

possesses a cavity in which a smaller molecule (guest) can be accommodated (Figure 1.3).

The discovery of crown ethers prompted the study of macrocyclic compounds with the
ability to bind atoms or molecules in their cavities. However, host-guest chemistry and

molecular recognition were, at that time, challenging topics to study.

Oy g W

Covalent
Synthesis
_— _—
Small molecule
(Guest) .
Small molecules Larger molecule (Host) Host-Guest complex

Figure 1.3. Representation of the inclusion of a guest into a host molecule forming a host-guest complex.

Supramolecular self-assembled metallocages

The concept of supramolecular 3D self-assembly systems using transition metals was

pioneered by Ogura and Fujita in 1995 by developing one of the first supramolecular cage-
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General introduction

complex.8 However, von Schnering and co-workers some years before, in 1988, developed

the first example of tetrahedron shaped chelate complex, Mgs.%

The strategy of metal-mediated self-assembly for the development of new 3D receptor
structures has been extensively developed and enabled the preparation of complex
nanosized frameworks, which could not be prepared by conventional covalent synthesis.10-
16 More recently, Stang and co-workers reviewed 2D and 3D platinum-based systems which
have been broadly studied due to their facile preparation and led up to several

applications.t?

Applications of supramolecular nanoreceptors

The interest in the supramolecular chemistry field evolved in mimicking the biological
systems and their cooperative interactions, aiming at controlling the synthesis of structures
with well-defined voids. In the past 25 years, the increase in structural and functional
complexity of self-assembled coordination cages led to the development of applications
such as molecular recognition!® 19, molecular separation20, stabilization of reactive

species?}, reactivity modulation2z-2¢, catalysis?’ or biological applications.28 29

With respect to reactivity modulation, many examples have been reported during the last
years.22.23 Taking advantage of the confinement effect, a different selectivity has been shown
in some reactions such as cycloadditions,2* olefin photodimerization25 or
hydroformylation2¢é. Apart from the higher selectivity, these reactions provided higher

efficiencies in contrast to the non-hosted reactions.

With regard to molecular sensing, Nitschke and co-workers developed in 2019 a water-
soluble tetrahedral capsule capable of binding biologically-relevant species for fluorometric
recognition.18 The cationic metal-organic cage was able to discriminate between neutral and
anionic guests in water. For instance, anionic mono- and poly-phosphoric esters, including

nucleotides, showed fast-exchange binding.

Finally, there are many examples for biological applications.28 For instance, a biocompatible
octahedral molecular capsule, PCC-1, based on six tetranuclear zinc clusters as vertices
assembled by eight ligands as faces, was reported in 2021.29 This structure was able to

encapsulate and deliver a DNA topoisomerase [ inhibitor into the nucleus of living cells.

On the other hand, the recognition of spheroidal-shaped molecules such as fullerenes has

attracted lots of attention and is highlighted in Chapter 1.2.1.
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Hosts within a host (Matryoshkas)

A molecular Russian doll or a Matryoshka is defined as a host within a host or a box-in-box
complex (Figure 1.4), being a very challenging and scarcely explored topic in supramolecular
chemistry. Despite this, there are examples in the literature on encapsulation of multiple
components in a molecular container to modify their reactivity and properties. Other
examples of Russian dolls can act as a template to form a bigger multicomponent
structure.3® However, the use of supramolecular nanocapsules to develop a matryoshka

entity and infer a singular regioselectivity in a chemical reaction is so far unexplored.

Small Host Host-Guest complex

Host-Host-Guest /
Matryoshka-like complex

Figure L.4. Representation of a matryoshka upon the inclusion of a host-guest complex into a host molecule
bearing a bigger cavity.

Some host-guest systems are defined by the recognition of a cation by a macrocycle. For
instance, crown ethers are effective hosts for small cationic guests due to strong
intermolecular interactions. On the other hand, supramolecular nanocapsules are ideal
candidates to develop Russian doll-like structures due to the confinement effect and the
non-covalent interactions. Thereafter, some authors reported the encapsulation of a given

host-guest system in a larger self-assembled host.

In 2000 Raymond and co-authors synthesized a host, [GasL¢]1?-, able to encapsulate crown

ethers, which in turn trapped alkaline cations (Figure 1.5).31
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=M= Ga¥

Ga,Lg'% + 12 M* + crown Ga,Lg'* + 11 M* + (Mccrown) [(Mccrown)=Ga,Lg"] + 11 M*

Figure I.5. The encapsulation of an alkali metal cation from M12[GasLe], (M*=Li*, Na* or K*) by a crown ether
(equilibrium constant K1) is followed by encapsulation of the crown ether complex into the cluster cavity (Kz).
Reported by Raymond and co-workers in 2000.

In 2002, Dance and co-workers developed a new inclusion complex of cucurbit[5]uril

(CBJ[5]) within cucurbit[10]uril (CB[10]), which are concentric but not coaxial, and with a

chloride ion at the centre (Figure 1.6).32

NN\/ L, \)N/ =N
N I 7

(0]
CBIn] CB[10]
CIcCB[5]cCB[10]
CBI5] cl

Figure 1.6. Inclusion of Cl inside CB[5]cCB[10]. The angle between the axis of the inner component CB[5] and
the axis of CB[10] is 642. Reported by Dance and co-workers in 2002.
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Another recent example by Nitschke’s group reported a self-assembled triazatruxene-based
FellL4 capsule with the ability to host cryptophane-111 (CRY),33 which at the same time
could accommodate a caesium cation or xenon atom (Figure [.7). Apart from the remarkable
encapsulation of a cation within an octacationic nanocapsule, the high enantioselectivity of
CRY is transferred to the nanocapsule affording an enantiopure nanocapsule, which had two

isomers after the encapsulation.

/

12\

4 @(NT&)Z Y
\/N
CD;CN O
NH, j
PP-CRY MM-CRY

\
O
i

O = Cs*or Xe

CD4;CN
Enantioselective encapsulation

PP-CRYCA, \J 7 MM-CRYCA

Figure 1.7. (a) Subcomponent self-assembly of 1. (b) Enantioselective encapsulation of Cs/Xecrac-CRY by 1.
Reported by Nitschke and co-workers in 2019.

In 2015 Anderson reported a Russian doll formed by two porphyrin-based nanorings
coordinated by a bridging ligand resulting in a highly cooperative supramolecular self-
assembly (Figure 1.8).3° Some experiments revealed that the Russian doll acted as a single
emitter and excitation was transferred outwards. Moreover, the structure was useful as a

template to direct the synthesis of amplified covalent nanostructures.
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T6c-P6+(Ar'CO,),
c-P12

9-component
self-assembly

T6ec-P6+(L1)6°c-P12

Figure 1.8. Self-assembly of the Russian doll complex from a 1:1 mixture of ¢-P12 and T6-c-P6+(Ar'C0O2)s in
the presence of ligand L1 (in blue). Reported by Anderson in 2015.

In 2016, Liu and co-workers developed a Russian doll using the well-studied
Cucurbit[10]uril, CB[10], focusing on the influence on the charge-transfer interactions in

the cavity of CB[10] upon encapsulation of bipyridinium molecules and electron-rich

compounds (Figure 1.9).3¢

CB[10]

Electron rich
guest

Figure 1.9. Schematic illustration of the formation of an inclusion complex between guests and CB[10]
reported by Liu and co-workers in 2016.
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A similar strategy was published in 2018 by Stoddart and co-workers,35 who synthesized a
rigid tetracationic cyclophane, which, in its diradical dicationic state (22(+)) is ideal for
encapsulating cyclobis(paraquat-p-phenylene) diradical, [CBPQT]2(+*) (Figure 1.10). The
strong radical-pairing interactions led to the formation of a unique tetraradical
tetracationic, box-in-box complex. This structure indeed, can accommodate small aromatic
guests inside such as 1,4-disubstituted benzene derivatives, forming a Russian doll system.
The addition of this third component helps to stabilize of the whole structure, which

exhibits unusual redox properties.

Box-in-box complex Russian doll assembly

OO D oS
= = + R Guest . .
N O ® o 0 o>z b
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fé s.fA + || 133A || =—== ||l [ === ||| Il
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TN\Y /N z - g -
W >N D>
[CBPQTJ2*) 22(+) [CBPQT]2+Ic22(+) Guestc[CBPQT]c2]4*)

Figure 1.10. Proposed superstructures of the tetraradical tetracationic box-in-box complex and Russian doll
assemblies reported by Stoddart and co-workers in 2018.

Concerning the encapsulation of fullerenes within Matryoshka assemblies, the example
reported by Oda and co-workers in 2004 is highlighted, where they developed a Russian
doll system comprised by a fullerene encapsulated in a small nanoring (1), which in turn
was wrapped in a large nanoring (4) (Figure 1.11).3¢ Carbon nanorings have a curved

conjugated surface, which is suitable to encapsulate spheroidal fullerenes.

1,2,3and 4 5and 6 CgC1c4

Figure 1.11. Molecular structures of (a) CPPAs 1 (n=1), 2 (n=2), 3 (n=3), 4 (n=4), (b) 5 (n=0), 6 (n=1) and (c)
Ceoc1c4 reported by Oda and co-workers in 2004.
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I.2. Fullerenes

Buckminsterfullerene C4o was discovered by Kroto, Smalley and Curl in 1985,37 and it is one
of the most renown guests in supramolecular chemistry. It is based on a Csp; cage with a
truncated icosahedron structure analogous to a soccer ball, containing 20 hexagons and 12
pentagons. Since its discovery, a huge number of reports have been published concerning
new 3D carbon allotropes such as bucky onions, carbon nanotubes or fullerene peapods.
Besides, there are the so-called endohedral metallofullerenes (EMF), which contain one or
more atoms inside the fullerene carbon cage, highlighting rare earth metals or metallic

nitrides and carbides.38

Fullerenes are widely used in applications such as organic photovoltaics,39-43 perovskite
solar cells, % and biomedicine4’-50. In the field of organic photovoltaics (OPV), the
introduction of perovskite compounds as the light-harvesting active layer increased the
power conversion efficiency (PCE) from 3.8 to 22% in less than 10 years. However, the main
drawback in perovskite solar cells (PSCs) is the low stability due to hysteretic current-
voltage behaviour and the high temperatures requirement. To overcome this, new
perovskite/fullerene-based hybrid solar cell are being developed to improve their
photovoltaic properties.>1.52 On the other hand, multi-adducts of fullerenes have also been
used in biomedical applications. 48.53-55 Some of these fullerene-based compounds displayed
beneficial medical effects such as antioxidant properties and neuroprotective effects.5¢ In
2017, Martin and co-workers developed water-soluble hexakis adducts of [60]fullerene
with carbohydrate subunits forming nanometric superballs.*8 They were tested in infection

assays, being potent inhibitors of cell infection by Ebola virus.

Several studies show that fullerenes under UV light produce singlet oxygen and other
reactive oxygen species, so they can be used in photodynamic therapy for cancer
treatment.54 Other studies with rats, revealed the beneficial effects of the fullerene

derivatives against diabetes (type 2)5° and Alzheimer disease>’.

1.2.1. Hosts for fullerene recognition

In this section we will focus on the reported hosts designed to encapsulate fullerene via
supramolecular interactions with specific recognition motifs. Importantly, recognition via
concave-convex Ti-T interactions is very relevant, as reviewed by Kurata and co-workers

with conjugated Csp2-extended systems.58 In curved conjugated systems, the electrostatic
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interaction plays a fundamental role in addition to the dispersion force, being this important

for the development of new materials or supramolecular structures.

1.2.1.1. Organic macrocycles and molecular tweezers (1D and 2D structures)

In 1992, the group of Weinstein reported the first host for fullerenes based on a macrocyclic

azacrown ether with long side chains (Figure 1.12).59
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Figure 1.12. First host for fullerenes Ceo and C7o based on amphiphilic molecules containing a lipophilic cavity,
reported by Weinstein and co-workers in 1992.

Other hydrophobic organic macrocycles such as cyclodextrinsé%-62 and calixarenes63-65 were
studied to host and stabilize fullerene species in the early 90s. These structures have been
widely used in supramolecular chemistry for diverse applications due to their synthetic
accessibility and their tuneable cavities. In 1996, Burkhalter reported the formation of “ball
and socket” complexes of cyclotriveratrylene (CTV) binding with Cg0.65 In 2004, Zhang and
co-workers reported a new type of fullerene assembly by using dimeric cyclodextrins
coordinated through metal centres (Figure 1.13).62 This kind of polymer showed interesting

properties for application in biomedicine.

In 2010, Chen and co-workers synthesized a triptycene-derived oxacalixarene (7) capable
to bind fullerenes Ceo and Cyo (Figure 1.14a).66 As shown in Figure 1.14b, the fluorescence
intensity of the macrocycle at A = 394 nm in toluene decreased constantly with increasing
amount of C7o. This represented a first example of the complexation of an oxacalixarene with

fullerenes.
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Figure 1.13. 1:1 intermolecular Ceo inclusion mode between metallobridged bis(B-CD) and fullerene reported
by Zhang and co-workers in 2004.
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Figure 1.14. (a) Synthesis of the triptycene-derived oxacalixarene 7 reported by Chen and co-workers in 2010.
(b) Emission spectra (Aexc = 394 nm) of 7 (2 x 10-5 mol dm-3) in the presence of C7o (0 - 2.5 equiv.) in toluene.

On the other hand, de Mendoza and co-workers developed also in 2010 a new tripodal
receptor for fullerenes, exTTF-CTV (Figure 1.15).67 It was based on three m-extended
tetrathiafulvalene (exTTF) subunits linked to the CTV scaffold through ether linkages. The
concave surface of these aromatic motifs made it a suitable host for the recognition of
fullerenes with high binding affinities for Cso and also for C;o. Later, the same authors
optimized the receptors by using bis-exTTF units and the binding constants were increased
by 3 orders of magnitude, being the highest values reported by then.t8 Electronic
interactions between the exTTF and fullerenes had a crucial role on the stabilization of the

complex.
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Log K, (Cg) = 5.3
Log K, (C4) = 6.3

—_—

Figure 1.15. Schematic representation of the exTTF-CTV that bind Ceo or C70 reported by De Mendoza in 2010.

In the recent years new strategies have appeared such as the use of corannulene®® 70 or
coronene’! moieties as recognition motives for fullerenes. In 2017, a new molecular
tweezer, 8, with two corannulene subunits linked by a tetrahydro[5]helicene imide was
synthesized (Figure 1.16).6° It showed high selectivity for C¢o and C7o due to concave-convex
Ti-Tt interactions. Moreover, the association constant for C;o was found to be 230 times
higher than for Cg¢o. Later, in 2019, a similar strategy was reported but using a
tetracorannulene-perylenediimide that was able to bind two Ceo units with preference over

C70_70

Another recent strategy for the recognition of fullerenes was reported by Beer’s group in
2020.72 A novel large, macrocyclic receptor composed of two covalently strapped electron-
rich Perylene diimide (PDIs) panels, can trap one molecule of Cso or Cy. Low polarity
solvents showed to be partial charge transfer in the host-guest complex. However,
depending on the polarity of the solvent, full electron transfer from the box to the

encapsulated fullerene was achieved.
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Figure 1.16. Bis-corannulene-based molecular tweezer, 8, that acts as receptor for Ceo and Co. Reported by
Chen and co-workers in 2017.

I.2.1.1.a. All-carbon hosts

Other relevant examples of macrocyclic hosts are the arene-based receptors which can
complexate fullerene and assemble in a variety of peapod-like structures. There are bowl-
shaped carbon nanobelts (CNBs),”3 single-wall carbon nanotubes (SWCNTs)74 and the
carbon nanorings (CNRs),75-77 which are based in a cyclic array of phenylene rings that
present a ring-shaped m-system with a that adapts perfectly to the fullerenes affording high
binding affinities (Figure 1.17).

Since 2003, examples of host-guest complexes of fullerenes with CNRs, m-conjugated
hydrocarbon macrocycles such as [6]CPPA78 and [10]CPP,”® have been reported (Figure
[.17a). Another example was reported by lizuka and co-workers and represented the

shortest possible nanotube, [4]cyclochrysenylene ([4]CC) (Figure 1.17b).74

In 2020, Wu and co-workers reported the synthesis and characterization two carbon
nanobelts, CNB1 and CNB2, bearing six/eight cyclopentane-rings with a macrocycle
containing three/four alternately linked 2,7-pyrenyl and 2,7-phenanthryl units (Figure
[.17c).”3 The small bowl-shaped CNB1 affords the selective encapsulation of fullerene C7o

over Ceo, with large association constant (K, = 8 x 105 M-1).
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In 2019, von Delius and co-workers synthesized a new type of strained macrocycles based
on m-conjugated porphyrinylene/phenylene nanohoops (Figure 1.17d).80 For instance, the
strain energy of the host is 54 kcal/mol, which means a narrowed HOMO-LUMO gap and a
red shift in the visible absorption spectrum. Moreover, [2]CPT have a diameter of 13 A,

similar to [10]CPP, making it an ideal host to accommodate the Cgo (Ka ~ 108 M-1).

a
Ce,CI6]CPPA CeoCI10]CPP

b
C

CNB1 C,,cCNB1
d Ar

YD
L,
Ar
[2]CPT Ceoc[2]CPT

Figure 1.17. (a) 1:1 complexes of T-conjugated CNRs and fullerenes. [6]CPPA reported by Oda and co-
workers. [10]CPP reported by Yamago and co-workers. (b) [4]cyclochrysenylene, [4]CC, belt based on
cycloarylene molecules reported by lizuka and co-workers. (c) Carbon nanobelt (CNB1) which selectively
encapsulate fullerene-C7o over Ceo reported by Wu and co-workers. (d) Encapsulation of Ceo into a -
conjugated porphyrinylene/phenylene nanohoop, Cso=[2]CPT, reported by von Delius and co-workers.
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1.2.1.1.b. Porphyrin- and phthalocyanine-based hosts

The quest for hosts showing very high association constants drove the development of
molecular systems including metalloporphyrin units. These metallporphyrins present a -
conjugated system which act as m-donor moieties and interact strongly with m-acceptor
fullerenes.81.82 83-87 One of the first examples of a porphyrin-based receptor was reported by
Yamaguchi and co-workers in 1999, where m-interactions allowed the inclusion of Cgo.88 89
In 2010, Anderson and co-workers designed a cyclic Zn!-porphyrin trimer, 9, as a receptor
for fullerenes which present high affinity constant values (2 x 10¢ M-! for Ceo and 2 x 108 M-
1 for Cy) (Figure 1.19a).90 Another kind of hosts for fullerene are the ones based on
porphyrin nanobarrels.92-93 In 2010, Osuka and co-workers reported the synthesis of a
porphyrin nanobarrel via consecutive Suzuki-Miyaura cross-coupling reactions at multiple
sites starting from a simple monomer. On the other hand, C¢o was used as a template to
develop a tetrameric porphyrin barrel via Zn-mediated self-assembly, utilizing labile

capping ligands like TsO- anions.

Other concave electron rich m-extended systems such as phthalocyanines were used to
develop metallocages. For instance, Torres and co-workers reported a Pd!-based Cs
symmetric cage that can encapsulate the Cgo, Co0-PCBM (K, = 4.6:104 M-1) and C7o-PCBM (K,
=1.5-105 M-1) (Figure 1.18).94.95 In 2020 the same authors developed a well-defined tweezer
formed by two SubPc-monomers, 10, rigidly attached to the surface of an electron-poor
SubPc-dimer, which resulted in a cavity ideal for Ceo and C7o complexation (K, ~ 105 M-1)

(Figure 1.19b).%
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Figure 1.18. C3 symmetric subphtalocyanine (SubPc) MsLz cage which encapsulates Ceo reported by Torres and
co-workers.
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syn-SubPc 10
15%

Cgosyn-SubPc 10

Figure 1.19. (a) Cyclic porphyrin trimer (9) with high affinities for Ceo and C7o reported by Anderson and co-

workers. (b) Subphtalocyanine-based multicomponent ensemble (10) consisting of two electron-rich SubPc-

monomers rigidly attached to the convex surface of an electron-poor SubPc-dimer reported by Torres and co-
workers.

1.2.1.2. Nanocapsules, cages and boxes (0D)

The design of a supramolecular nanocapsule suitable for the selective encapsulation of
fullerene species requires some features: 1) large cavity sizes to host large guests, 2) small
window-pore sizes to isolate guests from the environment, 3) flexibility and lability to allow
the capture (but also the release) of the guests, and 4) m-electron rich building blocks to

provide tight interactions with m-acceptor fullerene guests.

1.2.1.2.a. Organic nanocapsules

Most cage compounds are based on the coordination of metal ions, and only a few are charge
neutral. Pure organic cages are usually charge neutral since they are formed by covalent
bonds.?7. 98 One of the first examples was reported in 2007 when de Mendoza and co-
workers synthesized a supramolecular receptor specially designed for fullerene binding
(Figure 1.20).99 The nanocapsule synthesized was based in two self-assembled CTV units.

This nanocapsule presented a good affinity for Ceo (Ka = 1.82 x 103 M-1) and C7o (K. = 3.89 x
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104 M-1). The higher affinity observed for C7o was rationalized by the higher hydrogen-bond

interactions between the host and the guest.
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Figure 1.20. CTV-based host capable of complexing fullerenes reported by De Mendoza and co-workers.

In 2011, Zhang and co-workers reported another example of fully organic, rectangular
prismatic cage highly selective for fullerenes.19® The synthesis was through a one-step
alkyne metathesis from a porphyrin-based precursor. Association constants of 1.4 x 105 M-
L for Ceo and 1.5 x 108 M- for C7o were found, being the highest values reported at that time.
Moreover, the association of fullerenes was found to be a reversible process regulated by
pH, being an effective way to selectively separate Cy from a fullerene mixture. On the other
hand, Chiu and co-workers developed in 2012 a CTV-based hemicarceplex cage selective for
Cyo suitable for purification from a fullerene mixture without the use of HPLC (Figure

1.21).101
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Figure 1.21. CTV-based hemicarceplex capable to isolate fullerene-Cro reported by Chiu and co-workers.

1.2.1.2.b. Metal-containing nanocapsules

The formation of metal-coordination bonds is a commonly used strategy to develop a wide
range of supramolecular structures.10. 102105 Metal-containing nanocapsules (or
metallocages) are self-assembled from simple building blocks, metal ions and organic
ligands.10 One of the first examples of coordination nanocapsules for the encapsulation of
fullerenes was reported by Shinkai and co-workers in 1999.106 They used two
homooxocalix[3]arenes to design a dimeric capsule by self-assembly. Later, the same
authors reported the increase of the affinity constant for C¢o when Li* cations were bound
to the lower rims of the assembled host.107 In 2006, Dalcanale and co-workers developed a
self-assembled coordination cage, 11, constituted of two tetrapyridyl-substituted
resorcin[4]arene cavitands coupled through four square-planar palladium complexes
(Figure 1.22).198 [ts internal cavity had a suitable geometry capable to accommodate
spherical guests such as methano[60]fullerene derivatives. This association is achieved by

m-stacking interactions between the host and the guest.
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ll
[PdL](X,)
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Figure [.22. Schematic representation of the coordination cage reported by Dalcanale and co-workers and
complexation of 11 with methano[60]fullerene derivatives. [PdL](Xz2) = [Pd(dppp)]:(CF3S03)2

As mentioned in the section 1.2.1.1.b., metalloporphyrins are very useful building blocks to
develop hosts for fullerenes recognition, and in the past decade, several examples of
metalloporphyrin-based supramolecular cages have been reported.’®?*'? Ribas and co-
workers reported in 2014 a self-assembled supramolecular tetragonal nanocapsule bearing
two metalloporphyrin units that allowed the encapsulation of Ceo and Cyo with association
constants higher than 107 and 108 M-, respectively (Figure 1.23).112 Moreover, the authors
designed a solvent-washing strategy to extract solely the pure Ce¢o from the nanocapsule,

owing to the stronger binding with Cro.
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Figure 1.23. Self-assembled tetragonal prismatic nanocapsule reported by Ribas and co-workers.
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Wiirthner and co-workers designed a self-assembled host composed of photo- and redox-
active perylene bisimide (PBI) edges and [Fe(bpy)s]?* corners,!13 being one of the largest
M.Le tetrahedra reported. They proved the effective encapsulation of C¢o and moreover,
they revealed by CV a reversible 34 electron cycling between a +18 and a -16 charged
species, suggesting that this supramolecular host was able to accommodate photo- and

electrocatalytic processes in its cavity.

Another class of metallocages are the ones responsive to a non-invasive stimulus as light,
temperature, or addition of new metals, leading to a new structure and therefore, changing
their affinity for different guests. In this context, Yoshizawa group reported several
examples.114117 They designed an M;Ls nanocapsule using two Pd! ions and four bis
anthracene ligands that was able to encapsulate Ceo in quantitative yields.14 In 2013, the
same authors reported a new ML, metallocycle which was able to entrap Ceo in a reversible
way by using a light-irradiation stimulus (Figure 1.24).115 Remarkably, this was one of the

first examples of functional hosts possessing bimodal photoresponsive units.

Figure 1.24. M2L2 molecular capsule prepared using two Pd(II) ions and four bis-anthracene ligands reported
by Yoshizawa and co-workers.

Another example was reported by Clever’'s group by developing a photochromic
coordination cage self-assembled from ligands based on a dithienylethene photoswitch.118
This capsule could be reversibly interconverted from a flexible form (o-C) to a rigid form (c-

C) by irradiation with UV or white light, respectively.

In 2019, Peris group reported a palladium-based molecular square synthesized by a self-
assembly of pyrene-bis-imidazolylidene ligand with [Pd(ally)Cl]..11° This host showed some
flexibility to adapt the shape depending on the fullerene size.
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1.2.1.3. MOFs (3D)

Metal-organic frameworks (MOFs) are a family of crystalline porous polymeric materials
constituted by metal clusters and organic ligands.120 There is a huge number of possible
combinations of metal sources and organic ligands, thus a wide range of geometries can be
developed with different pore size distributions and functionalities. However, few examples

in the use of MOFs for fullerene recognition have been reported.121-132

Most of the examples of cages that selectively bind guests are performed in solution.
However, in 2010, Fujita’s group achieved an heterogeneous solid-state host-guest
chemistry by synthesizing an MOF-like infinite arrays of octahedral coordination cages,
MeL4.133 The interstitial void spaces between this octahedral structure afforded the
generation of two Mi;Lg and Mizlos cavities, thus creating a 3D network of different

nanocages capable to accommodate Cso in a 35 wt%.

For instance, Berna and co-workers recently published the preparation of robust
copper(ll)- and zinc(II)-based metal-organic frameworks with flexible benzylic amide
macrocyclic units functionalized with two carboxylic acid groups (Figure 1.25).132 They
studied the incorporation of fullerene Ce¢o inside the cavities generated between two
macrocycles connected to the same dinuclear clusters, occupying a remarkable 98% of the

cavities inside the network.

Figure 1.25. Linked frameworks forming channels along the c-axis (hydrogen atoms are omitted for clarity)
reported by Berna and co-workers.
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1.2.2. Strategies for fullerene regioselective functionalization

Fullerene-Ce¢o present thirty equivalent double bonds [6,6] with very similar reactivity,
which makes the chemo- and regioselective poly-functionalization of fullerene a long-
standing problem in organic synthesis. The selective synthesis of C¢o mono- and hexakis-
adducts can be considered a solved problem, because an excess of Ceo or the reagent for
functionalization can be used to guarantee predominant mono- or hexakis-functionalization
and minor side products can be removed via chromatographic separation.13¢ However,
obtaining isomerically pure bis-, tris-, tetra- or penta-adducts of C¢ by chromatographic
separation is very challenging because the lack of efficient stoichiometric control leads to a
mixture of oligo-adducts (bis-, tris-adducts and so on), while each oligo-adduct may exist in
the form of more than a dozen distinct regioisomers. When considering the synthesis of
fullerene bis-adducts, the addition of a second identical and symmetric addend to a fullerene
mono-adduct leads to eight potential different regioisomers as depicted in Figure 1.26a
(ordered by increasing distance between the substituents: cis-1, cis-2, cis-3, e, trans-4, trans-
3, trans-2, trans-1)135. The experimental mixture of bis-regioisomers obtained in the Bingel
cyclopropanation reaction of C¢p with diethyl bromomalonate is shown in Figure [.26b. If
addends are non-symmetric, as is the case in bis-PCsoBM13¢, 18 bis-adduct regioisomers are
obtained in the crude reaction mixture, and their HPLC separation is extremely
challenging.137. 138 Different studies demonstrated that isomerically pure bis-adducts can
exceed the typically isomer mixtures in these applications.!3% 140 So, there is a need to
generate pure multiple-adducts of Ceo not just to solve a technical problem, i.e. increasing
the yield, but also to obtain compounds in a pure form and avoid tedious chromatographic
separations. In this section, we disclose the different approaches for achieving chemo- and
regioselective syntheses of multiply functionalized derivatives of Cgo.141 Much of this
research is motivated by the need to enhance the solubility of fullerene derivatives and
therefore enable the preparation of organic electronic devices by solution processing.142
Diels-Alder or Prato cycloadditions,43 the Bingel,14¢ Bingel-Hirsch!38 as well as related
cyclopropanation reactions!45 represent the most commonly used transformations, whose
feasibility under mild conditions is mainly due to the unique reactivity of the fullerene

double bonds.146
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Figure 1.26. (a) Ceo structure and possible bis-adduct regioisomers upon the addition of a second symmetric
addend. (b) Relative yield (%) for each isomer in the Bingel cyclopropanation reaction of Cso with diethyl
bromomalonate, NaH and PhMe as solvent.138

1.2.2.1. Tethered remote functionalization

One of the first strategies, pioneered by Diederich in the mid-90s, was the tether-directed
remote functionalization for the Bingel cyclopropanation reaction or Diels-Alder reaction
(Figure 1.27).147 In this approach one single bis-adduct (equatorial isomer) isomer is formed
predominantly because the length of a tether bridge in a ditopic malonate reagent dictates
the maximum distance between the two addends. The main drawback of this system is that

the bridge is not removable, which compromises the applicability of the functionalized

products.

1. Cgo, DBU, PhMe, r.t.
2. PhMe, 110°, 39 h

Figure 1.27. Synthesis of equatorial bis-adduct by a tether-directed strategy reported by Haldimann and co-
workers.
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Very recently, Nierengarten reported a removable tether family bearing di-tert-
butylsilylene or tetra-iso-propyldisiloxane subunits, which can be cleaved after the
formation of the bis- or tris-adducts of Ceo (Figure 1.28).148 By changing the length and
rigidity of the silyl-based spacers, different fullerene bis- (mainly e and trans-3) or tris-

adducts (ee,e) can be obtained. With the same strategy, a [3:3]-hexa-adduct is obtained.1%®

MeO

Figure 1.28. (a) di-tert-butylsilylene tether affords a trans-3 bis-adduct (54%) reported by Nierengarten and
co-workers. (b) C3 symmetrical fullerene [3:3]-hexa-adduct prepared by cleavable di-tert-butylsilylene
protecting groups that afford e,e,e addition pattern.

1.2.2.2. Removable template addends

In 1997, Krautler and co-workers reported the synthesis of a tetra-adduct of Ceo following
the so-called orthogonal transposition strategy (Figure 1.29).150 This protocol used trans-1-
bis-anthracene-Csp (independently synthesized through a solid-state high-temperature
synthesis), to direct the synthesis of the fully-equatorial Bingel cyclopropanation to form a
hexakis-adduct. Subsequent thermal retro-Diels Alder elimination of the two trans-1
anthracene moieties afforded the fully equatorial tetrakis-adduct single isomer as the final

product.
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Figure 1.29. Synthetic scheme for equatorial tetrakis-adduct synthesis by orthogonal transposition reported
by Krautler and co-workers. (a) BrHC(CO2zEt)2/DBU in CH2Clz/room temperature. (b) 195 °C, 5 min. R =
C(CO2CH2CH3)a.

1.2.2.3. Supramolecular-directed functionalization

Scarce number of non-tethered strategies have been reported. In 2016, Torres and co-
workers developed a supramolecular-directed functionalization based on non-covalent n-
interactions between the addends (Figure 1.30).15!1 The residues bearing m-extended

surfaces promoted a cis-1 Ceo addition pattern.

P-1(S, Ra)

Figure 1.30. Synthetic scheme for the supramolecular-directed functionalization reported by Torres and co-
workers. (a) Reflux in toluene.

The modulation of the regioselectivity of multiple addition reactions by confinement of Ceo
in supramolecular receptors has emerged as an alternative approach. For instance, von
Delius and co-workers reported on the ability of the nanoring [10]CPP to form a
supramolecular complex Ceoc=[10]CPP and infer a significant regiocontrol on the formation
of Bingel bis-adducts (Figure 1.31).152 Specifically, the trans-2 and trans-3 regioisomers were
obtained as major products in almost equimolar amounts, along with traces of trans-1,

excluding the rest of possible isomers (see Figure .26b).
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bis-adducts
trans-1 (4%)
trans-2 (44%)
trans-3 (52%)

Figure 1.31. Nanohoop template, Ceoc[10]CPP, that restricts the accessibility of the reagents and imposes
selectivity on the formation of Bingel bis-adducts reported by Delius and co-workers. (a) diethyl malonate,
CBr4, DBU, toluene, room temperature.

In 2020, Ribas and co-workers reported a supramolecular mask strategy for the equatorial
regiofunctionalization of Ceo (Figure 1.32).153 By using a tetragonal prismatic nanocapsule,
1a, the authors obtained a full control on the regioselectivity for obtaining sequentially

equatorial bis-, tris- and tetrakis- Bingel-adducts of Ceo.

|

Cgc1a e,e,e,e-tetrakis-2c1a

Figure 1.32. Supramolecular mask strategy for regioselective equatorial Bingel functionalization through the
four cross-shaped gates of a tetragonal prismatic nanocapsule reported by Ribas and co-workers. (a) diethyl
bromomalonate, NaH, CH3CN, r.t.

I.3. Higher fullerenes

Higher fullerenes (>C7¢) were first discovered in 1991 and their low abundance, poor
solubility and difficult separation converted them in a challenging topic to investigate.154 155
Among higher fullerenes, Cgs is the most abundant one. A total of 24 isomers of Cgs are
predicted by calculations obeying the isolated pentagon rule (IPR). There have been

reported many publications regarding to the characterization of different isomers of Cg4,15¢-
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161 their properties162 163 and applications.164-169 In this section we are going to focus on the
few examples that have been reported concerning the purification of higher fullerenes from

raw soot. 110,170-174

1.3.1. Hosts with large voids for higher fullerenes

In the recent years, a wide range of supramolecular nanocapsules have been developed for
a variety of applications, such as catalysis in a confined space, purification of fullerene
species from soot, among others. However, supramolecular nanocapsules showing large
accessible cavities are not that common. Focusing on hosts capable to encapsulate one or
more than one guests with a volume higher than fullerene-C;o, multi-porphyrinic-based
hosts are the main examples of expansion of cavities size by self-assembly.175-178 Aida and
co-workers developed rectangular-shaped supramolecular nanobox by self-assembly of
ethynylene-bridged zinc porphyrin dimers (Z2).176 As depicted in Figure [.33, the nanobox

adopt a planar conformation with a syn-parallel geometry as for the pyridyl groups.

Figure 1.33. Schematic representations of two possible conformers of Z2 reported by Aida and co-workers.

In 2020, Kim and co-workers designed a one-pot template-free strategy to form a
porphyrin-based gigantic cage, P12L24 (12) (Figure 1.34).178 Single crystal X-ray analysis

revealed a cuboctahedron structure with a diameter of ~ 5.3 nm.
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Figure 1.34. Design and synthesis of the gigantic porphyrinic cages P12L24 (12a and 12b) reported by Kim and
co-workers.

In the early 90s, several strategies for fullerene purification were reported. First, the
controlled sublimation of carbon soot was reported.l’? Another method consisted in

extractions with organic solvents and a third method was the purification by crystallization.

Nowadays, chromatographic techniques are the mostly used for the purification of
fullerenes. Some common stationary phases are alumina, graphite, activated carbon,
polystyrene gel, y-cyclodextrins or pyrenyl-grafted silica (Cosmosil Buckyprep). HPLC is
indeed the most useful method to obtain pure quantities of higher fullerenes.180. 181
However, this technique, if successful, requires large amounts of solvent, it is time-
consuming and expensive to obtain pure higher fullerenes. So, a challenging objective of the
scientific community has been the quest for cheap and facile alternative methods. The best
way to selectively entrap fullerenes is by using supramolecular hosts classified in section
1.2.1., which are prone to stabilize the fullerene species by hydrogen bonding or m-m-

interactions.

Nevertheless, selective extraction of higher fullerenes via selective encapsulation in host
molecules is very challenging. Remarkably in 2004, Aida’s group designed a cyclic dimer of
zinc porphyrins with different-sized alkylene spacers featuring different distances between
the two porphyrins (Figure 1.35).170 The selectivity toward higher fullerenes depended on
the size of the host cavity and the cycles of extraction. For instance, three cycles of extraction
with the 7¢6 dimer allowed the remarkable enrichment of C192-C110 fullerenes from 0.1 % to

82 9% of total fullerenes.
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Figure 1.35. Cyclic dimers of metalloporphyrins 13ce, 13cs, 13c6 and 13¢7 reported by Aida and co-workers.

Also, as mentioned in section [.2.1.1, calixarenes are ideal candidates to act as a receptor for

fullerenes. In 2006, Fukazawa and co-workers developed a new calix[5]arene-based host

(14) that could adopt two conformations (syn and anti).1’t Upon the exposure to a mixture

of fullerenes (Ceo, C70 and 10 % of higher fullerenes), the syn conformer showed high binding

affinities for the higher fullerenes. The wrapped fullerenes were released by heating

affording an enriched sample with higher fullerenes (excluding the Ce) and the host in the

anti conformation (Figure 1.36).

Fullerene-C, c14,

Fullerene-C,, + 14, ¥

Figure 1.36. Calix[5]arene-based host (14) reported by Fukazawa and co-workers that adopt a syn
conformation to extract higher fullerenes (n > 70) from a fullerene extract.
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On the other hand, de Mendoza reported in 2007 a host (15) based on a CTV derivative,172
and they reported the encapsulation properties with a sample composed of 65 % Ceo, 22%
C70, 5% Css and 8% of other fullerenes. Considering that a low concentration afforded a
lower solubility for Ceo, they observed an enrichment of Css up to 76% with a single

extraction (Figure 1.37).

K (‘) o] (o]
H NH ):0
NY HN
R\Q‘{\N yNH
N R
o T
15

Figure 1.37. CTV-based host (15) reported by de Mendoza that affords an enrichment of Cs4 up to 76% from a
soot mixture. Optimized model of 12:Css complex. R = C11Hzs.

A different strategy was published by Yashima and co-workers in 2010.173 [t was based on
a one-handed helical polymer which could recognize the size and chirality of higher
fullerenes through an induced-fit mechanism, and could selectively extract enantiomers of
the higher fullerenes (Figure 1.38). Remarkably, the higher fullerene content significantly
increased from 8.8% to 95.4% in the carbon soot by single extraction with st-PMMA. At
room temperature, Cyo is selectively encapsulated over Ceo. When the mixture is exposed to
110 °C, followed by cooling to room temperature it results a st-PMMA gel complexed with

higher fullerenes.

Figure 1.38. Induced-fit mechanism reported by Yashima and co-workers that can selectively extract
enantiomers of the higher fullerenes, such as C7s, Cso, Cs4, Cse, Css, Coo, Co2, Co4 and Cos. st-PMMA = syndiotactic
poly(methyl methacrylate).
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As described in section 1.2.1.4, the use of self-assembled nanocapsules has been widely used
for the encapsulation of Cso and C7o. Nonetheless, the use of that supramolecular systems for
the complexation of higher fullerene species has been less explored. For instance, Nitschke
and co-workers in 2011, reported a cubic structure, MgL¢, formed with porphyrin moieties
that allow the interaction with fullerenes (Figure 1.39).110 The Ni-based cage, Ni-1, showed
a stronger binding affinity for C7o and coronene over Ceo. The authors wanted to explore
further and the nanocapsule was mixed with a fullerene soot containing 53 % of Ceo, 1.54 %
of C70 and 0.14 % of higher fullerenes. C¢o encapsulation was detected by ESI-MS but there
was as well Cyg, C76, Cs2 and Cgs, indicating the nanocapsule had a high affinity towards

higher fullerenes.

M = H,, Ni?*, Zn?*

Ni-1

Figure 1.39. Nitschke and co-workers reported the combination of C4 symmetric tetrakis-bidentate ligands
with Cs-symmetric iron(II) tris(pyridylimine) centers resulted in the formation of a cubic cage. X-ray structure
of Ni-1-16 OTf-26 Et20-28 DMF-30 H:0.

In 2014, Ribas and co-workers, developed a tetragonal prismatic coordination nanocapsule,
16, which showed a high affinity towards Ceo (Ka =3 x 107 M-1) and C7o (Ka =4 x 108 M1) (see
Figure 1.23).112 Crystallographic data evidenced different distances between the two Zn!-
porphyrins of the nanocapsule depending on the presence or absence of guest, indicating
the ability of the capsule to adapt upon the guest size. The authors investigated further this
breathing ability using a fullerene extract (Ceo 70%, C70 28% and higher fullerenes 2%) and
a fullerene soot (Ceo 5.3%, C7o 1.54% and higher fullerenes 0.14%). A major part of
encapsulated species was Ceo and C7o but they also observed higher fullerenes in both
experiments (C7s, C7s and Cgs), confirmed by ESI-MS. DFT calculations reinforced the

possibility of Cs4 encapsulation (Figure 1.40).
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Figure 1.40. DFT calculation for Csa—168+ isomers IPR (Dz)-22 and IPR (Dzd)-23 (Zn---Zn distances in A)
reported by Ribas and co-workers.

