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SUMMARY

Since the discovery of fullerenes and endohedral metallofullerenes (EMFs), these
spheroidal carbon cages have attracted the attention of the scientific community due to
their exceptional electronic and physicochemical properties. Bare fullerenes and mono-
adducts are applied in many different fields, including material science, solar cell energy
conversion and biomedical applications. However, broad use of fullerenes as poly-
adducts is hampered by the uncontrolled regioselectivity during their functionalization
and by the costly purification methods of fullerenes derivatives and EMFs. Metal-directed
self-assembled nanocapsules have been used as supramolecular shadow masks to
poly-functionalize fullerenes in an itero-, chemo- and regioselective fashion and, also, as
supramolecular platforms to encapsulate selectively EMFs from soots or extracts. In this
thesis, the scope of functionalization reactions of fullerenes when using supramolecular
nanocapsules as templates has been widely extended and, moreover, new terbium-
based endohedral fullerenes have been encapsulated selectively using the same family

of nanocapsules.

In Chapter IV, bis-functionalization of fullerene Csg has been carried out in a controlled
way through Diels-Alder reaction using the supramolecular mask approach. In addition,
the regioselectivity of the reaction has been orthogonally switched thanks to the different

host-guest interactions of the corresponding mono-adducts with the nanocapsule.

In Chapter V, PCBM-based bis-adducts have been synthesized using the same strategy
as the previous chapter. This way, the relative yield of equatorial bis-adducts has been
increased from 26 to 57% in comparison to the non-templated reaction. Also, novel
heteroadducts have also been explored by combining PCs:BM with Bingel and Prato

reactions.

In Chapter VI, the synthesis of a molecular shuttle based on a Ceo/[10]CPP [2]catenane
has been pursued, featuring two fullerenes as recognition sites for one [10]CPP ring.
Different synthetic routes have been studied, starting with a Bingel reaction via
supramolecular mask approach to obtain pure-isomer bis-adducts with reactive terminal
moieties. Then, different reactions have been employed to close the macrocyclic shuttle,
such as the olefin metathesis, the copper(l)-catalysed azide-alkyne cycloaddition or the

Bingel-Hirsch reaction.

Finally, in Chapter VII, Tbo@Cso” has been selectively encapsulated by supramolecular
nanocapsules from a fullerene extract, thus separating it from a mixture that also
contained Tb@Cso, Tb@Cs2” and Th2@Crs".
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RESUM

Els ful-lerens i metal-lo-ful-lerens endoédrics han captat I'atencié de la comunitat
cientifica des del seu descobriment a causa de les seves propietats electroniques i
fisicoquimiques excepcionals. Els ful-lerens i mono-adductes es poden aplicar en
diferents camps de la quimica, com ara en ciéncia dels materials, en el camp de la
conversié de I'energia solar o en aplicacions biomédiques. Tot i aixi, I'Us extensiu dels
ful-lerens com a poli-adductes esta obstaculitzat per la falta de control de la
regioselectivitat durant el procés de funcionalitzacié dels ful-lerens i per 'alt cost dels
meétodes de purificacio dels poli-adductes i dels metal-lo-ful-lerens endoédrics. Les
nanocapsules autoensamblades dirigides per enllagos metall-ligand s’han utilitzat com
a motlles supramoleculars per funcionalitzar ful-lerens de manera itero-, quimio- i
regioselectiva i, a més, s’han utilitzat com plataformes per encapsular selectivament
metal-lo-ful-lerens endoédrics. En aquesta tesis, el ventall de reaccions de
funcionalitzacié de ful-lerens utilitzant nanocapsules com a motlles s’ha ampliat
significativament i, a més, un nou metal-lo-ful-leré amb atoms de terbi en el seu interior

s’ha encapsulat selectivament utilitzant el mateix tipus de nanocapsules.

Al Capitol IV, s’ha dut a terme la bis-funcionalitzacié del ful-leré Ceso de manera
controlada a través de la reaccid de Diels-Alder utilitzant motlles supramoleculars. A
més a més, la seva regioselectivitat s’ha pogut regular ortogonalment gracies a les

diferents interaccions entre els corresponents mono-adductes amb les nanocapsules.

Al Capitol V, s’han sintetitzat bis-adductes derivats del PCg:BM utilitzant la mateixa
estratégia que el capitol anterior. D’aquesta manera, el rendiment relatiu dels bis-
adductes equatorials s’ha incrementat del 26 al 57% en comparacié amb la sintesi
classica de bis-adductes. També, s’han obtingut nous heteroadductes combinant el

PCs1BM amb la reaccié de Bingel i de Prato.

Al Capitol VI, s’ha explorat la sintesi d’'una llangadora molecular basada en un [2]catena
format per dos ful-lerens com a punts de reconeixement per un anell [10]CPP. Per a la
seva sintesi, primer s’han format els bis-adductes isoméricament purs amb grups
funcionals terminals reactius a través de la reaccidé de Bingel. Després, s’han utilitzat
diferents reaccions per tancar el macrocicle, com ara la metatesis d’olefines, la

cicloaddici6 azida-alqui catalitzada per coure(l) o la reaccié de Bingel-Hirsch.

Finalment, al Capitol VII, I'anié Tho@Cso™ s’ha capturat selectivament per les mateixes
nanocapsules, provinent d’'un extracte de ful-lerens que contenia una barreja de

espécies anioniques, entre les quals també hi havia Tb@Cso", Tb@Cs2 i Tho@Crs'.
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RESUMEN

Los fulerenos y metalo-fullerenos endoédricos han captado la atencion de la comunidad
cientifica desde su descubrimiento gracias a sus propiedades electronicas y
fisicoquimicas excepcionales. Los fullerenos y mono-aductos se pueden aplicar en
diferentes campos de la quimica, como en ciencia de los materiales, en conversion de
la energia solar o en aplicaciones biomédicas. Sin embargo, el uso extensivo de los
fullerenos como poli-aductos esta obstaculizado por la falta de control de la
regioselectividad durante la funcionalizacion de los fullerenos y por el alto coste de la
purificacion de los poli-aductos y de los metalo-fullerenos endoédricos. Las
nanocapsulas autoensambladas dirigidas por enlaces metal-ligando se han utilizado
como plantillas supramoleculares para funcionalizar fullerenos de manera itero-, quimio-
y regioselectiva y, ademas, se han utilizado como plataformas para encapsular
selectivamente metalo-fullerenos. En esta tesis, el rango de reacciones de
funcionalizaciéon de fullerenos utilizando las nanocapsulas como plantillas se ha
ampliado significativamente y, ademas, un nuevo metalo-fullereno con atomos de terbio

en su interior se ha encapsulado selectivamente utilizando las mismas nanocapsulas.

En el Capitulo IV, se ha llevado a cabo la bis-funcionalizacién controlada del fullereno
Ceo a través de la reaccion de Diels-Alder con plantillas supramoleculares. Ademas, se
ha podido regular ortogonalmente su regioselectividad gracias a las diferentes

interacciones entre los correspondientes mono-aductos con las nanocapsulas.

En el Capitulo V, se han sintetizado bis-aductos derivados del PCs:BM utilizando la
misma estrategia que en el capitulo anterior. De esta forma, el rendimiento relativo de
los bis-aductos ecuatoriales se ha incrementado del 26 al 57%, en comparacién con la
sintesis clasica. También, se han obtenido nuevos aductos combinando el PCsBM con

la reaccion de Bingel y Prato.

En el Capitulo VI, se ha explorado la sintesis de una lanzadera molecular basada en un
[2]catenano formado por dos fullerenos como puntos de reconocimiento para un anillo
[10]CPP. Para su sintesis, primero se han formado bis-aductos isoméricamente puros
con grupos funcionales terminales a través de la reaccion de Bingel. Después, se han
utilizado diferentes reacciones para cerrar el macrociclo, como la metatesis de olefinas,

la cicloadicion azida-alquino catalizada por cobre(l) o la reaccién de Bingel-Hirsch.

Finalmente, en el Capitulo VII, el anion Tbho@Cso se ha capturado selectivamente por
las mismas nanocapsulas, proveniente de un extracto de fulerenos que contenia una
mezcla de Tb@Cso, Tb@Cs2, Tho@Crs" y Tho@Coso
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CHAPTER I. GENERAL INTRODUCTION
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1.1 Supramolecular chemistry

“Chemistry beyond the molecule”: this is one of the first definitions of supramolecular
chemistry described by the Nobel laureate Jean-Marie Lehn in 1987. This relatively
young area of chemistry is based on molecular entities whose chemical units are held
together by weak and reversible interactions, as opposed to conventional molecular

chemistry, which focuses its attention on covalent bonds."

The non-covalent interactions that construct supramolecular architectures are hydrogen
bonds, electrostatic interactions, van der Waals forces, and m-m and cation-r
interactions. Also, metal-ligand coordination is used to drive the assembly of building
blocks (more details in I.1.1 Self-assembly chemistry). Although all these interactions are
weak when compared to covalent bonds, when they occur in a cooperative manner, very

stable supramolecular architectures can be formed.?

There are two main groups in which supramolecular chemistry can be divided: self-

assembly and host-guest chemistry.

1.1.1 Self-assembly chemistry

Self-assembly focuses on the association of two or more molecules through reversible
interactions to form larger structures. The advantage of using these labile interactions is
the ability to correct mistakes during the synthesis of these supramolecules and to finally
form the most thermodynamically stable product, overcoming the need of multistep, time-
consuming synthetic procedures of the covalent approach. A relevant example of self-

assembly that can be found in nature is the formation of the DNA double helix.?

‘ Covalent synthesis Self—assembl) )
; 4’ nm

Small molecules Larger molecule Self-assembled structure

Figure 1.1. Schematic representation of the self-assembly process among different building blocks.

Although self-assembly is a good tool to generate bigger molecules than using the
covalent approach, when the complexity of target supramolecules increases, a lack of
directionality of the small molecules appears turning into low yields. Metal-directed
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coordination is a very useful tool to drive the supramolecular synthesis towards a precise

architecture. It presents the following advantages:

- High directionality of the metal-ligand coordinative bonds leading to many predictable

coordination geometries.