In 2010, Fujita and co-workers synthesized a MOF featuring infinite arrays of octahedral
coordination cages, capable to encapsulate Cso and C7o were encapsulated in a 35 wt%.133
This nanocapsules were also tested with fullerene soot and they detect also the

encapsulation of higher fullerenes, C, (n = 76, 78, 82 and 84).

In 2016, Chiu and co-workers studied the encapsulation and release of higher-order
fullerenes in a CTV-based host (Figure 1.41).174 In particular, C7¢/C7s and Cgs were isolated
with remarkable purities (up to 95% and 88%, respectively) from a mixture of higher

fullerenes.
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Figure 1.41. (a) CTV-based host reported by Chiu and co-workers. (b) Procedure that allows the selective
isolation of C76, C7s, and Cs4 from a mixture of fullerenes.
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I1.3.2. Non-encapsulation strategies for higher fullerene purification

Recently, Stevenson and co-workers reported a chemical separation method to isolate
fullertubes (structure that merges subunits of nanotube and fullerene caps).182 Fullertubes
had been predicted theoretically and herein they reported their experimental evidence and
isolation. The high reactivity of amines with spheroidal fullerene cages and not with
fullertubes enabled their removal and allowed a facile isolation of Cgs-D34(3), Coo-Dsn(1) and
C100-Dsa(1) fullertubes. A non-chromatographic step (stage 1) consisted of a selective
reaction of carbon cages with aminopropanol to permit the isolation of a highly enriched
sample of fullertubes (Figure 1.42). Subsequently, spheroidal fullerenes are reacted and
removed by attaching water-soluble groups onto their cage surfaces. With this enriched
(100-1000 times) fullertube mixture, stage 2 becomes a simple HPLC collection with a single

column. This two-stage separation approach permitted fullertubes in scalable quantities.

Stage 1: Add NH,PrOH Stage 2: Add H,0

Fullertubes (U ted: ic |
/ Extract (in organic solvent) \ ( ullertubes (Unreacted: organic layer) \
Chemical Resistant Belts of Carbon . @ C1°0

Spheroidal fullerenes (Reacted: aqueous layer)

Q@-’ o @;i'ﬁ

Amine groups

\‘ () @ ﬁ /

Figure 1.42. Strategy to chemically separate fullertubes from spheroidal fullerenes reported by Stevenson and
co-workers.

i

1.4. Metallic nanoparticles

The development and study of new metallic nanoparticles (MNPs) has promising
applications, for example, in the fields of catalysis and biomedicine. The metal nature but
also the size, shape and accessibility to their surface determine the activity of these MNPs

and their implementation in applications.

The control of size and shape of metallic nanoparticles (MNPs) is a challenging topic aiming

at comprehending the implications of these parameters in their catalytic performance. In
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general terms, the quest for sub-nanometric MNPs in a reproducible form is appealing,
owing the fact that enhanced catalytic activity is expected for MNPs with larger

surface/volume ratio, i.e. of the smaller size possible.183, 184

1.4.1. MNPs stabilized by ligands

In order to stabilize MNPs and to avoid aggregations, organic molecules are employed as
ligands attached to the surface of the nanoparticles, affording a wide range of stabilization
modes.185 [In 2003, Chaudret’s group reported the synthesis of Ru NPs,186 187 by using
Ru(COD)(COT) as precursor (Figure 1.43). They found that this precursor decomposes
under very mild reducing conditions without leaving residues on the resulting
nanoparticles. The nanoparticles are in situ stabilized by polymers (such as PVP or CA) or
ligands (phosphines designed by van Leeuwen188, amines, thiols, polydentate ligands, etc.).
MNPs have been widely used as catalysts because of their synthetic accessibility and

catalytic efficiency.
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Figure 1.43. (a) Formation of ruthenium nanoparticles (RuNPs) using Ru(COD)(COT) as precursor and
polymers, ligands or solvents as stabilizers. (b) Polymers (PVP and CA) and specific diphosphine ligands used
to stabilize RuNPs.

In 2013, Katz and co-workers reported the mechanism of the reduction of 4-nitrophenol to
4-aminophenol using gold nanoparticle catalysts.!89 Comparing different organic ligand-
bound nanoparticles, the nature of the active site was investigated. It was determined that
the rate and induction time for catalysis depended on the nature of the organic ligand (C6P
or MBC, Figure 1.44). This is consistent with the surface restructuring in the gold

nanoparticle during catalysis. The environment created by the ligands plays a crucial role
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because they alter the NPs both sterically and electronically. Flexibility of the ligand allows
controlling the accessibility to the active surface, while bulkiness prevents aggregation and

stabilizes the NP.
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Figure 1.44. Schematic representation of calixarene-bound Au NPs used by Katz and co-workers. (a) C6P-
bound NPs. (b) C6P-bound nanoparticles + 2-NT. (c) MBC-bound nanoparticles. (d) MBC-bound nanoparticles
+ 2-NT.

Very recently, in 2022, Martinez-Prieto and co-workers reported an enhancement in the
catalytic properties of graphene-supported ruthenium nanoparticles (Ru@rGO) by
modifying their metal surface with pyrene-tagged N-heterocyclic-carbene ligands (pyr-
IMes) (Figure 1.45).190

Ru@rGO/pyr-IMes,, o Ru@rGO

OH OH
f Selectivity ‘ Selectivity
4 stability  stability
Figure 1.45. Comparison of the acetophenone hydrogenation by using modified or non-modified graphene-
supported NPs, reported by Martinez-Prieto and co-workers.
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1.4.2. Hosts for stabilization of MNPs

The encapsulation of MNPs inside cavities of MOFs, COFs, POPs, organic cages, and ionic
liquids has attracted attention of scientific community during the recent years with the goal
of isolating and stabilizing them.191. 192 In this context, different synthetic strategies and

catalytic applications have been developed.193-195

1.4.2.1. MOFs or zeolites

As described in section 1.2.1.3, MOFs form porous 3D matrices that can be constituted of
many transition metals and different ligands. Therefore, owing to their predictable
crystallinity, large surface area and porosity, they are good candidates to embed
nanoparticles in their cavities. Trapping NPs (including Au, Pt, NiCl,, PdCl; and PtCl;)196-198
in the channels of MOFs has been demonstrated to be a successful strategy191.199 to enhance
the selectivity of selected transformations.184 200 Stabilization of the NPs dimensions can be
achieved by encapsulation of the MNPs inside a porous host such as MOF to prevent
aggregation. In general, two different approaches exist for the synthesis of MNPs inside
MOFs. The first and most widely used method is to use MOFs as stabilizing host material
providing a confined space that limits particle growth and impedes agglomeration. The
procedure consists of the stepwise precursor infiltration, followed by decomposition or
reduction. In this way, the dimension and shape of the NPs directly synthesized in the pores
of the framework should be controlled by the pore size, shape and channel structure of the
host material (Figure 1.46). Also, it has been reported that simple grinding of MOFs with
organometallic complexes could also lead to formation of NPs inside MOFs. In 2011, Cao and
co-workers obtained highly dispersed Pd NPs (~ 2.6 nm) encapsulated in the mesoporous
cages of the MOF MIL-101(Cr).2°t The encapsulation was achieved by a wetness
impregnation method and the resulting Pd/MIL-101(Cr) catalyst exhibited extremely high
catalytic activities in the direct C2 arylation of substituted indoles by using only 0.1 mol %

of catalytic load.

@ metal precursor @ reduction
— —

Figure 1.46. General strategy employed for loading of MNPs inside a MOF.
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A more recent example was reported by Wu and co-workers that developed a high-
aluminium zeolite (ZSM-5) to encapsulate ultrafine Ru NPs and enhance catalytic
transformations (Figure 1.47).202 Small Ru clusters with an average size of ~1 nm were
identified by scanning transmission electron microscopy (SEM). The resulting Ru@ZSM-5
showed an enhanced activity and stability for the crucial hydrodeoxygenation (HDO) of

phenol to cyclohexane.

OQS -0
i
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Figure 1.47. Schematic procedure for the encapsulation of Ru NPs within a zeolite host reported by Hu and co-
workers.

1.4.2.2. Metallosupramolecular cages and organic cages

The development of metallosupramolecular cages and organic cages represents a step
forward in the controlled-preparation and stabilization of MNPs due to the putative affinity
of the nanoparticles to the hollow cavity of the host. Examples of Pd NPs mainly, but also
Au, Ag, ferrihydrite, TiO, and Ru NPs, have been reported. For instance, Fujita and co-
workers developed a self-assembled spherical nanocapsule, Mi;L24, which was used as a
template to prepare silica nanoparticles smaller than 5 nm in diameter.203 In 2013, the same
authors used this spherical coordination template for the preparation of TiO2 nanoparticles
with strict control of size, mass, and density.204 Those were prepared by hydrolysing the
precursor, Ti(acac)z(biphen), and the template was easily removed by reducing the Pd"
ions. Calcination gave crystalline TiO, NPs of 2 nm in diameter, which showed
photocatalytic activity. NP/support composites are widely used for catalysis because the
space confinement effect of these supports (hosts or templates) increase substrate
selectivity.205.206 Moreover, it improves the catalytic activity because of enhanced exposure

of active centres.
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Another example, in 2014, Zhang and co-workers designed a 3D, shape-persistent organic
molecular cage to act as a template for the growth of Au NPs with a small size (1.9 + 0.4

nm),207 being one of the first examples of Au NPs synthesized in a confined space.

However, most of the studies rely on the stabilization of Pd NPs since their catalytic activity
is of greatinterest. In 2018, Xu and co-workers reported another example of porous organic
cage, RCC3, able to encapsulate active nanoparticles.28 The Pd NPs were synthesized in a
controlled sub-nanometric size (0.72 nm) and due to the confinement effect showed high
stability and durability (Figure 1.48). They were found to be catalytically active in the

hydrogenation of nitroarenes and reduction of organic dyes.

NO,
N N
H H
NH HN
H NH OH
N\'\/’
; 2 HN H
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NH HN
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Pd@RCC3 :0.72 nm
RCC3 OH

Figure 1.48. Pd-NPs encapsulated in a imine linked POC for hydrogenation of nitroarenes reported by Xu and
co-workers.

In 2018, Li and co-workers developed a new porous organic nanocapsule that was used as
an efficient heterogeneous catalyst for the carbonylation of aryl halides.20® The group of
Zhang followed the same strategy and used a nanocapsule to act as a template for
synthesizing Pd NPs with small size (1.8 * 0.2 nm).210 They successfully tested this active

species in the Suzuki-Miyaura coupling (Figure 1.49).

PdNP@cage: 1.8 £ 0.2 nm > 96%

Figure 1.49. Pd-NPs encapsulated in porous organic cage for Suzuki-Miyaura catalysis reported by Zhang and
co-workers.
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Later, in 2019, Jiang’s group developed Pd NPs (1.9 + 0.4 nm) stabilized by an organic
nanocapsule.2!! In this work, the authors demonstrated the ability of a water soluble
nanocapsule to sensing, controlling nanoparticle growth, and developing a catalytic active
platform. By light-induction, they could demonstrate the effectiveness in hydroxylation of

4-nitrophenylboronic acid to 4-nitrophenol along with hydride reduction.

One of the most recent examples published was reported by Beaumont and co-workers.212
They demonstrated with the synthesis of small Pd NPs (1.6 nm) with a POC known as RCC3
(Figure 1.50). Their catalytic efficiency was tested by using the carbon monoxide oxidation
reaction. Pd NPscRCC3 exhibited similar catalytic activity to other Pd catalysts, even

though the other catalysts are not manageable in solution.

»

Cco+0, CO,
PANPS@RCC3: 1.6 nm

PdNPs RCC3

Figure 1.50. Pd-NPs encapsulated in porous organic (RCC3) cage for CO oxidation reported by Beaumont and
co-workers.

In 2020, Bharadwaj reported a series of three positional isomers of organic cages (0-0C, m-
0C and p-0C) that gave Pd NPs with a 1-2 nm of diameter.213 Theoretical studies indicated
that the driving force for the specific orientational preference is ascribed to variations on
the m-m interactions which control the growth of Pd NPs. This NPs showed excellent

catalysis of Tsuji-Trost allylation at room temperature (Figure 1.51).
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Figure 1.51. Pd-NPs encapsulated in porous organic cage for Tsuji-Trost allylation reported by Bharadwaj and
co-workers.

A sole example of the stabilization of Ru NPs in cages was reported by Zhou and co-workers
in 2018. They developed an anionic porous coordination cage (PCC-2) to encapsulate Ru3+
ions through electrostatic interactions and the cavity confinement effect.214 Then, Ru NPs
(~2 nm) were formed upon mild reduction with NaBH.. Encapsulated NPs were uniform in
size with a face-centred-cubic crystal structure and Ru NPs@PCC-2 composite exhibited
high catalytic activity in methanolysis of ammonia borane, which is important in chemical

hydrogen storage (Figure 1.52).

PCC-2 —

NH,-B(OCH,),

Ru**@PCC-2 NH;-BH,

Ru NPs@PCC-2

Figure 1.52. Ru-NPs encapsulated in porous coordination cage for dehydrogenation reported by Zhou and co-
workers.
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Objectives

Supramolecular nanocapsules have become useful tools to host different guests in a
selective manner and infer them distinct reactivity due to the confinement effect. Following
the coordination-driven self-assembly strategy, this thesis will focus on the synthesis of new
and enlarged versions of the already reported biphenyl-macrocycle based tetragonal
prismatic nanocapsule by our research group. The objective is to host larger fullerene
species such as the Ceoc[ [10]CPP adduct, the azafullerene (Cs9N)2, or higher fullerenes like
Css4, which properties and reactivity have been scarcely studied upon confinement. In this
context, two different nanocapsules will be prepared aiming the self-assembly of two
porphyrin units and four Pd(II)- or Cu(II)-based macrocyclic clips. These nanocapsules will
be characterized by NMR, ESI-MS and XRD, and subsequently explored as supramolecular

masks for regioselective functionalization of Ceo, and as hosts for higher fullerenes.

Development of a new structure: the Matryoshka-like three-shell system (Chapter V.1
and Annex 1)

Several strategies to obtain pure isomers from mixtures of fullerene adducts have been
reported. However, few of them rely on selective supramolecular encapsulation.

A newly designed tetragonal prismatic nanocapsule, 6-(BArF)s, featuring a 1,2-
diphenylethyne-macrocycle-based clip, will be used to attempt the encapsulation of the
Ceoc[10]CPP adduct. The exposure of the tightly associated three-shell adduct,
Ceoc[10]CPPC6-(BArF)s, to Bingel cyclopropanation reaction conditions, might restrict the
exposed surface of the fullerene, aiming at avoiding the over-functionalization and affording

a unique isomer species.
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Purification of higher fullerenes and design of an enlarged nanocapsule (Chapter III
and Chapter V.2)

Higher fullerenes are produced in very tiny quantities using the known arc-discharge
methodology. Besides Ceo and Cro, the third more abundant fullerene in a fullerene soot is
Cgg4, albeit below 0.7%. For this reason, finding a strategy to purify higher fullerenes is highly

desirable. The second objective of this thesis is to use of the nanocapsule already reported
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in the previous chapter to study the ability to host higher fullerenes. On the other hand, a
larger terphenyl-macrocycle based nanocapsule will be designed to study the host-guest

chemistry with large fullerenes of variable sizes and shapes, including azafullerene (Cs9N)-.
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Synthesis of Ru nanoparticles applying a nanocapsule as a template (Chapter IV and
Chapter V.3)

Some reports have been postulated the formation of NPs within cages, even though their
size is too big to be hosted inside the cavity of the cage. The third objective of the thesis will
be the use of the largest tetragonal prismatic nanocapsules reported in the previous chapter
to target the formation of small Ru NPs via mild decomposition of the precursor
Ru(cyclooctadiene)(cyclooctatriene). The Ru NPs will be characterized by TEM and ESI-MS.

The catalytic performance of the Ru NPs obtained will be tested in the alkene

hydrogenations.
< - \Ru/
—_— .
E —
8-(BArF),
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Chapter IIl.
Straightforward supramolecular purification of

Csas from a fullerene extract

This chapter corresponds to the following publication:
E. Ubasart, C. Garcia-Simdn, M. Pujals, K. Asad, N. Chronakis, T. Parella, X. Ribas*

Org. Chem. Front. 2021, 8,15,4101-4105. DOI: 10.1039/D1Q000597A

For this publication E.U. performed all the experimental data: synthesis of the clips,
metalation of TCPP, synthesis of the nanocapsules and characterization of products. E.U.
performed all the encapsulation and purification of fullerene soot, and all the UV-Vis
titration experiments. Besides, E.U. contributed in writing the manuscript and was

involved in argumentations and discussions.
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Selective purification of fullerene mixtures via supramolecular encapsulation is an appealing strategy to
circumvent the tedious HPLC chromatographic purification protocols. In this work, we utilize tetragonal
prismatic nanocapsules of different cavity sizes and shapes to selectively encapsulate Cg4 from a mixture
containing fullerenes ranging from Cgo to Cog (fullerene extract), allowing the enrichment of the Cgy
content from 0.7% to 86%. Moreover, terphenyl-based extra-large nanocapsules were prepared for the
first time that can strongly bind the dumbbell-shaped azafullerene dimer (CsgN), as a guest. Competition
experiments between (CsoN), and Cgy allowed the deduction of K, > 1.0 x 10’ M~ for Cgy4 in nanocapsule
6-(BArF)g. The preference of nanocapsule 7-(BArF)g to bind Cgs4-D»(22) among all IPR-isomers is also
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Introduction

Higher fullerenes are stable compounds that are produced in
very tiny quantities using the known arc-discharge method-
ology." Besides the available Cg, and Cs,, the third more abun-
dant fullerene found in soot is Cg,, although its content is
below 0.7%.> Moreover, the isolation of Cg, is very challenging
mainly due to the tedious HPLC purification required.>* In
addition, it has 24 possible IPR-isomers, the Cg,-D,(22) and
Cgy-D,4(23) isomers being the most abundant (as empty fuller-
enes in a 2:1 ratio), which further handicaps the availability
of pure samples.”® Recently, even higher fullerenes such as
Coo-Dsn(1) and Cypp-Dsq(1), featuring a tubular shape and
named fullertubes, were isolated and crystallized from a soot
extract by Stevenson following combined aminopropanol selec-
tive discrimination and intensive HPLC purification.’

As a consequence, finding a straightforward methodology for
the purification of higher fullerenes is highly appealing, since it
would bring the opportunity to extensively investigate the
mostly unknown electronic properties and reactivity of higher
fullerenes.'® In this sense, supramolecular nanocages capable
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of encapsulating large guests such as fullerenes have been
explored, mainly focusing on the most readily available fuller-
enes Cgo and Cso.'""> Modest attempts to encapsulate higher
fullerenes were described by Nitschke in 2011 and Ribas in
2014."*'* In the former, a self-assembled cubic cage bearing six
Ni-porphyrin units trapped a mixture of higher fullerenes (C,,,
Cy6, C7s, Cgp and Cg,) from a fullerene extract in a non-selective
manner.”® On the other hand, our group designed and syn-
thesized a tetragonal prismatic nanocapsule capable of encap-
sulating fullerenes ranging from Cgo to Cgs by squeezing the
guests through the gates of the capsule (Fig. 1a)."*"°

Supramolecular purification requires the facile release of
guests and this has been achieved in a few selected cases, i.e.
for Cgo,'* C,g- and Cgy-based uranium endohedral metalloful-
lerenes (EMFs) (Fig. 1b),"®'” and Cg, utilizing cyclotriveratry-
lene-based capsules.'®

Despite the difficulty in disposing of milligram-scale amounts
of Cg,4, an additional drawback is its occurrence as an IPR iso-
meric mixture (mainly D, and D,q4). The different reactivity of
the double bonds depending on each isomer has been used as
a successful strategy to crystallize the (n>-Cg,)Ir(CO)CI(PPh;),
complex corresponding to the D,q isomer.'® Also, the kinetic
resolution of the chiral D, isomer was reported via asymmetric
osmylation triggering a Stone-Wales transformation.?’ Later in
1998, Shinohara reported the tedious multiple-step HPLC puri-
fication of D,(22) and D,4(23).” On the other hand, Echegoyen
used a Bingel-retro-Bingel strategy to isolate the two enantio-
mers of Cgy-D, and also Cgy4-Doq as a pure isomer.”*

In this work, we envisioned that modular tetragonal pris-
matic nanocapsules with larger cavities could be designed to
selectively host Cg, and higher fullerenes. Based on (a) the

Org. Chem. Front., 2021, 8, 4101-4105 | 4101
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Fig. 1 Supramolecular encapsulation of fullerenes and EMFs for (a) the
purification of Cgo™* and (b) the purification of U-based Cgo-EMFs.® (c)
Three-shell matryoshka-like assembly featuring encapsulated CgoC[10]
CPP.22 (d) Selective encapsulation of Cgs in nanocapsule 7-(BArF)g (this
work).

poor affinity of Cg, previously observed for the biphenyl-macro-
cycle-based nanocapsule and (b) the affinity of the large guest
CeoC[10]CPP for a 1,2-diphenylethyne-macrocycle-based nano-
capsule (Fig. 1c),”> we reasoned that the latter could serve as
an ideal host for Cg,. Moreover, a larger terphenyl-macrocycle-
based nanocapsule is reported for the first time and the host-
guest chemistry with fullerenes of variable sizes and shapes is
explored.

Results and discussion

Pd-Based nanocapsule 6-(BArF)s and Cu-based nanocapsule
7-(BArF); were prepared following the literature procedures

4102 | Org. Chem. Front,, 2021, 8, 4101-4105
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(Fig. 1c).”> These nanocapsules, featuring a cavity height of
16.8 A, were dissolved in toluene : CH;CN (9: 1) and exposed to
100 eq. of fullerene extract (70% Cgo, 28% C;o and 2% higher
fullerenes — from C,¢ to Cog, of which Cg, was the most abun-
dant and accounts for 0.7%) at room temperature (Fig. 2a). It
was rapidly observed by HRMS monitoring that the nanocap-
sules remained empty after short periods of time and there-
fore, longer periods of time were tested. Despite the low
content of higher fullerenes in the extract, after 7 days, selec-
tive encapsulation of Cg, occurred and Cg,C7-(BArF)g was
detected as the major thermodynamic product by HRMS
(Fig. 2b and 3), indicating very good size and shape comple-
mentarity between the capsule and Cg,.

Fig. 2 (a) Schematic representation of the selective encapsulation of
Cg4 in nanocapsule 7-(BArF)g from a fullerene extract. (b) HRMS (ESI*)
monitoring for 7-(BArF)g upon the addition of 100 eq. of fullerene
extract and stirring at room temperature for 7 days in toluene. (c)
HPLC-DAD chromatogram recorded after the disassembly of the nano-
capsule. (d) UV-vis spectra of the peak at 24.3 min corresponding to the
Cga fullerene [inset showing the amplification of the 500-800 nm range
and matching with the reported spectrum for isomer D, (22)].

This journal is © the Partner Organisations 2021
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Indeed, upon removal of the solvent, redissolution in
CH;CN and treatment with acid (HOTf) to disassemble
the nanocapsule, the guests were released and the fullerene
Cgs was predominantly detected by HPLC (Buckyprep M
column, toluene eluent, Fig. 2c) and characterized by UV-vis
spectroscopy (Fig. 2d) and by MALDI mass spectrometry (m/z =
1008.24, Fig. S16T). However, with a careful examination of the
HRMS spectra (Fig. 3a), weak m/z ions corresponding to the
C,0C7-(BArF)g complex were also observed, indicating that the
nanocapsule encapsulated small quantities of the abundant
Co (28%). Moreover, other weak m/z ions were present, attribu-
ted to other encapsulated higher fullerenes (C¢, Css, Cgz, Cge,
Css, Cooy Coz, Cos and Cog), despite their very low content.

To this end, we reasoned that encapsulation might be even
more selective by performing a solid/liquid experiment with
the nanocapsule suspended as a solid in a toluene solution of
the fullerene extract. This strategy was previously successfully
applied in the purification of U-based EMFs owing to the
restricted flexibility of the nanocapsule.”>” Upon suspending
7-(BArF)g in a toluene solution of 100 eq. of fullerene extract,
at room temperature for 12 hours, no improvement of the
selectivity was observed (Fig. 3b). However, on extending the
time to 7 days, the C,4 and C,¢ m/z ions disappeared, all m/z
ions of higher fullerenes were diminished, and the one corres-
ponding to Cg, was enhanced (Fig. 3c). The comparison was
performed considering the relative intensity of the m/z peaks
with respect to the Cg, m/z ion peak in the HRMS spectra. The
peak intensity corresponding to C,g was decreased from 6.4%
to 1.7%, that for Cg, decreased from 10.7% to 3.4%, that for

Fig. 3 Study of the binding affinity in solution/solid phase. HRMS (ESI+)
monitoring for encapsulation of the Cg4 fullerene. (a) 7:(BArF)g in
solution (toluene:CHsCN = 9:1), 100 eq. of fullerene extract, r.t.,
7 days (liquid/liquid). (b) 7-(BArF)g in the solid state (suspension in
toluene), 100 eq. of fullerene extract, r.t., 12 hours. (c) 7-(BArF)g in
the solid state (suspension in toluene), 100 eq. of fullerene extract, r.t.,
7 days.

This journal is © the Partner Organisations 2021
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Cge decreased from 14.3% to 13.3%, that for Cgg decreased
from 4.8% to 3.3%, that for Co, decreased from 10.7% to
5.0%, that for Cy, decreased from 6.2% to 3.3% and finally,
the m/z peak intensities for Co, and Cos were both decreased
from 3.5 to 3.3%. The latter revealed that Cg, was the most
thermodynamically favored guest among all fullerenes present
in the extract. The quantification of the Cg, enrichment was
performed by first disassembling the capsule upon acid treat-
ment, followed by HPLC analysis. Integration of the peaks in
the HPLC chromatogram indicated a ~125-fold enrichment of
Cg, (from 0.7% in the initial soot to 86% in the encapsulated
mixture). By selective collection of the peak corresponding to
Cgs, 2.2 mg of pure Cg, were isolated and ">*C NMR spectro-
scopic characterization was attempted to decipher whether the
nanocapsule was able to select among different Cg, isomers.
Despite recording the spectrum on a 500 MHz NMR system
(equipped with a cryoprobe) for 3 days (1.6 x 10° scans,
CS,: acetone-d®, 40 mM Cr(acac); as the relaxing agent and d1
= 2s),” weak peaks were detected probably due to the low con-
centration of Cg, (Fig. S17 and S187). However, careful inspec-
tion of the UV-vis spectrum of Cg, liberated from the nanocap-
sule (HPLC-DAD) pointed towards the accumulation of Cg,-
D,(22) (Fig. 2d) which is one of the main isomers of Cg,
present in the fullerene extract. The latter might indicate a
slight preference of nanocapsule 7:(BArF)g to bind Cgs-D,(22)
among all IPR-isomers contained in the starting fullerene
extract (see Fig. 2d and S157).

In an effort to improve the selective binding of higher full-
erenes, we designed a nanocapsule with a larger cavity, by
introducing a terphenyl-macrocycle-based clip with a calcu-
lated cavity height of 18.4 A (Fig. 4a). The Pd-based 8-(BArF)s
and Cu-based 9-(BArF)s nanocapsules were synthesized follow-
ing an analogous procedure. The encapsulation of fullerenes

Fig. 4 (a) Synthesis of terphenyl-based tetragonal prismatic nanocap-
sules 8:(BArF)g (Pd-based) and 9:(BArF)g (Cu-based). (b) Comparative
association constants (K,) of (CsgN), with different sized nanocapsules
and estimation of the K, value for Cg4C6-(BArF)g (see Fig. 5).
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Fig. 5 (a) Competitive host—guest binding studies of the azafullerene
dimer (CsgN), and the fullerene extract with nanocapsule 6:(BArF)g. (b)
HRMS spectra of (Cs9N),C6-(BArF)g and HRMS spectra upon exposure to
the fullerene extract showing complete replacement of (CsgN), to form
Cg4C6:(BArF)g.

present in the extract was not successful and HRMS spectro-
metric investigation of the reaction mixture revealed the major
m/z ions corresponding to empty nanocapsules. This clearly
indicated that the cavities of 8 and 9 were too large to stabilize
any of the higher fullerenes present in the extract.

With this in mind, we reasoned that the dumbbell-shaped
azafullerene dimer (CsoN), might show an enhanced affinity
for nanocapsules 8 and 9 due to its large size. The association
constant of the (C5oN), guest in the 8:(BArF)s host was calcu-
lated by UV-vis titration, with K, = 4.3 (¥1.0) x 10" M. This
value is comparable to the association constant measured for
the encapsulation of Cg, in the Pd-based biphenyl nanocap-
sule, reported in 2014.** A similar value was calculated for the
Cu-analogue 9-(BArF)s (K, = 1.3 (0.6) x 10" M™"). As expected,
the association constant decreased upon shrinking the cavity
size, leading to K, = 1.0 (+1.1) x 10" M™" for 6:(BArF);, 1.6
(+0.1) x 10° M~ for 7:(BArF)g and 9.4 (+0.5) x 10° M™" for the
smaller biphenyl-based nanocapsule 4-(BArF)g,"® featuring a
cavity height of 14.1 A (see Fig. 4b).

Since the insolubility of pure Cg, precluded the calculation
of the association constant with 6-(BArF), we circumvented
this problem by performing a competition experiment expos-
ing (CsoN),C6:(BArF)gs to the fullerene extract in toluene
solvent. After 4 days, a full exchange of the encapsulated aza-
fullerene dimer by fullerene Cg, was observed by HRMS
(Fig. 5), thus indicating a K, value higher than 1.0 x 10" M™*
for Cg,C6-(BArF)g (Fig. 4b).

Conclusions

In summary, we have successfully developed an efficient, one-
step protocol for the enrichment of Cg, (up to 86%) directly
from a fullerene extract, utilizing nanocapsule 7-(BArF)s which
features a large cavity (16.8 A height). Enlargement of the
cavity height to 18.4 A was accomplished by employing a ter-
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phenyl-based molecular clip for the construction of nanocap-
sules 8:(BArF)g and 9-(BArF)g. However, in this case, the cavity
was proven to be too large to host even the higher fullerenes
(>Cgp). In contrast, the extra-large terphenyl-based nanocap-
sules were perfectly sized to host the dumbbell-shaped azaful-
lerene dimer (CsoN),."> Comparison of the association con-
stants of (CsoN), with nanocapsules 4, 6, 7, 8 and 9, differing
in their size, together with the results derived from a compe-
tition experiment between (CsoN), and the fullerene extract,
allowed us to conclude that the association constant of Cg,
with nanocapsule 6 must be greater than 1.0 x 10" M.
Moreover, nanocapsule 7-(BArF)g shows a slight preference to
bind Cg4-D,(22) among all IPR-isomers contained in the start-
ing fullerene extract. This study shows that supramolecular
design is a key tool for the selective encapsulation of fullerenes
featuring different sizes and that fine-tuning of these tetra-
gonal prismatic nanocapsules is a successful strategy to
improve the selectivity for a targeted fullerene. In future work,
further efforts will be guided towards fine-tuning the capsule
architecture in order to be able to more precisely separate the
different isomers of Cg, following our well-established purifi-
cation strategy.
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Chapter IV.

Supramolecular nanocapsule as two-fold
stabilizer of outer-cavity sub-nanometric Ru NPs

and inner-cavity ultra-small Ru clusters
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The synthesis of metallic nanoparticles (MNP) with high surface area
and controlled shape is of paramount importance to increase their
catalytic performance. The detailed growing process of NP is mostly
unknown and understanding the specific steps would pave the way for
a rational synthesis of the desired MNP. Here we take advantage of the
stabilization properties exerted by the tetragonal prismatic supra-
molecular nanocapsule 8:-(BArF)g to develop a synthetic methodology
for sub-nanometric RUNP (0.6—0.7 nm). The catalytic properties of
these sub-nanometric nanoparticles were tested on the hydrogenation
of styrene, obtaining excellent selectivity for the hydrogenation of the
alkene moiety. In addition, the encapsulation of [Rus] clusters inside
the nanocapsule is strikingly observed in most of the experimental
conditions, as ascertained by HR-MS. Moreover, a thorough DFT study
enlightens the nature of the [Rus] clusters as tb-RusH(n®-PhH),(n°-
py2)s (2) trapped by two arene moieties of the clip, or as tb-RusH,(n!-
py2)sn®-pyz)s (3) trapped between the two Zn—porphyrin units of the
nanocapsule. Both options fulfill the Wade-Mingos counting rules, i.e.
72 CVEs for the closo tb. The trapped [Rus] metallic clusters are
proposed to be the first-grown seeds of subsequent formation of the
subnanometric RUNP. Moreover, the double role of the nanocapsule in
stabilising ~0.7 nm NPs and also in hosting ultra-small Ru clusters, is
unprecedented and may pave the way towards the synthesis of ultra-
small metallic clusters for catalytic purposes.

Introduction

The control of size and shape of metallic nanoparticles (MNPs) is
mandatory to comprehend the implications of these parameters in
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New concepts

Designing new methodologies to control the size and shape of metallic
nanoparticles is highly desirable. The stabilization of sub-nanometric NP
or even metallic clusters will allow the access to ultra-small metallic
species very active in catalysis. In order to do that, it is mandatory to gain
control on the nucleation of the metallic atoms towards the formation of
metallic clusters, which sequentially aggregate in the form of NPs,
and there is an evident lack of detailed understanding of the NPs
growth process. We introduce here a new supramolecular-controlled
methodology for the direct observation of both sub-nanometric Ru NPs
and [Rus] metallic clusters. Our study combines experimental evidences
with a thorough computational study for comprehending the formation
of the small metallic clusters en-route to sub-nanometric aggregates,
thanks to the stabilization effect in the supramolecular cavity, which is
constituted by multiple arene rings and porphyrin units. The direct
observation of the metallic cluster seeds for the formation of NP sheds
light into this fundamental process, where the double role of the
nanocapsule in stabilising 0.6-0.7 nm NPs in the outer-cavity and also
host ultra-small Rus clusters inside the cavity is unprecedented.
Moreover, the modularity of the supramolecular hosts and the use of
other metal precursors renders a versatile strategy towards the synthesis
of ultra-small metallic clusters for catalytic purposes.

their catalytic performance. In general terms, the quest for sub-
nanometric MNPs in a reproducible form is appealing, owing to
the fact that enhanced catalytic activity is expected for MNPs with
larger surface/volume ratio, Ze. of the smaller size possible."?
In order to stabilize MNPs, organic molecules acting as ligands
attached to the surface of the nanoparticles can be employed
leading to a large variety of possibilities.” In addition, trapping NPs
(including Au, Pt, and NiCl,, PdCl, and PtCl,)*® in the channels of
MOFs has been demonstrated to be a successful strategy”® to
enhance the selectivity of selected reactions.>® However, the
stabilization of ultra-small MNPs is far more challenging. In this
regard, some examples of organic or supramolecular cages capable
of stabilizing MNPs have been reported, taking advantage of their
putative affinity to the hollow cavity of the host. Examples of
Pd NPs mainly, but also of Au NPs,'>'" Ag NPs,"” ferrihydrite
NPs™ and Ru NPs' have been reported. For instance, in 2014,

Nanoscale Horiz., 2022, 7, 607-615 | 607
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Fig. 1 Pd-NPs encapsulated in porous organic cages for (A) catalytic hydrogenation of nitroarenes, (B) for CO oxidation and (C) for Tsuji—Trost allylation;
(D) Ru NPs encapsulated in a porous coordination cage for dehydrogenation; (E) supramolecular nanocapsule 8-(BArF)g for stabilization of outer-cavity

sub-nanometric Ru NPs and inner-cavity ultra-small Ru clusters (this work).

Zhang and co-workers designed a 3D, shape-persistent organic
molecular cage to act as a template for the growth of Au NPs with a
small size (1.9 & 0.4 nm)," standing as one of the first examples of
Au NPs synthesized in a confined space. However, most of the
studies rely on the stabilization of Pd NPs, since their catalytic
activity is of paramount interest. In 2018, Xu and co-workers
reported a porous organic cage, RCC3, able to encapsulate active
Pd NPs (Fig. 1a)."° The sub-nanometric NPs (0.72 nm) showed high
stability and durability and demonstrated to be catalytically active
in the hydrogenation of nitroarenes and reduction of organic dyes.
On the other hand, Li and co-workers developed a porous organic
nanocapsule that was used as an efficient heterogeneous catalyst
for the carbonylation of aryl halides."” Later, in 2019, Jiang’s group
developed Pd NPs (1.9 + 0.4 nm) stabilized by an organic
nanocapsule.'® The authors demonstrated the ability of a water
soluble nanocapsule of sensing, controlling nanoparticle growth
and developing a catalytic active platform for the hydroxylation of
4-nitrophenylboronic acid to 4-nitrophenol. Also in 2019, Beau-
mont and co-workers designed a porous organic cage that could
incorporate very small Pd NPs (1.6 nm),'® being an effective system
for the CO oxidation (Fig. 1b). More recently, Bharadwaj reported
in 2020 a series of three positional isomers of organic cages (0-OC,
m-OC and p-OC) capable to stabilize Pd NPs with a 1-2 nm
of diameter (Fig. 1c).>° These NPs showed excellent catalysis of
Tsuji-Trost allylation at room temperature.

A sole example of the stabilization of Ru NPs in cages
was reported by Zhou in 2018, by taking advantage of the

608 | Nanoscale Horiz., 2022, 7, 607-615

accumulation of Ru®" ions in an anionic porous coordination
cage (PCC-2), in which Ru NPs (~2 nm) were formed upon mild
reduction with NaBH, (Fig. 1d)."* The resulting Ru NPs@PCC-2
composite exhibited high catalytic activity in methanolysis of
ammonia borane, which is relevant in chemical hydrogen
storage.

Many of the above mentioned reports have argued or
postulated that the NPs form within the cages, but this has
been questioned since the 1.3-1.9 nm relative size range is far
too big for the small cavity size (diameter < 1 nm), and an
inter-pore arrangement among different cages is a more realis-
tic scenario in many cases.”® The role of the cages is thus
unclear and doubts are cast whether they promote external
stabilization of NPs or incipient encapsulation of metallic
cluster seeds.

On the other hand, we developed supramolecular tetragonal
prismatic nanocapsules as hosts for large guests, as for example
higher fullerenes and dumbbell-shaped azafullerene (CsoN),.>"?>
In the present work, we targeted the formation of small Ru NPs
stabilized by a tetragonal prismatic nanocapsule, via mild decom-
position of the precursor Ru(cyclooctadiene)(cyclooctatriene).
Remarkably, we have succeeded in obtaining sub-nanometric Ru
NPs stabilized by nanocapsule 8-(BArF)s throughout the outer-
cavity surface. The small size is in agreement with the outcome
of styrene hydrogenation catalysis. Surprisingly, in addition to
acting as outer-surface NP-stabilizer, this nanocapsule can trap
ultra-small ruthenium clusters ([Rus], [Ru;o] and [Ru;;5]) in the

This journal is © The Royal Society of Chemistry 2022
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inner-cavity, as unequivocally indicated by HRMS studies.
Moreover, the clusters’ nature has been revealed by a thorough
DFT computational study, focusing on the evaluation of the
relative thermodynamic stability of [Rus] models. Within the
framework of Wade-Mingos rules, possible [Rus] clusters
coated with hydrides and different ligands have been evaluated,
including ligands from the solution or from possible adsorption or
growth sites of the nanocapsule. The remarkable occurrence of
the [Rus] cluster in the mass spectrum is explained both in
terms of electronic effects and of cavities’ size of the nanocap-
sule. The two-fold stabilization of sub-nanometric NPs and
clusters is reported for the first time (Fig. 1e), and might pave
the way towards the selective preparation and stabilization of
metallic clusters for catalysis.

Results and discussion

The formation of Ru NPs was studied employing different
nanocapsules displaying different cavity sizes. The supramole-
cular structures 6:(BArF)s and 8-(BArF); (see Fig. 2) were
synthesized by self-assembly of a Zn-porphyrin with a macro-
cyclic Pd-based complex that led to different cavity size from
16.8 to 18.4 A. In Fig. 2 there is a schematic representation of
the synthons of the nanocapsules. The synthesis of the nano-
particles was studied by decomposing Ru(COD)(COT) under
1 bar of H, at room temperature, which have demonstrated to be
successful conditions to synthesize Ru NPs.>* THF was chosen as
solvent since both the nanocapsules and Ru(COD)(COT) complex
are soluble. Different parameters such as the addition of an
auxiliary ligand (pyrazine), reaction time and number of equiva-
lents of the Ru precursor were studied. In addition, the Ru NP
synthesis was also performed in the presence of the different
nanocapsule fragments in order to study the influence of the
different moieties in the NPs stabilization. The different condi-
tions used are summarized in Table 1. The resulting Ru NPs were
analysed by TEM and HR-ESI-MS (see details in the ESIT).

Fig. 2 Tetragonal prismatic nanocapsules 6:(BArF)g and 8:-(BArF)g used
in this work, bearing the [Pdx(Me,pTp)l** and [Pdx(Meppp)l** clips,
respectively.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Experiment conditions studied for the Ru NPs formation. All
reactions were performed at room temperature and under 1 bar of H, in a
total volume of 3-3.5 mL of THF. Ru(COD)(COT) was employed as
precursor

N-(BArF)g Ru Pyz Time  Size Ru NP
Exp. N=6or8 equiv. equiv. (min) (nm)
E1 6 130 0 10 1.28 £ 0.17
E2 6 130 0.2 10 0.68 + 0.22
E3 8 130 0 10 1.33 £ 0.24
E4 8 130 0.2 10 0.65 + 0.15
E5 8 40 0.2 10 0.67 + 0.19
E6 8 20 0.2 10 0.74 £ 0.19
E7 8 200 0.2 2 0.74 £ 0.18
E8 8 130 0.2 2 0.72 + 0.20
E9 8 80 0.2 2 0.69 £ 0.18
E10 8 60 0.2 2 0.71 + 0.20
E11 8 40 0.2 2 0.70 + 0.21
E12 8 130 1 2 0.60 £ 0.12
E13  [Pdy(Me,ppp)] clip 32 0.2 10 0.96 + 0.24
E14 ZnTCPP 65 0.2 10 >100

The synthesis of the Ru NPs was first studied in presence of
the nanocapsules 6-(BArF)g and 8:(BArF)g in order to determine
the influence of the cavity size (see Table 1, experiments E1 and
E3, respectively). For these experiments 130 eq. of Ru precursor
respect to the nanocapsule load and, after introduction of H,, a
color change occurred almost immediately. The solution con-
taining both nanocapsules changed from a pink solution to a
dull dark solution. TEM images of the final solutions are
present in Fig. 3a and c. In both cases amorphous NPs of a
mean size of 1.3 nm were obtained (see Fig. S1, S3 and S16,
ESIt), indicating that the cavity size had no influence, and
furthermore, that the NPs were not encapsulated since the size
obtained was bigger to that of the nanocapsules.

To favour the formation of the small NPs an ancillary ligand
was added to the reaction mixture. The addition of pyrazine to
the solution was intended to help in the stabilization of the Ru
nuclei during the decomposition. A small amount, only 0.2 eq.

Fig. 3 TEM images of (a) E1, NPs synthesized with the 6-(BArF)g nano-
capsule, 130 eq. Ru(COD)(COT) and 0 eq. pyrazine; (b) E2 NPs synthesized
with 6:(BArF)g nanocapsule, 130 eq. Ru(COD)(COT) and 0.2 eq. pyrazine;
(c) E3, NPs synthesized with 8-(BArF)g nanocapsule, 130 eq. Ru(COD)(COT)
and 0 eq. pyrazine; (d) E4, NPs synthesized with 8:-(BArF)g with 130 eq.
Ru(COD)(COT) and 0.2 eq. pyrazine.

Nanoscale Horiz., 2022, 7, 607-615 | 609
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with respect to Ru, was employed to avoid the ligand saturation
at the formed NPs surface. Thus, experiments E1 and E3 were
repeated in presence of pyrazine (E2 and E4). TEM images are
present in Fig. 3b and d. The NPs formed possess a mean size of
0.65 nm in the case of E4. Thus, the presence of pyrazine has a
relevant role in the stabilization outside the nanocapsule,
decreasing the nanoparticle size by half (Table 1). At this point,
in order to determine the influence of the Ru concentration in
the medium, we lowered the equivalents of Ru(COD)(COT) to
40 and 20 (experiments E5 and E6, respectively), instead of
130 equiv. TEM images showed the formation of NPs with a
mean size of 0.67 and 0.74 nm, respectively (see Fig. S14, ESIT).

By keeping this amount of pyrazine (0.2 eq. respect to Ru),
the time of reaction was decreased from 10 to 2 min and a
larger range of Ru equivalents employed was screened: 200,
130, 80, 60 and 40 equiv., corresponding to experiments E7 to
E11. The diminution of the reaction time hadn’t an impact in
the size distribution of the NPs, which ranged between 0.65 and
0.74 nm, indicating that these sub-nanometric NPs formed at
the first stage of the reaction. For instance, Ru NP size obtained
for E4 (10 min, 130 eq. Ru) is 0.65 nm, very close to 0.72 nm for
E8 (2 min, 130 eq. Ru). Likewise, E5 (10 min, 40 eq. Ru) afforded a
mean size of 0.67 nm, also close to 0.74 for E11 (2 min, 40 eq. Ru).
Further increasing the pyrazine concentration (1 eq. respect to Ru,
E12 in Table 1) led within 2 minutes to the formation of uniform
Ru NPs of even smaller size (0.6 + 0.1 nm).

To obtain more information about the role of the nano-
capsule moieties we performed blank experiments using the
[Pdy(Me,ppp)]** clip or the ZnTCPP building blocks instead
of the whole nanocapsule (see Fig. 2). By using the Pd-clip
(experiment E13), sub-nanometric nanoparticles were obtained,
while with the Zn-porphyrin (experiment E14) only aggregates
were observed, confirming that the clip moiety has a prominent
role if the synthesis and stabilization of this sub-nanometric Ru
NPs (Fig. 4).

In order to get a more precise value of the size of the NPs
formed, HR-TEM analysis was conducted for E4 (Fig. 5), con-
firming the subnanometric size (diameter of 0.65 nm average)
for the nanoparticles, which showed a non-defined shape. The
catalytic properties of these sub-nanometric nanoparticles were
tested on the hydrogenation of styrene. Different volumes from
the solutions E8 to E12 were taken to set a catalytic loading of
0.25 mol% and the reactions were performed under 3 bar of H,
at 50 °C (see Table S1, ESIt). As shown in Fig. 6, hydrogenation
of the double bond occurs with high conversion and excellent

14+

Fig. 4 TEM images of (a) experiment E13, with [Pd,(Me,ppp)
(b) experiment E14, with Zn-TCPP.

clip, and
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Fig. 5 STEM and HR-TEM images for experiment E4.

Fig. 6 Hydrogenation of styrene catalysed by Ru NPs from experiments
E8-E12. Conditions: 1 mmol of substrate, 0.25 mol% Ru, 5 h, 50 °C and
55 mL of THF. EtBz = ethylbenzene. EtCy = ethylcyclohexane *total
volume 3 mL. See more details in the ESIL.}

selectivity for RuNPs in the range of 0.7 to 1.3 nm (experiments
E3, E8-E10 and E13, and in moderate conversion and good
selectivity in E11 (Fig. 6)). Catalytic reactions were also per-
formed using the smallest RNPs obtained, i.e. 0.6 nm for E12,
observing a conversion drop to 16.5% while keeping a 100%
selectivity for ethylbenzene. The latter is rationalized by the
hampered accessibility to the active surface of the nanoparticle
due to the large amount of pyrazine molecules covering the
nanoparticle. No hydrogenation of the aromatic ring was
observed, which is a clear indication that nanoparticles are
small enough, since larger size NPs favour surface interaction
with the aromatic ring and full hydrogenation.>*>*

At this point, we analysed the integrity of the nanocapsules
at the end of the reaction by HRMS. The peak of the empty
nanocapsule was detected at the end of the experiment in most
of the cases, which indicates the stability of the cage through-
out the reaction conditions. However, other peaks with higher
molecular weight representing a 10% of the capsule content
(comparing peak intensity) were found in samples E5, E6, ES,
E9, E10, E11 and were assigned to (RusH,) — 8:(BArF)g (Fig. 7
and Fig. S17, ESI}). Nanocapsule recovery was high in most of
the samples (40% for E5, 95% for E6, >98% for E8, 76% for E9,
82% for E10 and 40% for E11). Furthermore, peaks corres-
ponding to (Ru;oH,) = 8:(BArF)g and (RuysH,) < 8:(BArF)g were
also detected in experiment E4 (see Fig. S18, ESIt).

This intriguing result prompted us to investigate theoretically
the formation of ultrasmall Ru clusters. Computational studies
were performed to gain insight into the putative structure of the
ultra-small Ru clusters and the possibility to stabilize these nano-
clusters with hydride anions and different ligands. The present
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Fig. 7 HRMS analysis of experiment E5 (addition of 40 eq. Ru(COD)(COT)
and 0.2 eq. pyrazine in the presence of 2 mg of 8:(BArF)g). Calculated
(bottom) and found (top) m/z peaks.

observation of stable clusters made of 5, 10 and 15 Ruthenium
atoms is reminiscent of magic numbers. Clusters of 3, 4, 5, 6, 9,
10 ruthenium atoms have been found in the past,>* ' most of
them following the Wade-Mingos rules.>*> According to the
Wade-Mingos polyhedral skeletal electron pair (PSEP) theory, the
total cluster valence electron (CVE) number of TM closo, nido and
arachno deltahedral clusters is expected to be 14 m + 2,14 m + 4
and 14 m + 6, respectively. It is both with the electron-counting
rules in mind, and by using the ab initio thermodynamic meth-
odology, that DFT calculations have been achieved to shed light
on the present experimental results. They first aim at evaluating
the relative thermodynamic stability of [Rus] models coated with
hydrides and ligands available either from the solution (pyrazine)
or from possible adsorption or growth sites of a nanocapsule.
The most stable geometry of bare [Rus] clusters was found to
be a square pyramid (sp).>®*” The same result is found in the
present study, with the trigonal bipyramid (tb) that lies at
26.4 kecal mol~" above sp, in good agreement with the results
reported in the literature.*® Given its occurrence in MS experi-
ments, RusH has also been studied. All structures, magnetic
moments and relative energies are reported in Fig. S20 and S21
(ESIT). The most stable one is an sp with a terminal H.
According to the Wade-Mingos rules, [Rus] clusters in solution
are expected to have 74 CVEs for the nido sp and 72 CVEs for the
closo tb. The 24 and 22 additional CVEs to the 40 CVEs of the
[Rus] metal core can be brought by some hydrides, and mainly
by the available ligands: either thanks to a = donation from the
aromatic rings of the nanocapsule pillars or from the pyrazine
solvent molecules, or either through the o-donating ability
of pyrazine. In the latter case, Ru atoms lying at an apex can
be coordinated in a trigonal-pyramidal fashion to three
n*-donating pyrazine ligands, that bring 6 CVEs. Some possible
[Rus] models that fulfill the ideal CVE count are reported in
Fig. 8: sp-RusH4(n°PhH),(n%pyz);, 1, tb-RusH,(n°-PhH),-
(n®pyz)s, 2, tb-RusHy(n'-pyz)s(n®pyz)s, 3, and th-RusH,(m°-
PhH),(n%pyz),(n*-pyz), 4, where benzene molecules in com-
pounds 1, 3 and 4 model phenylene groups of the Pd clip. Some
energy clues can be obtained from these clusters, completed
with all those considered in this work and reported in the ESI:
(i) the 74 CVEs sp cluster 1 is slightly more stable than the 72
CVEs tb cluster 4 by less than 2 keal mol™". Given the energies
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Fig. 8 [Rus] clusters stabilized by hydrides, benzene (PhH) and pyrazine
(py2) ligands. (1) sp-RusH4(M®-PhH),(n®-pyz)s, (2) tb-RusH,(n®-PhH),(n°-
pyz)s, (3) th-RusHa(n'-pyz)sm®-pyz)s, and (4) tb-RusH,m®-PhH),(n°-
pyz)2(n*-pyz). They all fulfill the Wade-Mingos counting rules, i.e. 74 CVEs
for the nido sp and 72 CVEs for the closo tb. While 4 has the same
composition as 1, with one n*-pyrazine it is a 72 CVE cluster, thus having
the optimal electron counting number of a closo structure.

of the bare clusters, it means that the tb metal core is more
strongly stabilized by the surface species than the sp core;
(ii) the optimization of the 72 CVEs sp-RusH,(n°-PhH),(n%pyz);
directly converges toward its tb counterpart, 2. Besides, it is
shown in the (ESIf) that sp-RusH,(n°-PhH),(n°%pyz)s, noted
TS, , in Fig. S22 (ESIY), is a transition state that allows an
easy structural isomerization between 2 and a tb cluster, 2/,
where the two n°benzene ligands lie perpendicular to the
vertical axis and not to the equatorial plane as in 2; (iii) the
gas-phase substitution reaction 2 + 2 pyz — th-RusH,(n%pyz)s +
2 PhH is endothermic by 11.1 kcal mol™" per ligand as
expected, given that benzene is a stronger n ligand than
pyrazine. This value could be higher with ppp, that exhibits
an extended conjugation; (iv) each benzene could be replaced
in 2 by three o-donating pyrazine ligands, given that the
reaction 2 + 6 pyz — 3 + 2 PhH is exothermic by —26.8 cal mol "
per Ru site. Of course, there must be no steric conflict that
prevents the metal core from being stabilized by this bulky
environment; (v) the © adsorption energy of pyrazine on RusH,,
evaluated from the reaction RusH, + 5 pyz — tb-RusH,(n°pyz)s,
is found to be —37.0 kcal mol " per ligand, indicating a fairly
strong adsorption.

In order to identify the available growth/stabilizing zones of
the nanocapsule 8-(BArF)g, it has been fully optimized at the
DFT level of theory (see computational details in the ESIT).
With a 1.2 nm height x 1.7 nm wide inner cavity (I site in
Fig. 9), the resulting geometry is more compact than that
found with Molecular Dynamics (MD) simulations using force
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fields.>® These MD simulations actually suggest an important
flexibility involved by the palladium coordination geometry,
that gives the possibility that the height of the inner cavity
increases up to the ca. 18 A value reported in Fig. 2. Other sites
can also contribute to the stabilization of Ruthenium clusters
or NPs (see Fig. 9). They can lie outside a ZnTCPP building block,
with a ca. 1.2 nm width available space (Zn site). The pillars,
which can provide through the phenylene groups six © electrons
stabilizers to metal cores, are not equally separated. Small
clusters can be trapped in either ~0.6 or ~0.8 nm coordination
sites (P1 and P2 sites). Finally, pillars can also rotate around their
main axis of inertia, thus favouring the binding of larger
nanoclusters outside the cage (P3 site). With a ~1.6-2.0 A radius,
[Rus] clusters fit the P1 site, whereas ~1 nm RuNPs could fit the
larger coordination sites Zn, I and P3. We will see in the following
that small clusters coated with n'-pyrazine ligands, such as in 3,
can also be remarkably stabilized in site I.

We then focused on identifying the number of hydrides that
could lie on the RusH,(PhH),(pyz); clusters. Their energies as
well as the Ru-H vibrational properties and the py, chemical
potential (see computational details in the ESIt) have been
used to establish the stability diagram plotted in Fig. 10. Its
purpose is to assess if the optimal number of hydrides that
could lie on a [Rus] core stabilized by the P1 site is consistent
with the optimal 72 or 74 CVE numbers, with the reasonable
assumption that in experimental conditions the actual number
of valence electrons is likely to be reached first of all thanks to

Fig. 9 Possible Ru, clusters or RUNPs coordination sites in the 8-(BArF)g
nanocapsule. Given the overall plasticity of the cage, cavity sizes, shown as
yellow spheres (sites Zn, P1-P3) or ellipsoids (site 1), are only indicative.
They are based on the optimization of a host-free cage. For the sake of
clarity, aromatic rings of BArFs and of the ppp part of Pd-clips are high-
lighted in green and blue, respectively.
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Fig. 10 Stability diagram established for sp- or tb-RusH,(PhH),(pyz)s (see
text and computational details in the ESI). The temperature range is set up
to 1000 K, just to check the consistency of the model, i.e. that there is a
gradual increase in the number of surface hydrides as the pressure
increases and the temperature decreases.

the n-coordination of five aromatic rings. 2 is remarkably stable
over a wide pressure and temperature range, in agreement with
the 72 CVEs of the closo metal core. All stable structures exhibit
a tb metal core, with the exception of the most stable 74 CVE
sp-RusHg(n°-PhH),(%pyz),(n*-pyz) cluster found in the very
low temperature range. Interestingly, these remarkably stable
structures are consistent with the second order energy differ-
ences plotted in Fig. S23 (ESIt), with the exception of the
th-RusH(n°-PhH),(n%pyz);. This odd hydride-number cluster
appears stable in a narrow domain, whereas such spin-doublet
cluster is expected to be very reactive upon hydrogenation.
The adsorption energies of Rus and Rus; clusters on the
coordination sites I, Zn, P1 and P3 were also evaluated and
schematized in Fig. 9. The adsorption of RusH,(n%pyz); in the
P1 site of a Pd clip has been first evaluated (Fig. 11a). It follows
the Wade-Mingos rules, thanks to the coordination with two
phenylene groups. The resulting cluster does correspond to
cluster 2’, slightly less stable than 2, but which structure is
better coordinated with both phenylene groups. Overall, RusH,
is stabilized by the two phenylene groups and the three
pyrazine ligands by —209 kcal mol ™", i.e. —41.8 kcal mol ™"
per ligand (to be compared to —202.9 kcal mol" in 2'). The
resulting 0.7 nm wide geometry involves a very small spacing of
the ppp pillars. Compound 3 could also be formed inside the
cage (site I) and further stabilized thanks to the c-donation of
nitrogen atoms of pyrazine at the apex of the cluster toward
zinc atoms of the zinc-porphyrin building blocks (Fig. 11b). The
stabilization of the RusH, moiety in site I is —38.1 kcal mol "
per pyrazine ligand, with a moderate —18.6 kcal mol " energy
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Fig. 11 Study of the possible trapping of ligand-coated RusH, clusters
and RuszH44 NPs in the nanocapsule (see also Fig. 9). (a) adsorption of
RusH»(n®-pyz)s in the P1 site of a Pd clip (with BF, instead of BArF);
(b) coordination of compound 3 between two Zn-porphyrin building
blocks (model for site I); (c) coordination of a Rus;H44 NP between two
Zn-porphyrin building blocks (model for site 1); (d) stabilization of a
Rus7H44 NP in the P3 site of a Pd-ppp clip.

per pyrazine-Zn coordination. With a final 1.6 nm inter-
porphyrin width and given the adaptability of the whole cage,
it appears feasible. Such coordination could also occur outside
the nanocapsule, i.e. in the Zn site of Fig. 9.

It is not obvious that the 0.8 nm spacing between the
farthest ppp allows the diffusion of several precursors and
seeds within the cage. Nevertheless, the possible growth of
RuNPs inside the nanocapsule (Fig. 11c) cannot be discarded.
Moreover, hydrides are very mobile and could move in order
to favour the simultaneous stabilization of an NP by the
Zn-porphyrin parts of the nanocage, as shown in Fig. 11c. Such
encapsulation would be stabilized by —97.6 kcal mol™" per
interaction, with respect to the cage and to a free Rus;H,, with
hydrides randomly scattered on all facets of this NP. NPs could
also be stabilized outside the cage, in the Zn site, probably with
additional pyrazine on the surface. The possible growth of RuUNPs
outside the cage, but stabilized in the P3 site, has also been con-
sidered (Fig. 11d). Phenylene groups can slightly rotate around
the vertical ppp axis in order to maximize their coordination on
the RuNP surface. On the contrary to the previous case, it does
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involve a concerted shift of several hydrides to favour this
grafting. In this example, two facets of the Rus;H,4 NP are firmly
grafted to the ppp clip by a (n°phenylene)(n®us-phenylene)-
(n®,us-phenylene) motif. The resulting strong adsorption energy,
—162.3 keal mol ', i.e. ca. —54 kecal mol ™" per phenylene, might
be lower with the 8-(BArF)z nanocapsule, as the pillars could be
slightly less adaptive, and as the number of surface hydrides
could be slightly higher. Even in this case, this external grafting is
very likely to be significantly stable.

All the above DFT study shows the ability of the nanocapsule
to stabilize both small [Ru]s clusters at different trapping sites,
but most likely, as (a) RusH, stabilized at P1 site by the two
phenylene groups and the three pyrazine ligands (i.e. com-
pound 2, Fig. 8 and Fig. 11a or Fig. 11b) as compound 3 formed
inside the cage (site I) and further stabilized thanks to the
o-donation of nitrogen atoms of pyrazine at the apex of the
cluster toward zinc atoms of the zinc-porphyrin building blocks
(Fig. 11b), with similar stabilization energies for both options.
The remarkable occurrence of the [Rus] cluster in the mass
spectrum is thus explained both in terms of electronic effects
and of cavities’ size of the nanocapsule. Moreover, the outer or
inner-cavity stabilization of a ca. 1 nm RuNP model have also
been considered. Given the combined experimental observa-
tions and computational insights, we propose that the trapped
[Rus] metallic clusters are the first-grown seeds of subsequent
formation of the subnanometric RuNP, which are also stabi-
lized by outer-nanocapsule interactions.

In conclusion, sub-nanometric Ru NPs were successfully
synthesized and stabilized using the Pd-based tetragonal pris-
matic nanocapsule 8-(BArF)g along with pyrazine as stabilizing
agent. The data registered indicate that nanocapsule remains
intact and the Ru NPs are stabilized through the outer-cavity of
the nanocapsule, being the macrocyclic-based molecular clip
moieties the ones mostly responsible for the stabilization of the
ultra-small Ru NPs. Simultaneously, the same nanocapsule is
able to trap in its inner-cavity ruthenium clusters [Rus] as
ascertained by HRMS, which is fully diagnostic for the mass
identity of the encapsulated guests.>**~*" Computational data
point towards two main isoenergetic adsorption modes of the
[Rus] cluster: (a) adsorption of RusH,(n®pyz); in the P1 site of a
Pd clip (ca. th-RusH,(n°PhH),(n%pyz); (2)) or (b) coordination
of th-RusH,(M'-pyz)s(n®pyz); (3) between two Zn-porphyrin
building blocks (model for site I), both options fulfilling the
Wade-Mingos counting rules, i.e. 72 CVEs for the closo tb.

The direct observation of the metallic cluster seeds for the
formation of NP sheds light into this fundamental process.
Moreover, the double role of the nanocapsules in stabilising
~0.7 nm NPs and also host ultra-small Ru clusters, is unpre-
cedented and may pave the way towards the synthesis of ultra-
small metallic clusters for catalytic purposes.

Methods

The synthesis of the different nanocapsules was performed
following the reported procedure (see Fig. 1).>*> The synthesis
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of the Ru NPs was performed in a Fisher-Porter bottle by
decomposition of Ru(cyclooctadiene)(cyclooctatriene) in presence
of the molecular cage and small amount of pyrazine.**** For this,
in the glove box, 2 mg of nanocapsule were dissolved in 2 mL of
THEF, then the corresponding Ru equivalents (130, 80, 60, 40 or
20) were added from a 0.06 M solution of the complex, followed
(in some cases) by 0.2 equivalents of pyrazine with respect to Ru
from a 0.024 M solution. The final volume is 3.0-3.5 mL. Out of
the glove box, the solution was then charged with 1 bar of H, and
stirred at room temperature for 2 min. At this time, the pressure
was released and the Fisher-Porter opened to air quenching the
decomposition. The NPs were characterized by Transmission
Electron Microscopy (TEM) and High-Resolution Transmission
Electron Microscopy (HRTEM). The solutions were also analysed
by High Resolution Electrospray Ionization Mass Spectrometry
(HR-ESI-MS).

The catalytic tests were performed also in a Fisher-Porter
bottle and were prepared at the air. To the solution of Ru NPs
135 pL (1 mmol) of styrene and 227 uL of dodecane (1 mmol,
internal standard) were added. The volume of the Ru NPs
solution utilised was different depending on the Ru equivalents
employed in the initial solutions, and are specified in Table S1
(ESIT). In all the cases the Ru present in the solution consti-
tuted a 0.25 mol% with respect to the substrate.

All DFT calculations were performed with the VASP
software,*>** with the exchange-correlation potential approxi-
mated by the generalized gradient approach proposed by Perdew,
Burke, and Emzerhof (PBE),***> and using the projector-
augmented wave (PAW) scheme to treat core electrons.*®*” Other
computational details are given in the ESLt

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by grants from MINECO-Spain
(PID2019-104498GB-100 and EQC2018-004422-P) and General-
itat de Catalunya (2017SGR264) to X. R. E. U. thanks UdG for a
PhD grant. CNRS, INSAT and UT3-UPS are also acknowledged
for financial support. I. d. R. and R. P. thank the HPC CALcul en
MIdi-Pyrénées (CALMIP, OLYMPE machine, grant P0611) for a
very generous allocation of computer time on this project. IMM,
JMA and BC thank ERC Advanced Grant (MONACAT 2015-
694159) for financial support. X. R. also thanks ICREA-
Académia awards. We thank STR-UdG for technical support.

References

1 Y. Du, H. Sheng, D. Astruc and M. Zhu, Chem. Rev., 2020,
120, 526-622.

2 C. Gao, F. Lyu and Y. Yin, Chem. Rev., 2021, 121, 834-881.

3 A. Heuer-Jungemann, N. Feliu, I. Bakaimi, M. Hamaly,
A. Alkilany, I. Chakraborty, A. Masood, M. F. Casula,
A. Kostopoulou, E. Oh, K. Susumu, M. H. Stewart,

614 | Nanoscale Horiz., 2022, 7, 607-615

Nanoscale Horizons

I. L. Medintz, E. Stratakis, W. J. Parak and A. G. Kanaras,
Chem. Rev., 2019, 119, 4819-4880.

4 E. S. Guttergd, A. Lazzarini, T. Fjermestad, G. Kaur,
M. Manzoli, S. Bordiga, S. Svelle, K. P. Lillerud, E. Skulason,
S. Oien-@degaard, A. Nova and U. Olsbye, J. Am. Chem. Soc.,
2020, 142, 999-1009.

5 Y. Liu, Y. Shen, W. Zhang, ]J. Weng, M. Zhao, T. Zhu,
Y. R. Chi, Y. Yang, H. Zhang and F. Huo, Chem. Commun.,
2019, 55, 11770-11773.

6 M. I. Gonzalez, A. B. Turkiewicz, L. E. Darago, J. Oktawiec,
K. Bustillo, F. Grandjean, G. J. Long and J. R. Long, Nature,
2020, 577, 64-68.

7 A. Dhakshinamoorthy and H. Garcia, Chem. Soc. Rev., 2012,
41, 5262-5284.

8 X. Yang and Q. Xu, Trends Chem., 2020, 2, 214-226.

9 L. M. Olaechea, L. Montero de Espinosa, E. Oveisi, S. Balog,
P. Sutton, S. Schrettl and C. Weder, J. Am. Chem. Soc., 2020,
142, 342-348.

10 Q.-T. Fu, X. Yan, X.-Y. Zhang, Y. He, W.-D. Zhang, Y. Liu,
Y. Li and Z.-G. Gu, Dalton Trans., 2020, 49, 12145-12149.

11 B.Mondal and P. S. Mukherjee, J. Am. Chem. Soc., 2018, 140,
12592-12601.

12 G.-J. Chen, W.-L. Xin, J.-S. Wang, J.-Y. Cheng and Y.-B. Dong,
Chem. Commun., 2019, 55, 3586-3589.

13 M. Nihei, H. Ida, T. Nibe, A. M. P. Moeljadi, Q. T. Trinh,
H. Hirao, M. Ishizaki, M. Kurihara, T. Shiga and H. Oshio,
J. Am. Chem. Soc., 2018, 140, 17753-17759.

14 Y. Fang, J. Li, T. Togo, F. Jin, Z. Xiao, L. Liu, H. Drake,
X. Lian and H.-C. Zhou, Chem, 2018, 4, 555-563.

15 R. McCaffrey, H. Long, Y. Jin, A. Sanders, W. Park and
W. Zhang, J. Am. Chem. Soc., 2014, 136, 1782-1785.

16 X. Yang, J.-K. Sun, M. Kitta, H. Pang and Q. Xu, Nat. Catal.,
2018, 1, 214-220.

17 Y. Zhang, Y. Xiong, J. Ge, R. Lin, C. Chen, Q. Peng, D. Wang
and Y. Li, Chem. Commun., 2018, 54, 2796-2799.

18 N. Sun, C. Wang, H. Wang, L. Yang, P. Jin, W. Zhang and
J. Jiang, Angew. Chem., Int. Ed., 2019, 58, 18011-18016.

19 S. Jiang, H. J. Cox, E. 1. Papaioannou, C. Tang, H. Liu,
B. J. Murdoch, E. K. Gibson, 1. S. Metcalfe, J. S. O. Evans and
S. K. Beaumont, Nanoscale, 2019, 11, 14929-14936.

20 V. Sharma, D. De, R. Saha, P. K. Chattaraj and
P. K. Bharadwaj, ACS Appl. Mater. Interfaces, 2020, 12,
8539-8546.

21 E. Ubasart, O. Borodin, C. Fuertes-Espinosa, Y. Xu, C. Garcia-
Sim6n, L. GoOmez, ]J. Juanhuix, F. Gandara, I. Imaz,
D. Maspoch, M. von Delius and X. Ribas, Nat. Chem., 2021,
13, 420-427.

22 E. Ubasart, C. Garcia-Simén, M. Pujals, K. Asad,
N. Chronakis, T. Parella and X. Ribas, Org. Chem. Front.,
2021, 8, 4101-4105.

23 L. M. Martinez-Prieto and B. Chaudret, Acc. Chem. Res.,
2018, 51, 376-384.

24 L. M. Martinez-Prieto, C. Urbaneja, P. Palma, J. Campora,
K. Philippot and B. Chaudret, Chem. Commun., 2015, 51,
4647-4650.

25 M. L. Bruce, J. Organomet. Chem., 1990, 394, 365-384.

This journal is © The Royal Society of Chemistry 2022



Nanoscale Horizons

26

27

28

29

30

31

32

33

34

35

36

P. J. Bailey, M. J. Duer, B. F. G. Johnson, J. Lewis, G. Conole,
M. McPartlin, H. R. Powell and C. E. Anson, J. Organomet.
Chem., 1990, 383, 441-461.

J. W. Benson, T. Ishida, K. Lee, S. R. Wilson and J. R.
Shapley, Organometallics, 1997, 16, 4929-4932.

J. A. Cabeza, 1. del Rio, P. Garcia-Alvarez and D. Miguel,
Inorg. Chem., 2006, 45, 6020-6027.

I. del Rosal, F. Jolibois, L. Maron, K. Philippot, B. Chaudret
and R. Poteau, Dalton Trans., 2009, 2142-2156, DOI:
10.1039/B817055].

G. Meister, G. Rheinwald, H. Stoeckli-Evans and G. Siiss-
Fink, J. Chem. Soc., Dalton Trans., 1994, 3215-3223, DOI:
10.1039/DT9940003215.

R. Gautier, F. Chérioux, G. Siiss-Fink and ].-Y. Saillard,
Inorg. Chem., 2003, 42, 8278-8282.

D. M. P. Mingos, J. Chem. Soc., Chem. Commun., 1985,
1352-1354, DOI: 10.1039/C39850001352.

M. A. Fox and K. Wade, Pure Appl Chem., 2003, 75,
1315-1323.

J.-Y. Saillard and J.-F. Halet, in The Chemical Bond I: 100
Years Old and Getting Stronger, ed. D. M. P. Mingos, Springer
International Publishing, Cham, 2016, pp. 157-179, DOIL:
10.1007/430_2015_210.

D. M. P. Mingos and D. J. Wales, Introduction to Cluster
Chemistry, Prentice Hall, 1990.

W. Zhang, H. Zhao and L. Wang, J. Phys. Chem. B, 2004, 108,
2140-2147.

This journal is © The Royal Society of Chemistry 2022

37

38

39

40

41

42

43
44

45

46

47

Communication

F. Aguilera-Granja, L. C. Balbas and A. Vega, J. Phys. Chem.
A, 2009, 113, 13483-13491.

C. Garcia-Simoén, C. Colomban, Y. A. Cetin, A. Gimeno,
M. Pujals, E. Ubasart, C. Fuertes-Espinosa, K. Asad,
N. Chronakis, M. Costas, J. Jiménez-Barbero, F. Feixas and
X. Ribas, J. Am. Chem. Soc., 2020, 142, 16051-16063.

C. Fuertes-Espinosa, C. Garcia-Simoén, M. Pujals, M. Garcia-
Borras, L. Gomez, T. Parella, J. Juanhuix, I. Imaz, D. Maspoch,
M. Costas and X. Ribas, Chem, 2020, 6, 169-186.

C. Fuertes-Espinosa, A. Gomez-Torres, R. Morales-Martinez,
A. Rodriguez-Fortea, C. Garcia-Simoén, F. Gandara, 1. Imaz,
J. Juanhuix, D. Maspoch, J. M. Poblet, L. Echegoyen and
X. Ribas, Angew. Chem., Int. Ed., 2018, 57, 11294-11299.

C. Garcia-Simén, M. Garcia-Borras, L. Gomez, T. Parella,
S. Osuna, J. Juanhuix, I. Imaz, D. Maspoch, M. Costas and
X. Ribas, Nat. Commun., 2014, 5, 5557.

G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169-11186.

G. Kresse and J. Furthmiiller, Comput. Mater. Sci., 1996, 6, 15-50.
J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1997, 78, 1396.

P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953-17979.

G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 1758-1775.

Nanoscale Horiz., 2022, 7, 607-615 | 615


https://doi.org/10.1039/B817055J
https://doi.org/10.1039/DT9940003215
https://doi.org/10.1039/C39850001352
https://doi.org/10.1007/430_2015_210

Chapter V. Results and discussion

101






Results and discussion

Coordination-driven self-assembly is a strategy based on the use of metal-ligand
coordination bonds to allow a controlled synthesis of supramolecular entities due to the
directionality degree of the M-L bonds. It has been a useful strategy to design a wide range
of hosts, featuring different shapes and sizes, capable to interact with a variety of guests. In
this context, the QBIS-CAT group has developed several tetragonal prismatic nanocapsules
based on the self-assembly of tetra-carboxylated metalloporphyrins with different
macrocyclic clips, resulting in different cavities size (Figure V.1). The first 3D nanocapsule
developed in the group was reported in 2013, named as 3-(0Tf)s. The macrocyclic clip
featuring a phenyl unit produced a nanocapsule with a cavity size of 7.5 A.1 The nanocapsule
showed high affinity for different anionic planar m-guests molecules (K. ~ 10% M-1), whereas
aromatic neutral or cationic substrates were non-interacting. Later, in 2014, a biphenyl-
based nanocapsule named 4-(BArF)s was reported, bearing an expanded distance between
porphyrins of 14.1 A2 The nanocapsule showed the ability to recognize fullerenes of
different sizes, such as Cgo, C70, C76, C7s and Cg4 with a clear preference for C¢o and C7o. What's
more, the selective purification of C¢ by a solvent washing strategy was achieved. In 2017,
the Cu-based analogue of the biphenyl-based nanocapsule, named 5:(0Tf)s, showed high
affinity for endohedral metallofullerenes such as ScaN@Cgo from a metallofullerene soot. In
2019, the cavity size of the very first nanocapsule 3-(0Tf)s was slightly increased to 8.5 A
utilizing a naphthalene-based nanocapsule, named 3b-(BArF)s, capable to host Ceo
selectively from a fullerene soot mixture.3 Moreover, this nanocapsule could encapsulate

Ceo-derivatives such as C¢o-PCBM and N-methylpyrrolidine-Cgo.

The applications of these nanocapsules at the start of this thesis included a) the use of the
host as a second coordination sphere to perform enantioselective catalysis,* b) the selective
purification of fullerenes2 3.5 or endohedral fullerenes,® 7 and c) the regioselective Bingel
functionalization of Ceo up to fully equatorial tetrakis-adducts.8 In addition, DFT studies
were performed to understand the flexibility and adaptability of the nanocapsule depending
on the guest size or shape.® Figure V.1 summarizes the nanocapsules synthesized during the
last ten years in the QBIS-CAT group, including the ones developed in this thesis. Here we
have developed new tetragonal prismatic nanocapsules following the coordination-driven
self-assembly strategy. We have tuned with the host-guest properties for each
nanoreceptor, making them wuseful supramolecular structures for a) the
regiofunctionalization of Ce restricted to bis-adducts, b) hosting new species such as higher
fullerene or azafullerene, and c) mediating the synthesis of sub-nanometric metallic

nanoparticles and clusters.
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Figure V.1. Different-sized 3D tetragonal prismatic nanocapsules reported by QBIS-CAT group and new
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Results and discussion

V.1. A three-shell supramolecular complex enables the symmetry-

mismatched chemo- and regioselective bis-functionalization of Ceo

In this chapter we disclose the design and synthesis of a new self-assembled system,
designated as Matryoshka or Russian dolls, comprised by three units: a supramolecular
nanocapsule, a cycloparaphenylene ([10]CPP) and a fullerene-Ceo. This three-shell
supramolecular complex will be fully characterized by HRMS, NMR and XRD. Then, Bingel
conditions will be applied to the Matryoshka assembly affording a unique bis-
regioselectivity, which cannot be obtained without the Matryoshka acting as a
supramolecular mask. In particular, the trans-3 bis-adduct will be characterized by HPLC-
DAD and NMR. X-Ray diffraction (XRD) studies will help us to understand this characteristic
regioselectivity. Moreover, bromomalonates that differ in volume will be tested for the
Bingel reactivity and void analysis studies will rationalise the variation in yield of the trans-

3 bis-adduct (see Annex 1).

V.1.1.Synthesis and characterization of the extended nanocapsule 6-(BArF)s

and 7-(BArF)s

To design a nanocapsule large enough to accommodate the host-guest complex Cgo[10]
CPP, the previously reported self-assembled tetragonal prismatic nanocapsules 3, 4 and 5
were modified.l 2 6 The synthesis of the Pd-based and Cu-based nanocapsules, 6-(BArF)s
and 7-(BArF)s respectively, consisted of seven reaction steps (Figure V.2 and V.4). The first
reaction step consists in a decarboxylative coupling of 4-bromobenzaldehyde with propiolic
acid, which was catalysed by Pd as reported in the literature.l” With this, a larger linker for
the subsequent synthesis of the macrocyclic molecular clip is afforded, the 4,4'-(ethyne-1,2-
diyl)dibenzaldehyde (pTp). Once purified by column chromatography, a 2+2 cyclization is
achieved with diethylenetriamine (DETA), obtaining the imine-containing macrocycle
S2pTp. In the same reaction flask, excess of NaBH4 was added to reduce the imine groups,
obtaining the hydrogenated macrocycle (H.pTp) after work-up (extractions with CHClz in a
basic pH). The last step to obtain the Me;pTp ligand was the methylation of the amines with
formic acid, formaldehyde and water. The product was recrystallized in hot acetone and
precipitated at-20 °C. Once the ligand was obtained, it can be metalated with either Cu(OTf);
or Pd(OAc),; for the latter, a counteranion exchange with Na(OTf), after the metalation

reaction is required. Both molecular clips were recrystallized with slow diffusion of diethyl
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ether obtaining the molecular clips [Cuz(MezpTp)]-(0Tf)sand [Pd2(Me2pTp)(0Ac):]-(0Tf):
which were analysed by HRMS (see Figure S39 and S41 in Annex 1). For the copper-based

clip, suitable crystals for single X-ray diffraction were obtained in acetonitrile /diethyl ether

mixtures (Figure V.3).
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Results and discussion

The palladium-based nanocapsule, 6-(0Tf)s, was obtained after self-assembly of molecular
clip [Pd2(MezpTp)(0Ac):]-(0Tf): and Zn(1I)-based 5,10,15,20-(tetra-4-
carboxyphenyl)porphyrin in a 2:1 ratio, in refluxing DMF and NEt;z as base (Figure V.4). The
last step consisted in the counteranion exchange with sodium (3,5-
bis(trifluoromethyl)phenyl)borate (NaBArF) and recrystallization with slow diffusion of
diethyl ether (75% yield). On the other hand, the synthesis of the copper-based
nanocapsule, 7-(BArF)s, followed the same steps but in this case using the
[Cuz(MezpTp)]-(OTf)4 clip, and the reaction was carried out at room temperature (77%
yield). The diamagnetic Pd(II)-based nanocapsule 6-(0Tf)s, was characterized by NMR
spectroscopy (see Figure S44 in Annex 1) and high-resolution mass spectrometry (HRMS)
(Figure V.5), whereas the paramagnetic Cu(ll)-based nanocapsule 7:(BArF)s was

characterized by HRMS (Figure V.6) and XRD (Figure V.7).

Figure V.4. Synthesis of Pd- and Cu-based nanocapsules 6:(BArF)s and 7-(BArF)s.

Figure V.5. ESI-MS spectra for Pd-based nanocapsule 6+(BArF)s. Experimental (top) and calculated (bottom)
for +8 and +5 charged m/z peaks.
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Figure V.6. ESI-MS spectra for Cu-based nanocapsule 7-(BArF)s. Experimental (top) and calculated (bottom)
for +7 and +5 charged m/z peaks.

G 6.5 A

16.8 A

Figure V.7. XRD of Cu-based nanocapsule 7-(BArF)s.

V.1.2. Host-Guest experiments

The association of [10]CPP molecule with Cso was performed following reported
procedures, showing a high affinity.18 19 Then, the reported nanocapsule 4-(BArF)s (Zn-
porph---Zn-porph distance, 14.1 A) was tested as host for Cec[10]CPP, but this
nanocapsule has high affinity for Ceo, therefore, the [10]CPP was expelled, obtaining the
host-guest system Cgoc—4:(BArF)sas confirmed by HRMS (Figure V.8).
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Figure V.8. Schematic representation for the encapsulation of Ceéo and ESI-MS spectra for Ceo—4-(BArF)s.