- Great versatility due to diverse transition-metal complexes (and predictable geometries)

and to a broad spectrum of available multidentate ligands.
- Fine-tuning of the kinetic lability of the complexes to different self-assembly conditions.

- Control of the polarity and charge state of the resulting objects via the formation of

charged or neutral complexes.?

Most of the ligands used for self-assembled architectures remain highly symmetrical to
facilitate the self-assembly process and avoid the formation of mixtures of products. If
the assembly of unsymmetric ligands can be controlled, lower symmetrical architectures
can be accessible, displaying different selective molecular recognition or different

catalytic properties.*

1.1.2 Host-guest chemistry

Host-guest chemistry is based on, at least, two molecular structures which interact

through non-covalent bonds and one is larger than the other (host), so it can

accommodate the smaller one (guest) in its cavity.
Covalent synthesis

> R
Small molecule
(guest)

Small molecules Larger molecule Host-guest complex
(host)

Figure 1.2. Schematic representation of the synthesis of a host molecule and the subsequent
encapsulation of a smaller molecule (guest).

Template-directed or guest-induced synthesis is a method that is often used to synthetize
supramolecular architectures in order to pre-organize the building blocks of the host in a
certain relative geometry around the guest, giving rise to higher yields or even modifying

the selectivity of the outcome structures. 57
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1.1.3 Self-assembled nanocapsules and applications

When building blocks has complementary size and shape and reaction conditions are
optimal, supramolecular structures can be generated via self-assembly and they are

classified according to their dimensionality® (Figure 1.3):

- Zero-dimensional (0D): include well-defined discrete metal-organic self-
assembled molecules (see examples below), dendrimers® and metal
nanoparticles.

- One-dimensional (1D): fibrous and tubular assemblies™'? as well as linear
polymers.™

- Two-dimensional (2D): nanoscopic sheets.'°

- Three-dimensional (3D): metal-organic frameworks (MOFs).®

Classification of supramolecular architectures

oD 1D 2D 3D

(. _"

Figure 1.3. Classification of supramolecular architectures according to their dimensionality.

Nevertheless, well-defined discrete molecules can be divided into two subgroups: 2D
metallacycles (triangles,'” rhomboids,'® squares,'® rectangles?® and higher polygons?'22)
that adopt planar geometries, and nanocapsules, 3D molecular architectures that feature
inner cavities which are ideal to host and stabilize small molecules. One of the pioneers
in this field is Prof. Makoto Fujita, whose research group reported in 1995 one of the first
guest-induced self-assembled nanocages: a spherical-like nanocapsule formed by two
tridentate ligands coordinated by Pd" atoms.?®> A few years after, a new series of
spherical-like giant M,L2, metal-organic self-assembled nanocages was introduced by
the same group using ligands with different bend angles, achieving an outer diameter up

to 8.2 nm for MsoLeo compound (Figure 1.4).24-27
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Figure 1.4. The family of MnL2n polyhedra by Fujita’s work. Metals (M) and bridging ligands (L) are mapped
onto the vertices and edges of the polyhedral, respectively. Reprinted with permission from Fujita et al.?”
Copyright © 2010, The American Association for the Advancement of Science.

Since their discovery, self-assembled nanocapsules have caught the attention of the
scientific community. The increase of structural and functional complexity of self-
assembled nanocapsules has led to the development of a wide range of different
applications, such as reactivity modulation, molecular separation, catalysis, biological

applications or gas storage.

Reactivity modulation using self-assembled nanocages has gained importance during
the last years. Thanks to the well-defined voids with specific sizes and shapes,
nanocapsules can be used as templates or masks to increase the efficiency or/and
selectivity of a wide range of reactions when compared to the same non-templated
reactions. Inspired by enzyme’s cavities, Takezawa, Fujita and coworkers reported a
siteselective electrophilic addition of linear diterpenoids, which were folded into a U-
shaped conformation within the cavity of a Pd" metal-organic self-assembled
nanocapsule (Figure 1.5).2¢ Following this trend, Ribas’ group reported the synthesis of a
Pd" prismatic tetragonal cage which was used as a supramolecular shadow mask to
functionalize fullerenes Ceo in a regioselective manner (Figure 1.7, more details in 1.2.2.2

Supramolecular receptors as functionalization platforms for fullerenes).?®

Self-assembled metallocages have been also explored as a tool to extract target
molecules by selective encapsulation from mixtures of different compounds. Nitschke
and coworkers reported the selective anion extraction of ReO4 anion in the presence of
10 other common anions (F-, CI, BF4...) in water using a Fe' tetrahedral cage (Figure
1.6). Moreover, the extracted guest could be released by adding a solvent in which the
cage disassembles. Also, the nanocapsule could be reused by adding a proper solvent
in which the cage is stable.*® Other examples of selective encapsulation involving larger

targets are reported by Ribas’ group, who used their aforementioned Pd" nanocapsule
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type to extract selectively fullerene Cgs from a mixture of fullerenes, allowing the
enrichment of the Cgs4 content from 0.7% to 86% (Figure 1.7).3' By changing the metal
from Pd" to Cu", a new tetragonal prismatic cage was described by the same group which
could selectively encapsulate and extract different scandium- and uranium-based
endohedral metallofullerenes (EMFs) following similar protocols (more details in 1.3.2

Molecular recognition of EMFs using supramolecular platforms).32-34

%« _] 12+
/1 N

e\';— (j\ &Q

“12 NOy

\ /‘\- "““ //
ram( P Y
&

Figure 1.5. a) Metal-organic self-assembled cage from Takezawa’s and Fujita’s work. b) Inclusion of a
linear terpenoid folded into U-shaped conformation within the cavity of the cage. Reprinted with permission
from Takezawa, Fujita et al.?® Copyright © 2019 American Chemical Society.

Self-assembled nanocapsules can be used also as supramolecular nanoreactors for
catalysis when catalysts are introduced in their cavities. Therefore, nanocapsules can be
considered as a second coordination sphere upon catalyst inclusion within their cavities,
modifying and improving the enantioselective levels via steric control. Asymmetric
hydroformylation (Figure 1.7)* or aza-Cope rearrengements®® have been performed
using catalysts confined in nanocapsules, obtaining excellent enantioselectivities when

compared with the non-hosted catalyst.
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Figure 1.6. a) Metal-organic self-assembled cage from Nitschke’s work. b) Inclusion of nBuBFs and ReO4

anions within the cavity of the cage. ¢) Schematic representation of the liquid-liquid selective extraction of

ReOy in the presence of other anions. Reprinted with permission from Nitschke et al.3® Copyright © 2018.
Published by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 1.7. Schematic representation of different applications of self-assembled prismatic tetragonal
nanocapsules from Ribas’ work.

24



Regarding to biological applications, self-assembled cages have been used as
anticancer agents,* drug delivery systems®® or diagnostic imaging.*® If the nanocapsule
is large enough, proteins can be introduced in their cavities, such as the example of
Fujita’s group, who described a cuboctahedro-symmetrical cage large enough to host a
single-molecule protein (a cutinase-like enzyme formed by 206 amino acids) as depicted
in Figure 1.8. They demonstrated that the encapsulation of the protein prolonged 1000-

fold its half-life when exposed to an organic solvent.*°

KL = Pd(ll)

Figure 1.8. Metal-organic self-assembled nanocage hosting a cutinase-like enzyme in its cavity from
Fujita’s work. Reprinted with permission from D. Fujita, M. Fujita et al.*® Copyright © 2021 Elsevier Inc.

Finally, there are a few examples of metal-organic self-assembled nanocapsules which

are used to storage gas, since they are porous materials.*'*3

1.1.3.1 Molecular Russian dolls

During the last two decades, new supramolecular complexes comprising a guest inside
a host and, at the same time, inside a larger host (i.e. 1:1:1 ternary complex) have been
reported. However, the investigation in this field is rather scarce. One of the first
examples of these “molecular Russian dolls” or “Matryoshka-like complexes” was
reported by Kim and coworkers in 2001, who explored the inclusion of a macrocycle

wrapping a five-coordinate Cu" center in the cavity of a cucurbit[8]uril (Figure 1.9).4
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Figure 1.9. Schematic representation of a 1:1:1 ternary complex from Kim’s work.

There are examples of 1:1:1 ternary complexes involving metal-directed self-assembled
nanocapsules. As an illustration, Nitchske’'s group reported the synthesis of a
triazatruxene-based Fe'4sLs nanocapsule which is able to encapsulate a molecule of
cryptophane-111 (CRY) in an enantioselective manner. At the same time, CRY can

accommodate a caesium cation in its cavity, as depicted in Figure 1.10.45

a. b.

N
O = Fe! /\

Figure 1.10. Molecular representation of metal-organic self-assembled nanocage from Nitschke’s work.
Only AAAA enantiomer is shown for clarity. b) Crystal structure of Cs*cCRY cAAAA-cage. Reprinted with
permission from Nitschke et al.*> Copyright © 2019 American Chemical Society.

Also, Delius, Ribas and coworkers described the synthesis of a Pd" prismatic tetragonal
complex that can accommodate in its cavity a wrapped fullerene Cg by a
[10]cycloparaphenylene ([10]CPP), as shown in Figure 1.11, which enables the itero-,
chemo- and regioselective bis-functionalization of Ceo through Bingel reaction (more

details in 1.2.2.2 Supramolecular receptors as functionalization platforms for fullerenes).
46
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M = Pd" or Cu"

Figure 1.11. Schematic representation of the host-guest synthesis of 1:1:1 ternary complex from Ribas’
work.

.2 Fullerenes

Fullerenes are hollow, spheroidal molecules formed by polycyclic systems of 5- and 6-
membered rings of sp? carbons bonded by single and double bonds. Fullerenes were
discovered by Kroto, Smalley and Curl in 1985, who reported their production in

multiple gram scale. This discovery led them to win the Nobel Prize in 1996.48

Fullerenes are formed when vaporised carbon condenses in an atmosphere of inert gas
using a plasma induced by an electric arc discharge between metal-oxide/graphite
electrodes at extremely high temperatures (>1000°C). The released carbon atoms are
mixed with a stream of helium gas to form clusters of atoms that forms the final fullerene

soot.*9

Fullerenes are denoted by the empirical formula C,, where n is the number of carbon
atoms. Fullerenes with the same number of carbon atoms can adopt more than one
geometry (i.e. each fullerene can present more than one isomer). The most abundant
and stable one is the Cgo-/1, also called “buckminsterfullerene”, whose carbon atoms are
arranged in 20 hexagons and 12 pentagons with a geometry of a truncated icosahedron
(In) cage.*” The stability of these carbon cages is dictated by the “isolated pentagon rule”
(IPR), which states that the most stable fullerenes are those in which each pentagon is
surrounded exclusively by hexagons, since the local strain of a bond shared by two 5-
membered carbon rings increases, giving rise to less stable carbon cages.%%®
Nevertheless, some non-IPR fullerenes can be stabilized by endohedral encapsulation

or exohedral functionalization.??

Larger fullerenes (higher fullerenes) have also been isolated and characterized with
different geometries and shapes (C74-D3n, C78-D3n, Cg2-Csy, Cga-D2, Cgs-C2, Co0-Csn, C1o0-

Ds...).%% Also, even-numbered fullerenes up to Ceoo and even larger fullerenes have been
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reported in the early stage of fullerene research, and it is now well established that the

so-called giant fullerenes exist in great numbers and variety (Figure 1.12).%4%°

Small (unstable) — Otable IPR

Figure 1.12. Examples of representative fullerenes from four different types (small, stable IPR, higher and
giant fullerenes).

Recently, in 2020, Xie, Stevenson and coworkers reported the isolation and
characterization of fullertubes, a new allotropic form of the carbon which has a well-
defined and reproducible structure resembling a fullerene-capped, small radius, single-
wall carbon nanotube capsule (Figure 1.13).5¢ These carbon architectures range from Cgo
to Co0 and, in contrast to nanotubes, they are soluble in organic solvents. The scarcity
of fullertube research is attributed to their low abundance in arc-generated soot extract
(0.001-0.005%) and the lack of an efficient separation method for fullertube purification.
Xie, Stevenson and coworkers reported a chemical separation approach to obtain
isomerically pure C10-Dsq, Ces-D34 and Cgo-Dsp fullertubes in two stages: the first stage
involves the reaction of primary amines with spheroidal fullerenes, which can be removed
from the extract, and the second stage requires only one-step HPLC purification, which

is rapid, cost-effective, facile and green.%®
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Figure 1.13. Examples of fullertubes. Reprinted with permission from Xie, Stevenson et al.®® Copyright ©
2019 American Chemical Society.

1.2.1 Derivatization of fullerenes

Although fullerenes can present good levels of stability and excellent electronic
properties, they present some drawbacks, such as considerable solubility problems,
limited tunability of electron affinities and weak absorption in the visible and near-infrared
(NIR). Their functionalization has been developed from the early stages of their discovery

in order to overcome these problems.

Despite the extreme conjugation of fullerenes and the presence of a delocalized -
system on their surface, they behave chemically and physically as an electron-deficient
polyolefin rather than an electron rich aromatic system.5” Therefore, fullerenes can be
reduced up to six electrons.® This high affinity to electrons is due to their triply

degenerate low-lying lowest unoccupied molecular orbitals (LUMOSs).

X-ray diffraction analysis by Ibers and coworkers demonstrated that fullerene Ceo present
two types of C-C bonds: [6,6] bonds (junction of two hexagons, C-C distance = 1.391 A)
and [5,6] bonds (junction of one pentagon and one hexagon, C-C distance = 1.449 A).%°
Since [6,6] bonds are shorter, functionalization of fullerenes takes place at these bonds,

as they have a formal double-bond character compared to [5,6] bonds.

In this context, a wide variety of functionalization reaction of fullerenes has been reported
from the beginning of 1990s, such as halogenations, reactions with organometallic
compounds, cycloadditions, nucleophilic additions, arylations... as can be seen in Figure
1.14.%0
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Figure 1.14. Schematic representation of functionalization reactions to derivatize fullerenes.

These derivatives can be applied in all sorts of applications, from photovoltaic devices to
photonic liquid crystals, owing to their electron acceptor properties. In addition,
biomedical applications, such as antiviral and anticancer agents, have also been

developed.

1.2.1.1 Photovoltaics applications

Photovoltaics cells (or solar cells) are devices that are able to convert sunlight into
electrical power. Fullerene-based solar cells have shown great power conversion
efficiency (PCE) because of high electron mobility of fullerenes, their 3D character, and
their ability to delocalize their LUMOs, which results in a robust charge delocalization.
Nevertheless, as mentioned before, pristine fullerenes show a limited tunability of
electron affinities and weak absorption in the visible and NIR, resulting in low PCEs
values. Phenyl-Ce1-butyric acid methyl ester (PCs1BM) was one of the first fullerene

derivatives that could overcome all these drawbacks, and rapidly it was converted as
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one of the first reference values of PCE, since it was an easy-accessible and highly
soluble mono-adduct.®' However, a wide variety of fullerene derivatives have been tested
in solar cells because of their excellent electronic transport properties and their easy

integration into multilayers devices.%?

In the case of perovskites solar cells (PrSC, solar cells that includes commonly a lead-
or tin-halide material as the light-harvesting active layer, Figure 1.15), a fullerene-based
layer is used as electron transport layer (ETL) to enhance the charge separation
promoted by the perovskite and thus avoid charge recombination. Poly-functionalization
of fullerenes was demonstrated to improve their photoelectrical properties, since PrSC
containing a isomer-pure bis-functionalized analogue of PCgBM (bis-PCs1BM) as ETL
showed higher efficiencies (20.8%) compared to those using PCesBM (19.9%).62
Interestingly, efficiencies of solar cells containing isomer-pure derivatives were much
higher compared to those achieved by bulk heterojunction solar cells (solar cells which
contain a blend made of electron donor and electron acceptor molecules as the light-
harvesting active layer) made up with a non-purified mixture of different bis-adducts,
giving poor PCEs around 2.5%.%° These low efficiencies are attributed to morphological
and energetic disorder in the active layer coming from the mixture of bis-adducts

resulting in degrading effect of the device.

Electrode Al
Hole transport layer PEDOT:PSS h* Tﬁ
Perovskite MAPDI,
Electron transport layer PCBM ¢ i
Transport conducting oxide FTO glass

Figure 1.15. Schematic representation of a conventional (n-i-p) planar perovskite solar cell. Al: aluminium.
PEDOT:PSS : poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate). MAPbI3: methylammonium lead
iodide. PCBM: phenyl-Ce1-butyric acid methyl ester. FTO: fluorine-doped tin oxide

1.2.1.2 Photonic liquid crystals

Fullerene-based liquid crystals with highly ordered columnar assemblies of the fullerene
units are interesting materials for organic electronics and, especially, photovoltaic
applications if oriented at surfaces.®* During fullerene poly-functionalization, control of
the number of additions and their relative positions (i.e. itero- and regioselectivity,
respectively)® is essential to govern the mesogenic orientations and directionalities and,
thus, the supramolecular organizations into various mesophases to impact directly into

the physical properties of the materials. For instance, several pure-isomer Prato bis-
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adducts condensed with liquid-crystal promoters were organized into a mono-layered
smectic A phase (Figure 1.16).%° This example demonstrates that controlled and judicious
poly-additions of mesogenic molecules is a method of choice to control the Ceo

aggregation tendency.
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Figure 1.16. a) Molecular structures of fullerene-based liquid crystal from Prato’s work. b) Supramolecular
organization of bis-adducts within the smectic A phase.

1.2.1.3 Nanoelectronics

Organic thin-film transistors (TFTs) have attracted much attention because of their
application to flexible electronic devices and high mobilities comparable or superior to
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amorphous silicon TFTs. Fullerene Ceg is a promising material for organic TFTs, since it
is known as an excellent n-type semiconductor. Therefore, different devices using Ceo
fullerene with bottom-contact geometry have been reported showing high mobilities of
1.4 — 6.0 cm?/(V's).57%9

Fullerenes have been also used in the sensor area thanks to their excellent electrical
conductivity, charge transport properties and charge separation. They have been used
to prepare strain sensors,’®’! gas sensors,’>”® and electrochemical sensors for the

detection of dopamine, glucose, amino acids, uric acid, H.O2 and other biomolecules.”™

1.2.1.4 Biomedical applications

The antiviral activity of fullerenes and their derivatives is based on their steric and
electronic interactions and their antioxidant activity. First studies reported in 1993 by
Friedman’® and Sijbesma’® demonstrated experimentally and theoretically that fullerene
derivatives made molecular complexes with human immunodeficiency virus (HIV)
proteases, showing a clear effect of virus inhibition. Also, bis-adducts bearing two
ammonium groups have been found active against HIV by Da Ros and coworkers.””
Interestingly, trans regioisomers showed a better inhibition effect than cis and equatorial
ones, demonstrating again the importance of the relative positions of the substituents on

the fullerene cage.

Fullerenes can also exhibit anticancer activity since they can be photoexcited by
photoirradiation and can transfer their energy from the ground state 30, producing the
excited state 'O, (singlet oxygen). During this process, superoxide anion radical O;™ and
hydroxyl radical HO™ also are produced. These species are reactive oxygen species
(ROS) which produce oxidative stress, leading to cell death by apoptosis.” Therefore,
fullerenes are perfect candidates to be used as photosensitizers in photodynamic
therapy (PDT). Troshin, Hsu and coworkers reported the synthesis of water-soluble
penta-arylated derivatives that promoted neural stem cells (NSC) proliferation and neural
repair regulating the mitochondrial activity, but they didn’t prevent from a proliferative
effect on glioblastoma (compound 1, Figure 1.17). Also, they synthesized penta-aminated
derivatives that could kill glioblastoma cells by increasing the generation of ROS in
mitochondria without producing a destructive effect on NSC (compound 2, Figure 1.17).7°
Therefore, fullerene derivatives with different functional groups act on mitochondria like
molecular switches that can either promote or suppress the generation of ROS to

achieve neuroprotective or antitumor effects.
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Figure 1.17. Molecular structures of the water-soluble fullerene derivatives and their respective functions on
cells from Troshin’s and Hsu'’s work.