After that, we focused our attention on the host-guest properties of 6-(BArF)s, featuring a
larger cavity (Zn-porph---Zn-porph distance, 16.8 A). First, bare Ceo was tested as guest and
HRMS experiments revealed a very weak affinity, which was confirmed by UV-Vis titration
(Ka=5.4+0.9 x 103 M-1) in toluene/acetonitrile 9:1 solvent. This value confirmed the weak
interaction of C¢p with 6-(BArF)s observed by tH-NMR and HRMS (Figure V.9). It could be
demonstrated that Ceo binds approximately four orders of magnitude less strongly to the
extended nanocapsule 6-(BArF)s (Ka=5.4 + 0.9 x 103 M-1) than to the nanocapsule 4-(BArF)s

(Kaof 2.8 £ 0.6 x 107 M-1), which was reported previously in the same solvent mixture.2

Then, other binary equilibria studies were performed. The association constant of the
nanohoop [10]CPP to nanocapsule 6-(BArF)s was determined as K, of 1.1 + 0.1 x 105 M-1 by
fluorescence titration (see Figure S90 in Annex 1). It was also determined the affinity
constant between Ceo and [10]CPP, (K, = 5.7 + 0.4 x 106 M-1) (see Figure S89 in Annex 1).
Strikingly, experimental observations clearly indicated a neat formation of a three-shell

complex in a quantitative manner upon the addition of 1 equiv. of [10]CPP to the previously
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prepared mixture of Cso and 6-(BArF)s, as shown by H-NMR (see Figure S55 in Annex 1)
and HRMS analyses (Figure V.9 and Figure S54 in Annex 1).

Figure V.9. (top) Schematic representation of the encapsulation of Ceo in the nanocapsule 6-(BArF)s and

subsequent addition of [10]CPP (in MeCN/CH2Clz 1:1 solvent mixture). (bottom left) HRMS (positive-ion

electrospray ionization) and (bottom right) tH-NMR (in CD3CN after solvent switch) for (i) 6-(BArF)s, (ii)
6-(BArF)s with the addition of Ceo and (iii) Ceoc[10]CPP—6-(BArF)s.

To delve into the study of the matryoshka-like complex we performed spectroscopic
titration in toluene/acetonitrile 9:1, using the Thordarson and Stoddart approximation for
three-component systems.20. 21 Taking into account the previously determined strong
affinity constant for the binary system Ceoc[10]CPP, the latter was treated as a single guest
for nanocapsule 6-(BArF)s, giving a binding isotherm that could be fitted with a 1:1 model
and affording a K, of 9.3 + 0.4 x 106 M-1 (Figure V.10 and Tables S10 and S11 in Annex 1).
With all these results in hand we concluded that the different bindings in the three-shell
complex are relatively independent from one another and that any cooperativity, if present,

would be moderate and positive.
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Figure V.10. Representative titration data for Ceoc[10]CPP—6-(BArF)s host-guest system. Solvent:
PhMe/MeCN. (A) Changes in emission spectra of [10]CPP (2.0 x 10-7 M, Aexc = 340 nm) upon addition of Ceo (O -
1.9 x 10-6¢ M) in the presence of nanocapsule 6+(BArF)s (6.1 x 106 M, 30 equiv. with respect to [10]CPP). (B) Fit

of the titration data according to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP and
Ceoc[10]CPP on relative amount of Ceo. (D) Residual plots.

V.1.3. Crystal structure of Ceoc[10]CPPc7-(BArF)s

We succeeded in obtaining high-quality single crystals for the three-shell assembly of the
Cu(II)-based nanocapsule, 7-(BArF)g (Figure V.11 and Figure S95 in Annex 1). After many
efforts, by using X-ray diffraction in a synchrotron facility, we could obtain the crystal
structure of Ceoc[10]CPPc7-(BArF)s showing the Saturn-like Ceoc[10]CPP species inside
the nanocapsule in a slightly tilted orientation with respect to the porphyrin planes (~159).
The vertical alignment is precluded due to the large diameter of [10]CPP (14 A), whereas
the nanocapsule features a Zn-porph-+-Zn-porph distance of 16.8 A. Moreover, the guest was

found in two equal positions (50% occupation), interacting the fullerene with the pyrroles
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of the porphyrin, indicating an up and down motion. By NMR experiments we could confirm
that this is a rapid equilibrium because we observe a singlet for the [10]CPP signal at 7.25
ppm, and another singlet as well for the pyrrole protons at 8.75 ppm (Figure V.9).

Figure V.11. Crystal structure of Ceoc[10]CPPc7-(BArF)s, showing 50% occupancy of Ceoc[10]CPP in two
positions inside the cavity of 7-(BArF)s and featuring an up and down movement (side and top views).

V.1.4. Single-isomer trans-3 bis-adduct synthesis

The crystal structure of Ceoc[10]CPPc7:(BArF)s proved that the combination of [10]CPP
and the nanocapsule act as a steric mask that limits the exposed surface of the Ce fullerene,
i.e. restricts the exposure of the [6,6] double bounds of the fullerene susceptible to be
functionalized. Therefore, we then exposed the three-shell complex to Bingel
cyclopropanation conditions, consisting in an excess of bromomalonate (5 equiv.) and NaH
as base (5 equiv.) in acetonitrile (Figure V.12a). After 2.5 h stirring at room temperature,
the full formation of the C¢obis-adduct was determined by HRMS (Figure V.12b). Despite the
reaction time was increased, over-functionalization was not observed and this system
afforded bis-adducts exclusively. In order to characterize the inner fullerene species, we
added excess of Ceo to the matryoshka, allowing the exchange of the bis-adduct by bare Ceo.
The latter is in agreement with the fact that encapsulation of (bis-adduct)=[10]CPP is
significantly lower (K, = 3.6 = 0.5 x 105 M-1) than for the Ceo=[10]CPP (K, =9.3 £ 0.4 x 106
M-1), as ascertained by UV-Vis titrations. After that, the released bis-Cso adduct species was
characterized by HPLC obtaining a chromatogram with a major peak corresponding to the
obtained bis-adduct, matching the UV-Vis spectrum for a Bingel cyclopropanation at a trans-
3 substitution pattern.22 Further purification through preparative TLC afforded pure trans-
3 bis-adduct in a high yield (76% for the diethyl bromomalonate, trans-3-(1-Ceo)). As it is
depicted in Figure V.12a, once the functionalization reaction finished, a washing with CHCl3

liberated a small amount of trans-3-(1-Ceo)c[10]CPP adduct. By adding excess of Cso we
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obtained the bis-adduct in a 14% yield, as confirmed by UV-Vis (Figure V.12d) and HPLC

(Figure V.13). Altogether, trans-3 isomer was solely formed, with an excellent total yield of

90% for trans-3-(1-Ceo).

Remarkably, the exclusive trans-3 bis-adduct formation using the three-shell strategy
contrasts with the mixture of multiple-addition products with uncontrolled regioselectivity

(with no trace of bis-adducts) obtained for the non-templated functionalization of Ceo

(Figure V.13).
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Figure V.12. (a) Schematic representation of Bingel cyclopropanation reaction and work-up procedure. (b)
HRMS monitoring of the trans-3-(1-Ceo) bis-adduct formation. (c) HRMS spectra of trans-3-(1-
C60)c[10]CPPc6-(BArF)s. Experimental (top) and calculated (bottom) for +7 and +5 charged m/z peaks. (d)
UV-Vis of the trans-3-(1-Cso).
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Figure V.13. HPLC analysis of (top) the extracted trans-3-(1-Ceo) bis-adduct compared to (bottom) the
mixture of polyadducts obtained with bare Ceo (performed using 5 equiv. NaH in MeCN/1,2-dichlorobenzene
1:4 to achieve solubility of pristine Ceo, 3h, r.t.) (A=320 nm; *Ceo; *non-fullerene impurities).

Remarkably, single crystals of trans-3-(1-Ceo)c[10]CPPc7:(BArF)s were also obtained
analyzed by XRD at the synchrotron facility. Although the complexity of the structure and
the fragility of the crystals lead to a low-resolution crystal structure, we could determine a
similar arrangement of the initial matryoshka-like structure, but with a considerable change
in the tilted angle of the [10]CPP ring, which was ~262 (Figure V.14 and Figure S96 in Annex
1) compared to the previous 152 (Figure V.11). This torsion suggested that the presence of
the functionalized fullerene species induced a steric crowding within the three-shell
complex. The location of the two functional groups, which was identified from analysis of
the difference Fourier maps, imposed the steric effect that explained the selectivity to give
the trans-3 isomer. Since the latter features a 1202 angle between the two functional groups
but the nanocapsules gates feature a 902 angle, a symmetry mismatched functionalization
is achieved. Given the [10]CPP titled arrangement within the nanocapsule, basically a single
possibility to locate the malonate groups exists, which is by accessing through contiguous
windows of the nanocapsule. The strained environment of the bis-adduct was further
confirmed with tH-NMR spectrum of the trans-3-(1-Ceo)c[10]CPPc6-(BArF)s (see Figure
S79 in Annex 1). The signal for the pyrrole, which appeared as a singlet in the initial
structure, evolved into a multiplet once the fullerene is functionalized, indicating the loss of

the symmetry in the structure (Figure V.15).
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Figure V.14. View of three-component assembly as determined by single-crystal XRD refinement of trans-3-
(1-Ceé0)[10]CPPc7-(BArF)s.
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Figure V.15. Comparative 1H-NMR spectrum (CD3CN, 400 MHz, 298 K) of (a) 6-(BArF)s, (b)
Cooc[10]CPPc6-(BArF)s and (c) trans-3-(1-Ceéo)=[10]CPPc6-(BArF)s.
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At this point, we decided to test the generality of the observed ideal chemoselectivity (bis-
adduct) and the symmetry-mismatched trans-3 regioselectivity. To that end,
bromomalonates with different bulkiness, ie. di-isopropyl (2) and dibenzyl (3)
bromomalonates (Figure V.16 and Figures S68 and S69 in Annex 1) were tested under
identical reaction Bingel cyclopropanation conditions. For both 2 and 3 bromomalonates,
the trans-3 bis-adducts were obtained exclusively, even though the yield depends a lot on
the steric bulk of the malonate substituents (Figure V.17). For isopropyl bromomalonate (2)
the total yield slightly decreased to 82%, with respect to the 90% obtained for diethyl
bromomalonate (1). On the other hand, the partial yields were opposed to 1, since CHCI;
washing afforded a 58% yield of trans-3-(2-Ceo), whereas Cso-exchange with the
functionalized three-shell Matryoshka only afforded 24% yield. Finally, talking about the
dibenzyl bromomalonate (3), the total yield was 4%, indicating the high steric hindrance
and the narrow space available to reach the fullerene surface. To study in depth these
results we performed void space analysis, confirming that there is a trend in agreement with
the Rebek’s rule (Figure V.18). The volume occupancy for trans-3-(1-Ceo)<[10]CPP inside
the nanocapsule is 53% that is below 55% Rebek’s rule,23 for that reason there is a low
amount of guest expelled (14%) during the CHCl; washing. The volume occupancy for
trans-3-(2-Ce0)c[10]CPP is 56% (slightly above 55% Rebek’s rule), which leads to more
quantity of guest release (58%) by CHCI; washing. Finally, for trans-3-(3-Ceo)<[10]CPP,
the volume occupancy is 61%, far beyond 55% Rebek’s rule, confirming first the low total
yield (4%) obtained for this reaction and second, that the majority of the product expelled
was by solvent washing (Figure V.18). Substrates with higher steric bulk (for example, di-
tert-butyl bromomalonate, 4) represent the steric limitation of the three-shell system, since
no reaction was observed. In conclusion, there is a perfect selectivity in all substrate scope,
however the steric bulk represents a limitation in terms of reaction rates and yields. For
substrates with low to moderate bulk (for example diethyl and di-isopropyl) selectivity is
perfect and the reaction rate and yields are very high, while for substrates with moderate
to high steric bulk (for example, dibenzyl) selectivity remains perfect but yields decrease

abruptly.
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Figure V.16. Scope of bromomalonates (top): diethyl bromomalonate (1), di-isopropyl bromomalonate (2),
dibenzyl bromomalonate (3) and di-tert-butyl bromomalonate (4) and bis-functionalized trans-3 products
(bottom).

[trans-3-(1-Cg,) © [10]CPP c 7]8* (with diethyl malonate)

[trans-3-(2-Cg,) < [10]CPP c 718+ [trans-3-(3-Cq) < [10]CPP c 718+
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Figure V.17. Different representations of the trans-3-(1-Cé0)c[10]CPP, trans-3-(2-Cé0)c[10]CPP and trans-
3-(3-C60)c[10]CPP models inside the nanocapsule featuring the 120° bis-functionalization at contiguous
windows of the tetragonal prismatic host. The orientation of the malonate substituent groups (ethyl, isopropyl
or benzyl) was geometrically optimized with a universal-forcefield-based minimization process, as
implemented in the Forcite module of Materials Studio software (2019 version, BIOVIA).
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Figure V.18. Void analysis study of the free accessible volume of the nanocapsule and volume occupancies of
the different guests correlated with the yields of the trans-3 adducts obtained from the workflow described in
Figure V.12a.

In summary, it has been developed an unprecedented three-shell heteroleptic Matryoshka-
like assembly, Ceoc[10]CPPcX:(BArF)s (X = 6-7). Spectroscopic titrations and
crystallographic data have given us an understanding of the thermodynamic stability of the
overall assembly. Bingel cyclopropanation conditions afforded 100% regioselectivity in the
bis-functionalization of C¢ obtaining the trans-3 bis-adduct with different
bromomalonates. High yields have been obtained for those bromomalonates with low steric
bulkiness whereas bromomalonates like dibenzyl-bromomalonate have shown low yields

due to the steric hindrance.

V.2. Straightforward supramolecular purification of Cgs from a fullerene

extract

In this chapter we will focus on the ability of supramolecular nanocapsules with large cavity
sizes to host higher fullerenes and azafullerene (CsoN)2. Since the biphenyl-based
nanocapsule (4-BArF)s showed high affinity for Cso we envisioned the putative ability of the
new pTp-based nanocapsule, (7-BArF)s, to encapsulate higher fullerene species such as the
Css. Moreover, new large terphenyl-based nanocapsules, X:(BArF)s (X = 8-9), will be

developed and tested as host for bulky fullerenes as azafullerene (Cs9N)s.
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V.2.1. Selective encapsulation of Cs4 in 7-(BArF)s from fullerene extract

In order to expand the applications for our Pd-based 6-(BArF)s and Cu-based 7-(BArF)s
nanocapsules we tested them for selective encapsulation of a soot mixture of higher
fullerenes, envisioning their large cavity would be a host for higher fullerenes. These
nanocapsules comprise a distance between porphyrins of 16.8 A and previous results
showed a low affinity for fullerenes like Ceo. Thus, 7-(BArF)s was exposed to 100 equiv. of
fullerene extract (70% Ceso, 28% C70 and 2% higher fullerenes) at r.t and using
toluene:CH3CN 9:1 as a solvent. By adding 100 equiv. of fullerene extract we envisioned that
atleast 2 equiv. of higher fullerenes were exposed to the nanocapsule. After 12 hours, it was
observed by HRMS monitoring that the nanocapsule remained empty, for this reason larger
times were tested. Despite the low content of higher fullerenes, after 7 days, m/z ions
corresponding to Cgsc7-(BArF)s were detected as the major thermodynamic product by
HRMS (Figure V.19). The selectivity in the encapsulation of Css indicated an ideal size and
shape complementarity between the fullerene and the host. The inner product was released
after the addition of triflic acid to disassemble the nanocapsule, consisting of Cgs as shown

by MALDI mass spectrometry (m/z = 1008.24, Figure V.20).

4
[
|
] Fullerene Ceo
\ extract + Cq
\ rt. highers
\ S
7-(BArF), C¢,C7-(BArF),
+8
+7
+6
+5 +4

Figure V.19. Schematic representation of the selective encapsulation of Cs4 in nanocapsule 7-(BArF)s from a
fullerene extract and HRMS (ESI*) monitoring for 7-(BArF)s upon the addition of 100 equiv. of fullerene extract
and stirring at room temperature for 7 days in toluene.
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Figure V.20. MALDI-TOF spectra of purified Css released from the nanocapsule.

However, with an accurate examination of HRMS spectra other m/z ions were found,
suggesting the encapsulation of fullerenes C7o, C76, C7s, Cs2, Csgs, Cgs, Coo, Co2, Cos and Cog,
despite their low amount in the initial mixture (Figure V.21a). To enhance the selectivity for
the Cgs species we performed solid/liquid biphasic experiments (nanocapsule as a solid
suspension and fullerene extract dissolved in toluene). At 12 hours, as observed by ESI-MS,
the nanocapsule was remaining partially empty but the spectra already showed
Cssc7+(BArF)s m/z ions (Figure V.21b). After 7 days significant improvements were
observed: the C;oc7-(BArF)s and C76c7-(BArF)s m/z ions disappeared and the ones
corresponding to other encapsulated higher fullerenes decreased with respect to the
Cgsc7+(BArF)s m/z ions (Figure V.21c). The comparison was performed considering the
relative intensity of the m/z peaks with respect to the Css m/z peak in the HRMS spectra.
The peak intensity corresponding to C;s was decreased from 6.4% to 1.7%, that for Cs.
decreased from 10.7% to 3.4%, that for Cgs decreased from 14.3% to 13.3%, that for Cgs
decreased from 4.8% to 3.3%, that for Cyo decreased from 10.7% to 5.0%, that for Co;
decreased from 6.2% to 3.3%, and finally, the m/z peak intensities for Cos and Cos slightly
decreased from 3.5% to 3.3%. Thus, the Css was the most thermodynamically favored guest

among all fullerenes present in the extract.
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Figure V.21. Study of the binding affinity in solution/solid phase. HRMS (ESI+) monitoring for encapsulation of
the Csa fullerene. (a) 7-(BArF)s in solution (toluene:CHsCN, 9:1), 100 equiv. of fullerene extract, r.t., 7 days
(liquid/liquid). (b) 7-(BArF)s in the solid state (suspension in toluene), 100 equiv. of fullerene extract, r.t., 12
hours. (c) 7-(BArF)s in the solid state (suspension in toluene), 100 equiv. of fullerene extract, r.t,, 7 days.

The quantification was performed after disassembling the nanocapsule upon acid treatment
and injecting the released products to HPLC (Figure V.22a and Table S1 in Annex 2).
Integration of the peaks in the HPLC indicated a remarkable ~125-fold enrichment of Cga4
(from 0.7 % in the initial fullerene extract to 86% in the encapsulated mixture). By selective
collection of the peak corresponding to Css (see Figure S13 in Annex 2), 2.2 mg of pure Css
were isolated and 13C-NMR spectroscopy was attempted to characterize it among different
Css isomers (see Figure S17 in Annex 2). However, very weak peaks were obtained, so we
moved to careful inspection of the UV-Vis spectrum of Cgs released from the nanocapsule
(HPLC-DAD), pointing towards the accumulation of Cgs-D2(22) isomer (Figure V.22b). The

latter is in agreement with the fact that Cgs-D2(22) and Cgs-D24(23) are the two main isomers
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of Cgs4 present in the fullerene extract, thus indicating a slight preference of nanocapsule
7-(BArF)s to bind Cgs-D2(22) among all IPR-isomers contained in the starting fullerene
extract. Once characterized, the Cg4-D2(22) isomer was again encapsulated obtaining a clean
HRMS-ESI to demonstrate the selectivity towards this species and avoiding the trace signals

for other higher fullerenes (Figure V.23).

min

Figure V.22. (a) HPLC-DAD chromatogram recorded after the disassembly of the nanocapsule. (b) UV-Vis
spectra of the peak at 24.3 min corresponding to the Cs4 fullerene [inset showing the amplification of the 500-
800 nm range and matching with the reported spectrum for isomer Cg4-D2(22).
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Figure V.23. HR-MS-ESI spectrum (a) after encapsulation of fullerene extract to 7-(BArF)s and (b) after
encapsulation of the purified Css to 7-(BArF)s. The most intense m/z peaks correspond to Csac7-(BArF)s.

V.2.2. Synthesis and characterization of the extended nanocapsules 8:-(BArF)s

and 9-(BArF)s

Two new nanocapsules, 8-(BArF)s and 9-(BArF)g, with an enlarged cavity of 18.4 A were
synthesized aiming at binding larger fullerenes species (Figure V.24). We used the self-
assembly strategy with two porphyrin units and four molecular clips. The first step,
consisting in synthesizing the terphenyl-based dialdehyde (ppp), was developed following
a reported procedure.?* The synthesis is based on a Suzuki-Miyaura coupling reaction of 1
equiv. 1,4-phenylenediboronic acid with 2 equiv. of 4-bromobenzaldehyde, thus obtaining
the desired ppp dialdehyde. After the addition of DETA, the macrocycle S;ppp was obtained
which was then submitted to hydrogenation (H:ppp), methylation (MeZppp), and
metalation steps. We synthesized in a quantitative manner both Pd- and Cu-based
macrocyclic clips and they were characterized by means of NMR and HRMS. In the case of
the Cu analogue [Cuz(Mezppp)]-(OTf)s, we obtained single crystals to perform XRD analysis
(Figure V.25). Finally, the self-assembly with Zn-porphyrin and counteranion exchange
proceeded the same way as for the previous reported nanocapsules as depicted in Figure
V.26.14 The Pd-based nanocapsule, 8:(BArF)s, was characterized by 1D and 2D-NMR
experiments (see Figures S62-S69 in Annex 2) and HRMS (Figure V.27) while the
paramagnetic Cu-based nanocapsule, 9-(BArF)s, was characterized by HRMS (Figure V.28).
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Figure V.24. Reaction steps required to obtain the [Cuz(Mezppp)]-(0Tf)s and [Pd2(Mezppp)(0Ac)2]-(0Tf)2
molecular clips from the dibenzaldehyde (ppp)-
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Figure V.25. XRD for [Cuz(Mezppp)]-(0Tf)4 clip.
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Figure V.26. Synthesis of terphenyl-based tetragonal prismatic nanocapsules 8:(BArF)s (Pd-based) and
9-(BArF)s (Cu-based).

124



Results and discussion

Figure V.27. HRMS spectrum of the Pd-based nanocapsule 8-(BArF)s. Experimental (top) and theoretical
(bottom) isotopic pattern for selected peaks is shown.

Figure V.28. HRMS spectrum of the Cu-based nanocapsule 9:(BArF)s. Experimental (top) and theoretical
(bottom) isotopic pattern for selected peaks is shown.

V.2.3. Encapsulation of (Cs9N): in different sized nanocapsules, association

constant calculations and competitive experiments

Both nanocapsules were exposed to a fullerene extract (70% Ceo, 28% C70 and 2% higher
fullerenes), however none of the higher fullerenes were encapsulated and the HRMS
monitoring showed mainly m/z ions corresponding to empty nanocapsule, even at large
time scale (Figure V.29). This clearly indicated that the cavities of nanocapsules 8 and 9

were too large to stabilize any of the higher fullerenes present in the extract.
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Figure V.29. HR-MS-ESI after the addition of 100 equiv. of fullerene extract to 8:(BArF)s atr.t. for 7 days in the
solid state (suspension in toluene). Identified fullerenec8 m/z peaks correspond to 7+ charged. m/z 1016.58
corresponds to 87+ and m/z 1108.26 corresponds to 86+-2CI-.

At this point, we decided to study the affinity of the terphenyl-based nanocapsules
8-(BArF)s and 9-(BArF)s over a new guest: the dumbbell-shaped azafullerene (CsoN)2. The
binding of the (Cs9N). guest to 8:(BArF)s and 9:(BArF)s hosts were both quite strong,
showing association constants of 4.3 + 1.0 x 107 M-1 for the Pd-based nanocapsule and 1.3
+ 0.6 x 107 M-1 for the Cu-analogue, calculated by UV-Vis titration experiments (see Table
V.1 and Figures S24-S25 in Annex 2). Then, the affinity constant was calculated for the
smaller (ethyne-1,2-diyl)-based nanocapsules, showing a decrease in the binding ability
with respect the terphenyl-based ones: K, = 1.0 + 1.1 x 107 M-! for 6-(BArF)s (Figure V.30)
and K, =1.6 + 0.1 x 10¢ M-1 for 7-(BArF)s (Figure S23 in Annex 2). The same procedure with
the smallest biphenyl-based nanocapsule 4-(BArF)s featuring a cavity height of 14.1 A was
performed and reported by our group in 2020.9 That one showed the lowest of the affinity
constant series (K. = 9.4 £ 0.5 x 105 M-1). These findings showed a clear trend, indicating
that the smaller the cavity, the lower is the affinity. The latter is in agreement with the
hypothesis that the guest would fit horizontally to the host for the smallest nanocapsule,

with one fullerene interacting with the two porphyrins and the other one located at an
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entrance gate. A similar binding can be hypothesized for 6:(BArF)s and 7-(BArF)s,
presenting in this case with a tilted orientation, allowing the interaction of the one fullerenic
sphere with one Zn-porphyrin. Finally, the biggest nanocapsule 8-(BArF)s features a porph-
porph distance of 18.4 A, which suggest that a guest of ~15 A along the long axis would fit
in the cavity, and (CsoN), meets the shape-requirements to the placed in a vertical

orientation, in line with the high affinity constant found.

Table VI.1. Comparison of different binding constants. Solvent: PhMe/MeCN/0-DCB (9:1:0.09). *Ka previously
reported in ref ?

Nanocapsule Ka (M)

4* 9.2 (£ 0.5) x 10°
7 1.6 (£0.1) x 10°
6 1.0 (£ 1.1) x 107
9 1.3 (£ 0.6) x 107
8 4.3 (£1.0)x 107

a

b

(o]

Figure V.30. Representative titration data for 6/(CsoN)2 host-guest system. Solvent: PhMe/MeCN/o-DCB
(9:1:0.09). (a) Changes in absorption spectra of 6 (8.3x10-7 M, Aexc = 420 nm) upon addition of azafullerene
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(CsoN)z (0 - 3.4x10-5 M). (b) UV-Vis spectrum for the titration. (c) Fit of the titration data according to 1:1
binding model (Ko =1.0 + 1.1 x 107 M-1 for 6-(BArF)s).

The poor solubility of bare as-purchased Cgs precluded the proper calculation of the affinity
constant. This prompted us to develop a competition experiment exposing the
(CsoN)2c6-(BArF)s to the soluble extract of fullerenes containing Css. The encapsulation of
(Cs9N)2 within 6+(BArF)s was performed and checked by HRMS, showing a 1:1 ratio for
(CsoN)2-filled and empty nanocapsule. At this point, 100 equiv. of fullerene extract was
added to the toluene solution and after 4 days the (CsoN)2 guest was completely exchanged
for the Cg4 species. This unequivocally indicated that the affinity constant for Cs4—6-(BArF)s
should be a value higher than 1.0 x 107 M-1 (Figures V.31 and V.32).
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Figure V.31. Comparative association constants (Ka) of (CsoN)2 with different sized nanocapsules and
estimation of the Ka value for Csac6-(BArF)s.
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Figure V.32. Competitive host-guest binding studies of the azafullerene dimer (CsoN)2 and the fullerene
extract with nanocapsule 6-(BArF)s. HRMS spectra of (CsoN)2c6-(BArF)s (top) and HRMS spectra upon
exposure to the fullerene extract showing complete replacement of (CsoN)2 to form Css—6-(BArF)s (bottom).

In summary, it has been developed an efficient one-step protocol for the enrichment of Cgs
(from 0.7% in the initial mixture up to 86% in the final encapsulation) using a the 7-(BArF)s
supramolecular nanocapsule. New terphenyl-based nanocapsules, X-(BArF)s (X = 8-9), have
been developed increasing the cavity size to a distance of 18.4 A between porphyrin center.
The differently-sized nanocapsules (biphenyl-, diarylalkyne- and terphenyl-based
nanocapsules) have been explored as hosts for the dumbbell-shaped azafullerene (CsoN)2,
showing an increase in the association constants while enlarging the cavity size. The
association constant of Cgs was determined by a competition experiment with (CsoN)z in the

7-(BArF)s nanocapsule, obtaining a value higher than 1.0 x 107 M-L.
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V.3. Supramolecular nanocapsule as a two-fold stabilizer of outer-cavity

sub-nanometric Ru NPs and inner-cavity ultra-small Ru clusters

In this chapter a new methodology to synthesize sub-nanometric (0.5 - 1 nm) Ru NPs will
be developed by using a supramolecular nanocapsule as a stabilizer. The catalytic
properties of these nanoparticles will be tested on the hydrogenation of styrene, obtaining
excellent selectivity for the hydrogenation of the alkene moiety. Moreover, the
encapsulation of small [Rus] clusters (< 0.5 nm) will be analysed by HR-MS, and DFT studies

will afford an understanding on the nature of those Rus clusters.

V.3.1. Ru NPs synthesis (outside stabilization vs. inner encapsulation)

Due to their confined cavity, it was envisioned that supramolecular nanocapsules could be
used as a template for the growth and stabilization of metallic Ru NPs. In a collaborative
project with the group of Prof. B. Chaudret (Univ. Paul Sabatier, Toulouse), the synthesis of
Ru NPs was performed by using the two nanocapsules reported previously, 6 and 8:(BArF)s
bearing a different cavity size 16.8 A for 6-(BArF)s and 18.4 A for 8-(BArF)s to study the
influence of the nanocapsule and its cavity dimensions in the NPs growth. The experimental
conditions consisted in a NPs synthesis by using the Ru(COD)(COT) as a precursor (130
equiv.) and in situ addition of 1 equiv. of nanocapsule dissolved in THF (Figure V.33). That
mixture was exposed to 1 bar of Hy, at room temperature, which was demonstrated to be
effective for the synthesis of Ru NPs.25 However, TEM analysis indicated that the mean NPs
size was above 1 nm (~ 1.3 nm), which was not particularly relevant compared to other
reported methodologies.26-33 On the contrary, by adding such a small amount of pyrazine
(0.2 equiv.) as ancillary ligand, we could observe a remarkable change, showing an average
sub-nanometric NPs size of 0.7 nm. As depicted in Figure V.34, the cavity size of the
nanocapsule does not take a crucial role in the NPs size, being for both 6 and 8:(BArF)s
nanocapsules practically the same, 1.3 nm without pyrazine and 0.7 nm with pyrazine.

Therefore, we focused the study on the use of nanocapsule 8-(BArF)s.
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Figure V.33. Schematic representation of the hydrogenation of Ru(COD)(COT) to obtain sub-nanometric Ru
NPs stabilized by X:(BArF)s. X =6 or 8.

Figure V.34. TEM images of a) E1, NPs synthesized with the 6:(BArF)s nanocapsule, 130 equiv. Ru(COD)(COT)
and 0 equiv. pyrazine; b) E2, NPs synthesized with 6:(BArF)s nanocapsule, 130 equiv. Ru(COD)(COT) and 0.2
equiv. pyrazine; c) E3, NPs synthesized with 8:(BArF)s nanocapsule, 130 equiv. Ru(COD)(COT) and 0 equiv.
pyrazine; d) E4, NPs synthesized with 8:(BArF)s with 130 equiv. Ru(COD)(COT) and 0.2 equiv. pyrazine.

At this point, to determine the influence on the Ru concentration, we decreased the amount
of Ru(COD)(COT) added to 8:(BArF)s. Experiments bearing 20, 40, 60 and 80 equiv. of Ru
(E5, E6, E9-E11 in Table V.2) were performed and NPs with a mean size of 0.7 nm were
obtained, as determined by TEM distribution of particle analysis (Figure V.35). Then, we
wondered how much we could increase the amount of Ru precursor by adding 200 equiv.,
(E7 in Table V.2) obtaining similar results (see Figure S7 in Annex 3). With the aim to
observe a change in size, the pyrazine concentration with respect the Ru was increased,

from 0.2 to 1 equiv. (E12 in Table V.2). This leaded to the formation of uniform ultra-small

131



Chapter V

Ru NPs of 0.6 = 0.1 nm. Therefore, a trend was observed, and by increasing the amount of

pyrazine, the Ru NPs mean size decreased.

Table V.2. Experiment conditions studied for the Ru NPs formation. All reactions were performed at room
temperature and under 1 bar of Hz in a total volume of 3-3.5 ml of THF. Ru(COD)(COT) was used as precursor.

Exp. N-(BArF)s Ru equiv. Pyz equiv. Time (min) Size
N=6or8 Ru NP (nm)
E1 6 130 0 10 1.28£0.17
E2 6 130 0.2 10 0.68 +0.22
E3 8 130 0 10 1.33+£0.24
E4 8 130 0.2 10 0.65+0.15
E5 8 40 0.2 10 0.67 £0.19
E6 8 20 0.2 10 0.74 £0.19
E7 8 200 0.2 2 0.74+0.18
E8 8 130 0.2 2 0.72 £ 0.20
E9 8 80 0.2 2 0.69+0.18
E10 8 60 0.2 2 0.71+0.20
E11 8 40 0.2 2 0.70 £ 0.21
E12 8 130 1 2 0.60 £ 0.24
E13 [Pdz(Mezppp)] 32 0.2 10 0.96 + 0.24

E14 Zn-TCPP 65 0.2 10 >100

To obtain more information about the stabilization of the NPs by the nanocapsule, we
performed blank experiments by using one of the building blocks of the nanocapsule. Both
Pd-based clip (E13 in Table V.2) and Zn-TCPP (E14 in Table V.2) were exposed to NPs
synthesis conditions obtaining different results. While for the Zn-TCPP an aggregate was
formed, when Pd-clip was tested, the same 0.7 nm sub-nanometric Ru NPs were obtained,
indicating that the Pd-clip plays a crucial role in the stabilization of the sub-nanometric Ru

NPs by the nanocapsule (Figure V.36 and Figure S13 in Annex 3).
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Figure V.35. Ru NPs size distribution for E3 (a), E4 (b), E5 (c), E6 (d), E7 (e), E8 (f), E9 (g). E10 (h), E11 (i),
E12 (j) and E13 (k).

Figure V.36. TEM images of a) E13, NPs synthesized with [Pdz(Mezppp)]*+ clip, and b) E14, with Zn-TCPP.
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To further study the properties of these sub-nanometric nanoparticles, we evaluated their
catalytic performance in the hydrogenation of styrene (Table V.3). Catalytic loading of 0.25
mol% of different Ru NPs solutions, 3 bar of H; and 50 °C were used for the hydrogenation
catalysis and the exclusive hydrogenation of the alkene moiety was observed. On the
contrary, the arene moiety remained unreacted, which is in agreement with a
subnanometric size of the Ru NPs in all samples, since only NPs size above 1 nm allow the
hydrogenation of the arene ring.3* High conversion and excellent selectivity (experiments
E3, E8-E10 and E13) and moderate conversion and good selectivity (experiment E11) were
observed for Ru NPs in the range of 0.7-1.3 nm. On the other hand, catalytic experiments
performed using the smallest Ru NPs (0.6 nm for E12) showed a drastic decrease on the
conversion to 16.5% while keeping a 100% selectivity for EtBz. This can be justified because
of the hampered accessibility to the active surface of the NP due to the large amount of

pyrazine molecules covering the NP.

Table V.3. Hydrogenation of styrene catalyzed by Ru NPs from experiments E3 and E8-E12. Conditions: 1
mmol of substrate, 0.25 mol% Ru, 5h, 50 °C and 5.5 mL of THF. EtBz = ethylbenzene. EtCy = ethylcyclohexane.
n.d. = not detected. *Total volume 3 mL.

3 bar Hz

X RuNPs0.25 mol% ©/\ Ig\
> +
50 °C, 5h
THF
EtBz EtCy

Solution Conversion (%) Yield EtBz (%) Yield EtCy (%)
E3 100 100 n.d.
E8 95 94 n.d.
E9 95 94 n.d.
E10 95 94 n.d.
E11 68 56 n.d.
E12 17 17 n.d.
E13* 100 89 n.d.

Then, we decided to analyze the Ru NPs solutions by HRMS to detect if any species remained
encapsulated. In the 10 min experiments, no nanocapsule could be recovered indicating a
partial or total decomposition, which would indicate a stabilization by some building block
of the nanocapsule. Thus, we decided to reduce the reaction time from 10 to 2 min (see E7-
E12 in Table V.2). While Ru NPs were obtained with a same size (~ 0.7 nm), the
nanocapsules were recovered in a 40-90% by CH3CN washing. Recovered nanocapsules

were analyzed by HRMS showing m/z ions mainly attributed to empty nanocapsule.
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However, in all the experiments it was observed a ~10% of a m/z ion corresponding to
RusH,c8-(BArF)s (Figure V.37 and Figure S17 in Annex 3). And, when using 130 equiv. of
precursor, apart from the RusH,—8:(BArF)s, we could identify m/z ions corresponding to
Ru1oH2c8:(BArF)s and RuisH,c8:(BArF)s (see Figure S18 in Annex 3). These findings
determined that during the NPs synthesis two processes were occurring at the same time.
On one hand and majorly, the stabilization of the sub-nanometric NPs at the outer cavity;

and on the other hand, the encapsulation of very small Ru clusters, mainly [Rus] clusters.
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Figure V.37. HRMS analysis of nanocapsule recovered from experiment E5 final mixture (experimental
conditions: addition of 40 equiv. Ru(COD)(COT) and 0.2 equiv. pyrazine in the presence of 2 mg of 8:-(BArF)s).
Calculated (bottom) and found (top) m/z peaks.

V.3.2. DFT studies: stabilization factors of small [Rus] clusters

DFT studies were performed to further investigate the nature of the encapsulated ultra-
small [Rus] clusters, in collaboration with Prof. R. Poteau (Univ. Paul Sabatier, Toulouse).
First, their stability was evaluated considering the possibility to interact with some hydrides
or different ligands. According to the Wade-Mingos polyhedral skeletal electron pair (PSEP)
theory, the total cluster valence electron (CVE) number of TM closo, nido and arachno
deltahedral clusters is mandatory to be 14m+2, 14m+4 and 14m+6, respectively. For a [Rus]
cluster, the most stable geometries are a square pyramid (sp) and a trigonal bipyramid (tb),

being the latter 26.4 kcal-mol-! above sp (Figure V.38).
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Ru; models

A
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Figure V.38. Square pyramid (sp) and trigonal bipyramid (tb) [Rus] models. Their relative energy (blue) and
magnetic moment (red) are reported below.

Following the Wade-Mingos PSEP theory, [Rus] clusters should have 74 CVEs for the nido
sp and 72 CVEs for the closo tb and these additional CVEs can be taken by hydrides, by the
o-donating pyrazines or by the m-donating aromatic rings from the terphenyl-based
nanocapsule. From that point, several possible [Rus] models exist that fulfill the required
CVEs (Figure V.39): sp-RusHa(n6-PhH).(n5-pyz)s (1), tb-RusHz(n6-PhH)2(né-pyz)s (2), tb-
RusHz(n1-pyz)s(né-pyz)s (3) and tb-RusHi(n6-PhH)2(n6-pyz)2(n*-pyz) (4), where arene
moieties belong to the Pd terphenyl-based clip moiety.

1 2 3 4

Figure V.39. [Rus] clusters stabilized by hydrides, benzene (PhH) and pyrazine (pyz) ligands. (1) sp-RusH4(neé-
PhH)2(n6-pyz)3, (2) th-RusHz(n6-PhH)2(né-pyz)s, (3) th-RusHz(nl-pyz)s(ns-pyz)s and (4) tb-RusHa(né-
PhH)2(n¢-pyz)z(n*-pyz).

Based on the energy values for each bare cluster, it could be explained that tb metal core is

more strongly stabilized by the surface species than the sp core (Figure V.40a).
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Figure V.40. (a) Bare RusH isomers; (b) RusH(ne-PhH)2(ns-pyz)s isomers. Relative energies in blue.

On the other hand, nanocapsule [8]8+ was fully optimized by DFT studies revealing an inner
cavity fitting an ellipsoid with 1.2 x 1.7 nm diameter size. This represents a more
constrained geometry compared to the MD simulations using force field, which showed a
cavity size (Porph---Porph distance) up to 18 A.9 This discrepancy indicated the high
flexibility displayed by the nanocapsule, specially due to the palladium-OOCR bond rotation.
Studying the nanocapsule effect, different zones were identified as possible stabilization
sites of the [Rus] clusters, as depicted in Figure V.41. The clip pillars were considered, which
can provide electrons to the metal core through the phenylene rings. This possibility would
afford ~ 0.6-0.8 nm coordination sites (P1 and P2 sites). Finally, as the phenylene groups
are capable to rotate, the [Rus] cluster can be accommodated outside the cavity of the
nanocapsule (P3 site). Taking into account the small size of the [Rus] cluster (1.6-2.0 A
radius), preferential coordination site is located at P1 and P2, whereas for larger ~0.7 nm
Ru NPs, I and P3 sites are preferred. The interaction of clusters or NP with the Zn-TCPP

group was discarded based on the experimental results (Table V.2).

The calculated energies, Ru-H vibrational properties and the pu2 chemical potential have
been used to plot a stability diagram (Figure V.42), with the aim to find the optimal number
of hydrides that could lie on the [Rus] core stabilized by P1 site. In this diagram, thb-RusHz(n¢-
PhH)2(n¢-pyz)s (2) is found to be stable over a wide temperature and pressure range, in

agreement with the 72 CVEs of the closo metal core.
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Figure V.41. Possible Ru clusters or RuNPs coordination sites in the 8:(BArF)s nanocapsule. Given the overall
plasticity of the cage, cavity sizes, shown as yellow spheres (sites Zn, P1-P3) or ellipsoids (site I), are only
indicative. They are based on the optimization of a host-free cage. For the sake of clarity, BArF anions and the
ppp part of Pd-clips are highlighted in green and blue, respectively.