1.2.2 Strategies for fullerene regioselective functionalization

As seen in the previous section, controlling the regioselectivity when fullerenes are poly-
functionalized is essential to improve yields and efficiencies of different applications.
Nevertheless, due to the high levels of symmetry of fullerenes and, therefore, the
presence of multiple bonds with similar reactivity, their functionalization ends up with

mixtures of several non-equivalent regioisomers and multiple carbon-based products.

Considering the example of the synthesis of bis-adducts, the addition of a second
symmetric substituent to a mono-adduct leads to eight potential regioisomers as shown
in Figure 1.18 (ordered by increasing distance between substituents: cis-1, cis-2, cis-3,
e, trans-4, trans-3, trans-2 and trans-1). If the substituents are non-symmetric, up to 22
spectroscopically distinguishable isomers can be formed (36 taking into account the
respective enantiomers), although only 19 are accessible owing to steric hindrance from
cis-1 regioisomers.88"  When these mixtures of multiple regioisomers are obtained,
multistep high performance liquid chromatography (HPLC) separation is required. The
chromatographic methods needed to separate these compounds are expensive, tedious
and time-consuming and, in the end, they are not practicable. For this reason, there is a
need to develop new strategies to poly-functionalize fullerenes in a controlled fashion,
increasing the levels of itero-, chemo-, regio- and stereoselectivity and, consequently,

decreasing the number of potential isomers.
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Figure 1.18. Diagram of the second addition to a Cz,-symmetrical Ceo mono-adduct (first addend is the
reference).

The strategies to synthetize multiple substituted fullerenes will be divided in two sections:
“covalent strategies to poly-functionalize fullerenes” and “supramolecular receptors as

functionalization platforms for fullerenes”.

1.2.2.1 Covalent strategies to poly-functionalize fullerenes

One of the first strategies to poly-functionalize fullerenes regioselectively was the tether-
directed functionalization approach pioneered by Diederich and coworkers in the 90s.8283
Poly-adducts of fullerene Ceso were prepared in a regioselective manner by tether-
directed remote functionalization, achieving exclusively equatorial bis- and tris-adducts
by Diels-Alder reaction (Figure 1.19.a). Also, tether-directed regioselective
functionalization was carried out using Bingel reaction with bis(malonates).®3 This
excellent regioselective control is dictated by the length and nature of the tether, which
directs the successive additions to specific [6,6] bonds. Nevertheless, the tether moiety

is commonly not removable, which compromises the applicability of these derivatives.

Recently, Nierengarten and coworkers described the bis-functionalization of fullerenes
in which removable tethers based on di-tert-butylsilylene and tetra-iso-propyldisiloxane
subunits were used (Figure 1.19.b).3¢ By changing the length and rigidity of the spacers,

the regioselectivity could be tuned successfully.

Another strategy known as “orthogonal transposition” was designed by Krautler and
coworkers, who presented the first example using removable anthracene addends

(Figure 1.19.c).8% This protocol used first the anthracene-based trans-1-bis-adduct
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(synthesized previously through solid-state Diels-Alder reaction®®) to direct the poly-
cyclopropanation along all the equatorial belt of Ceo by Bingel reaction. Then, anthracene
addends were easily removed by retro-Diels-Alder, achieving exclusively the

cyclopropanated e, e, e, e-tetrakis-adduct.

a.
b.
C.
Bingel
reaction

Figure 1.19. Covalent strategies to poly-functionalize fullerenes regioselectively. a) Tethered remote
approach from Diederich’s work. b) Cleaveable tethers strategy from Nierengarten’s work. ¢) Removable
orthogonal templates affording equatorial tetrakis-adducts from Kréutler’s work.

1.2.2.2 Supramolecular receptors as functionalization platforms for fullerenes

One of the first host-guest examples involving fullerenes as guests was reported by
Wennerstrom and co-workers in 1992 (Figure 1.20).8” They employed y-cyclodextrin (y-
CD) to capture Ceo forming a 2:1 host-guest complex that was soluble in water. This fact

states that solubility is inherited from the host since Ceo is only soluble in a few organic
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solvents, such as toluene or o-dichlorobenzene (0-DCB) while cyclodextrins are soluble
in water. Cyclodextrins have a hydrophobic cavity that can hold small molecules thanks
to its basket-like shape. Their shape and dimensions create a perfect environment to
interact with fullerene Cgo that give rise to a highly stable host-guest complex. Since their
discovery, many efforts have been employed to synthetize more sophisticated fullerene
receptors with high binding constants in organic solvents based on extended aromatic
panels, such as calixarenes (as the aforementioned example), bowls,® porphyrins® or

carbon-nanohoops.®

HO  ©H

Figure 1.20. Synthesis of 2:1 y-CD:Ceo host-guest complex from Wennerstrém’s work.

A few years after, examples of fullerene-containing hosts turned out to be excellent
supramolecular platforms to functionalize fullerenes in a regioselective manner thanks
to the partial restriction of the accessible guest surface coming from the steric hindrance

of the host. Herein, a few examples of these supramolecular templates are shown.

Clever and coworkers designed a low-molecular-weight fullerene receptor, which was
self-assembled using quinoline ligands and a source of palladium (ll) (Figure 1.21).88
Owing to the steric demand from these bent ligands, the assembly led to a
[Pd2L3(MeCN)2]** bowl-shaped supramolecular structure. This particular geometry
avoided poly-functionalization of Ceso and allowed only its mono-functionalization by

Diels-Alder reaction through the larger cavity window.
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| mono-adduct: 100% &

Figure 1.21. a) Quinoline-based ligand used for the synthesis of the metal-organic self-assembled
nanocage from Clever’s work. b) Mono-functionalization of fullerene Ceo through Diels-Alder reaction using
the bowl-shaped nanocapsule as supramolecular template.

Tomas Torres, Gema de la Torre and coworkers reported the synthesis of a water-soluble
metallo-organic Pd"-subphthalocyanine cage that accelerated the Diels-Alder reaction in
water media using anthracene (and 9-functionalized anthracenes) and Ceo/C7o to give
the corresponding mono-adducts thanks to the hydrophobic environment provided by the

nanocapsule.®'92
a.

6 NO; - 1

Figure 1.22. a) Molecular representation of the water-soluble metallo-organic Pd”-subphtha/ocyanine cage
of Torres, de la Torre and coworkers. b) DFT analysis of the same nanocapsule. Reprinted with permission
from Torres, de la Torre et al.®' Copyright © 2024, Advanced Synthesis & Catalysis published by Wiley-
VCH GmbH.

Metalloporphyrin-based molecular structures are excellent candidates to be used as
fullerene receptors, since they present a large m-conjugated system that tend to act as
Tr-donor moieties. As mentioned above, fullerenes behave as m-acceptor molecules. This
electronic complementarity favours the 1r-Tr interactions between these two systems.
In this background, Nitschke’s group was one of the pioneers of using cubic
nanocapsules to functionalize fullerenes within their inner cavities (Figure 1.23).%* They
were able to functionalize Ceo by Diels-Alder reaction controlling the chemo- and
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iteroselectivity, leading to the exclusive obtention of bis-adducts. Ribas group went a step
further and described a Pd" prismatic tetragonal nanocapsule capable of controlling not
only the chemo- and iteroselectivity, but also the regioselectivity of Bingel
cyclopropanation on Cgo (Figure 1.24.a). The addition pattern was strictly dictated by the

four cross-shaped apertures of the container. Thus, equatorial bis-, tris- and tetrakis-

adducts were exclusively obtained in a sequential fashion.*®

bis-adduct: 100%
(mixture of regioisomers)

Figure 1.23. Self-assembly of the metal-organic nanocapsule and bis-functionalization of fullerene Ceo by
means of Diels-Alder reaction using the nanocapsule as a templating platform from Nitschke’s work.

Host-guest complexes based on cycloparaphenylenes (CPPs) and fullerenes present
high binding constants (Ka ~ 10® M-").%5 These results motivated Delius and coworkers to
use these carbon nanohoops as supramolecular directing groups for the regioselective
poly-functionalization of fullerenes (Figure 1.24.b).%° When the second addition reaction
was performed to a wrapped mono-adduct by [10]CPP, only trans-3 and trans-2
regioisomers were observed (with traces of frans-1). Thus, the presence of the aromatic
nanohoop suppresses the formation of equatorial and cis regioisomers compared to non-

templated Bingel reactions.%®

Afew years after, a collaborative project between Ribas and Delius works was published,
putting together their respective previous works. They reported the synthesis of a
matryoshka-like complex formed by a Pd" prismatic tetragonal nanocapsule which host
a molecule of Ceo wrapped by the aforementioned aromatic nanoring (Figure 1.24.c).
This ternary complex enabled the chemo-, itero- and regioselective bis-functionalization
of Ceo by Bingel reaction, giving rise to the symmetry-mismatched trans-3-bis-adduct as
a single product. Therefore, the presence of the aromatic nanohoop that is tilted (~15°)
with respect to the zinc porphyrins of the nanocage in this ternary complex changes
completely the addition pattern of Bingel cyclopropanation in comparison with the

analogue binary complex.

Recently, the same authors used this matryoshka-like system to obtain a [10]CPP/Ceo-

based catenane by functionalizing encapsulated fullerene Ce using a bis-

39



bromomalonate-based tether (Figure 1.24.d).%” After disassembly of the cage, 87%
selectivity for the formation of a single isomer (in,out-trans-3) was achieved by combining
three approaches: the use of a bis-bromomalonate (tether approach), the use of the
supramolecular complex of Cgo with [10]CPP macrocycle (template approach) and its

incorporation within the tetragonal prismatic nanocapsule (shadow mask approach).

e,e, e, e-tetrakis-adduct: 100% +

b.
Bingel Bis-adducts
reaction trans-1:4% +
e
trans-2:44% ‘
trans-3:52% ‘
C.
Bingel
reaction
e
trans-3-bis-adduct: 100% ‘.
d.

Bis-adducts

trans-3:97% 0
(in,out. 87%)

trans-2: 3% 0

Figure 1.24. a) [10]CPP nanohoop as directing platform from Delius’ work. b) Metal-organic self-assembled
nanocapsule from Ribas’ work as supramolecular shadow mask. ¢) Matryoshka-like complex as
supramolecular mask from Delius’ and Ribas’ work. d) Synthesis of a [10]CPP/Ceso catenane by

regioselective functionalization of Ceo combining previous strategies. Relative yields are shown for each
example.
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Beuerle’s group reported the synthesis of a trigonal bipyramidal covalent organic cage
which encapsulated successfully fullerene Cso and enabled its itero- and regioselective
tris-functionalization by means of Prato reaction (Figure 1.25).° Remarkably, only four
out of the 46 possible regioisomers were formed, with a predominant selectivity for the
symmetry-matched (3,{3,{3-tris-adduct (tris-adduct with three equidistant addends along
the equatorial belt of Ceo sphere).

60 A
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. B B =

BB ael yu? e

Prato reaction

Relative yield (%)

Tris-adducts

Figure 1.25. Organic nanocapsule from Beuerle’s work that enables selective functionalization of fullerene
Ceo through Prato reaction to give t3,t3,t3-tris-adduct majorly.

Recently, Nitschke’s group reported the synthesis of an enantiopure metal-organic cage
built with chiral formylpyridines, which served as mask to control the itero-, chemo-,
regio- and even the stereoselectivity of Cep and PCegBM functionalization through
intramolecular Diels-Alder reaction (Figure 1.26).°° The chiral formylpyridine moiety
dictated the stereochemistry of chiral fullerene derivatives without being incorporated
into them, obtaining a 88% enantiomeric excess (e.e.) for e,e,e-tris-adduct (starting from
Ceo0) and a 64% e.e. for trans-3-bis-adduct (starting from PCg1BM).

88% e.e. 64% e e.
Cgrc\\\-cage eee-(RRRRRRA)- PCBMcAAN-cage trans-3-(R,RR fsA)-
tris-adduct bis-adduct

Figure 1.26. Metal-organic self-assembled nanocapsule that controls chemo-, itero-, regio- and
enantioselectivity when used as supramolecular mask for the functionalization of a) Ceo and b) PCs1BM.
Only one enantiomer is shown for clarity. Reprinted with permission from Nitschke et al.%® Copyright ©
2022, under exclusive licence to Springer Nature Limited.
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1.3 Endohedral metallofullerenes

Fullerenes possess an inner cavity that makes them a robust container for other smaller
species. When these spherical-like carbon cages contain metal atoms in their cavities,
these species are named “endohedral metallofullerenes” (EMFs). First evidence of EMFs
was reported in 1985, when La@Ceo Was detected by mass spectrometry.'® A few years
after, in 1991, the first macroscopic production and isolation of air-stable La@Csz was
reported.'®' EMFs stand out for their charge transfer from the encapsulated metal atoms
to the carbon cage, forming a non-dissociating salt. For example, for La@Cs2, lanthanum

has a formal charge of 3+ and Cg., a formal charge of 3-.

The discovery of lanthanum metallofullerenes was soon followed by the elucidation of a
wide variety of EMF. Besides lanthanum, other metals such as scandium, yttrium or
gadolinium (among others) or even metal clusters have been demonstrated to perform
an intramolecular charge transfer towards fullerenes, which stabilizes carbon cages

and/or metal clusters that cannot exist in their empty/isolated form.02103

On the basis of the composition of the internal metallic species, EMFs can be divided in
two main categories: classical EMFs and clusterfullerenes. The former include
monometallofullerenes and dimetallofullerenes and the latter contain nitride
clusterfullerenes, carbide clusterfullerenes, methano-clusterfullerenes, oxide

clusterfullerenes, sulfide clusterfullerenes and cyano clusterfullerenes (Figure 1.27).1%

The interplay of carbon cages and encaged species results in new nanomaterials with
exciting electronic states and properties. They can be applied in different fields, such as
in biomedical applications (as magnetic resonance imaging or X-ray contrast agent, 06197
radiotracers,'® radiopharmaceuticals,'® antitumorals'® or antimicrobials'') and in
organic photovoltaics (acceptors in PrSCs,"? donor-acceptor dyads'® or
photoelectrochemistry cells''#), but also can be used as single-molecule magnets'® or
even superconductors.® Nevertheless, all these applications have not been fully
exploited due to the hampered obtention of pure EMFs, since the production of EMFs
gives rise to complex mixtures of different hollow fullerenes and EMFs, nanotubes and
carbon-based compounds. Their purification via chromatographic techniques is still
expensive and long-time consuming due to not only for the wide variety of species in
fullerene extracts, but also for the extremely low quantity of EMFs found in those extracts.
This drawback can be overcome with the use of different separation protocols that
involves electrochemical or precipitation techniques and the use of covalent or

supramolecular receptors for molecular recognition of EMFs.
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Endohedral metallofullerenes

Classical EMFs

monometallofullerenes
La@Cgs-Cy,

dimetallofullerene
La,@Crs-D3y

Clusterfullerenes

=08

T

nitride clusterfullerenes
Sc3N@Cy3-D3y

D

methano-clusterfullerenes
SC3CH@ng-l'h

sulfide clusterfullerenes
Sc,S@Ce-Cs,

carbide clusterfullerenes
Gd,Co@Cs3-D;

oxide clusterfullerenes
Sc,0,@Csq-1,

cyano clusterfullerenes
SC3NC@ng-l'h

Figure 1.27. Classification of endohedral metallofullerenes with representative examples. Reprinted with
permission Popov, Yang and Dunsch.'% Copyright © 2013. American Chemical Society

1.3.1 Purification and separation techniques

Endohedral metallofullerenes possess Tr-electron-rich surface, so generally they are

reactive towards Lewis acid. When EMF are mixed with Lewis acids, complexation may

take place, leading to precipitation of EMFs. In 2009, Stevenson and coworkers reported

that metallic nitride and oxometallic EMFs exhibit different reactivity towards Lewis acids,
such as AIClz or FeCls.""” The reactivity order found was ScsO.@Cso-/h > ScsN@Crs >
ScsN@Cess > ScsN@Cso-Dsn > ScaN@Cso-/n, While hollow fullerenes such as Ceo or Cro
are largely unreactive towards Lewis acids (Figure 1.28). They also used this technique

to isolate the isomerically pure ScsN@Cso-/h.
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Figure 1.28. Schematic representation of separation and purification of nitride clusterfullerenes on the basis
of selective complexation of Lewis acid from Stevenson’s work.

TiCls is also used as a Lewis acid agent. Akiyama and Shinohara used TiCls to complex
monometallofullerenes based on trivalent metal ions (Y3*, La3*, Ce®, Er**, Gd*", Lu®*")
and divalent metal ions (Sm?*, Eu?*, Tm?*, Yb?"), which easily decomplexed to provide
pure metallofullerenes by a simple water treatment."'® They were successfully separated

from empty fullerenes with up >99% purity within 10 minutes.

Exohedral functionalization of fullerenes and EMFs is another strategy to perform
efficient separation of these species. Dorn and coworkers reported that metal nitride
clusterfullerenes can be separated orthogonally from empty fullerenes and classical
EMFs by using a column packed with a cyclopentadienyl-functionalized resin."'® Empty
fullerenes and classical EMFs are bonded to the resin by Diels-Alder reaction, whereas
metal nitride clusterfullerenes remain intact and pass through the column (Figure 1.29).
The bonded empty fullerenes and metallofullerenes can be recovered upon heating in

the presence of maleic anhydride.
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Figure 1.29. Schematic representation of purification process of metal nitride clusterfullerenes using the
cyclopentadienyl-functionalized resin method from Dorn’s work.

Following the same trend, Stevenson and coworkers reported the isolation of metal
nitride clusterfullerenes through selective reaction with cyclopentadienyl- or amino-
functionalized silica, named “Stir and Filter Approach” (SAFA)."?® This approach was
used to separate ScsN@Cso-Dsn from ScsN@Cso-/n due to the rapid reactivity of Dsp

isomer with diamino silica in comparison to /, isomer.

Another strategy taking advantage of orthogonal reactivities was reported by Gibson,
Dorn and coworkers, who used molten 9-methylanthracene to separate empty fullerenes
from metal nitride clusterfullerenes in a solvent-free fashion.'?' Hollow fullerenes were
converted to 9-methylanthracene adducts, while metal nitride clusterfullerenes remained
unreacted. New anthracene-based adducts presented different solubilities in organic
solvent as compared to intact EMFs, thus, they could be removed easily with washes of

diethyl ether, enriching the extract about 60% the content of ScaN@Cao.

1.3.2 Molecular recognition of EMFs using supramolecular platforms

In 2006, Akasaka and coworkers reported the 1:1 host-guest complexation of lanthanum
metallofullerenes from extracts of fullerene soots using different azacrown ethers (Figure
1.30).'22 They observed that saturated azacrown ethers complexed La@Cs. successfully.
The facile electron transfer (characteristic of EMFs with low reduction potential) was

pointed to be at the basis of the highest affinity of azacrown ether macrocycles towards
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La@Cs2 in comparison to Ceo and Cro. Also, 1:1 host-guest complexes with unsaturated

thiacrown ethers were studied.’®
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Figure 1.30. Scheme representation of the 1:1 host-guest complexes using different heterocrown ethers to
capture La@Cs2 from Akasaka’s work.

Cycloparaphenylenes also have been used as supramolecular platforms for size
selective extractions of EMFs, since previous studies showed that CPP interact strongly
with hollow fullerenes.® Itami, Shinohara and coworkers hypothesized that EMFs which
comprise negatively charged fullerene cages with positively charged metal atom(s),
interact with mm-conjugated molecules more strongly than empty fullerenes. Moreover,
they had to find the perfect size/shape complementary between EMFs and 1-conjugated
nanohoops. Successfully, they managed to selectively encapsulate My@Cs2-C2, (x=1, 2)
using [11]CPP such as Gd@Cs2-Cav, TM@Cs2-Coy, and Lu2@Csg2-C2y, demonstrating that
this technique can be applied to the extraction and enrichment of EMFs from fullerene

extracts.'?*

Costas, Echegoyen, Ribas and coworkers designed a Cu'-based prismatic tetragonal
nanocapsule which enabled the isolation of ScsN@Cso from arc-processed raw soot, just
by soaking solid crystals of the cage in a solution of EMFs soot.'?® This strategy allowed
the encapsulation of Ceo, C70 and scandium-based EMFs with the exception of ScaN@Cao
(both In and Ds, isomers), which remained in solution (Figure 1.31.a). Up to 85% recovery
of the total amount of ScaN@Cso from the initial mixture was achieved with very high
purity (>99%).