Figure V.42. Stability diagram established for sp- or tb-RusHn(PhH)2(pyz)s. The temperature range is set up to
1000K, just to check the consistency of the model, i.e. that there is a gradual increase in the number of surface
hydrides as the pressure increases and the temperature decreases.
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The last part of the DFT calculations comprised the study the coordination of RusH; cluster
and ca. 1 nm RuNPs (optimized as Rusy) at some possible stabilizing zones of the
nanocapsule 8:(BArF)s. First, the absorption of RusHz(n¢-pyz)s at P1 site was evaluated
(Figure V.43a). It follows the Wade-Mingos rules, thanks to the coordination with two
phenylene groups from the ppp clip and this new structure is named 2’, slightly less stable

than 2.

Another RusH; cluster stabilized inside the cage (site I) is the compound 3 which can be
further stabilized thanks to o-donating of nitrogen atoms from the pyrazine ligands
coordinated to the Zn-TCPP (Figure V.43b). This site I could also afford the stabilization of
ca. 1 nm RuNPs due to the 0.8 nm spacing between the ppp clips (Figure V.43c). Such
encapsulation was found to be energetically favourable, as RusyHs4 stabilized by the Zn-
TCPP with hydrides randomly scattered on all facets of the NP. The latter option was not

favoured according to experimental data (E14, Table V.2).

Finally, the possible growth of ca. 1 nm RuNPs outside the cage, but stabilized in the P3 site,
was also considered (Figure V.43d). Phenylene groups can slightly rotate around the
vertical ppp axis in order to maximize their coordination on the RuNP surface. In this
example, two facets of the RusyHss NP are firmly grafted to the ppp clip by a (ne-
phenylene)(ns, us-phenylene)(ne, ps-phenylene) motif. This process resulted in a strong
absorption energy as the pillars could be slightly less adaptive, and the number of surface
hydrides could be slightly higher. Even in this case, this external grafting is very likely to be

significantly stable.

Figure V.43. Study of the possible trapping of ligand-coated RusH: clusters and Rus7Ha4 NPs in the
nanocapsule. (a) adsorption of RusHz(ns-pyz)s in the P1 site of a Pd clip (with BF4 instead of BArF); (b)
coordination of compound 3 between two Zn-porphyrin building blocks (model for site I); (c) coordination of a
Rus7H44 NP between two Zn porphyrin building blocks (model for site I); (d) stabilization of a Rus7H44 NP in
the P3 site of a Pd-ppp clip.

139



Chapter V

All the DFT studies show the ability to stabilize [Rus] clusters at different trapping sites, but
most likely as a) RusH; (2) stabilized at P1 site by the two phenylene groups from the Pd-
based clip and three pyrazine units or b) RusH; (3) coordinated between two Zn-porph (I
site) and stabilized by o-donating pyrazines. The remarkable occurrence of [Rus] cluster
observed by HRMS is explained both in terms of electronic effects and of cavity size of the
nanocapsule. Given the combined experimental and computational insights, two steps can
be distinguished in the Ru NPs formation. First, the generation of [Rus] clusters,
subsequently followed by the smooth growth to sub-nanometric Ru NPs, which are

stabilized by outer-nanocapsule interactions, mainly thanks to the Pd ppp-based clip.

In summary, sub-nanometric Ru NPs have been successfully synthesized and stabilized
using a supramolecular nanocapsule, 8:(BArF)s, along with pyrazine as ancillary ligand. The
data obtained by TEM and HR-MS determined that these nanoparticles are stabilized
through the outer-cavity of the nanocapsule specifically by the terphenyl-based clips.
Catalytic properties of the sub-nanometric NPs showed excellent selectivity for the
hydrogenation of the alkene moiety of the styrene. Small clusters trapped within the
nanocapsule were studied by DFT which determined the stability of [Rus] and the most

probable coordination sites of the nanocapsule.
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General conclusions

Two palladium(ll)- and copper(ll)-based tetragonal prismatic supramolecular
nanocapsules bearing a diarylalkyne-based macrocyclic clip have been developed,
6-(BArF)g and 7-(BArF)s, respectively. The self-assembly of Zn-TCPP and the pTp-based clip
led to the formation of a nanocapsule featuring a cavity size of 16.8 A. Following the same
strategy, two larger palladium(II)- and copper(ll)-based supramolecular nanocapsules
bearing a terphenyl(ppp)-based macrocyclic clip have been developed, 8:(BArF)s and
9.(BArF)s, respectively, featuring an increased cavity size up to 18.4 A. All new 3D
tetragonal prismatic supramolecular nanocapsules have been fully characterized by NMR,

ESI-MS and XRD.

In Chapter V.1 and Annex 1, an unprecedented example of three-shell heteroleptic
matryoshka-like assembly was developed due to the high affinity of Coc[10]CPP complex
for 6-(BArF)s. Spectroscopic titrations and crystallographic data allowed an understanding
of the high thermodynamic stability of the matryoshka-like assembly, being the affinity
constant of the C¢oc[10]CPP for the nanocapsule K, = 9.3 * 0.4 x 106 M-1. The matryoshka
assembly was used as a supramolecular mask for Ce, since upon Bingel cyclopropanation
reaction conditions, a chemo- and regioselective bis-functionalization of C¢ was afforded
obtaining exclusively the trans-3 bis-adduct. This species has been characterized by HPLC,
UV-Vis and NMR. Crystallographic evidence for the bis-functionalized fullerene within the
nanocapsule have demonstrated the ability of this structure to restrict a symmetry-
mismatched functionalization of Ceo to form the trans-3 bis-adduct, since the latter presents
a 120° angle between their two groups being the two available regions most exposed in
contiguous windows of the nanocapsule, despite the nanocapsule features a 90° symmetry.
When exploring substrates with different bulkiness, the trans-3 regioselectivity is
exclusively maintained but the yield changed according to the Rebek’s rule. The use of
matryoshka-like assemblies might become a useful strategy to synthesize highly
challenging, regioisomerically pure fullerene bis-adducts, which in turn may lead to further
advances in organic electronics and solar cells. This regiocontrolled bis-functionalization
could also open the door to the templated oligomerization of fullerenes or to design

mechanically interlocked materials such as catenanes.

In Chapter III and Chapter V.2, the supramolecular nanocapsule 7-(BArF)s have proven to
be effective in the purification of Cg4 from fullerene extract (70% Ceo, 28% C70 and 2% higher
fullerenes). The encapsulation and release procedure resulted in a ~125-fold enrichment
of Cgs (from 0.7 % in the initial fullerene extract to 86% in the encapsulated mixture). The
affinity of other higher fullerenes has been studied with the nanocapsule 9-(BArF)s, showing

poor affinity due to its too large cavity. In contrast, the terphenyl-based nanocapsule have
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been a suitable host to bind the azafullerene (Cs9N)2, showing high affinity constants for
both Pd- and Cu-based nanocapsules. By shrinking the inner cavity (6, 7 and 4
nanocapsules), a gradual decrease in the binding affinity for (CsoN)2 is observed. In order to
find an approximate value for the Cgs affinity constant for 6:(BArF)s, competitive
experiments have been performed showing an exchange of (CsoN), for Cgs, indicating the
affinity constant for CgsC6-(BArF)s must be higher than 1.0 x 107 M-1. This study has proven
that supramolecular design is a key tool for the selective encapsulation of fullerenes
featuring different sizes and the ability of tuning these tetragonal prismatic nanocapsule is

a successful strategy to improve the selectivity for a targeted fullerene.

In Chapter IV and Chapter V.3, a new strategy to synthesize sub-nanometric Ru NPs in the
presence of supramolecular nanocapsules has been developed. The experimental protocol
comprised the use of Ru(COD)(COT) as NP precursor, pyrazine as auxiliar stabilizer and the
presence of the supramolecular nanocapsule 8:(BArF)s, under hydrogenation conditions (1
bar Hz). TEM analysis has shown reproducible ~0.7 nm NPs by using different experimental
conditions (time, Ru concentration, pyrazine concentration...). Blank experiments have
evidenced that the ppp-based clip is the main responsible for the outer NPs stabilization.
The catalytic properties of these sub-nanometric NPs have been tested on the
hydrogenation of styrene, obtaining excellent selectivity for the hydrogenation of the alkene
moiety, in agreement with the sub-nanometric sized Ru NPs. By HRMS, encapsulated
ruthenium clusters [Rus] have been detected in most of the experiments and DFT studies
have afforded a reasonable explanation of their nature. According to the Wade-Mingos rule,
there have been determined two main isoenergetic adsorption modes of the [Rus] cluster:
a) tb-RusHz(ne-PhH)2(ns-pyz)s (2) in the P1 site (with the involvement of two phenylene
rings of the clip) or b) coordination of tb-RusH2(n1-pyz)s(ne-pyz)s (3) in I site (coordination
of n1-pyz moieties to the two Zn-porph). The double role of the nanocapsule in stabilizing
sub-nanometric NPs and at the same time hosting ultra-small Ru clusters, is an
unprecedented phenomenon and may be useful to synthesize other metallic clusters for
catalytic purposes. The direct observation of the metallic cluster seeds en-route to the

formation of NP sheds light into this fundamental process.
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Annex 1. A three-shell supramolecular complex enables
the symmetry-mismatched chemo- and regioselective

bis-functionalization of Cgo
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For this publication E.U. performed all the experimental data: synthesis of the molecular
clips, metalation of TCPP, synthesis of the nanocapsules and characterization of products,
including the single crystals for XRD. E.U. performed all the fullerene functionalization
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Molecular Russian dolls (matryoshkas) have proven useful for testing the limits of preparative supramolecular chemistry but
applications of these architectures to problems in other fields are elusive. Here we report a three-shell, matryoshka-like com-
plex—in which C,, sits inside a cycloparaphenylene nanohoop, which in turn is encapsulated inside a self-assembled nano-
capsule—that can be used to address a long-standing challenge in fullerene chemistry, namely the selective formation of a
particular fullerene bis-adduct. Spectroscopic evidence indicates that the ternary complex is sufficiently stable in solution for
the two outer shells to affect the addition chemistry of the fullerene guest. When the complex is subjected to Bingel cyclo-
propanation conditions, the exclusive formation of a single trans-3 fullerene bis-adduct was observed in a reaction that typically
yields more than a dozen products. The selectivity facilitated by this matryoshka-like approach appears to be a general phe-
nomenon and could be useful for applications where regioisomerically pure C,, bis-adducts have been shown to have superior

properties compared with isomer mixtures.

long-standing problem in fullerene chemistry, with impli-

cations for applied research fields such as organic photo-
voltaics'™, perovskite solar cells® or biomedicine”®. The selective
synthesis of Cg mono- and hexakis-adducts can be considered a
solved problem, because an excess of Cg, or the reagent for func-
tionalization can be used to guarantee predominant mono- or
hexakis-functionalization and minor side products can be removed
via chromatographic separation’. However, obtaining isomerically
pure bis-, tris-, tetra- or penta-adducts of Cg, by chromatographic
separation is very challenging because the lack of efficient stoichio-
metric control leads to a mixture of oligo-adducts (bis-, tris-adducts
and so on), while each oligo-adduct may exist in the form of more
than a dozen distinct regioisomers. Generating isomerically pure
multiple adducts of Cg, would therefore not only solve a technical
problem (increased yield), but in many cases would represent the
only feasible way to obtain these compounds in pure form'.

When considering the synthesis of fullerene bis-adducts, the
addition of a second identical and symmetric addend to a fuller-
ene mono-adduct leads to eight potential different regioisomers
(in order of increasing distance between the substituents: cis-1,
cis-2, cis-3, e, trans-4, trans-3, trans-2, trans-1)'"'2, If addends are
non-symmetric, as is the case in bis-PC4BM (ref. 1), 18 bis-adduct
regioisomers are obtained in the crude reaction mixture, and their
HPLC separation is extremely challenging'’. Furthermore, recent
studies by Li and co-workers'® and Gritzel and co-workers'® have
demonstrated that isomerically pure bis-adducts of Cg, can out-
perform the commonly employed isomer mixtures in bulk het-
erojunction and perovskite solar cells, indicating that there is

| he regioselective multiple functionalization of Cg is a

a need to develop a methodology for accessing pure fullerene
regioisomers'’.

Several strategies have been reported to effectively control the
regioselective bis-adduct functionalization of Cg, the most com-
mon being the ‘tether-directed remote functionalization’ approach
pioneered by Diederich and co-workers in the mid-1990s for the
Bingel cyclopropanation reaction'**. In this approach one single
bis-adduct isomer is formed predominantly, because the length of
the tether bridge in a ditopic malonate reagent dictates the maxi-
mum distance between the two addends (Fig. 1a)*'-**. The obvious
drawback is that the tether bridge is not removable and remains in
the bis-adduct product, which compromises the applicability of the
functionalized products. Beyond the tether approach, elegant strat-
egies have been developed for the synthesis of trans-1 Diels—Alder*,
e,e,e,e-tetrakis* and pentakis”” Bingel cyclopropanated adducts.

The modulation of the regioselectivity of multiple addition
reactions by confinement of Cg, in supramolecular receptors has
recently emerged as an alternative approach”. For instance, a cubic”
coordination cage and a metal-organic framework® have been
demonstrated to selectively bind to Diels—Alder bis-adducts of Cq,
and preliminary studies on using these hosts to direct the fullerene
functionalization towards Cg,-anthracene bis-adducts have been
carried out (the regioisomer issue was not investigated). Further
recent advances include a supramolecular bowl to furnish a selec-
tive Diels-Alder monofunctionalization of Cy, despite a 10-fold
excess of the reagent anthracene®, a boronate ester cage giving rise
to a symmetry-matched Prato tris-adduct as major reaction prod-
uct” and a supramolecular tether approach that afforded the isola-
tion of a rare cis-1 Cy, bis-adduct in 14% yield”. Von Delius and
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Fig. 1| Strategies reported for the regioselective synthesis of C,, adducts. a, Tether approach, where a length-modifiable tether is installed in a bidentate
adduct to obtain preferential Bingel bis-adduct isomers (conditions: Cgy, |,, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), toluene, r.t.). b, Nanohoop
template, that is, C,,C[10]CPP, where the nanohoop restricts the accessibility of the reagents and imposes selectivity on the formation of Bingel
bis-adducts (conditions: diethyl malonate, CBr,, DBU, toluene, r.t.). ¢, Supramolecular mask strategy for regioselective equatorial Bingel functionalization
(symmetry match) through the four cross-shaped gates of the tetragonal prismatic (biphenyl-based) nanocapsule (conditions: diethyl bromomalonate,
NaH, CH4CN, r.t.). Orange arrows and orange numerals represent angles between cyclopropane addends or angles of attack. Grey and orange spheroids
represent malonate substituents. d, Matryoshka-like strategy for regioselective trans-3 bis-functionalization (symmetry mismatch, this work) using an
enlarged tetragonal prismatic nanocapsule (conditions: diethyl bromomalonate, NaH, CH,CN, r.t.).

co-workers reported on the ability of the nanohoop [10]cyclopara-
phenylene ([10]CPP), which forms the supramolecular complex
C4CI[10]CPP (K, ~ 10°M™! in toluene)*, to infer a substan-
tial degree of regiocontrol on the formation of Bingel bis-adducts
(Fig. 1b)*. Specifically, the trans-2 and trans-3 regioisomers were
obtained as major products in almost equimolar amounts, along
with a small amount of trans-1, whereas the e, cis-1, cis-2, cis-3 and
trans-4 regioisomers were avoided.

On the other hand, Ribas and co-workers have successfully
developed a supramolecular mask strategy using tetragonal pris-
matic nanocapsules to gain full control on the regioselectivity for
Bingel e-isomer bis-adducts (Fig. 1c)*. Thus, in the present work
we have combined the latter two strategies by encapsulating the
CeC[10]CPP adduct in a newly designed tetragonal prismatic
nanocapsule 6-(BArF);, featuring an enlarged cavity with macro-
cylic Me,pTp-based clips, capable of the strong encapsulation of
the Saturn-like C4,C[10]CPP guest (Fig. 1d). Upon exposure of the
tightly associated three-shell supramolecular complex*'~* to Bingel
cyclopropanation reaction conditions, the functionalization of the
inner Cg, was directed to form exclusively the trans-3 bis-isomer.
The combination of the [10]CPP and supramolecular mask encap-
sulation into the matryoshka-like three-shell system not only
leads to perfect regioselectivity, which has no precedents, but also
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prevents any overfunctionalization due to the confined environ-
ment. Crystallographic analysis of pre- and postfunctionalized
C4C[10]CPPC7-(BArF), matryoshka-like complexes affords a com-
pelling explanation for the counterintuitive, symmetry-mismatched
trans-3 regioselectivity.

Results and discussion

Synthesis and characterization of the extended nanocapsule
6-(BArF),. To prepare a nanocapsule large enough to accommo-
date the host-guest complex C,C[10]CPP, we modified the previ-
ously reported strategy for the self-assembly of tetragonal prismatic
nanocapsules 3, 4 and 5-(BArF), (refs. ***>*°) by designing a larger
linker for the macrocyclic molecular clip (Extended Data Fig. 1).
To this end, we initially synthesized a phenyl-acetylene-phenyl
para-dialdehyde" that underwent a 2+2 cyclization to form the
imine-containing S,pTp macrocycle, which was hydrogenated,
methylated and finally complexated with Pd(ii) or Cu(ii) salts to
obtain the corresponding molecular clip synthons, respectively
([Pd,(Me,pTp)(AO),](OTF), and  [Cu,(Me,pTp)(OTH),|(OTH),
see crystal structure in Supplementary Fig. 42). The molecular
clips were self-assembled with Zn(ii)-based 5,10,15,20-(tetra-4-ca
rboxyphenyl)porphyrin in a 2:1 ratio in refluxing DMF and NEt, as
base to finally obtain the tetragonal prismatic nanocapsules 6-(OTf);
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Fig. 2 | Synthesis of the tetragonal prismatic nanocapsules used and encapsulation of C,,C[10]CPP. a, Synthesis of Pd- and Cu-based nanocapsules
6-(X)g and 7-(X)g (X=0OTf, BArF). b, Schematic representation of the encapsulation of C4q in the nanocapsule 6-(BArF); and subsequent addition of [10]
CPP (in MeCN/CH,CI, 1:1 solvent mixture). ¢, HRMS (positive-ion electrospray ionization) for (i) 6:(BArF)g, (ii) 6-(BArF)g with the addition of C¢q and (iii)
CeoC[101CPPC6:(BArF), (spectrum recorded after 10 min of mixing). d, '"H NMR (in CD5CN after solvent switch) for (i) 6:(BArF), (ii) C4oC6:(BArF)s and

(jii) Co,c[101CPPC6-(BAIF),.

(Pd(ii) analogue, 81% yield) and 7-(OTf); (Cu(ii) analogue, 83%
yield). Anion metathesis with NaBArF in CH,Cl, afforded the tar-
get nanocapsules 6-(BArF); (75% yield) and 7-(BArF); (77% yield)
(Fig. 2). The diamagnetic Pd(ii)-based nanocapsule 6-(BArF), was
characterized by 'H NMR spectroscopy and high-resolution mass
spectrometry (HRMS) (Fig. 2c and Supplementary Fig. 50), whereas
the paramagnetic Cu(ii)-based 7-(BArF), was characterized by HRMS
(Supplementary Fig. 53) and X-ray diffraction (XRD) (see below).

422

Encapsulation of C,,C[10]CPP in nanocapsule 6-(BArF),. Having
obtained the nanocapsule 6-(BArF),, we focused our attention on
its host-guest properties. Given its larger cavity (Zn-porph--Zn-
porph distance, 16.8A) compared with that of the previously
reported nanocapsule 4-(BArF), (Zn-porph--Zn-porph distance,
14.1A)"%, we speculated whether encapsulation of Cq, could be
achieved. HRMS experiments indicated that the affinity was very
weak and an ultraviolet-visible titration allowed us to determine
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Fig. 3 | Structural characterization of the matryoshka-like ensemble and its reactivity towards selective formation of Bingel trans-3 bis-adducts. a,
Crystal structure of C¢,c[10]CPPC7-(BArF), showing 50% occupancy of C,,c[10]CPP in two positions inside the cavity of 7-(BArF), and featuring an up
and down piston-stroke-like movement (side and top views). b, Exposure of C,,C[10]CPPC6:(BArF), to Bingel cyclopropanation conditions with diethyl
bromomalonate leads to the chemoselective and regioselective formation of the trans-3 bis-adduct; solvent washing with CHCI; and exchange with
pristine Cq, liberates the product (detailed work-up flow in Supplementary Fig. 65). ¢, HRMS monitoring of the bis-adduct formation upon addition of 5
equiv. of bromomalonate (two sequential additions of 2.5 equiv.). d, HPLC analysis of (i) the extracted bis-adduct product compared to (ii) the mixture

of polyadducts obtained with bare €, (performed using 5 equiv. NaH in MeCN/1,2-dichlorobenzene 1:4 to achieve solubility of pristine Cq, 3, r.t.)
(A=320nm; *C,, *non-fullerene impurities, more details are given in Supplementary Information, section 1.13).

a K, of 54+0.9x10°M™" (Supplementary Fig. 91, Supplementary
Tables 7-9 and http://supramolecular.org/)*** in toluene/acetoni-
trile 9:1 solvent, which was used throughout this study for spec-
troscopic titrations. Cg, therefore binds approximately four orders
of magnitude less strongly to the extended nanocapsule 6-(BArF),
than to the original nanocapsule 4-(BArF),, for which a K, of
2.8+0.6 10" M ™" was reported previously in the same solvent mix-
ture*”. When only [10]CPP was added to nanocapsule 6-(BArF),,
we were able to determine a K, of 1.1+ 0.1 X 10° M~ by fluorescence
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titration (Supplementary Fig. 90 and Supplementary Tables 4-6). To
complete the picture on binary host-guest equilibria, we determined
a K, of 5.7+0.4%x10°M™" for the known complex C,,C[10]CPP in
toluene/acetonitrile 9:1 (Supplementary Fig. 89 and Supplementary
Tables 1-3). The equilibrium between nanohoop and fullerene is
therefore the strongest of the three relevant host-guest association
events, while the binding of Cg, to the nanocapsule is the weakest.
In accordance with these data on the three binary equilibria,
we were able to assemble the matryoshka-like complex C,C[10]
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CPPC6-(BArF), (Fig. 2b) by adding 1 equiv. of [10]CPP to the pre-
viously prepared mixture of 6:(BArF), and Cg, in a suitable solvent
mixture. The fact that a solvent switch to pure acetonitrile (HRMS
in Fig. 2c and '"H NMR in Fig. 2d) was possible despite the lack of
solubility of Cg, and [10]CPP in this pure solvent is a qualitative
indication of the stability of the three-shell complex under these
conditions. To study the matryoshka-like complex by spectro-
scopic titration in toluene/acetonitrile 9:1, we adopted an approxi-
mation previously used by Thordarson and Stoddart for related
three-component systems*>*’. Having previously confirmed that
CxC[10]CPP represents the strongest binary association event, we
sought to answer the question whether the presence of the nano-
capsule (in excess and at constant concentration) would substan-
tially affect the stability of the C4C[10]CPP complex. The resulting
binding isotherm could be fitted relatively well with a 1:1 model,
giving an apparent K, of 9.3+0.4x10°M~" (Supplementary Fig. 92
and Supplementary Tables 10-12). We deduce from the feasibility of
this approximation and from the small difference to the K, observed
for pristine Cg,C[10]JCPP (5.7+0.4x10°M™") that all binding
events in the three-shell complex are relatively independent from
one another and that any cooperativity®, if present, would be mod-
erate and positive. Finally, we corroborated the high preference for
the encapsulation of the C4,C[10]CPP complex within 6-(BArF); in
an experiment aimed at encapsulating C¢,C[10]CPP in the smaller
nanocapsule 4-(BArF); (refs. “>*?). Upon mixing, the only observed
supramolecular adduct in the HRMS spectrum was Cy,C4-(BArF),,
which indicated that the C¢,C[10]CPP was fully dissociated in this
competition experiment (Supplementary Fig. 64).

Crystal structure of C4,C[10]CPPC7-(BArF),. The high thermo-
dynamic stability of the Pd(ii)-based three-shell complex C,,C[10]
CPPC6-(BArF), prompted us to try to obtain high-quality single
crystals, without success. However, by using the Cu(ii)-based
analogous nanocapsule 7-(BArF),, suitable crystals for XRD under
synchrotron light were obtained, featuring the Saturn-like complex
CxC[10]CPP inside the cavity in slightly tilted orientation with
respect to the porphyrin planes (~15°) (Fig. 3a). The guest com-
plex is found in two positions (50% occupation), thus prioritizing
the interaction between the zinc porphyrin and the fullerene™ over
other possible geometric arrangements. This preference for two
fullerene positions, which in solution are connected by rapid equi-
libria (one singlet observed by 'H NMR spectroscopy for both [10]
CPP protons and pyrrol protons from Zn-porphyrin units, respec-
tively, see Fig. 2d; one singlet observed by *C NMR spectroscopy
for Cg, guest, see Supplementary Fig. 56)*, has the important con-
sequence that the [10]CPP nanohoops are preferentially in slightly
tilted orientation (~15°) to the two Zn-porphyrins (vertical align-
ment precluded due to large diameter of [10]CPP, that is, ~14 Afora
nanocapsule featuring a Zn-porph---Zn-porph distance of 16.8 A).
The latter finding severely limits possible angles of ‘attack’ for bro-
momalonate reagents that need to enter through the four windows
of the nanocapsule and subsequently avoid any steric clash with
[10]CPP before adding to a fullerene [6,6] double bond.

Single-isomer trans-3 bis-adduct synthesis. Given the success-
ful use of tetragonal prismatic nanocapsules, that is, 4-(BArF),, as
supramolecular masks for the regioselective equatorial Bingel cyclo-
propanation of C, (ref. *°), we hypothesized that the matryoshka-like
assembly CgC[10]CPPC6-(BArF), might induce a different regi-
oselectivity for the cyclopropanation of Cg,. Upon exposure of the
matryoshka-like compound to an excess of diethyl bromomalonate
(5 equiv.) and NaH (5 equiv.) in CH;CN at room temperature for
2.5h, a complex containing a bis-adduct C, was obtained chemose-
lectively (Fig. 3b), with no signs of multiple additions or nanocapsule
decomposition, as clearly shown by HRMS (Fig. 3c). The removal
of the bis-adduct Cg, from the inner shell of the matryoshka-like
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assembly was achieved by a two-step work-up routine, includ-
ing an initial CHCl; washing step and displacement from [10]
CPP by addition of excess Cgq, (detailed work-up flowchart in
Supplementary Fig. 65). In this manner, a solution of the bis-adduct
in CHCI, was obtained, allowing us to directly quantify the product
by HPLC analysis, and then further fully characterize the sample by
ultraviolet-visible and NMR spectroscopy. These analyses unequiv-
ocally showed that a single bis-adduct regioisomer, trans-3-(1-Cy),
had been formed in a total yield of 90% (Fig. 3b). Having obtained
this isolated sample, we were able to determine the association
constant for the formation of the trans-3-(1-C,,)C[10]CPP inclu-
sion complex by fluorescence titration (Supplementary Fig. 93 and
Supplementary Tables 13-15), affording a K, of 3.64+0.5X10° M,
which is about 20-fold lower than the K, observed for the starting
material C,C[10]CPP in the same solvent mixture (toluene/aceto-
nitrile 9:1). This difference in binding constants explains why the
release protocol shown in Fig. 3b is effective®.

The identity and purity of the trans-3-(1-Cy) bis-adduct was
verified by an independent, unselective synthesis starting from Cg,,
followed by time-consuming chromatographic purification of the
trans-3 regioisomer. As expected, the diffusion coefficents (D) and
solvodynamic radii (rg) of nanocapsule 6-(BArF),, matryoshka-like
C4C[10]CPPC6-(BArF), and trans-3-(1-C,)C[10]CPPC6-(BArF),
are fundamentally the same, irrespective of which guest is encap-
sulated, thus confirming that the size of the capsule is the major
factor defining D values (Supplementary Table 17). Remarkably, the
product distribution observed by HPLC analysis showed exclusive
trans-3 bis-adduct formation using the three-shell strategy (Fig. 3d),
whereas a mixture of multiple-addition products with uncontrolled
regioselectivity (with no trace of bis-adducts) was obtained for the
non-templated functionalization of Cq, (Fig. 3d).

Fortunately, single crystals of trans-3-(1-C,,) C[10] CPPC7-(BArF),
could be grown and were subjected to XRD at the synchrotron facil-
ity. However, due to the complexity of the structure and the fragility
of the crystals, only preliminary crystal data up to 1.30 A resolu-
tion can be reported here. Several attempts were made to achieve
higher resolutions. However, no observable reflections were detected
beyond this resolution, even after increasing the X-ray exposure time.
This limitation must be imposed by the large number of disordered
groups in the crystals. Nevertheless, these data show on a qualitative
level a similar arrangement of the matryoshka-like assembly with C,
(Fig. 4a), but with a substantial change in the tilted angle of the [10]
CPP arrangement with respect to the porphyrin planes (~26° com-
pared with the previous 15°). This substantial change in the tilted
angle of the [10]CPP suggests that the presence of a bis-adduct Cg,
increased the steric crowding within the matryoshka-like assem-
bly. Due to the limited resolution and the statistical positional dis-
order of the Cg, inside the nanocapsule, the position of the trans-3
bis-cyclopropanated adducts could not be located by XRD refine-
ment. Nonetheless, the position of one of the malonate groups could
be identified from analysis of the difference Fourier maps, and added
as a rigid-body group for subsequent refinements. The location of
this group, along with the tilted angle of the [10]CPP, imposes steric
constraints that explain the trans-3 selectivity.

At first hand, this selectivity is highly counterintuitive, because
the trans-3-(1-Cy,) bis-adduct features a 120° angle between the
two addends, whereas the nanocapsule exhibits four-fold sym-
metry and thus a 90° angle between the windows (which in the
case of capsule 4-(BArF); leads to the formation of e-bis-adducts).
However, in the present case there is only one possibility to locate
all components within the matryoshka-like assembly, which is
by accessing through contiguous windows of the nanocapsule as
depicted in Fig. 4b. The position of the second trans-3 malonate
group could not be included in the final crystallographic refine-
ment because the atomic positions were superimposed with those
of the alternative, symmetrically generated Cq, derivative inside
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trans-3-(1-C,)C[10]CPP, trans-3-(2-C,,)C[10]CPP and trans-3-(3-C4,)C[10]CPP models inside the nanocapsule featuring the 120° bis-functionalization
at contiguous windows of the tetragonal prismatic host. The orientation of the malonate substituent groups (ethyl, isopropyl or benzyl) was geometrically
optimized with a universal-forcefield-based minimization process, as implemented in the Forcite module of Materials Studio software (2019 version,
BIOVIA). ¢, Void analysis study of the free accessible volume of the nanocapsule and volume occupancies of the different guests (Materials Studio)
correlated with the yields of the trans-3 adducts obtained from the workflow described in Fig. 3b.

the nanocapsule. Nevertheless, based on the crystallographic data,
a model was created confirming the feasibility of this geometric
arrangement of the trans-3 bis-adduct for trans-3-(1-Cg,) within
the capsule. Further evidence for the constrained nature of the
trans-3-(1-Cg,)C[10]CPPC7-(BArF), complex can be derived from
the '"H NMR spectrum in CD;CN, which shows a lowering of cap-
sule symmetry, that is, splitting of the pyrrole singlet into a multi-
plet (Supplementary Fig. 87).

At this point we decided to test the generality of the observed
ideal chemoselectivity (bis-adduct) and the symmetry-mismatched
trans-3 regioselectivity. We therefore synthesized di-isopropyl,
di-tert-butyl and dibenzyl bromomalonates and tested these
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substrates under identical reaction conditions. For both the
di-isopropyl and dibenzyl bromomalonates, the trans-3 bis-adducts
were obtained exclusively (Supplementary Figs. 68 and 69),
although differing in the total yield (HPLC quantification): 82% for
trans-3-(2-Cgq,) and 4% for trans-3-(3-Cg,) (Fig. 4b,c). Furthermore,
following the workflow detailed in Fig. 3b, the first washing of the
three-shell product complex with CHCl; removed some of the
encapsulated trans-3-C4,C[10]CPP product complex from the
nanocapsule. Moreover, the amount of this first release was very
much dependent on the steric bulk of the malonate substituents
(Et, 'Pr, Bn). Thus, for each product we have essentially obtained
two types of yields for trams-3-Cg, products (one after CHCIL
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release of trans-3-Cg,C[10]CPP plus Cg, exchange, and one after
Cq exchange directly on the trans-3-(1-Cg,)C[10]CPPC6-(BArF),
complex. The amount of product release correlates well with the
void space analysis (although increasing solubility of the product in
CHCI, might also be a factor): the volume occupancy is 53% (that
is, below 55% Rebek’s rule)® for trans-3-(1-Cq,)C[10]CPP, which
leads to a low amount of guest release by CHCI; washing (14%).
The volume occupancy is 56% for trans-3-(2-Cg,) C[10]CPP (that is,
slightly above 55% RebeK’s rule), which leads to 58% of guest release
by solvent washing (~2-fold with respect to the guest remaining
encapsulated). For trans-3-(3-Cg,) C[10] CPP the volume occupancy
is 61%, far beyond Rebek’s rule of 55%, which, on the one hand,
explains the low yield observed for this reaction, and, on the other
hand, explains why we observed a higher fraction (~3-fold) of guest
released by solvent washing than guest remaining encapsulated (see
yields and void analysis in Fig. 4c).

The exclusive trans-3 regioselectivity of our matryoshka-like
approach therefore seems to be a general finding, but the scope of
substrates is somewhat limited due to the necessity for the reagents
to reach the encapsulated fullerene. For substrates with low to mod-
erate steric bulk (for example, diethyl and di-isopropyl) selectivity
is perfect and the reaction rate and yields are optimal, while for
substrates with moderate to high steric bulk (for example, diben-
zyl, Fig. 4b) selectivity remains perfect but the rate and yields
decrease abruptly. Substrates with higher steric bulk (for example,
di-tert-butyl bromomalonate) represent the steric limitation of the
three-shell system, since no reaction was observed.

All accessible trans-3 bis-adducts (using the diethyl, di-isopropyl
and dibenzyl bromomalonates) were independently synthe-
sized using uncontrolled syntheses and purified by preparative
chromatography to confirm their identity. All spectroscopic and
spectrometric analyses matched the trans-3 isomers obtained
using the matryoshka-like assembly Cg,C[10]CPPC6-(BArF),
(Supplementary Figs. 70-78).

Conclusions

We have developed an unprecedented example of a three-shell
heteroleptic matryoshka-like assembly, CyC[10]CPPC6-(BArF),,
by using an extended tetragonal prismatic nanocapsule 6-(BArF),
to host the previously reported nanohoop-fullerene complex.
Spectroscopic titrations and crystallographic evidence for the
matryoshka-like assembly allowed an understanding of the high
thermodynamic stability of the overall assembly. Upon submis-
sion of Cg,C[10]CPPC6-(BArF), to Bingel cyclopropanation reac-
tion conditions, only the trans-3 fullerene bis-adduct was obtained
for the bromomalonates tested (excluding the di-tert-butyl
derivative for steric reasons). Crystallographic evidence for the
bis-functionalized three-shell matryoshka-like assembly demon-
strated the unique ability of this architecture to restrict the com-
plex functionalization chemistry of Cg, exclusively to 120° angles
in contiguous windows of the nanocapsule. These results contrast
with the mixture of trans-1, trans-2 and trans-3 obtained by func-
tionalizing C,C[10]CPP, and also with the e-bis-isomer obtained
applying only the nanocapsule supramolecular mask strategy. Thus
by combining the two previous approaches, we enabled a regioi-
someric outcome which could not have been predicted and which
represents a unique case of symmetry mismatch between supramo-
lecular nanocontainer and reaction product.

The use of three-shell, heteroleptic matryoshka-like assemblies
can become a strategy of choice to synthesize highly challenging,
regioisomerically pure fullerene bis-adducts, which in turn may
lead to further advances in organic electronics and solar cells. This
regiocontrolled bis-functionalization could also open the door to
the templated oligomerization of fullerenes, such that novel con-
ductive channels or mechanically interwoven materials could
be designed.
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Methods

Synthesis of trans-3-(1-Cq) C[10] CPPC6-(BArF),. First, 15mg of C,,C[10]
CPPC(6-BArF); was dissolved in CH,CN. Then, 5 equiv. of the corresponding
bromomalonate (diethyl (1), di-isopropyl (2), dibenzyl (3)) and 5 equiv. of NaH
as a base were added sequentially and the reaction was stirred for 16 h under
nitrogen. Once the bis-adduct was formed, the reaction was stopped by filtration
and removal of the solvent under reduced pressure.

"H NMR (400 MHz, CD,CN) 6 ppm: 8.78 (m, 16H, pyrrole ring), 8.73 (d,
J=8.2Hz, 8H, aromatic (arom)-porphyrin (porph)), 8.50 (d, J=8.2Hz, 8H, arom—
porph), 8.35 (d, 8H, arom-porph), 8.29 (d, 8H, arom-porph), 8.06 (d, J=8.2Hz,
32H, arom-clip), 7.70 (d, 32H, arom-clip), 7.69-7.66 (m, 96H, BArF-), 7.16 (s,
40H, [10]CPP), 4.05 (d, J=13Hz, 16H, ~CH,-), 3.64 (m, 16H, ~-CH,-), 3.58 (s,
48H, N-CHS,), 3.23 (m, 16H, ~CH,-), 3.13 (d, J=13 Hz, 16H, -CH,-), 2.44 (dd,
J=13.5Hz, 16H, ~CH,-), 2.33 (dd, J=13.5Hz, 16H, ~CH,-), 1.41 (s, 24H, N-
CH,). *C NMR (100 MHz, CD;CN, signals and assignment based on heteronuclear
single quantum coherence and heteronuclear multiple quantum coherence spectra)
6 ppm: 165.4 (arom-porph), 161.9 (BArF), 155.4 (pyrrole ring), 137.0 ([10]CPP),
134.9 (BArF), 133.4 (arom-porph), 132.8 (arom—clip), 132.5 (arom—clip), 131.4
(pyrrole ring), 127.0 ([10]CPP), 122.7 (arom~-clip), 117.7 (BArF), 64.4 (-CH,-),
59.9 (-CH,-), 57.9 (-CH,-), 51.3 (~CH,), 42.9 (~CH,).

HRMS (m/z): calculated 891.0920 and found, 891.0883 (trans-3-(1-C,)C[10]
CPPC[6:(BArF),]*®); calculated, 1141.6861 and found, 1141.6835 (trans-3-
(1-C4,)C[10]CPPC[6-(BArF),]*7); calculated, 1475.9784 and found, 1475.9765
(trans-3-(1-C4,)C[10]CPPC[6-(BArF),]*°); calculated, 1943.7875 and found,
1943.7841 (trans-3-(1-C,)C[10]CPPC[6-(BATF),]*).

Isolation of trans-3-(1-Cg,). The crude trans-3-(1-C,,)C[10]CPPC6-(BArF),
reaction mixture was washed with CHCI, affording a precipitate. Then the
precipitate was dissolved in CH;CN and Cy, (4 equiv.) was added as a suspension
in CHCI, (CH,CN/CHCI, 1:1) and stirred at room temperature for 3h. Then, the
solution was dried with a nitrogen gas flow and the trans-3-(1-Cq,) was obtained
after toluene (or CHCl,) addition and filtration of the solid C,C[10]CPP complex.
Alternatively, Cq, (4 equiv.) was added to the CHCI, supernatant from the washing
step and stirred at room temperature for 3 h. After this time, the solution was
dried with a nitrogen gas flow and the trans-3-(1-C,,) was obtained after toluene
addition and filtration of the solid C4C[10]CPP complex. Both fractions were
characterized by HPLC and ultraviolet-visible spectroscopy to confirm the trans-3
isomer identity, which was also cross-matched with an independently synthesized
sample of trans-3 bis-adduct. The 90% total yield of the reaction was calculated
involving the two fractions of trans-3-(1-C,). See Supplementary Fig. 65 for a
detailed work-up flow.

"H NMR (600 MHz, CDCl,) 6 ppm: 1.51 (doublet of quartets, J=7.1, 3.9Hz,
4H, -CH,-), 1.48 (doublet of quartets, J=7.1, 2.1Hz, 4H, -CH,-), 1.51 (t,
J=7.1Hz, 6H, ~CH,), 1.42 (t, J=7.1 Hz, 6H, ~CH,). *C NMR (150 MHz, CDCL,) §
ppm: 163.89 (C=0), 163.87 (C=0), 147.60 (Cqy, 5p?), 147.32 (Cqy» 5p?), 146.92 (Cy»
sp?), 146.88 (Cyyy 5p2), 146.85 (Cegy 5p2), 146.81 (Ceyy 5p2), 146.77 (Copy 5p°), 146.47
(Cepr ), 146.39 (Cyy 5p%), 146.02 (Cpy 5p%), 145.85 (Cop» 5p2), 145.67 (Cep 557,
145.00 (Cqy p2), 144.76 (Cqq p2), 144.51 (Cyqy 5p2), 144.22 (Cyy sp2), 143.94 (Cyp,
5p?), 143.88 (Cqy, 5p%), 143.73 (Cepy 5p%), 143.41 (Cep» 5p7), 142.88 (Cepy 5p?), 142,59
(Cepr 5P%), 142,52 (Cepy 5p?), 142.25 (Cepy 5p%), 142.01 (Cepy %), 140.72 (Cep %),
139.53 (Cggr sp2)> 138.90 (Cyr %), 72.11 (Cgo 5p°), 71.62 (Coo 5p%), 51.80 (OCCCO),
63.74 (-CH,-), 63.64 (-CH,-), 14.53 (~-CH,), 14.51 (-CH).

The full experimental details and characterization of the new compounds can
be found in the Supplementary Information.

Data availability

All data generated or analysed during this study are included in this published
article (and its supplementary information files). Crystallographic data for

the structures reported in this article have been deposited at the Cambridge
Crystallographic Data Centre, under deposition numbers CCDC 1984575
(CgC[10]CPPC7-(BArF);), 1984576 (trans-3-(1-Cg,)C[10] CPPC6-(BArF),) and
1984937 ([Cu,(Me,pTp)(OT(),](OTf),). Copies of the data can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/.
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Extended Data Fig. 1| Self-assembled tetragonal prismatic nanocapsules. Self-assembly of the Zn-TCPP and the bimetallic macrocyclic clips
[M,(Me,p)1%*, [M,(Me,pp) 1+ and [M,(Me,pTp) 1%, to afford the corresponding tetragonal prismatic nanocapsules with increasing cavity-size, that is,
3:(BArF)g, 4-(BArF)g, 5:(BArF),, 6-(BArF)g, 7-(BAFF),.
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1. Supplementary methods

1.1.Materials and instrumentation

Reagents and solvents used were commercially available reagent quality unless indicated
otherwise. [10]CPP and the C¢oc[10]CPP complex were prepared following a published
procedure.l2 NMR data concerning product characterization were collected on Bruker 400
MHz AVANCE spectrometers in CDCl3 or CD3;CN, and calibrated relative to the residual
protons of the solvent. ESI-MS experiments were collected and analysed on Bruker
MicroTOF-Q-II using CDCI3 or CH3CN as a mobile phase. HPLC data concerning fullerene
adducts identity were collected on Agilent series 1200 chromatograph equipped with
Cosmosil Buckyprep-M column, or LC-9130 NEXT apparatus (Japan Analytical Industry
Co.Ltd.) monitored using a UV detector at 320 nm and using toluene as solvent (0.5 ml/min
flow). UV-Vis spectroscopy was performed on an Agilent 8452 UV-vis spectrophotometer
with 1 cm quartz cell, using CH3CN as solvent. X-ray diffraction data were collected on both

Bruker D8 QUEST ECO and ALBA synchrotron.

1.2.Synthesis and characterization of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp)

o o)

O—=~
4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp) was synthetized following reported
procedures.3 4-bromobenzaldehyde (1100 mg, 6 mmol), propiolic acid (186 pl, 6 mmol),
1,4-bis(diphenylphosphino)butane (128 mg, 0.30 mmol), Pd(PPhz).Cl; (110 mg, 0.15
mmol) and DBU (900 pl, 6 mmol) were combined in a 50 ml round-bottom flask. DMSO (16
ml) was added and the flask sealed with a septum was placed in an oil bath at 80 °C for 4

hours. Then, the reaction crude was filtered and purified by flash chromatography on silica

gel. The product was eluted with hexane:ethyl acetate (1:1). (Yield 70 %)

1H-NMR (400 MHz, CDCl3) 6 p.p.m.: 10.04 (s, 2H, -CHO), 7.90 (d, ]=8.4 Hz, 4H, arom), 7.71 (d,
]=8.2 Hz, 4H, arom).

13C-NMR (100 MHz, CDCl3) & p.p.m.: 191.7 (C=0), 136.3 (C arom), 132.7 (CH arom), 130.0
(CH arom), 129.0 (C arom), 92.5 (C sp).
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1.3.Synthesis and characterization of SopTp

Dialdehyde (0.46 g, 1 mmol) was dissolved in 150 ml of DCM and were charged in a 100 ml
addition funnel. Then, diethylenetriamine (210 ul, 1 mmol) was added in a 500 ml round-
bottom flask with 200 ml of MeOH. The dialdehyde solution was added dropwise into the

amine solution for 6 h and stirred for 16 h. After this time, a white solid was obtained.

1H-NMR (400 MHz, CDCl3) 6 p.p.m.: 8.27 (s, 4H, CH imine), 7.45 (d, ]=8.3 Hz, 8H, arom), 7.39
(d, J=8.3 Hz, 8H, arom), 3.81-3.79 (m, 8H, CH:), 3.01-2.98 (m, 8H, CH3).

13C-NMR (100 MHz, CDCl3) & p.p.m.: 162.0 (C sp2 imine), 135.9 (C arom), 132.2 (CH arom),
128.2 (CH arom), 125.6 (C arom), 91.2 (C sp), 60.3 (-CHz-), 48.7 (-CHz-).

HRMS (m/z): calculated 302.1649 and found 302.1652 ({S;pTp + 2H*}*2); calculated
603.3231 and found 603.3237 ({SzpTp + H*}*1); calculated 625.3050 and found 625.3062
({Sz2pTp + Nat}+1).

1.4.Synthesis and characterization of HopTp

C
I
ot

i

NH N

- )

To a solution of SzpTp, NaBH4 (0.22 g, 6 mmols) was added and the mixture was stirred for
16 h. After this time, 7 ml of an acid solution (HCl:H,0 1:10) were added and the reaction
crude stirred for 45 minutes. Then, the solution was evaporated under reduced pressure
until a constant volume and 125 ml of H,O were added. The product was extracted with
CHCI3 (3 x 50 ml). Organic phases were combined, dried with anhydrous MgS0. and filtered.
The remaining solution was dried under vacuum, and a white solid of H,pTp was obtained.

(Yield: 82%).
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1H-NMR (400 MHz, CDCl3) é p.p.m.: 7.43 (d, ]=8.2 Hz, 8H, arom), 7.24 (d, ]=8.2 Hz, 8H, arom),
3.77 (s, 8H, CHy), 2.84-2.77 (m, 16H, CH).

13C-NMR (100 MHz, CDCl3) 6 p.p.m.: 141.0 (C arom), 132.0 (CH arom), 128.3 (CH arom),
122.2 (Carom), 89.5 (C sp), 54.0 (-CHz-), 49.2 (-CH:-), 48.8 (-CHz-).

HRMS (m/z): calculated 306.1965 and found 306.1969 ({H:pTp + 2H*}*?); calculated
611.3857 and found 611.3874 ({H2pTp + H*}*1).

1.5.Synthesis and characterization of Me;pTp

H2pTp (0.45 g, 1 mmol) were added to a 50 ml round-bottom flask and mixed with: 7 ml of
formaldehyde, 6 ml of formic acid and 10 ml of water. The resulting mixture was heated to
reflux during 16 h. After this time, the reaction mixture was cooled to room temperature
and the solvent was removed under reduced pressure. Then, 50 ml of NaOH 1M were added.
The product was extracted with CHCI; (3 x 25 ml). Organic phases were combined, dried
with anhydrous MgS0, and filtered. The remaining solution was dried under vacuum, and

the obtained product purified by recrystallization with acetone. (Yield: 92%).

H-NMR (400 MHz, CDCl3) 6 p.p.m.: 7.40 (d, J=8.2 Hz, 8H, arom), 7.25 (d, ]=8.2 Hz, 8H, arom),
3.44 (s, 8H, CHz), 2.50-2.41 (m, 16H, CHy), 2.25 (s, 6H, CH3), 2.21 (s, 12H, CH3).

13C-NMR (100 MHz, CDCI3) 6 p.p.m.: 139.5 (C arom), 131.6 (CH arom), 129.2 (CH arom),
122.1 (Carom), 89.4 (C sp), 62.6 (-CHz-), 54.9 (-CHz-), 54.4 (-CH:-), 43.8 (-CHz3), 43.1 (-CH3).

HRMS (m/z): calculated 348.2434 and found 348.2435 ({Me;pTp + 2H+*}*2); calculated
695.4796 and found 695.4809 ({MezpTp + H*}*1).

167



Annex 1

1.6.Synthesis and characterization of dinuclear Pd" molecular clip,
[Pd2(MezpTp)(AcO)2](OTH).

_I (CF3S03),
\NN/
—(N_—\ /OAc /:l\>—
Lo 5W
In a 50 ml round-bottom flask, Me;pTp (0.065 g, 1 mmol), Pd(AcO). (0.044 g, 2.1 mmols)
and 30 ml of anhydrous CH3CN were mixed. The mixture was heated to reflux temperature,
under nitrogen atmosphere for 16h. After this time, the reaction mixture was cooled to room
temperature. Subsequently, an excess of NaCF3;S0; salt was added (4.2 mmols) and the
mixture was stirred vigorously for 8h. The mixture was concentrated to a volume of 2-3 ml

under reduced pressure, filtered through Celite and recrystallized under slow diethyl ether

diffusion. Yellow crystalline solid was obtained. (Yield: 90%).

1H-NMR (400 MHz, CD3CN) & p.p.m.: 8.27 (d, J=8.2 Hz, 8H, arom), 8.15 (d, J=8.2 Hz, 8H,
arom), 7.90 (d, ]=8.2 Hz, 8H, arom), 7.79 (d, ]=8.2 Hz, 8H, arom), 4.01 (dd, 8H, CH3), 3.63-
3.54 (m, 8H, CH3), 3.29 (s, 12H, CHa), 3.27 (s, 12H, CH3), 3.24-3.15 (m, 8H, CH>), 3.07 (dd, 8H,
CHz), 2.40-2.33 (m, 8H, CH3), 2.31-2.25 (m, 8H, CH3), 2.06 (s, 6H, Ac0), 2.04 (s, 6H, Ac0), 1.35
(s, 6H, CH3), 1.35 (s, 6H, CH3) (equimolar amounts of two conformational forms of the same

complex are present).

13C-NMR (100 MHz, CDCl3) § p.p.m.: 178.0 (C=0, Ac0), 177.9 (C=0, AcO), 135.1 (arom), 134.9
(arom), 134.0 (arom), 133.9 (arom), 133.1 (arom), 133.1 (arom), 124.7 (CF3S03), 124.6
(CF3S03), 90.9 (-CH-), 90.6 (-CH-), 65.8 (-CH>-), 65.7 (-CH2-), 61.3 (-CHz-), 61.2 (-CHz-), 59.5
(-CHz-), 59.3 (-CH3z-), 51.5 (-CH3), 51.2 (-CH3), 44.1 (-CH3), 44.0 (-CH3), 24.7(-CH3, Ac0), 24.6
(-CHs, AcO).

HRMS (m/z): calculated 513.1536 and found 513.1509 ({Pdz(Me;pTp)(Ac0O).}+2).
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1.7.Synthesis and characterization of dinuclear Cu" molecular clip,
[Cux(MexpTp)(OTH)2](OTH).

(CF3803),
& / so3cr3/cu\iN)_
N =)

In a 20 ml glass vial, Me;pTp (0.018 g, 1 mmol) and Cu(CF3S03): (0.019 g, 2 mmols) were
dissolved in 2.5 ml of CH3CN. The mixture was stirred at room temperature for 16 h. After
this time, the reaction crude was filtered through Celite and recrystallized by slow diethyl
ether diffusion. A blue crystalline solid was obtained. (Yield: 95%). XRD of this complex was

registered (see Supplementary Figure 42).

HRMS (m/z): calculated 560.1164 and found 560.1173 ({Cuz(Me2pTp)(CF3S03)2}*2);
calculated 1269.1854 and found 1269.1832 ({Cuz(MezpTp)(CF3S03)3}+1).

1.8.Synthesis and characterization of Pd'-based tetragonal prismatic nanocapsule
6:(BArF)s

5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-Zn!' (9.1 mg, 2 mmols) was weighted in a
10 ml round-bottom flask and solved in 1 ml of DMF. Then, 7.4 pl of triethylamine mixed in
0.5 ml of DMF were added to the porphyrin solution. Finally, [Pd2(Me2pTp)(AcO).](CF3S03)2
(24.5 mg, 4 mmols) molecular clip was dissolved in 2.5 ml of DMF were added to the
mixture. The solution was heated to 105 °C under reflux for 16 h. After the reaction time,
the reaction crude was cooled to room temperature, filtered through Celite and
recrystallized by diethyl ether diffusion. The 6-(CF3S03)s crystalline solid obtained was
suspended in 12 ml of DCM, an excess of NaBArF salt was added (6 to 10 mmols) and the
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mixture was stirred vigorously for 16 h. The mixture was filtered through Celite and the

product was obtained by precipitation with slow diffusion of diethyl ether. (Yield: 75%).

1H-NMR (400 MHz, CD3CN) § p.p.m.: 8.67 (s, 16H, pyrrole ring), 8.54 (d, ]=8.2 Hz, 8H, arom-
porph), 8.39 (d, ]=8.2 Hz, 8H, arom-porph), 8.15 (d, ]=8.2 Hz, 32H, arom-clip), 8.13 (m, 16H,
arom-porph), 7.89 (d, ]=8.2 Hz, 32H, arom-clip), 7.69-7.66 (m, 96H, BArF-), 4.02 (d, J=13 Hz,
16H, -CHz-), 3.66 (m, 16H, -CH»-), 3.57 (s, 48H, N-CH3), 3.28 (m, 16H, -CH»-), 3.13 (d, J=13
Hz, 16H, -CH-), 2.46 (dd, J=13.5 Hz, 16H, -CH>-), 2.37 (dd, ]=13.5 Hz, 16H, -CH-), 1.50 (s,
24H, N-CHa).

13C-NMR (100 MHz, CDCl3) 6 p.p.m.: 162.0 (BArF), 149.8 (pyrrole ring), 134.7 (BArF), 133.5
(arom-porph), 133.0 (arom-clip), 132.5 (arom-clip), 131.5 (pyrrole ring), 127.5 (arom-
porph), 124.0 (arom-porph), 123.3 (arom-clip), 117.9 (BArF), 64.4 (-CH-), 60.0 (-CHz-),
58.6 (-CHz-), 51.4 (-CHa), 43.6 (-CHa).

HRMS (m/z): calculated 666.4128 and found 666.4145 ([6+(BArF).]*8); calculated 884.9099
and found 884.9110 ([6:(BArF):]*7); calculated 1176.2394 and found 1176.2429
([6+(BArF)2]*¢); calculated 1584.1008 and found 1584.1041 ([6-(BArF)sz]+*s); calculated
2195.8928 and found 2195.9031 ([6-(BArF)4]*).

1.9.Synthesis and characterization of Cu'-based tetragonal prismatic nanocapsule
7-(BArF)g

5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-Zn!' (15.9 mg, 2 mmols) was weighted in a
20 ml glass vial and solved in 1.5 ml of DMF. Then, 13 pl of triethylamine mixed in 0.5 ml of
DMF were added to the porphyrin solution. Finally, [Cuz(Me2pTp)(0Tf)2](0Tf)2 (43.4 mg, 4
mmols) molecular clip was dissolved in 3.5 ml of DMF were added to the mixture. The
solution was stirred at room temperature for 16 h. After the reaction time, the reaction
crude was filtered through Celite and recrystallized by diethyl ether diffusion. The
7+(CF3S03)s crystalline solid obtained was suspended in 12 ml of DCM, an excess of NaBArF
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salt was added (6 to 10 mmols) and the mixture was stirred vigorously for 16 h. The mixture
was filtered through Celite and the product was obtained by precipitation with slow

diffusion of diethyl ether. (Yield: 77%).

HRMS (m/z): calculated 623.5626 and found 623.5618 ([7-(BArF)]+8); calculated 835.9383
and found 835.9370 ([7:(BArF):]*7); calculated 1119.1059 and found 1119.1035
([7-(BArF):]*¢); calculated 1515.5405 and found 1515.5375 ([7-(BArF)s]+*5); calculated
2110.1925 and found 2110.1851 ([7-(BArF)4]*4).

1.10. Preparation of Ceoc[10]CPP, Ceoc[10]CPPc6-(BArF)s and
Ce0=[L0]CPP<7-(BArF)s

Preparation of Cec[10]CPP.* A 20 ml glass vial was charged with Ceo (1.2 mmols),
[10]CPP (1 mmol) and 20 ml of CHCIs;. The reaction mixture was stirred at room
temperature for 1 hour. After this time, solvent was removed under reduced pressure and
toluene was added and the excess of Cso was removed by centrifugation. This procedure was

repeated several times until the toluene was not coloured anymore.
1H-NMR (400 MHz, CDCl3) 6 p.p-m.: 7.62 (s, 40H, arom).

13C-NMR (100 MHz, CDCl3) § p.p.m.: 138.0 ([10]CPP), 127.6 ([10]CPP), 141.7 (Cso).

Preparation of C¢oc[10]CPPc=6-(BArF)s. 6-(BArF)s nanocapsule (15 mg, 1 mmol) was
dissolved in the minimum amount of CH3CN. Then 1.2 mmols of Ceoc[10]CPP dissolved in

DCM were added to the nanocapsule solution and stirred at room temperature for 16 h.
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1H-NMR (400 MHz, CD3CN) 6 p.p.m.: 8.76 (s, 16H, pyrrole ring), 8.74 (d, 8H, arom-porph),
8.50 (d, J=8.2 Hz, 8H, arom-porph), 8.33 (d, ]=8.2 Hz, 8H, arom-porph), 8.17 (d, 8H, arom-
porph), 8.09 (d, ]=8.2 Hz, 32H, arom-clip), 7.69 (d, 32H, arom-clip), 7.69-7.66 (m, 96H, BArF-
), 4.07 (d, ]J=13 Hz, 16H, -CH;-), 3.64 (m, 16H, -CH>-), 3.59 (s, 48H, N-CH3), 3.24 (m, 16H, -
CH»-), 3.14 (d, J]=13 Hz, 16H, -CH>-), 2.45 (dd, J]=13.5 Hz, 16H, -CH;-), 2.34 (dd, J=13.5 Hz,
16H, -CH>-), 1.43 (s, 24H, N-CH3).

13C-NMR (151 MHz, CD3CN) § 172.46 (C carboxylic), 162.6 (q, Y/s-c = 49.8 Hz, Car BArF), 150.6
(Co, pyrrole), 147.4 (C, phenylene@porphyrin, para to CO;-), 140.4 (Ceo), 138.1 (C, [10]CPP),
135.7 (Car BArF + C, phenylene@porphyrin, ipso to CO2-), 135.0 (CH, phenylene@porphyrin,
meta to CO2-), 134.6 (C, phenylene@clip, para to alkyne), 134.0 (CH, phenylene@porphyrin,
meta to CO2-), 133.5 (CH, phenylene@clip, meta to alkyne), 133.3 (CH, phenylene@clip,
ortho to alkyne), 132.2 (Cg pyrrole), 129.9 (qd, 2/¢c-r = 31.6 Hz, 3/p_¢ = 2.9 Hz Car BArF), 128.5
(CH, phenylene@porphyrin, ortho to CO-), 128.3 (CH, phenylene@porphyrin, ortho to CO2-
), 127.7 (CH, [10]CPP), 125.5 (q, Yc-r = 272 Hz, CF3 BArF), 124.6 (C, phenylene@clip, ipso to
alkyne), 121.1 (C porphyrin), 118.7 (m, Car BArF), 90.8 (C alkyne), 65.4 (CH: benzylic, clip),
60.9 (CH: clip), 59.4 (CH: clip), 52.5 (CHszclip), 44.1 (CHz clip).

HRMS (m/z): calculated 851.5774 and found 851.5753 (Ceoc[10]CPPC[6-(BArF)o]*8);
calculated 1096.5266 and found 1096.5264 (Ceoc[10]CPPC[6:(BArF)q]*7); calculated
1423.1256 and found 1423.1248 (Ceoc[10]CPPC[6:(BArF);]*6); calculated 1880.5643 and
found 1880.5646 (Ceoc[10]CPPc[6-(BArF)s]*5); calculated 2566.4721 and found
2566.4703 (Ceoc[10]CPPC[6:(BArF)4]+4).

Preparation of Csc[10]CPPc=7-(BArF)s. Analogous synthesis has been carried out to
obtain the Cu'-based C¢oc[10]CPPC[7-(BArF)s].

HRMS (m/z): calculated 808.7273 and found 808.7202 (Ceoc[10]CPPC[7-(BArF)o]*8);
calculated 1047.5550 and found 1047.5482 (Ceoc[10]CPPC[7:(BArF):]*7); calculated
1365.9921 and found 1365.9842 (Ceoc[10]CPPc[7-(BArF);]*6); calculated 1811.8040 and
found 1811.7939 (Ceoc[10]CPPC[7-(BArF)s]*5); calculated 2480.7718 and found
2480.7637 (Ceoc[10]CPPC[7-(BArFF)4]+4).
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1.11. General procedure for the synthesis of bromomalonates
0O O

/\oj\g/}o’\ )\on\lls/rlLoJ\ ©/\0Jké/rl‘|\o’\©

Bromomalonates were prepared according to a published procedure.> Under Argon
atmosphere, a 100 mL oven-dried Schlenk flask was charged with malonate (5.0 mmol),
anhydrous THF (50 mL) and DBU (5.0 mmol) at 0 °C. The mixture was stirred at room
temperature for 1 h and then cooled to -78 °C. CBry4 (8.5 mmol) was added, the mixture was
stirred at-78 °C for 2 h and quenched with saturated aqueous NH4Cl. The aqueous layer was
extracted with DCM and the solvent was removed under reduced pressure. The residue was
purified by column chromatography to afford the bromomalonates as colourless oil.

Characterization data was consistent with the previous report.

1.12. General procedure for Bingel reaction (Matryoshka system)

15 mg of Ceoc[10]CPPc(6-BArF)s were totally dissolved in 0.5 ml of CH3CN. Then, 5 equiv.
of the corresponding bromomalonate (diethyl (1); diisopropyl (2); dibenzyl (3)) and 5
equiv. of NaH as a base were added sequentially and the reaction was stirred 16 h under N,
atroom temperature. Once the bis-adduct was formed, the reaction was stopped by filtering

and removing the solvent under reduced pressure.

Characterization of trans-3-(1-Ce0)c[10]CPPc6-(BArF)s

1H-NMR (400 MHz, CD3CN) 6 p.p.m.: 8.78 (m, 16H, pyrrole ring), 8.73 (d, ]=8.2 Hz, 8H, arom-
porph), 8.50 (d, J=8.2 Hz, 8H, arom-porph), 8.35 (d, 8H, arom-porph), 8.29 (d, 8H, arom-
porph), 8.06 (d, ]=8.2 Hz, 32H, arom-clip), 7.70 (d, 32H, arom-clip), 7.69-7.66 (m, 96H, BArF-
), 7.16 (s, 40H, [10]CPP), 4.05 (d, J=13 Hz, 16H, -CH>-), 3.64 (m, 16H, -CH>-), 3.58 (s, 48H, N-
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CHs), 3.23 (m, 16H, -CHz-), 3.13 (d, J=13 Hz, 16H, -CHz-), 2.44 (dd, J=13.5 Hz, 16H, -CHy-),
2.33 (dd, J=13.5 Hz, 16H, -CH,-), 1.41 (s, 24H, N-CHs).

13C-NMR (100 MHz, CD3CN, assignment based on HSQC/HMBC) &§ p.p.m.: 165.4 (arom-
porph), 161.9 (BArF), 155.4 (pyrrole ring), 137.0 ([10]CPP), 134.9 (BArF), 133.4 (arom-
porph), 132.8 (arom-clip), 132.5 (arom-clip), 131.4 (pyrrole ring), 127.0 ([10]CPP), 122.7
(arom-clip), 117.7 (BArF), 64.4 (-CH>-), 59.9 (-CHz-), 57.9 (-CH»-), 51.3 (-CH3), 42.9 (-CH3).

HRMS  (m/z): calculated 891.0920 and found 891.0883 (trans-3-(1-
Ce0)[10]CPPC[6-(BArF)o]*8); calculated 1141.6861 and found 1141.6835 (trans-3-(1-
Ce0)[10]CPPC[6-(BArF)1]*7); calculated 1475.9784 and found 1475.9765 (trans-3-(1-
Ce0)[10]CPPC[6-(BArF);]*¢); calculated 1943.7875 and found 1943.7841 (trans-3-(1-
C60)c[10]CPPC[6-(BArF)s]*5).

Characterization of trans-3-(2-Ce0)c[10]CPPc6-(BArF)s

HRMS (m/z): calculated 898.0998 and found 898.1032 (trans-3-(2-
Ce0)[10]CPPC[6-(BArF)o]*8); calculated 1149.8380 and found 1141.8409 (trans-3-(2-
Ce0)[10]CPPC[6-(BArF)]*7); calculated 1485.3222 and found 1475.3287 (trans-3-(2-
Ce0)[10]CPPC[6-(BArF);]*6); calculated 1955.0001 and found 1954.0051 (trans-3-(2-
Ce0)<[10]CPPC[6:(BArF)s3]+*5).

Characterization of trans-3-(3-Ce0)c[10]CPPc6-(BArF)s

HRMS  (m/z): calculated 922.2249 and found 922.2215 (trans-3-(3-
Ce0)[10]CPPC[6-(BArF)o]*8); calculated 1177.2666 and found 1177.2609 (trans-3-(3-
Ce0)c[10]CPPC[6-(BArF)1]*7); calculated 1517.3223 and found 1517.3148 (trans-3-(3-
Co0)[10]CPPC[6-(BArF);]+*6); calculated 1993.4002 and found 1993.3938 (trans-3-(3-
Ce0)<[10]CPPC[6-(BArF)s]+*5).

Isolation of trans-3-(X-Ceo) (Where X =1, 2, 3).

The crude trans-3-(X-Ceo)c[10]CPPc6-(BArF)s reaction mixture was washed with CHCI;
affording a precipitate. In one hand, the precipitate was dissolved in CH3CN and Ceo (4.0
equiv.) was added as a suspension in CHCl; (CH3CN:CHClz 1:1) and stirred at room
temperature during 3h. Then, the solution was dried with N; gas flow and the trans-3-(1-
Ce0) was obtained after toluene (or CHCl3) addition and filtration of the solid Ceoc[10]CPP
complex. On the other hand, Ceo (4.0 equiv.) was added to the CHCI; supernatant from the
washing step and stirred at room temperature during 3h. After this time, the solution was

dried with N, gas flow and the trans-3-(X-Ceo) was obtained after toluene addition and
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filtration of the solid C¢oc=[10]CPP complex. Both fractions were characterized by HPLC and
UV-Vis to confirm the trans-3 isomer identity, which was also cross-matched with an
independently synthesized sample of trans-3 bis-adduct. The yield of the reaction was
calculated involving the two fractions of trans-3-(1-Ceo). See Supplementary Figure 65 for

a detailed work-up flow.

1.13. General procedure for statistical Bingel reaction (bare Ceo)

Preparation of trans-3-(X-Ceo) (X = 1 (diethyl), 2 (diisopropyl), 3 (dibenzyl)): Ceo (6.8 mg,
1.0 mmol) was solved in 500 pl of 0-DCB, then bromomalonate (1.5 pl, 0.75 mmols) was
added. At the same time, Na,CO3 (4.8 mg, 4.0 mmols) was dissolved in 250 pl of DMSO and
added to the first solution. The DMSO:0-DCB ratio 1:2 was used. The reaction took place in
a few minutes leading to a mixture of multiple adducts of Cso which were isolated by
preparative TLC (SiOz, Toluene:Et;0, 20:1) after filtering. In some cases, semi-preparative
HPLC was required to obtain a pure single species. trans-3-(1-Ceo) trans-3-(2-Ceo) trans-

3-(3-Ceo) were characterized by means of HPLC, UV-Vis, tH-NMR and 13C-NMR.

For the reaction depicted in Figure 3d.2 (main text), and for a proper comparison with the
reaction obtained using the Matryoshka-like assembly, the reaction was performed using 5

eq. NaH in MeCN:1,2-DCB 1:4 to achieve solubility of pristine Ceo, during 3h at R.T.

trans-3-(1-Ceo) bis-adduct (with diethyl bromomalonate)®

1H-NMR (600 MHz, CDCls) & p.p.m.: 4.58 (dq, ] = 7.1, 3.9 Hz, 4H, -CHz-), 4.48 (dq, ] = 7.1, 2.1
Hz, 4H, -CH,-), 1.51 (t,] = 7.1 Hz, 6H, -CHs), 1.42 (t,] = 7.1 Hz, 6H, -CHs).

13C-NMR (600 MHz, CDCls) & p.p.m.: 163.9 (C=0), 163.9 (C=0), 147.6 (Ceo, sp2), 147.3 (Cso,
sz), 146.9 (Ceo, sz), 146.9 (C60, sz), 146.9 (C60, sz), 146.8 (Cso, sz), 146.8 (C6(), sz), 146.5
(C60, sz), 146.4 (C60, sz), 146.0 (Cao, sz), 145.9 (C60, sz), 145.7 (Cso, sz), 145.0 (Cao, sz),
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144.8 (Ceo, sp?2), 144.5 (Ceo, sp?), 144.2 (Ceo, sp?), 143.9 (Ceo, sp?), 143.9 (Ceo, sp?), 143.7 (Cso,
sp?), 143.4 (Ceo, sp?), 142.9 (Ceo, sp?), 142.6 (Cso, sp2), 142.5 (Ceo, sp2), 142.3 (Ceo, sp?), 142.0
(Ceo, sp?2), 140.7 (Ceo, sp?), 139.5 (Ceo, sp?), 138.9 (Ceo, sp?), 72.1 (Ceo sp3), 71.6 (Cso sp3), 51.8
(OCCCO), 63.7 (-CHz-), 63.6 (-CHz-), 14.5 (-CH3), 14.5 (-CH3).

trans-3-(2-Ceo) bis-adduct (with diisopropyl bromomalonate)?

1H-NMR (600 MHz, CDCl3) § p.p.m.: 5.43 (sept, J= 5.9 Hz, 2H, -CH-), 5.31 (sept., J= 5.8 Hz, 2H,
-CH-), 1.51 (d, ] = 6.3 Hz, 3H, -CHs), 1.48 (d, ] = 6.3 Hz, 3H, -CHs), 1.42 (d, ] = 6.2 Hz, 3H, -CHj),
1.39 (d,] = 6.2 Hz, 3H, -CHs).

13C-NMR (600 MHz, CDCl3) 6 p.p.m.: 163.4 (C=0), 163.4 (C=0), 147.6 (Cso, sp?), 147.3 (Ceo,
sp?), 146.9 (Ceo, sp?), 146.9 (Ceo, sp?2), 146.9 (Cso, sp?), 146.9 (Ceo, sp?2), 146.8 (Ceo, Sp?), 146.6
(Ceo, sp?), 146.5 (Ceo, Sp?), 146.0 (Ceo, sp2), 146.0 (Ceo, sp2), 145.6 (Ceo, sp?), 145.0 (Ceo, Sp?),
144.8 (Ceo, Sp?), 144.5 (Ceo, sp?2), 144.2 (Ceo, sSp?), 144.0 (Ceo, sp?), 143.9 (Ceo, sp?), 143.7 (Cso,
sp?), 143.4 (Ceo, sp?), 142.8 (Ceo, sp2), 142.5 (Ceo, sp2), 142.5 (Ceo, sp?), 142.2 (Ceo, sp?), 142.0
(Ceo, sp2), 140.7 (Ceo, sp?), 139.5 (Ceo, sp?), 138.9 (Ceo, sp2), 72.3 (Ceo, sp3), 71.8 (Ceo, sp3), 71.8
(CH), 71.7 (CH), 52.3 (OCCC0), 22.2 (-CH3), 22.2 (-CH3), 22.1 (-CH3), 22.1 (-CH3).
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trans-3-(3-Ceo) bis-adduct (with dibenzyl bromomalonate)8

1H-NMR (600 MHz, CDCI3) 6 p.p.m.: 7.45-7.44 (m, 8H, arom), 7.39-7.38 (m, 8H, arom), 7.33-
7.32 (m, 4H, arom), 5.36 (s, 8H, -CHz-).

13C-NMR (600 MHz, CDCl3) 6 p.p.m.: 163.5 (C=0), 163.4 (C=0), 147.3 (Cso, sp?), 147.1 (Ceo,
sp?), 146.7 (Ceo, sp?), 146.6 (Ceo, Sp2), 146.6 (Cso, sSp?), 146.5 (Ceo, sp2), 146.3 (Cso, Sp?), 145.9
(Ceo, sp?), 145.8 (Ceo, sSp?), 145.7 (Ceo, sp2), 145.5 (Ceo, sp2), 145.3 (Ceo, sp?), 144.8 (Ceo, Sp?),
144.5 (Ceo, Sp?), 144.3 (Ceo, sp?), 144.0 (Ceo, sSp?), 143.6 (Ceo, sp?), 143.6 (Ceo, sp?), 143.5 (Cso,
sp?), 143.1 (Ceo, sp?), 142.6 (Ceo, sp?2), 142.5 (Cso, Sp?), 142.4 (Ceo, sp?2), 142.0 (Ceo, sp?), 141.7
(Ceo, sp2), 140.4 (Ceo, sp2), 139.3 (Ceo, sp2), 138.7 (Ceo, sp2), 134.7 (C arom.), 134.6 (C arom.),
129.1 ( CH arom.), 129.0 ( CH arom.), 128.9 (CH arom.), 128.8 (CH arom.), 71.7 (Ceo, Sp3),
71.2 (Ceo, sp3), 69.1 (CH2), 69.0 (CH2), 51.4 (OCCCO).

177



Annex 1

2. Supplementary Figures
2.1.Synthesis and characterization of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp)

Supplementary Figure 1. Synthesis of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp).

0] H
" C
5 mol% Pd(PPh;),Cl,
2 O0y-°H 10 mol% dppb
+ r | |
| | DBU (2 eq), DMSO
110°C,3 h
- <
o H

Supplementary Figure 2. 'H-NMR of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp).
Experiment performed in CDCI; at 298 K (400 MHz). (¢) CHCI3, (*) ethyl acetate, (#) H20,
(y) TMS.
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Supplementary Figure 3. 13C-NMR of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp).
Experiment performed in CDCl; at 298 K (400 MHz). (¢) CHCl3, (*) ethyl acetate, (y) TMS.
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2.2.Synthesis and characterization of SopTp

Supplementary Figure 4. Synthesis of the S;pTp macrocycle.

O _H
> ~O—=
CH,Cl, N N
N\ CH,OH )
2 || + 28N W N, ——— NH HN
J &"HNJ
—O—=-
07 H

Supplementary Figure 5. 1H-NMR of S;pTp macrocycle. Experiment performed in CDCl3 at
298 K (400 MHz). (¢) CHCIs, (*) acetone, (y) TMS.
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Supplementary Figure 6. 13C-NMR of S;pTp macrocycle. Experiment performed in CDCl3
at 298 K (100 MHz). (¢) CHCI3, (y) TMS.

Supplementary Figure 7. HMBC of S;pTp macrocycle. Experiment performed in CDCI; at
298 K (400 MHz).

181



Annex 1

Supplementary Figure 8. HSQC of S;pTp macrocycle. Experiment performed in CDCl; at
298 K (400 MHz).

Supplementary Figure 9. COSY of S;pTp macrocycle. Experiment performed in CDCl3 at
298 K (400 MHz).
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Supplementary Figure 10. TOCSY of S;pTp macrocycle. Experiment performed in CDCl3 at
298 K (400 MHz).

Supplementary Figure 11. NOESY of S;pTp macrocycle. Experiment performed in CDCl; at
298 K (400 MHz).

183



Annex 1

Supplementary Figure 12. HRMS spectrum of S;pTp macrocycle. Experimental (top) and
theoretical (bottom) isotopic pattern for selected peak is shown. Sample solved in

chloroform and registered with a Bruker Micro TOF-Q-II exact mass spectrometer.
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2.3.Synthesis and characterization of HopTp

Supplementary Figure 13. Synthesis of the H,pTp macrocycle.

— \
O—=
NH HN _— NH

Sy o Comy

Supplementary Figure 14. tH-NMR of H,pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz). (¢) CHCIs, (*) acetone, (y) TMS.
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Supplementary Figure 15. 13C-NMR of H,pTp macrocycle. Experiment performed in CDCl3
at 298 K (100 MHz). (¢) CHCI3, (y) TMS.

Supplementary Figure 16. HMBC of HpTp macrocycle. Experiment performed in CDCl3 at
298 K (400 MHz).
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Supplementary Figure 17. HSQC of H2pTp macrocycle. Experiment performed in CDCl; at
298 K (400 MHz).

Supplementary Figure 18. COSY of H,pTp macrocycle. Experiment performed in CDCl3 at
298 K (400 MHz).
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Supplementary Figure 19. TOCSY of H2pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).

Supplementary Figure 20. NOESY of H;pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).
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Supplementary Figure 21. HRMS spectrum of HpTp macrocycle. Sample solved in

chloroform and registered with a Bruker MicrOTOF-Q-II mass spectrometer.
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2.4.Synthesis and characterization of the macrocyclic ligand, MepTp

Supplementary Figure 22. Synthesis of the macrocyclic ligand, Me,pTp.

= \ { Y= ) /
{;NH Q O HN;} HCHO|-,I2I-IOCOOH _{q— S
Q—NH HN—) &N N_)
O—= o=

Supplementary Figure 23. 'H-NMR of Me;pTp macrocycle. Experiment performed in
CDClIz at 298 K (400 MHz). (*) acetone, (y) TMS.
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Supplementary Figure 24. 13C-NMR of Me;pTp macrocycle. Experiment performed in
CDCl3 at 298 K (400 MHz). (¢) CHCls.

Supplementary Figure 25. HMBC of Me;pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).
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Supplementary Figure 26. HSQC of Me;pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).

Supplementary Figure 27. COSY of Me,pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).
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Supplementary Figure 28. TOCSY of Me;pTp macrocycle. Experiment performed in CDCl3
at 298 K (400 MHz).

Supplementary Figure 29. NOESY of Me,pTp macrocycle. Experiment performed in CDCI3
at 298 K (400 MHz).
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Supplementary Figure 30. HRMS spectrum of Me;pTp macrocycle. Sample solved in

chloroform and registered with a Bruker MicrOTOF-Q-II mass spectrometer.
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2.5.Synthesis and characterization of dinuclear Pd" molecular clip,
[Pd2(MezpTp)(AcO)2](OTH).

Supplementary Figure 31. Synthesis of [Pdz(Me;pTp)(Ac0)2](OTf)2. Schematic

representation for the synthesis of Pd-6 clip.

O=Ory \
< ymm (e )
«—N N—) Q—N/ heo” N—)
A= A=

Supplementary Figure 32. 1H-NMR of [Pd;(MezpTp)(Ac0):] (OTf).. Experiment performed
in CD3CN at 298 K (400 MHz). (¢) CH3CN, (*) diethyl ether, (#) H:O0.
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Supplementary Figure 33. 13C-NMR of [Pd:(Me;pTp)(AcO).](0OTf).. Experiment
performed in CD3CN at 298 K (100 MHz). (¢) CH3CN.

Supplementary Figure 34. HMBC of [Pd>(Me;pTp)(AcO).](0Tf).. Experiment performed
in CD3CN at 298 K (400 MHz).
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Supplementary Figure 35. HSQC of [Pdz(Me;pTp)(Ac0):](OTf).. Experiment performed in
CD3CN at 298 K (400 MHz).

Supplementary Figure 36. COSY of [Pdz(Me,pTp)(Ac0).](OTf).. Experiment performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 37. TOCSY of [Pdz(MezpTp)(Ac0):](0Tf),. Experiment performed
in CD3CN at 298 K (400 MHz).

Supplementary Figure 38. NOESY of [Pdz(Me2pTp)(Ac0):](0Tf),. Experiment performed
in CDsCN at 298 K (400 MHz).
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Supplementary Figure 39. HRMS spectrum of [Pdz(MezpTp)(Ac0)2](OTf).. Sample solved

in acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer.
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2.6.Synthesis and characterization of dinuclear Cu" molecular clip
[Cux(Me2pTp)(OTf)](OTH).

Supplementary Figure 40. Synthesis of [Cuz(MezpTp)(OTf)2](OTf)2. Schematic

representation for the synthesis of Cu-7 clip.

H H

2 CU(CF3303)2

CH,CN (_\ CF3S03
N— — " —N—Cu™ —N—

&N NJ PN
AO= A=

(CF3S03),

Supplementary Figure 41. HRMS spectrum of [Cuz(MezpTp)(OTf)2](0Tf),. Sample solved

in acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer.
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Supplementary Figure 42. Crystal structure of macrocyclic compound
[Cuz(Me2pTp)(0Tf)2](0Tf).. (CCDC 1984937) H atoms were omitted for clarity. Cu(Il)
presents a d8 electronic configuration which enhance copper ions to adopt a
tetracoordinated square-planar geometry formed by three N atoms of the macrocyclic
ligand (MezpTp). Two CH3CN molecules from the solvent were coordinated in a

monodentate mode.
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2.7.Synthesis and characterization of tetragonal prismatic nanocapsule 6:(BArF)s

Supplementary Figure 43. Synthesis of 6-(BArF)snanocapsule and labelling of protons for
NMR assignment (nanocapsule scheme from XRD data CCDC 1984575).
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Supplementary Figure 44. 1H-NMR of 6-(BArF)s nanocapsule. Experiment performed in
CDsCN at 298 K (400 MHz). (y) dcm, (*) diethyl ether, (1) dmf, (#) H20, (¢) CH3CN.

Supplementary Figure 45. HMBC of 6-(BArF)s nanocapsule. Experiment performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 46. HSQC of 6-(BArF)s nanocapsule. Experiment performed in
CD3CN at 298 K (400 MHz).

Supplementary Figure 47. COSY of 6:(BArF)s nanocapsule. Experiment performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 48. TOCSY of 6-(BArF)s nanocapsule. Experiment performed in
CD3CN at 298 K (400 MHz).

Supplementary Figure 49. NOESY of 6-(BArF)s nanocapsule. Experiment performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 50. HRMS spectrum of 6-(BArF)s nanocapsule. Sample solved in

acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer.