The same nanocapsule was also used by Echegoyen, Ribas and coworkers for the
selective encapsulation of uranium-based metallofullerenes. The addition of fresh
crystals of the same metal-organic nanocapsule to a solution of scandium- and uranium-

based EMFs soot allowed the selective encapsulation of U.@Cso-/n and Sc.,CU@Cso-/n
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in a sequential fashion from an arc-produced soot and they were released applying an
easy solvent-washing protocol (Figure 1.31.b)."?® This demonstrates that the
nanocapsule is capable of discriminating EMFs with the same carbon cage but with
different internal metal-cluster. Computational analysis to study how U,@Cso-/» and
ScsN@Cso-/y interact with the nanocapsule revealed that the alignment of the two
uranium ions of U,@Cso-/» with both zincs of the porphyrin of the nanocapsule seems to
favour the interaction with the nanocapsule by the higher negative charge present on
carbon atoms closer to the U3*. Therefore, the preferential capture of icosahedral Cgo
when it possesses two encapsulated uranium ions seems to be related to the linear
double-conical symmetry of the electron density induced by the presence of the guest
ions. For ScsN@Cso-/h, the electron density is averaged over an equatorial belt and thus

it interacts less efficiently with the porphyrin units of the nanocage.

Finally, the same cage was used by the same group for the selective recognition of
uranium-based C7s EMFs species from a soot mixture containing hollow fullerenes and
EMFs. They explored the molecular recognition of U@C7s-D3» and U,C@Crs-D3p in the
presence of a variety of U-based EMFs, such as U@Cy74, U@Cs2 and Uo@Cso-/n."?" The
addition of crystalline nanocapsule to a solution of EMFs extract resulted in a sequential,
clean and selective binding of U.@Crs-D3, and U.C@Crs-D3p, over the rest of the EMFs
(Figure 1.31.c). The presence of the same metal-cluster in U.@Crs and U>@Cso
suggested that the selective molecular recognition is governed by the size/shape
relationship between the host and guest rather than the internal metal-cluster.
Computational studies demonstrated that flattened Crs-D3» carbon cage causes an
enhanced interaction between the carbon cage and the porphyrins units of the

nanocapsule in comparison to the spherical Cgo-/5.

47



Sc3N@Cy

Encapsulation of all the species with the exception of Sc;N@Cg,
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Figure 1.31. Selective encapsulation of scandium- and uranium-based endohedral metallofullerenes by
self-assembled metal-organic nanocapsules from Echegoyen’s and Ribas’ work.
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CHAPTER II. OBJECTIVES
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The use of metal-directed self-assembled nanocapsules bearing extended aromatic
panels has turned out an excellent strategy to achieve controlled functionalization of
fullerenes and selective isolation of endohedral metallofullerenes, thanks to the
accommodation of these spheroidal carbon cages into their inner cavities. Following this
approach, the main objectives of this thesis are the itero-, chemo- and regioselective
functionalization of fullerene Cgo through different reactions and, also, the selective
molecular recognition of dimetallic terbium-based endohedral fullerenes from a
fullerene/EMF extract using the reported Pd'- and Cu'-based prismatic tetragonal

supramolecular nanocapsules by our research group.

Itero-, chemo- and regioselective functionalization of fullerene C¢ and synthesis

of novel heteroadducts via supramolecular mask strategy (Chapter IV, V and VI)

The objective of this part of the thesis is to extend the scope of fullerene functionalization
reactions of the supramolecular mask strategy applied by our research group beyond

Bingel reaction.

Functionalization of Cgo by Diels-Alder reaction will be explored via supramolecular mask
approach. Acenes with different lengths will be used to explore the steric limitations of
the nanocapsules and, consequently, the orthogonal regioselective outcome. A detailed
computational modeling will provide crucial insights to rationalize the regioselective

control exerted by the supramolecular mask on the successive additions. (Chapter IV)
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Figure I1.1. Representation of the first objective of this thesis (Chapter IV).

These self-assembled nanocapsules will be also used for the controlled formation of
PCs1BM-based bis-adducts using semi-stabilized sulfur ylides, which requires safer and
milder reaction conditions than classical reagents (diazo compounds). Moreover, novel
bis-heteroadducts will be explored through Prato and Bingel reaction in combination with
PCe1BM via supramolecular mask strategy using nanocapsules of different sizes.
(Chapter V)
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Figure II.2. Representation of the second objective of this thesis (Chapter V).

Finally, the synthesis of a molecular shuttle based on a Cso/[10]CPP-based [2]catenane
system will be pursued. The first step will focus on a Bingel reaction using non-
symmetrical bromomalonates that feature one reactive terminal moiety. Upon bis-
functionalization of Ceo, these terminal moieties might allow the connection of two bis-
adducts (one of them wrapped by a [10]CPP ring) to form the desired [2]catenane with
two stations for the one [10]JCPP ring. This project is in collaboration with Prof. Max von
Delius and MSc Fabian Steudel from Ulm University (Germany), who provided all the

bromomalonates for Bingel reactions. (Chapter VI)

Figure 11.3. Representation of the third objective of this thesis (Chapter VI).

Selective encapsulation of bimetallic terbium-based endohedral fullerenes
(Chapter VII)

The obtention of pure EMFs is extremely hampered due to the complex mixtures
obtained during their production. Prismatic tetragonal nanocapsules will be used to
selectively isolate the anionic Tbo@Cso™ species from an endohedral metallofullerene
extract including Tb@Cso, Tb@Cs2, Th2@C7s* and Tb2@Cso. This project is in
collaboration with Alexey A. Popov from the Leibniz Institute for Solid State and Materials
Research, in Dresden (Germany), who provided the EMF extracts.
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Figure 1.4. Representation of the fourth objective of this thesis (Chapter VII).
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CHAPTER III. METHODOLOGY
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Reagents and solvents used were commercially available reagent quality unless
indicated otherwise. Supramolecular nanocapsules 1b-(BArF)s, 1¢c-(BArF)s, 1d-(BArF)s
and 1f(BArF)s (see Figure IV.1) were synthesized according to published

procedures,31:89.97.125

Host-guest complexes (fullerenes, derivatives or EMFs encapsulated by 1b-(BArF)s,
1¢c-(BArF)s and matryoshka systems with 1d-(BArF)s and 1f-(BArF)g) were analysed by
HR-ESI-MS and 'H-NMR. Derivatives were analysed by NMR, HPLC, UV-vis
spectroscopy and MALDI-MS. EMFs were analysed by MALDI-MS.

Computational modeling was performed by Molecular Dynamic simulations in

combination with the analysis of molecular orbitals.

HR-ESI-MS experiments were collected and analysed on Bruker MicroTOF-Q-Il using

CH3CN as mobile phase.

HPLC data concerning fullerene adducts identity were collected on Agilent Technologies
LC 1200 series instrument equipped with Cosmosil Buckyprep-M and Cosmosil
Buckyprep-D columns (4.6 mm I.D. x 250 mm, particle size: 5 um, Nacalai Tesque, Inc.)
and monitored with a UV detector at 320 nm and using toluene as solvent (0.5 ml/min

flow).

MALDI-TOF-MS analysis were collected on a Autoflex maX Bruker Daltonics with a
Bruker Smartbeam Il (355 nm wavelength) using a matrix made from a mixture of trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile  (DCTB) and sodium

trifluoroacetate (NaTFA) in tetrahydrofuran.

NMR experiment details: All NMR experiments were performed at 298 K on a Bruker
AVANCE 400 NMR spectrometer operating at 400.13 MHz and on a Bruker AVANCE 500
NMR spectrometer operating at 500.13 MHz and equipped with a cryoprobe z-gradient
inverse probe-head capable of producing gradients in the z direction with a maximum
strength of 53.5 G cm™. The description of the *C NMR data is solely focused on the
ester of the malonate addends and anthracene and pentacene moieties. Homonuclear
and heteronuclear 2D NMR experiments (COSY, ROESY, NOESY, HSQC, and HMBC)
were recorded under routine conditions. Diffusion NMR experiments were recorded with
a stabilized temperature of 298K using the ledbpgs sequence (BRUKER library) that
incorporates bipolar gradient pulses and a longitudinal eddy current delay of 5ms. The
gradient strength was linearly incremented in 16 steps from 2% up to 95% of the
maximum gradient strength. Diffusion times and gradient pulse durations were optimized

for each experiment to achieve a 95% decrease in the resonance intensity at the largest
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gradient amplitude; typically, diffusion times of 150 ms and rectangular gradient pulses
of 1.5 ms were employed. Sample rotation at 20Hz were used to avoid unwanted
convection effects always presents in CDCIs solutions. After Fourier transformation
followed by the same phase and baseline correction of each 1D dataset, the diffusion
dimension of the 2D DOSY spectra was obtained by using the dosy protocol included
into the TOPSPIN software package. The diffusion coefficients obtained from the DOSY
experiments were used to evaluate the hydrodynamic radius of the fullerene systems for

all samples according to the Stokes-Einstein equation.