Supplementary Figure 51. DOSY NMR spectrum of 6-(BArF)snanocapsule (in CD3CN).
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2.8.Synthesis and characterization of tetragonal prismatic nanocapsule 7-(BArF)s

Supplementary Figure 52. Synthesis of 7:-(BArF)snanocapsule.

Supplementary Figure 53. HRMS spectrum of 7-(BArF)s nanocapsule. Sample solved in

acetonitrile and registered with a Bruker MicroTOF-Q-II mass spectrometer.
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2.9.Characterization of Ceoc[10]CPPc6-(BArF)s

Supplementary Figure 54. HRMS spectrum of Ceoc[10]CPPc6-(BArF)s nanocapsule.

Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass

spectrometer.

Supplementary Figure 55. 1H-NMR of Ceoc[10]CPPc6-(BArF)s nanocapsule. Experiment
performed in CD3CN at 298 K (400 MHz). (y) dcm, (#) H20, (¢) CH3CN.
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Supplementary Figure 56. 13C-NMR spectrum of C¢oc[10]CPPc6-(BArF)s. Experiment

was performed in CD3CN at 298 K (151 MHz). Peaks between 10 and 40 ppm correspond to

grease.
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Supplementary Figure 57. COSY spectrum of Ceoc[10]CPPc6-(BArF)s. Experiment was

performed in CD3CN at 298 K (601 MHz).
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Supplementary Figure 58. HSQC spectrum of C¢oc[10]CPPc6-(BArF)s. Experiment was

performed in CD3:CN at 298 K (601 MHz).
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Supplementary Figure 59. HMBC spectrum of C¢oc[10]CPPc6-(BArF)s. Experiment was

performed in CD3CN at 298 K (601 MHz).
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Supplementary Figure 60. Magnification of the aromatic region of the HMBC spectrum of

Ceoc[10]CPPC6-(BArF)s from Supplementary Figure 59.
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Supplementary Figure 61. NOESY of Coc[10]CPPc6-(BArF)s nanocapsule. Experiment
performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 62. DOSY NMR spectrum of Ceoc[10]CPPc6-(BArF)s nanocapsule
(in CD3CN).

Mlcpp

F-10.0
r-9.9
r-9.8
r-9.7
r-9.6

r-9.4
r-9.3
r-9.2
r-9.1
r-9.0
r-8.9
r-8.8
r-8.7
r-8.6
r-8.5
r-8.4
r-8.3
r-8.2
r-8.1

f1 (ppm)

!

T T T T
10 9 8 7 5
f2 (ppm)

212



Supporting Information

2.10. Characterization of Ceoc[10]CPPc7-(BAIF)s

Supplementary Figure 63. HRMS spectrum of Ceoc[10]CPPc7-(BArF)s nanocapsule.
Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass

spectrometer.
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2.11. Exchange reaction of 4-(BArF)s with Ceoc[10]CPP

Supplementary Figure 64. HRMS monitoring for the encapsulation reaction of 2.5 equiv.
of Ceoc[10]CPP with the smaller nanocapsule 4-(BArF)s,® showing the sole encapsulation

of Ceo and leaving [10]CPP in solution.
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2.12. Characterization of the fullerene bis-adducts from Bingel reaction with
Matryoshka system

Supplementary Figure 65. Detailed work-up flow for the quantification of fullerene bis-

adducts from Bingel reaction with Matryoshka system (depicted for trans-3-(1-Ceo)).
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Supplementary Figure 66. a) Exposure of Cec[10]CPP—6-(BArF)s to Bingel
cyclopropanation conditions with diethyl bromomalonate leads to the chemo- and
regioselective formation of the trans-3 bis-adduct; exchange with pristine Ceo liberates the
product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of
bromomalonate (two sequential additions of 2.5 equiv.). ¢) HPLC analysis of the extracted
product (A = 320 nm; * Ceo; $ non-fullerene impurities). d) UV-vis of the product, diagnostic

of a trans-3-(1-Ceo) Bingel bis-adduct.

Supplementary Figure 67. HRMS spectrum of trans-3-(1-Ceo)c[10]CPPc—6-(BArF)s.
Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass

spectrometer.
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Supplementary Figure 68. a) Exposure of Cec[10]CPP—6-(BArF)s to Bingel
cyclopropanation conditions with diisopropyl bromomalonate leads to the chemo- and
regioselective formation of the trans-3 bis-adduct; exchange with pristine Ceo liberates the
product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of
bromomalonate (two sequential additions of 2.5 equiv.). ¢) HPLC analysis of the extracted
product (A = 320 nm; * Ceo; $ non-fullerene impurities). d) UV-vis of the product, diagnostic

of a trans-3-(2-Ceo) Bingel bis-adduct.
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Supplementary Figure 69. a) Exposure of Cec[10]CPP—6-(BArF)s to Bingel
cyclopropanation conditions with dibenzyl bromomalonate leads to the chemo- and
regioselective formation of the trans-3 bis-adduct; exchange with pristine Ceo liberates the
product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of
bromomalonate (two sequential additions of 2.5 equiv.). ¢) HPLC analysis of the extracted
product (A = 320 nm; * Ceo; $ non-fullerene impurities). d) UV-vis of the product, diagnostic

of a trans-3-(3-Ceo) Bingel bis-adduct.

218



Supporting Information

2.13. Characterization of the fullerene bis-adducts from Bingel reaction with bare Ceo

Diethyl bromomalonate trans-3-(1-Cgo) bis-adduct

Supplementary Figure 70. HPLC chromatogram showing a single peak (left) and UV-Vis

absorption spectrum (right) corresponding to trans-3 bis-adduct.l® (bottom) Calibration

curve for HPLC quantification.
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Supplementary Figure 71. tH-NMR spectrum of trans-3-(1-Ceo) (600 MHz, 298 K, CDCl3).
(¢) CHCl3, (#) H20, (y) TMS.
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Supplementary Figure 72. 13C-NMR spectrum of trans-3-(1-Ceo) (150 MHz, 298 K, CDCl3).
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Diisopropyl bromomalonate trans-3-(2-Cg) bis-adduct

Supplementary Figure 73. HPLC chromatogram showing a single peak (left) and UV-Vis

absorption spectrum (right) corresponding to trans-3 bis-adduct.10 (bottom) Calibration

curve for HPLC quantification.
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Supplementary Figure 74. tH-NMR spectrum of trans-3-(2-Ceo) (600 MHz, 298 K, CDCl3).
(¢) CHCl3, (#) H20, (y) TMS.
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Supplementary Figure 75. 13C-NMR spectrum of trans-3-(2-Ceo) (150 MHz, 298 K, CDCl3).
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Dibenzyl bromomalonate trans-3-(3-Ceo) bis-adduct

Supplementary Figure 76. (top) HPLC chromatogram showing a single peak (left) and UV-
Vis absorption spectrum (right) corresponding to trans-3 bis-adduct.l® (bottom)

Calibration curve for HPLC quantification.
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Supplementary Figure 77. tH-NMR spectrum of trans-3-(3-Ceo) (600 MHz, 298 K, CDCl3).
(d) CHCIs, (#) H20, (*) H grease, (y) TMS.
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Supplementary Figure 78. 13C-NMR spectrum of trans-3-(3-Ceo) (150 MHz, 298 K, CDCl3).
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2.14. Characterization of trans-3-(1-Ceo)c[10]CPPc6-(BArF)g

Supplementary Figure 79. 1H-NMR of trans-3-(1-Ceo)c[10]CPP—(6-BArF)snanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).

Supplementary Figure 80. HMBC of trans-3-(1-Ce0)c[10]CPP—(6-BArf)gnanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 81. HSQC of trans-3-(1-Ceo)c[10]CPP—(6-BArF)s nanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).

Supplementary Figure 82. COSY of trans-3-(1-Ceo)c[10]CPPc(6-BArF)s nanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 83. TOCSY of trans-3-(1-Ceo)c[10]CPPc(6-BArF)s nanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 84. NOESY of trans-3-(1-Ceo)c[10]CPP(6-BArF)s nanocapsule.
Experiment performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 85. DOSY NMR spectrum of trans-3-(1-Ceo)2[10]CPPC6-(BArF)s
nanocapsule (in CD3CN).
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2.15. Characterization of trans-3-(1-Cs0)c[10]CPP

Supplementary Figure 86. tH-NMR of trans-3-(1-Ceéo)[10]CPP (CDCl3, 400 MHz, 298
K). (¢) CHCl3, (+) toluene, (*) ethyl acetate, (i) acetone, (#) water, (y) TMS.
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2.16. Comparative 'H-NMR spectra

Supplementary Figure 87. Comparative 'H-NMR spectrum (CD3CN, 400 MHz, 298 K) of (a)
6-(BArF)s, (b) Ceoc[10]CPPc6-(BArF)s and (c) trans-3-(1-Ceo)=[10]CPP=6-(BArF)s.

Supplementary Figure 88. Comparative 1H-NMR spectrum (CDCls, 400 MHz, 298 K) of
(a) [10]CPP, (b) Ceoc[10]CPP and (c) trans-3-(1-Céo)=[10]CPP.
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2.17. Host-guest binding studies

Experimental procedure and general remarks

All titrations were performed in PhMe/MeCN (9:1 by volume) at room temperature on a
fluorescence spectrophotometer Perkin Elmer FL 6500 and a UV-Vis spectrophotometer
Perkin Elmer Lambda 365. Depending on the kind of titration (fluorescence or UV-vis), a
fluorescence quartz cuvette (10x10 mm or 10x4 mm) or a UV-vis cuvette (10x10 mm) with
a PTFE stopper was used. The solvent was degassed by the freeze-pump-thaw method
(argon) prior to use to avoid the potential formation of singlet oxygen.!! Concentration of
either host or guest species was kept constant over the course of titration. Concentrations
of stock solutions were determined by quantitative 'H NMR (qNMR) using dimethyl
terephthalate as an internal standard (TraceCERT® NMR standard purchased from Sigma-
Aldrich).

Titration data was fitted by using the online calculator Bindfit

(http://supramolecular.org).12 For data fitting according to 1:2 and 2:1 binding models, the

“full model” was used, i.e. both association constants - K; and K; - were fitted

independently.1213 All raw data, calculated fits and related data can be accessed via

http://supramolecular.org (see the web links below).
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Fluorescence titrations: [10]CPP + Ceo

Supplementary Figure 89. Representative titration data for [10]CPP/Cso host-guest
system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of [10]CPP (2.0x10-7 M,
Aexc = 340 nm) upon addition of Ceo (0 - 2.4x10-6¢ M). (B) Fit of the titration data according

to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP and Ceo/[10]CPP on

relative amount of Ceo added. (D) Residual plots.

Supplementary Table 1. Comparison of different binding models used to fit the

representative titration data shown in Supplementary Figure 89. Solvent: PhMe/MeCN

(9:1). Fit method: Nelder-Mead. [10CPP]o = 2.0x10-7 M; [Ceo]o: 0 — 2.4x10-6 M.

1:1 model 1:2 model 2:1 model
K, M- K1, M- Ko, M- K1, M- Ko, M1
5.5x10° 5.7x10°% 7.7x10% 3.6x10° -3.5x105
Error +0.68% +0.91% +21% +5.6% +-12%
RMS 76.0 74.6 64.7
Covariance 7.7%x10°° 7.4%x10-° 5.7x10-5
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Comment. Fitting the titration data according to 1:2 or 2:1 binding model does not improve
the quality of fit, i.e. RMS and covariance are not significantly reduced in comparison to
those for 1:1 model. Moreover, 2:1 binding model does not give an adequate value for K.
Therefore, binding of Ceo to [10]CPP in PhMe/MeCN (9:1) at room temperature can be best
described by 1:1 binding model.

Supplementary Table 2. Association constants for Ceo/[10]CPP obtained for four

independent titrations by fitting the data according to 1:1 binding model. Solvent:
PhMe/MeCN (9:1). Fit method: Nelder-Mead. s /v/n - standard deviation of the mean, where

s — standard deviation, n — number of measurements; t (o.05,3) X s/\/ﬁ - 959% confidence

interval, where t(.05, n-1) — Student’s t at 95% confidence level.12

e
[10CPPJo, M [Ceo]o, final, M K, M- Error, % A;‘,’ﬁ_%’e S/M‘/? ‘:/‘g’ f’“;ff/
2.0x10-7 1.5x10- 6.0x106 +0.81
2.0x10-7 2.4%x10- 5.5x106 +0.68 ] A S
1.0x10-7 1.7x10-6 5.9x108 +0.83 5.7%10 0.1x10 +0.4x10
9.9x10-8 1.8x10-5 5.5x106 +2.6

Supplementary Table 3. Links to the raw titration data, calculated fits and statistical

information for the titrations.

[10CPP]o, M Web link
2.0x107 http://app.supramolecular.org/bindfit/view/c25872d5-af76-43e9-a42e-8e690dcc990c
2.0x107 http://app.supramolecular.org/bindfit/view/42c3452b-7e53-414a-92e3-434bcb8582cf
1.0x10-7 http://app.supramolecular.org/bindfit/view/10ed8541-2dc7-4557-860d-6bc917d0c005
9.9x10-8 http://app.supramolecular.org/bindfit/view/681131f7-e31b-4b00-bb69-e4bb8ac805a6
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Fluorescence titrations: [10]CPP + nanocapsule 6+(BArF)s

Supplementary Figure 90. Representative titration data for 6 /[10]CPP host-guest system.

Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of [10]CPP (2.0x10-7 M, Aexc =

340 nm) upon addition of nanocapsule 6:-(BArF)s (0 - 1.6x10-5 M). (B) Fit of the titration

data according to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP and
[10]CPP/6-(BArF)son relative amount of 6-(BArF)s. (D) Residual plots.

Supplementary Table 4. Comparison of different binding models used to fit the

representative titration data shown in Supplementary Figure 90. Solvent: PhMe/MeCN
(9:1). Fit method: Nelder-Mead. [10CPP]o = 2.0x10-7 M; [6:(BArF)g]o: 0 - 1.6x10-5 M.

1:1 model 1:2 model 2:1 model
K, M- K1, M- Ko, M- K1, M- Ko, M1
1.1x105 1.1x108 2.7x10% 28 2.4x10™
Error +3.6% +13% +2.8% +29% +1.3%
RMS 2327 1244 1267
Covariance 8.1x10-3 2.4%x10-3 2.5x10-3
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Comments:

1) Titration type. This titration was performed in the unusual “Guest+Host” fashion, i.e. the
host was added to a solution of the guest. The reason for this approach is the large difference
in quantum yields between nanocapsule 6-(BArF)s and [10]CPP: fluorescence of [10]CPP
is much stronger than fluorescence of 6:(BArF)s, leading to spectral overlap if the emission
of 6:(BArF)s was to be observed.

2) Binding model: in comparison to the 1:1 model, the 1:2 and 2:1 binding models give
slightly reduced RMS and covariance as well as somewhat improved residual plots.
However, these models do not allow to obtain reproducible (with an adequate standard
deviation) binding constants for different titration experiments and the association
constants for both alternative models are not plausible based on complementary XRD
evidence. Therefore, binding of [10]CPP to nanocapsule 6:(BArF)s in PhMe/MeCN (9:1) at
room temperature most likely follows the 1:1 binding model.

Supplementary Table 5. Association constants for [10]CPP/6-(BArF)s obtained for three
independent titrations by fitting the data according to 1:1 binding model. Solvent:
PhMe/MeCN (9:1). Fit method: Nelder-Mead. s /v/n - standard deviation of the mean, where
s — standard deviation, n — number of measurements; t (005, 3) X s/\/n = 95% confidence

interval, where t(.05 n-1) — Student’s t at 95% confidence level.12

. Average s/\n t (0.05,2) X

- 1 o, )

Entry [10CPPJo, M [6]o, finai, M K,M Error, % K, M- M- s/, M
1 2.0x10-7 2.2x10-5 1.10x105 +2.8
2 2.0x10-7 1.6x10-5 1.05%x10% +3.6 1.1%x105 0.03x105 +0.1x105
3 2.0x10-7 1.6x10-6 1.14x105 +3.7

Supplementary Table 6. Links to the raw titration data, calculated fits and statistical

information for the titrations with 6 /[10]CPP host-guest system.

Entry Web link
1 http://app.supramolecular.org/bindfit/view/261ed1a6-bf1e-4db3-aa66-827a086e4585
2 http://app.supramolecular.org/bindfit/view/40053dcf-ffe8-4191-a3b3-eb40f729f5¢c2
3 http://app.supramolecular.org/bindfit/view/8854eafa-36e1-47e2-b7bd-8aab3bb38ab2
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UV-Vis titrations: nanocapsule 6-(BArF)sz + Ceo

Supplementary Figure 91. Representative titration data for 6-(BArF)s/Cso host-guest

system. Solvent: PhMe/MeCN (9:1). (A) Changes in absorption spectra of nanocapsule
6-(BArF)g (4.1x10-7 M) upon addition of Ceo (0 - 1.0x10-4 M). (B) Fit of the titration data

according to 1:1 binding model. (C) Dependence of molar fractions of 6:(BArF)s and

Ce0/6+(BArF)son relative amount of Ceo. (D) Residual plot.

Supplementary Table 7. Comparison of different binding models used to fit the

representative titration data shown in Supplementary Figure 91. Solvent: PhMe/MeCN

(9:1). Fit method: Nelder-Mead. [6-(BArF)s o = 4.1x10-7 M; [Ceo]o: 0 - 1.0x10-* M.

1:1 model 1:2 model 2:1 model

K, M- Ki, M- Kz, M K1, M- Kz, M1

5.7x108 8.8x104 2.3x108 8 3.1x10°

Error +1.7% +2.9% +1.0% +9.1% +17%
RMS 1.4x10-3 3.9x104 7.8x10
Covariance 1.2x10-3 1.1x10-4 4.2x10
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Comments:

1) Spectroscopic technique. For this equilibrium, the fluorescence titration experiment had
two key limitations in comparison to UV-vis experiment. First, at low concentrations of
nanocapsule 6:(BArF)s (<1x10-7 M), which would give a linear dependence of the
fluorescence response on the light absorbed, fluorescence of 6:(BArF)s was very weak. This
led to a high error of the measurement. Second, prolonged irradiation of the solution of
6-(BArF)s with a laser beam (Aexc = 425 nm) during fluorescence titration caused partial
photobleaching of 6-(BArF)s, presumably as a result of generation of singlet oxygen by the
nanocapsule.!! Therefore, the host-guest interaction between nanocapsule 6:(BArF)s and
Ceo was studied by means of UV-vis titration.

2) Binding model. In comparison to the 1:1 model, the 1:2 and 2:1 binding models give
reduced RMS and covariance as well as improved residual plots. However, the 2:1 model
produces highly implausible binding constants and both models do not allow to obtain
reproducible (with an acceptable standard deviation) binding constants for the three
different titration experiments. Therefore, binding of Cs to nanocapsule 6-(BArF)s in
PhMe/MeCN (9:1) at room temperature most likely follows the 1:1 binding model. It is
worth noting that a 1:2 (or 1:3) model would be physically plausible (one endo binding
event, followed by 1-2 exo binding events), but that the important first binding constant K
has a magnitude that would NOT affect any conclusions drawn in this study.

3) Guest absorption. Fullerene Ceo is a “non-silent” guest, i.e. Cso absorbs light at the
wavelength of interest (Amax = 425 nm). In order to take into account the absorption of a
guest, the equation for fitting titration data to 1:1 model must have an extra term &¢[GJo,
where g¢ is molar absorptivity of a guest and [G]o is a total guest concentration.* We
experimentally determined &¢ of Ceo at A = 425 nm (397 M-1cm-1) in the standard solvent
mixture and subtracted &¢[G]o from the observed absorption at 425 nm for each data point.
This approximation allowed us to analyze (and share) the titration data with online
calculator BindFit, since currently it can fit titration data for “silent” guests only. We did
however fit the data with the 1:1 model for “non-silent” guests by nonlinear curve fitting in
OriginPro® 2019b (iteration algorithm: Levenberg Marquardt) and the binding constants
obtained in this way are identical to those obtained with BindFit.

Supplementary Table 8. Association constants for Ceo/6+(BArF)s obtained for three
independent titrations by fitting the titration according to 1:1 binding model. Solvent:
PhMe/MeCN (9:1). Fit method: Nelder-Mead. s /v/n - standard deviation of the mean, where
s — standard deviation, n — number of measurements; t (005 2) X s/vn — 95% confidence

interval, where t(.05 n-1) — Student’s t at 95% confidence level.12

Entry  [6]oM  [Ceolo,final, M K,M*  Error, % A}‘é,e:jl'ﬂe S/“ﬁ’ st /‘f/'%s’f’mﬁ
1 4.1x10”7 8.4x10-° 5.0x103 +29

2 41x107 1.0x10- 5.7x103 £17  54x10°  02x10°  +0.9x10°
3 41x107 9.8x10 5.4x103 £18
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Supplementary Table 9. Links to the raw titration data, calculated fits and statistical

information for the titrations with 6-(BArF)s/Ceo host-guest system.

Entry Web link
1 http://app.supramolecular.org/bindfit/view/1a791f90-e0d7-4e32-9105-4966a6ca784b
2 http://app.supramolecular.org/bindfit/view/5bb3979d-caf2-46d4-bfc6-381a9c0de82a
3 http://app.supramolecular.org/bindfit/view/d6646 126-dc4c-4db8-98b7-47a7afee7983
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Fluorescence titrations: [10]CPP + Ceo in the presence of nanocapsule 6-(BArF)s

Supplementary Figure 92. Representative titration data for 6-(BArF)s /[10]CPP/Ceo host-

guest system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of [10]CPP
(2.0%x107 M, Aexc = 340 nm) upon addition of Ceo (0 - 1.9x10-¢ M) in the presence of
nanocapsule 6:(BArF)s (6.1x10-6¢ M, 30 equiv. with respect to [10]CPP). (B) Fit of the

titration data according to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP

and Ceo/[10]CPP on relative amount of Cs. (D) Residual plots.

Supplementary Table 10. Comparison of different binding models used to fit the

representative titration data shown in Supplementary Figure 92. Solvent: PhMe/MeCN

(9:1). Fit method: Nelder-Mead. [10CPP]o = 2.0x10-7 M; [Ceo]o: 0 — 1.9x10-¢ M; [6-(BArF)s

Jo=6.1x10-6 M.
1:1 model 1:2 model 2:1 model
K, M- Ki, M- K2, M K1, M- K2, M1
9.5x10° 1.9x107 4.0x105 1.3x107 7.8x10°8
Error +4.3% +5.9% +12% +8.6% +18%
RMS 307 234 122
Covariance 2.3%x10°3 1.3x10-3 3.8x10
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Comments:

1) Rationale. Having confirmed that the Ceo/[10]CPP is the strongest binary association
event, this titration serves to answer the question whether the presence of the nanocapsule
(constant concentration) significantly affects the stability of the Cs0/[10]CPP complex).1516
2) Binding model. Because we fit a ternary complex based on a binary model, this
experiment is by nature an approximation only. It is therefore not surprising that the 1:2
model and especially the 2:1 binding model give a better quality of fit. The main purpose of
the experiment is however to draw a comparison to the binary 1:1 complex Ce0/[10]CPP,
and it is remarkable that the 1:1 model allows a reasonably good fit and also a good
statistical error (see below) for these ternary titrations.

Supplementary Table 11. Association constants for Ceo/[10]CPP/6-(BArF)s obtained for
three independent titrations by fitting the data according to 1:1 binding model. Solvent:
PhMe/MeCN (9:1). Fit method: Nelder-Mead. s /v/n - standard deviation of the mean, where
s — standard deviation, n — number of measurements; t (0.5, n-1) X s/A/n = 95% confidence

interval, where t(.05 n-1) — Student’s t at 95% confidence level.12

[Ceo]o, final, A o Average s/\n, t (0.05,2) X

Entry [10CPPJo, M M K, M Error, % K, M- M- /v, M
1 2.0x10-7 1.7x10-6 9.3x106 +6.5

2 2.0x10-7 1.9x10-6 9.5x10°% +4.3 9.3x10° 0.09x10% +0.4x10°
3 2.0x10-7 1.9x10-% 9.2x10° +57

Supplementary Table 12. Links to the raw titration data, calculated fits and statistical
information for the titrations with 6-(BArF)s /[10]CPP/Ceo host-guest system.

Entry Web link
1 http://app.supramolecular.org/bindfit/view/69b03125-f1f2-4a14-aa85-6914ab3a85fb
2 http://app.supramolecular.org/bindfit/view/b587fe4f-f276-4595-8a82-06c0b2f7370¢c
3 http://app.supramolecular.org/bindfit/view/32be7daf-e76f-41f9-8485-a87942db36e2
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Fluorescence titration: [10]CPP + trans-3-(1-Ceo) bis-adduct

Supplementary Figure 93. Representative titration data for [10]CPP/trans-3-(1-Ceo)
host-guest system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of [10]CPP
(2.0x107 M, Aexc = 340 nm) upon addition of trans-3-(1-Ceo) (0 — 9.9x10-¢ M). (B) Fit of the
titration data according to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP
and trans-3-(1-Ce0)/[10]CPP on relative amount of trans-3-(1-Ceo). (D) Residual plots.
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Supplementary Table 13. Comparison of different binding models used to fit the
representative titration data shown in Supplementary Figure 93. Solvent: PhMe/MeCN

(9:1). Fit method: Nelder-Mead. [10CPP]o = 2.0x10-7 M; [trans-3-(1-Ceo)]o: 0 - 9.9x10-6 M.

1:1 model 1:2 model 2:1 model
K, M-t K1, M- Ko, M- K1, M- K2, M1
3.7x105% 3.6x10° 3.2x10° 5.0x10° 1.7x10°
Error +0.61% +4.1% +0.95% +51% +18%
RMS 86.3 68.9 69.3
Covariance 1.4x10-4 8.9x10-° 9.0x10-5

Comment. Fitting the titration data according to 1:2 or 2:1 binding model does not improve
the quality of fit, i.e. RMS and covariance are not significantly reduced in comparison to
those for 1:1 model. Therefore, binding of trans-3-(1-Ceo) to [10]CPP in PhMe/MeCN (9:1)
at room temperature can be best described by the 1:1 binding model.

Supplementary Table 14. Association constants for trans-3-(1-Ceo)/[10]CPP obtained for
three independent titrations by fitting the data according to 1:1 binding model. Solvent:
PhMe/MeCN (9:1). Fit method: Nelder-Mead. s /v/n - standard deviation of the mean, where
s — standard deviation, n — number of measurements; t (005, 3) X s/\/n —= 95% confidence

interval, where t(.05 n-1) — Student’s t at 95% confidence level.12

[trans-3-(1-Ceo)]o, final, 4 0 Average s/Vn, t (0.05,2) X s/
[10CPP]o, M M K,M Error, % K, M- M- vi, M
2.0x10°7 6.2x10-8 3.4%x105  +0.75
2.0x10°7 8.0x10-° 3.8x10° +1.0 3.6x10° 0.1x10° +0.5%x10°
2.0x10°7 9.9x10-¢ 3.7x10%  +0.61

Supplementary Table 15. Links to the raw titration data, calculated fits and statistical

information for the titrations.

[10CPP]o, M Web link
2.0x10°7 http://app.supramolecular.org/bindfit/view/d2ca3801-e472-460e-82a5-080eff9a5d45
2.0x10°7 http://app.supramolecular.org/bindfit/view/fbf30532-1b8b-4bba-aa8f-4e37 1ecee3al
2.0x10°7 http://app.supramolecular.org/bindfit/view/bcccOcda-1b70-4606-9be9-0247e793576d
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2.18. X-Ray diffraction studies

Single Crystal XRD at Alba Synchrotron (Barcelona)

The crystallographic data of Ceoc[10]CPP7-(BArF)s (CCDC 1984575) and trans-3-(1-
Ce0)<[10]CPPC7-(BArF)s (CCDC 1984576) were collected at the XALOC beamline of the
ALBA synchrotron at 100 K using a MD2M single-axis diffractometer (Maatel, France) and a
Pilatus 6 M detector (Dectris, Switzerland).1” The data sets were collected on omega single-
axis scans with 1s per frame exposures at A = 0.82653 A. The data were collected in single-
axis rotation leading to a low theta fraction value. All crystals were found to diffract only to
limited resolution (1.20 - 1.30 &), and in addition they showed degradation due to radiation
damage. This poor diffracting quality and fast degradation is attributed to the solvent loss
and severe motion from the solvent and BArF molecules. In addition, the positional disorder
of three-shell supramolecular arrangement influences the limited diffracting quality of the
crystals, resulting in relatively large final residual values. Nevertheless, the structures were
solved using SHELXT!® and refined by full matrix least-squares based on F2 using
SHELXL971% and OLEX2.20 The position of the atoms belonging to nanocages were clearly
located from the electron density maps. Large electron density was also found inside the
cages, allowing the assignment of several atomic positions as belonging to the C¢ and
[10]CCP molecules. Based on these coordinates, the entire molecules were introduced and
refined with the use of rigid-body restrains, leading to stable refinements. Both Ceo and
[10]CCP molecules are statistically disordered over two positions inside the nanocages,
with half occupancy in each case. Attempts to locate and refine solvent molecules and BArF
anions were unsuccessful, and therefore a solvent mask was applied to complete the

refinements.21

Single Crystal XRD - BRUKER SMART APEX CCD

Dark blue crystals of [Cuz(Me2pTp)(0Tf)2](0Tf), (CCDC 1984937) were grown from slow
diffusion of diethyl ether in a CH3CN solution of the compound, and used for low
temperature (100(2) K) X-ray structure determination. The measurement was carried out
on a BRUKER SMART APEX CCD diffractometer using graphite-monochromated Mo K[
radiation (@@= 0.71073 A) from an X-ray tube. The measurements were made in the range
2.8247 to 27.4162° for 6. Hemi-sphere data collection was carried out with w and ¢ scans.
A total of 50450 reflections were collected of which 4151 [R(int) = 0.063] were unique.
Programs used: data collection, Smart;22 data reduction, Saint+;23 absorption correction,

SADABS.24 Structure solution and refinement was done using SHELXTL.25 The structure was
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solved by direct methods and refined by full-matrix least-squares methods on F2. The non-
hydrogen atoms were refined anisotropically. The H-atoms were placed in geometrically

optimized positions and forced to ride on the atom to which they are attached.

CheckCIF Alerts and ORTEP crystallographic data

CheckCIF A and B Alerts and their corresponding response:

[Cuz(Me2pTp)(0Tf):](0OTf)2: No A or B level alerts

Ceoc[10]CPPc7+(BArF)s

Level A alerts:

THETMO1_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550
Calculated sin(theta_max)/wavelength = 0.4198

Author Response: No reflections were observed at resolution higher than 1.2A

Level B alerts:

PLAT082_ALERT_2_B High R1 Value .....cccnmeermreerrneeeens 0.17 Report

PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) cceovrerrrreens 0.44 Report

Author Response: Severe disorder and limited diffracting quality resulted in high R values

PLAT220_ALERT_2_B NonSolvent Resd 1 C Ueq(max) / Ueq(min) Range 9.6 Ratio;

PLAT241_ALERT_2_B High MainMol Ueq as Compared to Neighbors of N3FA, C6, C7FA,

C32, C8CA, C9EA, C2HA, C7WA, C4GA, €86, and

PLAT242_ALERT_2_B Low MainMol Ueq as Compared to Neighbors of Cu4, Cu5, 06,

Author Response: Observed differences in Ueq values are due to disorder and low

resolution

PLAT341_ALERT_3_B Low Bond Precision on C-C Bonds .............. 0.02422 Ang.

Author Response: Result of the limited diffraction quality and resolution reached

PLAT731_ALERT_1 BBond Calc 1.49(3),Rep 1.5(4) ... 10 su-Rat
C5QA -C7GA 1.555 7.666....... # 190 Check

Author Response: due to limited resolution, DFIX was used for some atoms

trans-3-(1-C¢o)c[10]CPPc7+(BArF)s

Level A alerts:
THETMO1_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550
Calculated sin(theta_max)/wavelength = 0.3846
Author Response: No reflections were observed at resoluton higher than 1.3A
PLAT084_ALERT_3_A High wR2 Value (i.e. > 0.25) .ccocovurrrrueenn. 0.48 Report
02AA 02 O06BA 03 O01AA 04 etc.
Author Response: Severe disorder and limited diffracting quality resulted in high R values

Level B alerts:

PLAT082_ALERT_2_B High R1 Value .....cconmermrerrnerenns 0.19 Report

Author Response: Severe disorder and limited diffracting quality resulted in high R value
PLAT241_ALERT_2_B High MainMol Ueq as Compared to Neighbors of N2, C8, C7FA,
C3QA, COJA, Check
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PLAT242_ALERT_2_B Low MainMol Ueq as Compared to Neighbors of C6, C6FA, C1GA,
C6BA, Check

Author Response: Observed differences in Ueq values are due to disorder and low
resolution

PLAT341_ALERT_3_B Low Bond Precision on C-C Bonds ............... 0.03264 Ang.

Author Response: Result of the limited diffraction quality and resolution reached

PLAT731_ALERT_1_BBond Calc 1.65(4),Rep 1.6(7) ... 10 su-Rat
C5QA -C7GA 1.555 7.666...... # 187 Check

Author Response: due to limited resolution, DFIX was used for some atoms

Supplementary Figure 94. ORTEP representation of the asymmetric unit of
[Cuz(MezpTp)(OTf)2](0OTf), (CCDC code 1984937). Thermal parameters are represented
with 50% of probability.
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Supplementary Figure 95. ORTEP representation of the asymmetric unit of
Ce0o=[10]CPP7-(BArF)s (CCDC code 1984575). Thermal parameters are represented with
50% of probability.

Supplementary Figure 96. ORTEP representation of the asymmetric unit of trans-3-(1-
Ce0)[10]CPP7-(BArF)s (CCDC code 1984576). Thermal parameters are represented
with 50% of probability.
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3. Supplementary Tables

Table 16. XRD data for
Ceoc[10]CPP7-(BArF)s, trans-3-(1-Ceo)[10]CPP=7-(BArF)s.

Supplementary

[Cuz(MezpTp)(OTf)2](OTf)2  Ceoc[10]CPP7-(BArF)s

CCDC code 1984937 1984575
formula C27H32CuFsN406S2 Cs65CUusF0.25N32018ZN2
fw 750.22 6143.352)
Crystal system Monoclinic Monoclinic
Space group C12/c1 C2/c
a(A) 27.3228(11) 45.890(9)
b (A) 16.6485(7) 45.990(9)
c (A) 16.8350(7) 39.660(8)
a (deg) 90 90

B (deg) 125.0820(10) 90.87(3)
y (deg) 90 90

Vv (A3) 6266.7(5) 83692(29)
V4 8 4

Dc (Mg m-3) 1.590 0.4882)
T (K) 100 100

A (A) 0.71073 0.8265
u (mm-1) 0.914 0.422
29 max (deg) 27.4162 40.60
reflns collected 50450 25293
indep. reflns 4151 25293
params 419 654
GOF on F? 1.066 1.358
Rindices (1>25(1)) 0.0642 0.1694
Rindices (all data) 0.0916 0.1935

a) Excluding solvent and BArF molecules
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[Cuz(MezpTp)(OTH](OTH),

trans-3-(1-
Ce0)c[10]CPP<7-(BArF)s
1984576
Ca05CusN32022Zn2
6303.43 2
Monoclinic
C2/c
45.910(9)
46.090(9)
39.670(8)
90
90.63(3)
90
83936(29)
4
0.422 2
100
0.8265
0.422
37.07
127489
19905
874
1.905
0.1920
0.2109
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Supplementary Table 17. Diffusion coefficients (D) and solvodynamic radii (rs) extracted

from DOSY NMR in CD3CN (Dcpacny= 1085 m2 s-1),

D (m?-s™) rs (A)

4-(BArF)s 3.1x1071 19.0

6-(BArF)s 2.8 x 1070 221

Ceoc[10]CPPc6-(BArF)s 2.8 x 107 221

trans-3-(1-Ceo) <
2.9x 1070 211
[10]CPPc6-(BArF)s
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1. Supplementary Methods

1.1. Materials and Instrumentation

Reagents and solvents were purchased from commercial sources and used without further
purification unless otherwise stated. NMR data were collected on a Bruker 400 MHz
AVANCE spectrometer in CDCI3 or CD3CN, and calibrated relative to the residual protons of
the solvent. ESI-MS measurements were performed on a Bruker MicroTOF-Q-II using CDCl3
or CH3CN as a mobile phase. HPLC analysis of fullerenes was performed on an Agilent series
1200 chromatograph equipped with a Cosmosil Buckyprep-M column, or on a LC-9130
NEXT apparatus (Japan Analytical Industry Co.Ltd.) with monitoring at 320 nm and using
toluene as an eluent at a flow rate of 0.5 ml/min. MALDI-TOF measurements were
performed on a Bruker Daltonics Autoflex maX using DCTB and NaTFA as matrix. UV-Vis
spectra were recorded on an Agilent 8452 UV-Vis spectrophotometer using a 1 cm quartz
cell and CH3CN as a solvent. Fullerene extract (70% Cso, 28% C70 and 2% higher fullerenes)
was purchased from SES Research and used as received. Azafullerene (CsoN): and

nanocapsules 6-(BArF)g and 7-(BArF)s were prepared according to reported procedures.!-3

1.2.  Synthesis and characterization of dialdehyde (ppp)

Br HO.__OH
K,CO; H,0
Pd(OAc), MeCN

2 + >
100°C, 16 h

0~ 'H Ho" B oH

Supplementary Figure 1. Synthesis of (1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde (ppp).

(1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde (ppp) was synthetized following reported
procedures.* 4-Bromobenzaldehyde (2.0 g, 1 mmol) was added in a 100 ml round-bottom
flask. Benzene-1,4-diboronic acid (0.9 g, 0.6 mmol) dissolved in 16 ml of acetonitrile was
then added followed by the addition of K,CO3 (1.8 g, 2.4 mmol) dissolved in 26 ml of milliQ
water. Finally, Pd(OAC); (0.12 g, 0.1 mmol) was added and the reaction mixture was heated
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at 110 °C for 16 h. After this time, 50 ml of water were added and the product was extracted
with dichloromethane (3 x 20 ml). The organic phases were combined, dried over
anhydrous MgS0, and filtered. The remaining solution was dried under vacuum and the
product was obtained as a pale-yellow solid. (Yield: 80%).

tH-NMR (400 MHz, CDCl3) é ppm: 10.08 (s, 2H, -CH), 7.99 (d, ]=8.4 Hz, 4H, arom), 7.82 (d,
]=8.2 Hz, 4H, arom), 7.77 (s, 4H, arom).

13C-NMR (100 MHz, CDCl3) 6 ppm: 192.0 (C=0), 146.4 (C arom), 139.9 (C arom), 135.6 (C
arom), 130.5 (CH arom), 128.2 (CH arom), 127.8 (CH arom).

HRMS (m/z): calculated 309.0889, found 309.0886 for ({diarylalkyne-ppp + Na}*1);
calculated 327.0998, found 327.0992 for ({diarylalkyne-ppp + H20 + Na}*1), calculated
341.1154, found 341.1148 for ({diarylalkyne-ppp + CH30H + Na}+1).

1.3.  Synthesis and characterization of Soppp

O._H
(] O~
CH,CI, (—N N
/—\,/\ CH,OH
2 + 2 H,N H NH, —_— NH HN

S OO0

Supplementary Figure 2. Synthesis of the S;ppp macrocycle.

(1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde (0.78 g, 1 mmol) was dissolved in 250 ml of DCM
and charged in a 250 ml addition funnel. Then, diethylenetriamine (294 pl, 1 mmol) was
added in a 500 ml round-bottom flask containing 250 ml of MeOH. The dialdehyde solution
was added dropwise into the amine solution during a period of 6 h and stirred for 16 h. After
this time, a white solid was obtained.

1H-NMR (400 MHz, CDCl3) 6 ppm: 8.35 (s, 4H, arom), 7.60 (d, ]=8.3 Hz, 8H, arom), 7.49 (s,
8H, arom), 7.47 (d, ]=8.3 Hz, 8H, arom), 3.84-3.82 (m, 8H, CH>), 3.04-3.02 (m, 8H, CH>).
13C-NMR (100 MHz, CDCl3) 6 ppm: 162.0 (C sp?imine), 142.3 (Carom), 139.5 (Carom), 135.2
(Carom), 128.7 (CH arom), 127.5 (CH arom), 127.0 (CH arom), 60.1 (-CHz-), 48.7 (-CHz-).
HRMS (m/z): calculated 354.1965, found 354.1975 for ({Szppp + H}*?); calculated 707.3857,
found 707.3868 for ({Szppp + H}*1).
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14. Synthesis and characterization of Hppp
NaBH,

(_N,\q

OO0 OO

Supplementary Figure 3. Synthesis of H.ppp.

NNW

HN

)

(ZETY

NaBH4 (0.52 g, 10 mmols) was added into a S;ppp solution in methanol and the reaction
mixture was stirred for 16 h. After this time, 20 ml of an acid solution (HCl:H;0 1:10) were
added and the crude reaction mixture was stirred for 45 minutes. Then, the solution was
evaporated under reduced pressure until a constant volume and 100 ml of H,0 were added.
The product was extracted with CHCI3 (3 x 50 ml) and the organic phases were combined,
dried over anhydrous MgSO, and filtered. The remaining solution was dried under vacuum
to afford the product as a white solid. (Yield: 87%).