Molecular Dynamics (MD) simulations: Molecular Dynamics (MD) simulations were
performed using the GPU code (pmemd)'?® of the AMBER 16 package.'®® Parameters
for fullerenes and acetonitrile (solvent) were generated within the antechamber module
using the general AMBER force field (gaff),”® with partial charges set to fit the
electrostatic potential generated at the HF/6-31G(d) level by the RESP model.”™®' The
charges were calculated according to the Merz—Singh—Kollman scheme'3?'33 ysing the
Gaussian 09 package.** Parameters for supramolecular metallo-cages were generated
using the MCPB.py'® module included in AmberTools16,%°'?° following the same
protocols used in our previous work.?® Each host-guest system was immersed in a pre-
equilibrated truncated octahedron box with a 12 A buffer of acetonitrile molecules using
the leap module, resulting in the addition of around 750 solvent molecules. The systems
were neutralized by addition of explicit counter ions (CI7). All subsequent calculations
were done using the Stony Brook modification of the Amber14 force field (ff14sb)."¢ A
two-stage geometry optimization approach was performed. The first stage minimizes the
positions of solvent molecules and ions imposing positional restraints on the solute by a
harmonic potential with a force constant of 500 kcal-mol~"-A~2 and the second stage
minimizes all the atoms in the simulation cell except those involved in the harmonic
distance restraint. The systems were gently heated using six 50 ps steps, incrementing
the temperature by 50 K for each step (0—300 K) under constant-volume and periodic-
boundary conditions. Long-range electrostatic effects were modelled using the particle-
mesh-Ewald method."” An 8 A cutoff was applied to Lennard—Jones and electrostatic
interactions. Bonds involving hydrogen were constrained with the SHAKE algorithm.
Harmonic restraints of 30 kcal-mol~" were applied to the solute and the Andersen
equilibration scheme was used to control and equalize the temperature. The time step
was kept at 1 fs during the heating stages, allowing potential inhomogeneities to self-
adjust. Each system was then equilibrated for 2 ns with a 2 fs time step in the NPT
ensemble. Production trajectories were then run for an additional 1,000 ns (1 ys) under

the NVT ensemble and periodic-boundary conditions. A total of 3 different replicas
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(including independent minimizations, heating and equilibration steps and production

runs) for each system were carried out.

Electronic structure calculations: All electronic structure calculations were performed
using the Gaussian09 software package.'* Frontier molecular orbitals (FMOs) of
isolated molecules (the pristine Ceo, anthracene, pentacene and the corresponding Diels-
Alder mono- and bis-adducts) were analysed from optimized structures at the Hartree
Fock (HF) level and using the 6-31G(d,p) basis set for all atoms. Frontier Molecular
Orbitals (FMO) were analysed form these optimized structures using the HF/6-31G(d,p)
wavefunctions. FMOs were visualized and rendered using Chemcraft. All optimized

stationary points were characterized as minima using frequency calculations.

Reaction energies were calculated using Density Functional Theory (DFT) calculations,
and the Gaussian09 software package.'* The wB97XD functional'® together with the 6-
31G(d,p) basis set was employed for optimizations, and energies were refined by single
point calculations at the wB97XD/6-311G** level. All optimized stationary points were
characterized as minima using frequency calculations, and enthalpies and entropies

were calculated for 1 atm and 298.15 K.

FMOs for a model system were analysed, to show that the conclusions drawn from the
qualitative analyses of the orbital distribution based on independent fullerene derivatives

are consistent.

A truncated model system based on two porphyrins with one mono-anthracene-Ceo
molecule in between equivalent to model systems reported by Ribas et al. was
used.’126127 The model system [2xPorph — mono-An-Cs] was optimized at the
wB97XD/6-31G(d,p) level of theory, which includes dispersion corrections that are
essential to reproduce the geometries and energetics of non-covalent supramolecular
systems involving large carbon structures using DFT. The optimized structures describe
the mono-anthracene-Cso when interacting with the two porphyrins, in a similar
interacting mode as found when encapsulated in the nanocapsule®®. FMOs were

analysed from these optimized structure using the wB97XD/6-31G(d,p) wavefunction.
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CHAPTERIV. REGIOSELECTIVE ACCESS TO
ORTHOGONAL DIELS-ALDER C, BIS-ADDUCTS AND
TRIS-HETEROADDUCTS VIA SUPRAMOLECULAR

MASK STRATEGY

This chapter corresponds to the following publication:

Pujals, M; Pélachs, T.; Fuertes-Espinosa, C.; Parella, T.; Garcia-
Borras, M.; Ribas, X. Cell Rep. Phys. Sci. 2022, 3, 100992
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As discussed in 1.2.2.2 Supramolecular receptors as functionalization platforms for
fullerenes, Ribas and coworkers designed a range of metal-organic prismatic tetragonal
nanocapsules which were synthesized through the self-assembly of tetracarboxylated
Zn'"-metalloporphyrins with Pd"/Cu" macrocyclic complexes in a proportion of 2:4,
respectively (Figure IV.1). The modification of the M-M distance of these macrocyclic
complexes offers nanocapsules with different cavity sizes. Therefore, these
nanocapsules can interact with different guests, from anionic planar T-guest
molecules™® to Rh-phosphoramidite-based catalysts,° fullerenes?931:468%  or
endohedral metallo-fullerenes.?*12512¢ These nanocapsules offer different applications,
as discussed in 1. 1.3 Self-assembled nanocapsules and applications. Among them, they
are excellent fullerene receptors and are capable of controlling the chemo-, itero- and
regioselectivity of their functionalization, which is a very challenging task due to its high

spheroidal symmetry.
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Figure 1V.1. Metal-organic self-assembled prismatic tetragonal nanocapsules reported by Ribas and
coworkers.

Particularly, 1b-(BArF)s nanocapsule shows an excellent affinity to fullerene Ceo (Ka ~ 107
M-" in toluene/acetonitrile (9:1) as solvent), which converts it into an excellent fullerene
receptor. This host also presents a remarkable breathing effect, since the zinc-zinc inter-
distance between porphyrin subunits of the nanocapsule swings from 14.1 A when the
cavity is empty to 13.1 A upon Ceo encapsulation, as observed from X-ray structures and

computational modeling.?® This high adaptability of the nanocapsule enables the
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successful regioselective functionalization of fullerene Ceo through Bingel reaction,

obtaining exclusively symmetry-matched equatorial bis-, tris- and tetrakis-adducts.?®

In this chapter, this supramolecular mask strategy will be extended to Diels-Alder
functionalization of Ceo. Diels-Alder reaction is a pericyclic, concerted reaction which
involves a conjugated diene (two 11 bonds) and an alkene (known as dienophile, one 1
bond) to form a new 6-membered ring, and it is classified as a thermally-allowed [4+2]
cycloaddition. As mentioned in 1.2 Fullerenes, fullerenes act as an electron-deficient
polyolefin, so they can be considered as the dienophiles of the Diels-Alder reaction
system in contrast to acenes (electron-rich polycyclic aromatic hydrocarbons) that are

considered as the conjugated dienes of the system. ™-143

In this work, two different acenes (anthracene (An) versus pentacene (Pn)) will be used
to bis-functionalize fullerene Cgo with the presence of nanocapsules as supramolecular
masks in a divergent and regioselective manner. Moreover, the mask strategy will be
used to afford novel heteroadducts combining Diels-Alder with Bingel reaction in a
regioselective fashion. Finally, computational modeling combining molecular dynamics
(MD) simulations and electronic structure analyses will provide a clear understanding of

the divergent regioselective control achieved by the nanocapsule.

IV.1 Regioselective Diels-Alder bis-functionalization of Ceo using the

supramolecular mask strategy
IV.1.1 Templated Diels-Alder reaction using anthracene

Encapsulated Ceo fullerene by Pd'-based nanocapsule 1b-(BArF)s (Ceoc1b-(BArF)s) was
submitted to Diels-Alder reaction by the addition of 30 equivalents of anthracene in
acetonitrile at 50°C. Solubility of the host-guest complex is dictated by the host (i.e.
1b-(BArF)s nanocapsule), which is highly soluble in acetonitrile, in contrast to fullerenes
that are soluble in toluene or 0o-DCB. After 48 hours, bis-adducts were afforded as the
main product (bis-An-Ceo), with the minor presence of the corresponding mono-adduct
(mono-An-Cg) in a ratio of 1:0.4, as monitored by high resolution mass spectrometry
(HR-ESI-MS, Figure IV.2.b). Attempts to increase the ratio toward bis-adducts have been

unsuccessful due to the interplay of the retro-Diels-Alder reaction (Annex IV, Table S.1).
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Figure 1V.2. a) Schematic representation of the synthesis of 2 using 1b-(BArF)s as a supramolecular mask.
b) HR-ESI-MS monitoring of the formation of bis-An-Csoc1b-(BArF)s. ¢) TH-NMR spectrum of e,e-bis-An-
Ceo (2). a: TLC-silica impurities. In orange, signals corresponding to protons of anthracene addends

(highlighting with a star the cycloadded Csps protons).

The functionalized product was easily released from the cage by using an easy solvent-

washing protocol with chloroform (Annex IV, Figure S.1) and, remarkably, a single bis-

adduct was found as seen in the HPLC chromatogram (Annex |V, Figure S.2 and S.3).

65



Nuclear magnetic resonance (NMR) characterization (Annex IV, Figure S.4 — S.10)
indicated that the isomerically pure equatorial bis-adduct (e,e-bis-An-Cso, 2) was solely
formed, with a distinctive 2:1:1 signal pattern between 4.6 and 5.6 ppm rising from the
Cs symmetry of the product (Figure IV.2.c). This distribution of signals corresponds to the
cycloadded Csp3 protons of the two anthracene-based addends in an equatorial fashion
(i.e. addends positioned at a 90° angle). This represents a very remarkable control of the
regioselectivity imposed by the nanocapsule, as previous reported functionalization
studies of Diels-Alder reaction with anthracene towards bare Ceo afforded mixtures of
five different isomers among bis-adducts (16% e,e, 1.3% trans-1, 13% trans-2, 26%

trans-3 and 10% trans-4).14414%

IV.1.2 Templated Diels-Alder reaction using pentacene

Cesoc1b-(BArF)s was submitted to Diels-Alder reaction by the addition of 2.1 equivalents
of pentacene in a mixture of acetonitrile/dichloromethane (4:1) at 65°C. After 16 hours,
encapsulated bis-adduct (bis-Pn-Csoc1b-(BArF)s) was detected as the main product of
the crude by HR-ESI-MS monitoring (Figure IV.3.b) alongside traces of encapsulated
mono-adduct (mono-Pn-Csoc1b-(BArF)s).