1H-NMR (400 MHz, CDCl3) 6 ppm: 7.54 (s, 8H, arom), 7.51 (d, ]=8.2 Hz, 8H, arom), 7.37 (d,
J=8.2 Hz, 8H, arom), 3.84 (s, 8H, CHz), 2.93-2.85 (m, 16H, CH>).

13C-NMR (100 MHz, CDCl3) 6 ppm: 139.8 (C arom), 139.6 (C arom), 139.2 (C arom), 128.7
(CH arom), 127.4 (CH arom), 127.0 (CH arom), 53.7 (-CHz-), 49.1 (-CH:-), 48.4 (-CHz-).
HRMS (m/z): calculated 358.2278, found 358.2281 for ({H:ppp + H}*2); calculated
715.4483, found 715.4493 for ({Hzppp + H}*1).

1.5.  Synthesis and characterization of Mezppp

NW \”/3

(—N HCHO, HCOOH (—N
H,0
NH

-

OO0 OO0

Supplementary Figure 4. Synthesis of the macrocyclic ligand, Me;ppp.

Hzppp (0.97 g, 1 mmol) were added to a 100 ml round-bottom flask and mixed with 12 ml
of formaldehyde, 10 ml of formic acid and 20 ml of water. The resulting mixture was heated
at reflux for a period of 16 h. After this time, the reaction mixture was cooled to room

temperature and the solvent was removed under reduced pressure. Then, 50 ml of NaOH
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1M were added and the product was extracted with CHCl3 (3 x 25 ml). The organic phases
were combined, dried over anhydrous MgS04 and filtered. The remaining solution was dried
under vacuum and the product was purified by recrystallization with acetone. (Yield: 80%).
1H-NMR (400 MHz, CDCl3) 6 ppm: 7.48 (s, 8H, arom), 7.46 (d, ]=8.2 Hz, 8H, arom), 7.32 (d,
J=8.2 Hz, 8H, arom), 3.51 (s, 8H, CH2), 2.59-2.53 (m, 16H, CHz), 2.31 (s, 6H, CH3), 2.24 (s, 12H,
CHa).

13C-NMR (100 MHz, CDCl3) é ppm: 139.6 (C arom), 139.3 (C arom), 138.3 (C arom), 129.7
(CH arom), 127.3 (CH arom), 126.8 (CH arom), 62.3 (-CH>-), 54.8 (-CH»-), 54.6 (-CHz-), 43.8
(-CHaz), 43.1 (-CHa).

HRMS (m/z): calculated 400.2747, found 400.2741 for ({Me;ppp + H}*2); calculated
799.5422, found 799.5421 for ({Mezppp + H}*1).

1.6. Synthesis and characterization of dinuclear Pd" molecular clip
[Pd2(Mezppp)(Ac0)2](OTH).

|
N N (CF3S03),
N S e |
0 C shlle
2 Pd(OAc),

0 o0 g g
<iille <siile

N N N—""—N

Supplementary Figure 5. Synthesis of [Pdz(Mezppp)(Ac0).](OTf)>.

In a 250 ml round-bottom flask, Me,ppp (0.172 g, 1 mmol), Pd(Ac0). (0.101 g, 2.1 mmols)
and 85 ml of anhydrous CH3CN were mixed. The mixture was heated at reflux under a
nitrogen atmosphere for 16h. After this time, the reaction mixture was cooled to room
temperature. Subsequently, an excess of CF3SO3Na salt was added (4.2 mmols) and the
mixture was stirred vigorously for 8h. The mixture was concentrated to the half of the
volume under reduced pressure, filtered through Celite and recrystallized by slow diffusion
of diethyl ether. The product was obtained as a yellow crystalline solid. (Yield: 86%).

1H-NMR (400 MHz, CD3CN) § ppm: 8.34 (d, ]=8.2 Hz, 8H, arom), 8.25 (d, ]=8.2 Hz, 8H, arom),
8.08 (d, J]=8.2 Hz, arom), 7.99 (d, J=8.2 Hz, arom), 7.90 (s, 8H, arom), 7.82 (s, 8H, arom), 4.05
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(dd, 8H, CH), 3.64-3.57 (m, 8H, CH2), 3.32 (s, 12H, CHz), 3.30 (s, 12H, CHz3), 3.24-3.15 (m,
8H, CHz), 3.09 (dd, 8H, CHz), 2.36-2.28 (m, 16H, CHz), 2.09 (s, 6H, AcO), 2.08 (s, 6H, AcO),
1.41 (s, 6H, CH3), 1.35 (s, 6H, CH3).

13C-NMR (100 MHz, CDCl3) 6 ppm: 177.8 (C=0, Ac0), 177.8 (C=0, AcO), 141.5 (arom), 141.3
(arom), 140.1 (arom), 139.9 (arom), 134.2 (arom), 134.1 (arom), 133.7 (arom), 133.6
(arom), 128.5 (arom), 128.3 (arom), 128.2 (arom), 128.1 (arom), 123.6 (CF3S03), 120.5
(CF3S03), 65.8 (-CH2-), 65.7 (-CHz-), 61.2 (-CHz-), 59.3 (-CHz-), 59.2 (-CHz-), 51.4 (-CH3), 51.2
(-CHaz), 44.0 (-CHz), 43.8 (-CHz3), 24.7 (-CH3, AcO), 24.6 (-CH3z, AcO).

HRMS (m/z): calculated 565.1851, found 565.1864 for ({Pd.(Me2ppp)(Ac0).}+2); calculated
1279.3226, found 1279.3247 for ({Pd2(Mezppp)(Ac0)2(CF3S03)1}+1).

1.7.  Synthesis and characterization of dinuclear Cu" molecular clip
[Cuz(Me2ppp)(OTH)2](OTf)2

[
N N |(CF3303)2
\N/\ /\N/ \N/\\Cl j/
u
O C ® " ®
2 Cu(OTf),

0 0 g ¢
<ille

!
/LT K /NC:,DN\

Supplementary Figure 6. Synthesis of [Cuz(Me2ppp)(0Tf)2](OTf)2.

In a 20 ml glass vial, Me;ppp (0.095 g, 1 mmol) and Cu(CF3S03), (0.090 g, 2 mmols) were
dissolved in 8.5 ml of CH3CN. The mixture was stirred at room temperature for 16 h. After
this time, the reaction crude was filtered through Celite and recrystallized by slow diffusion
of diethyl ether. The product was obtained as a blue crystalline solid. (Yield: 93%).

HRMS (m/z): calculated 612.1478, found 612.1465 for ({Cuz(Mezppp)(CF3S03)2}*2);
calculated 1373.2481, found 1373.2401 for ({Cuz(Me2ppp)(CF3S03)3}*1).

1.8. Synthesis and characterization of Pd'-based tetragonal prismatic
nanocapsule 8-(BArF)s
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Supplementary Figure 7. Schematic representation for the synthesis of 8:(BArF)s

nanocapsule.

5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-Zn! (0.09 g, 2 mmols) were added in a 50
ml round-bottom flask and dissolved in 8 ml of DMF. Then, 76 ul of triethylamine dissolved
in 4 ml of DMF were added to the porphyrin solution. Finally, molecular clip
[Pd2(Mezppp) (AcO).](CF3S03)2 (0.23 g, 4 mmols) was dissolved in 20 ml of DMF were added
to the reaction mixture and the solution was heated at 105 °C under reflux for 24 h. The
reaction crude was cooled to room temperature, filtered through Celite and recrystallized
by diffusion of diethyl ether. The 8-(CF3S03)s crystalline solid obtained was suspended in
12 ml of DCM, an excess of NaBArF salt was added (6 to 10 mmols) and the mixture was
stirred vigorously for 16 h. The mixture was filtered through Celite and the product was
obtained by precipitation by slow diffusion of diethyl ether. (Yield: 72%).

1H-NMR (400 MHz, CD3CN) 6 ppm: 8.71 (s, 16H, pyrrole ring), 8.63 (d, ]=8.2 Hz, 8H, arom-
porph), 8.41 (d, ]=8.2 Hz, 8H, arom-porph), 8.25 (d, ]=8.2 Hz, 32H, arom-clip), 8.21 (d, 8H,
arom-porph), 8.12 (d, 8H, arom-porph), 8.05 (d, J=8.2 Hz, 32H, arom-clip), 7.76 (s, 32H,
arom-clip), 7.68-7.65 (m, 96H, BArF-), 4.07 (d, J=13 Hz, 16H, -CH;-), 3.69 (m, 16H, -CH>-),
3.59 (s, 48H, N-CH3), 3.15 (d, J=13 Hz, 16H, -CH>-), 2.47 (dd, J=13.5 Hz, 16H, -CH:-), 2.39 (dd,
J=13.5 Hz, 16H, -CH:-), 1.56 (s, 24H, N-CHz).

13C-NMR (100 MHz, CDCl3) § ppm: 161.9 (BArF), 149.6 (pyrrole ring), 134.7 (BArF), 134.0
(arom-porph), 133.0 (arom-clip), 131.5 (pyrrole ring), 127.4 (arom-porph), 127.4 (arom-
clip), 125.8 (arom-porph), 123.1 (arom-clip), 117.3 (BArF), 64.5 (-CHz-), 60.0 (-CH>-), 58.4
(-CHz-), 51.5 (-CH3), 43.1 (-CH3).

HRMS (m/z): calculated 718.4442, found 718.4405 for ([8-(BArF)o]+8); calculated 944.3744,
found 944.3704 for ([8:(BArF):]*7); calculated 1245.6147, found 1245.6103 for
([8-(BArF):]*¢); calculated 1667.5511, found 1667.5432 for ([8-(BArF)s]+5); calculated
2300.2057, found 2300.1789 for ([8:(BArF)4]+4).
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1.9. Synthesis and characterization of Cu'-based tetragonal prismatic
nanocapsule 9-(BArF)s

Supplementary Figure 8. Schematic representation for the synthesis of 9:(BArF)s

nanocapsule.

5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-Zn! (9.2 mg, 2 mmols) was weighted in a
20 ml glass vial and dissolved in 1.0 ml of DMF. Then, 7.5 pl of triethylamine dissolved in 0.5
ml of DMF were added to the porphyrin solution. Finally, molecular clip
[Cuz(Me2ppp) (CF3S03)2] (CF3S03)2 (24.6 mg, 4 mmols) was dissolved in 2.5 ml of DMF were
added to the mixture and the solution was stirred at room temperature for 16 h. The
reaction crude was filtered through Celite and recrystallized by diethyl ether diffusion.
Product 9-(CF3S03)s was obtained as a crystalline solid and suspended in 12 ml of DCM. An
excess of NaBArF salt was added (6 to 10 mmols) and the mixture was stirred vigorously
for 16 h. The mixture was filtered through Celite and the product was obtained by
precipitation with slow diffusion of diethyl ether. (Yield: 75%).

HRMS (m/z): calculated 675.5940, found 675.5879 for ([9-(BArF)o]+8); calculated 895.4028,
found 895.3954 for ([9:(BArF):]*7); calculated 1188.4811, found 1188.4734 for
([9-(BArF)2]*¢); calculated 1598.7908, found 1598.7825 for ([9-(BArF)s]*5); calculated
2214.5054, found 2214.4970 for ([9-(BArF)4]*).
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1.10. Extract encapsulation procedure

Encapsulation in solution. X:(BArF)s (X = 4,6,7,8,9) (15 mg, 1 mmol) was weighted and
dissolved in 222 pl of acetonitrile. Then 100 mmols of fullerene extract, containing 60% Ceo,
28% C70 and 2% higher fullerenes, in 2000 pl toluene were added. The mixture was stirred

at room temperature for 7 days and analysed by HR-ESI-MS.

Solid state encapsulation. X-(BArF)s (X = 4,6,7,8,9) (15 mg, 1 mmol) was weighted. Then
100 mmols of fullerene extract in toluene, containing 60% Ceo, 28% C70 and 2% higher
fullerenes, were added. The mixture was stirred at room temperature for 12 hours and

analysed by HR-ESI-MS, and then for 7 days and analysed again by HR-ESI-MS.
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a. Fullerene extract + 7-(BArF)s

Supplementary Figure 9. HR-MS-ESI. a) 7-(BArF)g in solution (toluene:CH3CN 9:1), 100
eq. of fullerene extract, r.t,, 7 days. b) 7-(BArF)sg in the solid state (suspension in toluene),
100 eq. of fullerene extract, r.t.,, 12 hours. c) 7-(BArF)s in the solid state (suspension in

toluene), 100 eq. of fullerene extract, r.t.,, 7 days.

mAl -

= 24,286
T,

35|

Supplementary Figure 10. HPLC after the addition of 20 eq. of TfOH to 7-(BArF)s and

solubilizing the Css and other higher fullerenes in toluene.
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Supplementary Table 1. HPLC data.

TIME AREA HEIGHT WIDTH AREA% SYMMETRY

1 16.86 71.90 1.30 0.92 3.24 1.07
2 19.15 8.40 0.29 0.49 0.37 0.72
3 20.18 15.50 0.54 0.48 0.70 1.12
4 21.09 13.00 0.30 0.72 0.59 0.56
5 22.93 7.50 0.44 0.28 0.34 0.00
6 24.29 1901.50 34.10 0.93 85.71 0.71
7 26.34 81.50 2.30 0.58 3.67 0.03
8 28.74 13.50 0.36 0.63 0.61 1.03
9 30.68 65.80 1.10 0.99 2.97 1.14
10 32.55 32.80 0.55 0.99 1.48 1.01
11 34.81 7.20 0.14 0.89 0.32 0.71
b. Fullerene extract + 6:(BArF)s
Intens. ]
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1 884.90
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Supplementary Figure 11. HR-MS-ESI after the addition of 100 eq. of fullerene extract to

6-(BArF)g at r.t. for 7 days in the solid state (suspension in toluene).
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C. Fullerene extract + 8-(BArF)s
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Supplementary Figure 12. HR-MS-ESI after the addition of 100 eq. of fullerene extract to

8:(BArF)g atr.t. for 7 days in the solid state (suspension in toluene).
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1.11. Cssisolation and characterization

a. HPLC-DAD
60
50

40

20

J

10 15 20 25 30 35 40
min

Supplementary Figure 13. HPLC-DAD chromatogram of Cgs released from nanocapsule

7-(BArF)g and collected.

b. UV-Vis

Supplementary Figure 14. (a) UV-Vis spectrum of purified Cs4 and comparison with the
reported D,(22) UV-Vis spectra.

265



Annex 2

Supplementary Figure 15. (a) HPLC chromatogram of the fullerene extract. (b) UV-Vis
spectrum at the head (24.0 min), middle (24.5 min) and tail (25.0 min) of Cs4 peak. (c) UV-
Vis spectrum of the reported D, (22) and D24 (23) isomers.
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c. MALDI-TOF
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Supplementary Figure 16. MALDI-TOF spectrum of purified Cea.
d. BC-NMR

Supplementary Figure 17. 13C-NMR spectrum of the purified Cgs registered with a 500
MHz NMR (equipped with a cryoprobe) for 3 days (1.6-x 105 scans, CS;:acetone-d6, 40 mM

Cr(acac)s as relaxing agent, d1 = 2s)."
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e. C84C7'(BAFF)8

Supplementary Figure 18. HR-MS-ESI after encapsulation of fullerene extract (a) and
after encapsulation of the purified Css to 7-(BArF)s (b).
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1.12. Ces binding constant calculation

a. Cuc7-(BArF)s + 8:(BArF)s
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Supplementary Figure 19. HR-MS-ESI of the encapsulation of fullerene extract (Css
mainly) with 15 mg of 7-(BArF)s (in the solid state) (top), HR-MS-ESI of the addition of

8:(BArF)g into the Cgs—7-(BArF)s solution (center) and zoom of the latter (bottom).
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b. (CsoN).c7-(BArF)s + fullerene extract (100 eq., 4d, toluene)

(1) Encapsulation of (CsoN) into 6+(BArF)s. (2) Addition of fullerene extract (100 eq) in

toluene and stirring at room temperature for 4 days.

Supplementary Figure 20. HR-MS-ESI of (CsoN).c6-(BArF)s (top) and after exchanging
with Cgs (bottom).
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1.13. UV-Vis titrations

Experimental procedure and general remarks

All titrations were performed in a mixture of PhMe/MeCN/0-DCB (9:1:0.09, v/v) at room
temperature, on an Agilent 8452 UV-vis spectrophotometer using a 1 cm quartz cell.
Concentration of either host or guest species was kept constant over the course of titration.

Titration data was fitted by using the online calculator Bindfit (http://supramolecular.org).s

Supplementary Table 2. Comparison of different binding constants. Solvent:
PhMe/MeCN/o0-DCB (9:1:0.09).

NANOCAPSULE K (M) Kz (M) K + ERROR (M)
4[ref 1] - - 9.4 ( 0.5) x 10°

6 1.2x107 8.2 x 10° 1.0 (£ 1.1) x 107

7 1.7 x 10° 1.4 x 10° 1.6 (£ 0.1) x 10°

8 5.0 x 107 3.6 x 107 4.3 (+1.0) x 107

9 1.6 x 107 9.2 x 10° 1.3 (% 0.6) x 107

a. UV-Vis titration: (CsoN), + 6-(BArF)s
A
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Supplementary Figure 22. Representative titration data for 6/(CsoN)2 host-guest system.
Solvent: PhMe/MeCN/0-DCB (9:1:0.09). (A) Changes in absorption spectra of 6 (8.3x10-7 M,
Aexc =420 nm) upon addition of diazafullerene (CsoN)2 (0 — 3.4x10-5 M). (B) Fit of the titration
data according to 1:1 binding model. See supplementary excel input files “6_T1” and “6_T2”

for the detailed report from supramolecular.org page.

b. UV-Vis titration: (CssN); + 7-(BArF)g

A

272



Supporting information Chapter 111

Supplementary Figure 23. Representative titration data for 7/(CsoN) host-guest system.
Solvent: PhMe/MeCN/0-DCB (9:1:0.09). (A) Changes in absorption spectra of 7 (8.3x10-7 M,
Aexc =420 nm) upon addition of diazafullerene (Cs9N)2 (0 - 6.4x10-5 M). (B) Fit of the titration
data according to 1:1 binding model. See supplementary excel input files “7_T1” and “7_T2”

for the detailed report from supramolecular.org page.

c. UV-Visttitration: (CsoN), + 8:(BArF)s

A
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Supplementary Figure 24. Representative titration data for 8/(CsoN) host-guest system.
Solvent: PhMe/MeCN/0-DCB (9:1:0.09). (A) Changes in absorption spectra of 8 (4.3x107 M,
Aexc =420 nm) upon addition of diazafullerene (Cs9N)2 (0 - 3.7x10-5 M). (B) Fit of the titration
data according to 1:1 binding model. See supplementary excel input files “8_T1” and “8_T2”

for the detailed report from supramolecular.org page.

d. UV-Vis titration: (CsoN), + 9-(BArF)s

A
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Supplementary Figure 25. Representative titration data for 9/(CsoN)2 host-guest system.
Solvent: PhMe/MeCN/0-DCB (9:1:0.09). (A) Changes in absorption spectra of 9 (8.3x107 M,
Aexc =420 nm) upon addition of diazafullerene (Cs9N)2 (0 — 9.2x10-5 M). (B) Fit of the titration
data according to 1:1 binding model. See supplementary excel input files “9_T1” and “9_T2”

for the detailed report from supramolecular.org page.
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2. Supplementary Figures

2.1. Characterization of dialdehyde (ppp)

Supplementary Figure 26. tH-NMR of (1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde (ppp).
Experiment performed in CDCls at 298 K (400 MHz). (¢) CHCI3, (#) H20, (y) TMS.

Supplementary Figure 27. 13C-NMR of (1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde (ppp).
Experiment performed in CDCl; at 298 K (100 MHz). (¢) CHCl3, (y) TMS.
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Supplementary Figure 28. HRMS spectrum of (1,1":4',1"-terphenyl)-4,4"-dicarbaldehyde
(ppp)- Experimental (top) and theoretical isotopic pattern for selected peaks is shown.
Sample was dissolved in chloroform and the spectrum was registered on a Bruker Micro

TOF-Q-II exact mass spectrometer.

2.2. Characterization of S;ppp

Supplementary Figure 29. tH-NMR of S;ppp macrocycle. Experiment was performed in

CDCl3 at 298 K (400 MHz). (¢) CHCl3, (*) H grease, (Y) TMS, (a) diethylentriamine.
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Supplementary Figure 30. 13C-NMR of S;ppp macrocycle. Experiment was performed in

CDCls at 298 K (100 MHz). (¢) CHCls, (y) TMS.
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Supplementary Figure 31. HMBC of S;ppp macrocycle. Experiment was performed in

CDCl; at 298 K (400 MHz).
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Supplementary Figure 32. HSQC of S;ppp macrocycle. Experiment was performed in CDCl3
at 298 K (400 MHz).
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Supplementary Figure 33. COSY of S;ppp macrocycle. Experiment was performed in CDCl3
at 298 K (400 MHz).
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Supplementary Figure 34. TOCSY of S;ppp macrocycle. Experiment was performed in

CDCl; at 298 K (400 MHz).
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Supplementary Figure 35. NOESY of S;ppp macrocycle. Experiment was performed in

CDCls at 298 K (400 MHz).
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Supplementary Figure 36. HRMS spectrum of S;ppp macrocycle. Experimental (top) and
theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was dissolved
in chloroform and the spectrum was registered on a Bruker Micro TOF-Q-II exact mass

spectrometer.
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2.3. Characterization of Happp

Supplementary Figure 37. 1H-NMR of H,ppp macrocycle. Experiment was performed in
CDCl3z at 298 K (400 MHz). () CHCIs, (*) H grease, (y) TMS.

Supplementary Figure 38. 13C-NMR of H,ppp macrocycle. Experiment was performed in
CDCl3 at 298 K (100 MHz). (¢) CHCI3, (*) H grease, (y) TMS.
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Supplementary Figure 39. HMBC of H.ppp macrocycle. Experiment was performed in

CDCl; at 298 K (400 MHz).
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Supplementary Figure 40. HSQC of H;ppp macrocycle. Experiment was performed in

CDCls at 298 K (400 MHz).
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Supplementary Figure 41. COSY of H:ppp macrocycle. Experiment was performed in
CDCls at 298 K (400 MHz).
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Supplementary Figure 42. TOCSY of H.ppp macrocycle. Experiment was performed in
CDCl; at 298 K (400 MHz).
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Supplementary Figure 43. NOESY of H,ppp macrocycle. Experiment was performed in
CDCls at 298 K (400 MHz).

Supplementary Figure 44. HRMS spectrum of H2ppp macrocycle. Experimental (top) and
theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was dissolved
in chloroform and the spectrum was registered on a Bruker Micro TOF-Q-II exact mass

spectrometer.
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2.4. Characterization of the macrocyclic ligand Mezppp

Supplementary Figure 45. 1H-NMR of Me;ppp macrocycle. Experiment was performed in
CDCl; at 298 K (400 MHz). (#) Hz0, (*) H grease, (y) TMS.

Supplementary Figure 46. 13C-NMR of Me,ppp macrocycle. Experiment was performed in

CDCls at 298 K (100 MHz). () CHCls, (*) H grease, (y) TMS.
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Supplementary Figure 47. HMBC of Me;ppp macrocycle. Experiment was performed in
CDCls at 298 K (400 MHz).

Supplementary Figure 48. HSQC of Me;ppp macrocycle. Experiment was performed in
CDCl; at 298 K (400 MHz).
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Supplementary Figure 49. COSY of Me;ppp macrocycle. Experiment was performed in
CDCl; at 298 K (400 MHz).

Supplementary Figure 50. TOCSY of Me;ppp macrocycle. Experiment was performed in
CDClz at 298 K (400 MHz).
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Supplementary Figure 51. NOESY of Me,ppp macrocycle. Experiment was performed in
CDCl; at 298 K (400 MHz).

Supplementary Figure 52. HRMS spectrum of Me;ppp macrocycle. Experimental (top) and
theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was dissolved
in chloroform and the spectrum was registered on a Bruker Micro TOF-Q-II exact mass

spectrometer.
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2.5. Characterization of dinuclear Pd" molecular clip [Pd2-Me2ppp-(Ac0)2(OTf),]

Supplementary Figure 53. 'H-NMR of [Pd:(Me;ppp)(AcO)2](0Tf),. Experiment was
performed in CDsCN at 298 K (400 MHz). (¢) CH3CN, (#) H,0.

Supplementary Figure 54. 13C-NMR of [Pd;(Me:ppp)(Ac0O)2](0Tf).. Experiment was
performed in CD3CN at 298 K (100 MHz). (¢) CH3CN.
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Supplementary Figure 55. HMBC of [Pd:(Mezppp)(Ac0):](OTf).. Experiment was
performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 56. HSQC of [Pd:(Me2ppp)(AcO).](OTf),. Experiment was
performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 57. COSY of [Pd:(Mezppp)(Ac0O):](OTf).. Experiment was

performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 58. TOCSY of [Pd:(Me:ppp)(Ac0)2](OTf).. Experiment was

performed in CD3CN at 298 K (400 MHz).
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Supplementary Figure 59. NOESY of [Pd:(Mezppp)(Ac0):](OTf).. Experiment was
performed in CD3CN at 298 K (400 MHz).

Supplementary Figure 60. HRMS spectrum of [Pdz(Me.ppp)(Ac0)z](OTf).. Experimental
(top) and theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was
dissolved in acetonitrile and the spectrum was registered on a Bruker Micro TOF-Q-II exact

mass spectrometer.
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2.6. Characterization of dinuclear Cu" molecular clip [Cux(Mezppp)(0OTf)2](OTf)2

Supplementary Figure 61. HRMS spectrum of [Cuz(Me2ppp)(0Tf)2](0Tf).. Experimental
(top) and theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was
dissolved in acetonitrile and the spectrum was registered on a Bruker Micro TOF-Q-II exact

mass spectrometer.
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2.7. Characterization of tetragonal prismatic nanocapsule 8-(BArF)s

Supplementary Figure 62. 1H-NMR of 8:(BArF)s nanocapsule. Experiment was performed
in CD3CN at 298 K (400 MHz). (y) DCM, (*) diethyl ether, (1) dmf, (#) H20, (¢) CH3CN.
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Supplementary Figure 63. 13C-NMR of 8:(BArF)snanocapsule. Experiment was performed
in CD3CN at 298 K (100 MHz). (¢) CHsCN.
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Supplementary Figure 64. HMBC of 8-(BArF)snanocapsule. Experiment was performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 65. HSQC of 8:(BArF)snanocapsule. Experiment was performed in
CD3CN at 298 K (400 MHz).
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Supplementary Figure 66. COSY of 8-(BArF)snanocapsule. Experiment was performed in
CDsCN at 298 K (400 MHz).
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Supplementary Figure 67. TOCSY of 8:(BArF)s nanocapsule. Experiment was performed
in CD3CN at 298 K (400 MHz).
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Supplementary Figure 68. NOESY of 8:(BArF)s nanocapsule. Experiment was performed
in CDsCN at 298 K (400 MHz).
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Supplementary Figure 69. DOSY of 8:(BArF)snanocapsule. Experiment was performed in
CD3CN at 298 K (400 MHz). (¢) CH3CN.

Supplementary Figure 70. HRMS spectrum of 8:(BArF)s nanocapsule. Experimental (top)
and theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was
dissolved in acetonitrile and the spectrum was registered on a Bruker Micro TOF-Q-II exact

mass spectrometer.
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2.8. Characterization of tetragonal prismatic nanocapsule 9:(BArF)s

Supplementary Figure 71. HRMS spectrum of 9:(BArF)s nanocapsule. Experimental (top)
and theoretical (bottom) isotopic pattern for selected peaks is shown. The sample was
dissolved in acetonitrile and the spectrum was registered on a Bruker Micro TOF-Q-II exact

mass spectrometer.
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1. Supplementary Methods

1.1.Materials and Instrumentation

Reagents and solvents were purchased from VWR Prolabo and Sigma-Aldrich. They were
dried on alumina desiccant and degassed by passing Ar through for 20 min. Pyrazine was
purchased from Sigma Aldrich and used without further purification. Ru(COD)(COT) was
purchased from Nanomeps. ESI-MS measurements were performed on a Bruker MicroTOF-
Q-II using CH3CN as a mobile phase. The TEM samples were prepared by dropcast of the
solution in a copper grid covered with an amorphous C film, and then dried under vaccum
prior to measurement. The TEM images were recorded in a JEOL 1400 microscope working
at 120 kV. HR-TEM images were recorded in a probe corrected JEOL ARM Cold-FEG
operated at 200 keV.

The catalytic solutions were analyzed by gas chromatography (GC PerkinElmer 580)
equipped with a capillary column Elite-5MS (PerkinElmer) and a FID detector and using H»
as carrier gas. The GC is coupled to a Clarus SQ8T mass spectrometer. Conversion and yields

were calculated by comparison of the peak areas of reagent, products and internal standard.

1.2.Procedure for the synthesis of nanocapsules and sub-nanometric nanoparticles

Nanocapsules 6:(BArF)s and 8:(BArF)s were synthesised following reported

methodologies.! 2

The synthesis of Ru NPs was performed in the glove box. For this, 2 mg of nanocapsule were
dissolved in 2mL of THF in a Fisher-Porter bottle.3 4 To this solution, 324, 199, 149, 100 or
50 pL of a 0.064 M solution of Ru(COD)(COT) (1 mL THF) were added, corresponding to
130, 80, 60, 40 and 20 eq of Ru, respectively. Then 0.2 equivalents of pyrazine with respect
to Ru were added, namely 170, 104, 78, 52 or 26 pL of a 0.024 M solution (10mL THF).
Finally, 1 mL of THF was added to the solution. The final volume of the solutions was 3.5,
3.3,3.2,3.1 and 3.0 mL, respectively. The FP was taken out of the glovebox and charged with
1 bar of Hs. Prior to loading, the line was purged with 3 cycles Hz/vacuum. The solution was
stirred for 2 min at room temperature and then the pressure was released. In the case of

E12 the same procedure is followed by adding 324 pL of a 0.064 M solution of
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Ru(COD)(COT) (which corresponds to 130 eq) and 170 pL of a 0.32 M solution of pyrazine

(which corresponds to 1 eq). The total volume is 3.5 mL.

For the HRMS-ESI-QTOF analysis, 1 mL of acetonitrile was added to the solution, to
solubilize the nanocapsule, followed by two drops of Hg. The mixture was stirred overnight
and then filtered to remove the excess of NPs congregated with the Hg (except for E3 and

E4).

1.3.Catalytic tests

The catalytic reactions were performed in a Fisher Porter which was load at the air.
Different volumes of the Ru NPs solutions were added depending on the Ru equivalents
employed in the formation of the NPs; they are specified in Table S1. In all the cases the
catalytic loading was 0.25 mol%. To the solutions, 135 pL of styrene (1 mmol) and 227 pL
of dodecane (1 mmol), as internal standard, were added. The volume of the solutions was
completed to 5.5 mL with THF. In the case of the NPs synthesized employing 20 eq of Ru,
1.5 mL of the Ru NPs solution and 71 pL of styrene were employed, and the total volume of
the solution was 3 mL. Then, the line was purged with 3 cycles of Hz/vaccum, the air of the
Fisher-Porter was removed, and the Fisher-Porter was loaded with 3 bar of H,. The mixture
was stirred for 5 h at 50 °C. For the GC analysis, 2 drops of the solution were filtered over

celite and diluted in 2 mL of THF.

Ru
2:::::?‘ e:;.lcilue d mot[her] sol v (trszjn mol Ru [Ru] (mM)
(mM)
E3 130 59 0.5 2.9E-06 0.53
E8 130 5.9 0.5 2.9E-06 0.53
E9 80 3.8 0.77 2.9E-06 0.53
E10 60 2.9 1 2.9E-06 0.53
E11 40 2.0 1.46 2.9E-06 0.53
E12 130 5.9 0.5 2.9E-06 0.53
E13* 32 1.0 1.5 1.5E-06 0.53

Table S1. Volumes and concentrations employed in the catalytic mixtures. Total

volume of the solutions is 5.5 mL (THF). *Total volume 3 mL.
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2. Supplementary Figures

2.1.Ru NPs characterization by TEM and HR-TEM

E1. Pd-pTp (6-(BArF)s), 130 eq Ru, 0 eq pyrazine, THF, 10min.

Figure S1. E1. Pd-pTp (6+(BArF)s), 130 eq Ru, 0 eq pyrazine, THF, 10min (X120k).

E2. Pd-pTp (6-(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, 10min.

Figure S2. E2. Pd-pTp (6:(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, 10min (X120k).
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E3. Pd-ppp (8:(BArF)s), 130 eq Ru, 0 eq pyrazine, THF, 10min.

Figure S3. E3. Pd-ppp (8:(BArF)s), 130 eq Ru, 0 eq pyrazine, THF, 10min (X120k).

E4. Pd-ppp (8-(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, 10min.
A

Figure S4. E4. Pd-ppp (8:(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, 10min. (A) X40k, (B) X80k.
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E5. Pd-ppp (8:(BArF)s), 40 eq Ru, 0.2 eq pyrazine, THF, 10min.

A

Figure S5. E5. Pd-ppp (8:(BArF)s), 40 eq Ru, 0.2 eq pyrazine, THF, 10min. (A) X40k, (B) X80k, (C)
120k.

309



Annex 3

E6. Pd-ppp (8-(BArF)s), 20 eq Ru, 0.2 eq pyrazine, THF, 10min.

Figure S6. E6. Pd-ppp (8-(BArF)s), 20 eq Ru, 0.2 eq pyrazine, THF, 10min (X80k).

E7. Pd-ppp (8-(BArF)s), 200 eq Ru, 0.2 eq pyrazine, THF, Zmin.
A

Figure S7.E7. Pd-ppp (8-(BArF)s), 200 eq Ru, 0.2 eq pyrazine, THF, 2min. (A) X80k, (B) X120k.
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E8. Pd-ppp (8-(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, Zmin.

A

Figure S8. E8. Pd-ppp (8:(BArF)s), 130 eq Ru, 0.2 eq pyrazine, THF, 2min. (A) X40k, (B) X80k.
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E9. Pd-ppp (8-(BArF)s), 80 eq Ru, 0.2 eq pyrazine, THF, Zmin.

Figure S9. E9. Pd-ppp (8-(BArF)s), 80 eq Ru, 0.2 eq pyrazine, THF, 2min. (A) X40k, (B) X120k.
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E10. Pd-ppp (8:(BArF)s), 60 eq Ru, 0.2 eq pyrazine, THF, 2min.

A
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E11. Pd-ppp (8:(BArF)s), 40 eq Ru, 0.2 eq pyrazine, THF, 2min.
A

Figure S11. E11. Pd-ppp (8-(BArF)s), 40 eq Ru, 0.2 eq pyrazine, THF, Zmin. (A) X60k, (B) X80k.
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E12. Pd-ppp (8:(BArF)s), 130 eq Ru, 1 eq pyrazine, THF, 2min.

Figure S12. E12. Pd-ppp (8:(BArF)s), 130 eq Ru, 1 eq pyrazine, THF, 2 min. (A) X120k, (B) X150k,
(C) 150k.
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E13. Pd clip ([Pd2(Mezppp)(Ac0)2](0Tf)z2), 32 eq Ru, 0.2 eq pyrazine, THF (drops
MeCN), 10min.

A

Figure $13. E13. Pd clip ([Pd2(Mezppp) (Ac0)2](0Tf)z), 32 eq Ru, 0.2 eq pyrazine, THF (drops MeCN),
10min. (A) X40k, (B) X80k, (C) X120k.
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E14. PorfZn (Zn-TCPP), 65 eq Ru, 0.2 eq pyrazine, THF (drops DMF), 10min.

A

Figure S14. E14. Porf Zn (Zn-TCPP), 65 eq Ru, 0.2 eq pyrazine, THF (drops DMF), 10min. (A) X40k.

Figure S15. HR-TEM-EDX characterization corresponding to E2.
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2.2.Ru NPs size distribution

Figure S16. Ru NPs size distribution for E3 (a), E4 (b), E5 (c), E6 (d), E7 (e), E8 (f), E9 (g). E10 (h),
E11 (i), E12 (j) and E13 (k).
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2.3.Ru NPs characterization by HRMS
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Figure S17. HR-ESI-MS of final experiment solutions. Recoveries of the nanocapsule were 95% for

E6, 40% for E5, >98% for E8, 40% for E11, 76% for E9 and 82% for E10.
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Figure $18. HR-ESI-MS of experiment E4 containing nanocapsule 8:(BArF)s peaks filed with RusHz,
RuioHz and RuisHa.
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2.4.X-ray diffraction of Cu-ppp clip

Figure S19. Crystal structure of macrocyclic compound [Cuz(Mezppp)(OTf).](OTf), (CCDC
2127407), synthesized following a reported procedure.2 H atoms were omitted for clarity.
Cu(Il) presents a d8 electronic configuration which enhance copper ions to adopt a
tetracoordinated square-planar geometry formed by three N atoms of the macrocyclic
ligand (Me2ppp). Two H,0 molecules from the solvent were coordinated in a monodentate
mode. Analogue structure is envisioned for the Pd clip ([Pd2(Me2ppp)(Ac0)2](0Tf)2)2 used

in this work (see experiment E12).
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3. Supplementary Tables

Table S1. XRD data for [Cuz(Mezppp)(OTf)2](OTf).. (CCDC 2127407)

322

CCDC code
formula

fw

Crystal system
Space group
a(A)

b (A)

c (A)

a (deg)

B (deg)

Dc (Mg m3)

T (K)

A (A)

n (mm-1)

29 max (deg)
reflns collected
indep. reflns
params

GOF on F?
Rindices (1>25(1))

Rindices (all data)

[Cuz(Me2ppp)(0Tf)2](OTH)2
EUL6P167_6_20n
Cs8H76Cu2F12N6O17S4
1612.56
Monoclinic
C12/cH
31.531(5)
16.223(2)
17.453(2)

90

121.297(8)

90

7629.(2)

4

1.404

100

0.71076

0.760

25.01

46113

6578

463

1.982

0.1455

0.1923
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4. DFT results and analysis of the Ru clusters and NP

4.1.Computational details

DFT calculations of metal nanoclusters. Software: Vienna ab initio simulation package,
VASP;> ¢ spin polarized DFT; exchange-correlation potential approximated by the
generalized gradient approach proposed by Perdew, Burke, and Ernzerhof (PBE);” 8
projector augmented waves (PAW) full-potential reconstruction;? 1 PAW data sets for Ru
treating the (n-1)p, (n-1)d and ns states (i.e. 14 valence electrons); kinetic energy cutoff: 500
eV;Al-centered calculations;!! Gaussian smearing (o) of 0.02 eV width, energies being
therefore extrapolated for ¢ =0.00 eV; geometry optimization threshold: residual forces on
any direction less than 0.02 eV/A; supercell size: 26A~26A~29 A3 for all species and
28A4~32A~22 A3 for RussHa4 stabilized by the pillars model (ensures a vacuum space of at

least ca. 10 A between periodic images of the nanoclusters).

Figure S20. (a) Square pyramid (sp) and trigonal bipyramid (tb) Rus models. Their relative
energy (blue, in kcal/mol) and magnetic moment (red) are reported below. (b) bare Rus;

NP and its hydrogenated counterpart, with 1H/Rusurace. The approximate diameter of the
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spheroidal shape accounts for the van der Waals radius of atoms (H: ~120 pm; Ru: ~180

pm, see also Ref.12); the two numbers are the a and ¢ diameters of the ellipsoid.

Rus models: the sp and tb models are reported in Figure S18a.

Rus7 model : The model is an hcp spheroid with a diameter of ~1nm. Its
structure is reported in Figure S18b.

Adsorption energies.

i.e. in the case of hydrides it is a dissociative adsorption energy.

Ab initio thermodynamics. The method and a review of applications to surface science
was published in Ref.13. Let us consider the adsorption process of one species, L, which is
the starting point of the Langmuir-Hinshelwood mechanism in heterogeneous catalysis. It
can be summarized as: M + nL & nL* (M = metal cluster or nanoparticle and * stands for

“chemisorbed”) and the Gibbs free energy for this reaction is calculated as:

where A is the surface area of the metal cluster or NP, u is the chemical potential of the L
ligand and AG? is calculated after DFT energies and vibrational contributions to energies.
The free energy diagram reported in Figure 10 of the manuscript was calculated with our
in-house aithermo software.1* Methodological details and examples of applications done by
some of us can be found in Refs.14-18,

Second order energy differences. The second-order energy difference AzE is well known to

be an important stability criterion in cluster science.1%.20 In the present case, it is defined as:

where E(n) is the energy of the most stable RusHn(n6-PhH)2(né-pyz)sisomer.
It reflects the stability of a RusH, cluster with respect to RusHn.1 and RusHn-1 species, the
higher A;E(n) the more stable the cluster of size n. It usually exhibits an odd-even

alternation.
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4.2 Additional DFT results

Figure S21. (a) Bare RusH isomers; (b) RusH(né-PhH)2(n%-pyz)s isomers. Relative energies

in blue.

Figure S22. [somerization pathway of the bp-RusHz(né-PhH).(né-pyz)s cluster, via an sp-
RusHz(ne-PhH)2(né-pyz)s transition state. 2: two equatorial pyz, one equatorial PhH and two

axial pyz; 2’: 3 equatorial pyz and two axial PhH.
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Figure $23. Second-order energy differences for the most stable RusH,(PhH)2(pyz)z isomer,
n=1-6 (structures on a grey background). Even-n closed-shell clusters are more stable than
the radical odd-n clusters, as expected. The second low-lying isomer found in this study is

also shown for each size, with its energy (in blue) relative to the lowest one.
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