In this case, the interplay of retro-Diels-Alder reaction was almost non-existing since only
traces of the corresponding mono-adduct were present, in contrast to the formation of
bis-An-Csoc1b-(BArF)s. In order to understand the differences regarding the equilibrium
between the Diels-Alder and the retro-Diels-Alder of both systems, a simple
thermodynamic equilibrium analysis was performed between the corresponding mono-
and bis-adducts. Structures were calculated using Density Functional Theory (DFT) and
optimised using the wB97XD functional and the 6-31(d,p) basis set (see computational

details in Chapter Ill. Methodology).

Table IV.1. Thermodynamic equilibrium between mono- and bis-adducts for Diels-Alder reaction using
anthracene and pentacene. Changes in Electronic (E) and Gibbs (G) free energies between corresponding
bis-adducts and mono-adducts are shown.

System | AE (kcal/mol) | AG (kcal/mol)
bis-An-Ceo -31.3 -13.4
bis-Pn-Ceo -45.2 -27.0

As can be seen in Table V.1, the change in Gibbs free energy for the formation of e,e-

bis-An-Ceo is -13.4 kcal/mol, while the change in Gibbs free energy for the formation of
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trans-1-bis-Pn-Cgo is -27.0 kcal/mol, indicating that latter is much more stable than the
former and that e,e-bis-An-Cgo is much more prone to suffer a retro-Diels-Alder reaction

at higher temperatures, as observed experimentally.

Upon nanocapsule disassembly by the addition of trifluoromethanesulfonic acid, bis-
adducts were obtained in 79% relative yield among all the fullerene derivatives (small
quantities of tris-adducts were produced during the workup). As can be seen in the HPLC
chromatogram after disassembly of the cage, there is a predominant peak (retention
time: 7.576 min) which represents 78% of the total bis-adducts (Annex IV, Figure S.14).
It was easily purified through a simple preparative thin-layer chromatography (TLC) and
analysed by HPLC and ultraviolet-visible (UV-vis) spectroscopy (Annex IV, Figure S.15).
Nevertheless, it was isolated in 30% yield due to insolubility issues of this isomer. NMR
characterization (Annex IV, Figure S.16 and S.17) confirmed that this predominant bis-
adduct was the trans-1-bis-Pn-Ceo (4), since there was a unique singlet at 6.32 ppm
(Figure IV.3.c) rising from the D2, symmetry of the derivative that corresponds to the
cycloadded Csp3 protons of the two pentacene-based addends positioned in a trans-1

fashion (i.e. addends positioned at a 180° angle).

A high-field shifting of Csp3 protons of e,e-bis-An-Ceo can be observed in comparison with
Csps protons of trans-1-bis-Pn-Ceo, due to the anisotropic effect induced by the ring
currents of adjacent aromatic rings. In the case of e,e-bis-An-Ceo, the anthracene-based
addends are placed perpendicularly (in a 90° angle) facing each other and the
anisotropic effect of the aromatic protons from one addend produces a considerable
shielding effect of the cycloadded Csps protons to the other addend (5.43, 5.41, and 4.76
ppm, Figure IV.2.c).

In the case of frans-1-bis-Pn-Csgo, since pentacene-based addends are placed at a 180°
angle, this effect is not noticed by Csp3 protons and their shifts are higher (6.32 ppm,
Figure 1V.3.c). The minor peaks at 6.22, 8.44, and 8.62 ppm correspond to the
isomerization of both pentacene moieties, giving rise to bis-adducts featuring non-
symmetric addends (see Annex IV, Figure S.16), but the regioselectivity of the product

remains intact (addends at 180°).
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Figure I1V.3. a) Schematic representation of the synthesis of 4 using 1b-(BArF)s as a supramolecular mask.
b) HR-ESI-MS monitoring of the formation of bis-Pn-Csoc1b-(BArF)s. ¢) "H-NMR spectrum of trans-1-bis-
Pn-Cso (4). In orange, signals corresponding to protons of pentacene addends (highlighting with a star the
cycloadded Csps protons). * Signals corresponding to the minor isomer due to isomerization of pentacene

addends, see Annex IV, Figure S.16.
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IV.2 Computational modeling

Computational modeling was used to rationalize the regioselectivity outcome when
different acenes are used (anthracene versus pentacene) to bis-functionalize
encapsulated fullerenes by using 1b-(BArF)s nanocapsule. Molecular dynamics (MD)
simulations and analysis of molecular orbitals were carried out to gain insights into the

host-guest equilibria and the regioselectivity achieved of the final products.

IV.2.1 Molecular dynamics simulations

MD simulations were performed (see computational details in Chapter Ill. Methodology).
For each system, three replicas of MD trajectories of 1000 ns each (accumulating a total
of 3 ms of simulation time) were carried out (Annex IV, Figures S.63 — S.75) using the
modelled 1b-(Cl)s nanocapsule considering an explicit solvent box of acetonitrile.?® Also,

videos of MD simulations are attached.

MD simulations of mono-An-Cec1b-(Cl)s revealed that gate-to-gate rotation of the
anthracene-based addend can occur. These gate-to-gate rotations take place at the
nanosecond-to-microsecond timescale, as different rotations are observed throughout
the 1000 ns of simulation time (Figure IV.4.a). Therefore, it is expected that the
anthracene moiety can explore the four symmetric gates of the capsule indistinctively,
although longer MD trajectories would be required for the anthracene moiety to equally
visit all the nanocapsule gates during the simulations. Moreover, the relative orientation
of the anthracene moiety of mono-An-Ceo with respect to the porphyrin units of the
nanocapsule was also analysed. MD simulations indicated that the anthracene moiety of
the mono-adduct can be oriented in a parallel or in a perpendicular way with respect to
the porphyrins of the cage. The interconversion between both orientations along its Co,
axis occurs fast and they are indistinctively explored by the anthracene moiety (Figure
IV.4.b, see Annex IV, Figures S.63 — S.65 for replicas). In contrast, MD simulations for
the e,e-bis-An-Cgoc1b-(Cl)s revealed that gate-to-gate rotation is totally prohibited and
each anthracene moiety is completely fixed to a single gate (i.e. no spinning of the bis-
adduct is observed). This indicates that the addition of a second anthracene-based
addend restricts the dynamics of the fullerene derivative in the nanocapsule (see Annex
IV, Figures S.66 — S.68 for replicas).
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Figure IV.4. Analysis and characterization of the host-guest equilibria of mono-An-Csoc1b-(Cl)s using MD
simulations. a) zN1-N2-C1-C2 dihedral angle describes the relative rotation of the encapsulated mono-An-
Ceo with respect to the nanocapsule gates along the MD simulation time. N1 and N2 are atoms from the
porphyrin, while C1 and C2 are atoms from the fullerene derivative (see scheme). Different values
explored for the «N1-N2-C1-C2 dihedral angle along the simulation time describe gate-to-gate rotations of
the anthracene addend. b) «Zn1-Zn2-C3-C4 dihedral angle describes the relative orientation of the
anthracene addend with respect to the nanocapsule porphyrins. Zn1 and Zn2 are atoms from the
porphyrins, while C3 and C4 are atoms from the fullerene derivative (see scheme). The presented
histogram plot (180 bins of 2 ° each) describes the most visited «Zn1-Zn2-C3-C4 dihedral values during
the 1000 ns MD trajectory (see Annex IV Figures S.63 — S.65 for additional replicas).

MD simulations of encapsulated mono-Pn-Ceso were carried out to gain insights into the
differences in regiofunctionalization when the acene used in the templated Diels-Alder
reaction is extended. Simulations revealed that the pentacene-based addend is fixed in
a single window of the nanocapsule, since no gate-to-gate transitions are observed along
the microsecond timescale MD trajectory (Figure 1V.5.a). This is in sharp contrast to what
was observed for the mono-An-Ceo, in which gate-to-gate rotation are permitted at the
same timescale. In addition, MD simulations showed that mono-Pn-Ceo could be only
positioned in a perpendicular way (i.e. the pentacene addend pointing to the porphyrins
of the cage) due to the steric hindrance that the molecular macrocyclic complexes of the
nanocapsule exert to the bulkier addend (Figure 1V.5.b, see Annex |V, Figures S.69 —
S.71 for replicas). This is in sharp contrast to the mono-An-Ceo host-guest system, in
which the guest is allowed to adopt both conformations (anthracene addend can be

positioned in parallel and in perpendicular respect to the porphyrins). MD simulations of
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the trans-1-bis-Pn-Cgo host-guest system also showed that the guest is, as expected,

fixed in a single orientation: with both addends pointing to the porphyrins of the

nanocapsule (Annex IV, Figures S.73 — S.75).
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Figure 1V.5. Analysis and characterization of the host-guest equilibria of mono-Pn-Ceoc1b-(Cl)g using MD
simulations. a) «N1-N2-C1-C2 dihedral angle describes the relative rotation of the encapsulated mono-Pn-
Ceo with respect to the nanocapsule gates along the MD simulation time. N1 and N2 are atoms from the
porphyrin, while C1 and C2 are atoms from the fullerene derivative (see scheme). Different values
explored for the «N1-N2-C1-C2 dihedral angle along the simulation time describe gate-to-gate rotations of
the pentacene addend. b) «Zn1-Zn2-C3-C4 dihedral angle describes the relative orientation of the
pentacene addend with respect to the nanocapsule porphyrins. Zn1 and Zn2 are atoms from the
porphyrins, while C3 and C4 are atoms from the fullerene derivative (see scheme). The presented
histogram plot (180 bins of 2 ° each) describes the most visited «Zn1-Zn2-C3-C4 dihedral values during
the 1000 ns MD trajectory (see Annex IV Figures S.69 — S.71 for additional replicas).

IV.2.2 Analysis of frontier molecular orbitals

In order to fully understand the regioselectivity of the final products, careful analysis of

the frontier molecular orbitals (FMOs) involved in the Diels-Alder reactions was

performed.

In 1965, Woodward and Hoffmann proposed a set of rules to understand the reactivity

trends of organic cycloaddition reactions based on the molecular orbital theory.'®

Frontier molecular orbitals are the highest occupied molecular orbital (HOMO) and the
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lowest unoccupied molecular orbital (LUMO), and for a thermally-allowed cycloaddition
reaction, both FMOs of the involved species need to interacts in-phase (constructive
overlap)'. For a standard or normal electron-demand Diels-Alder reaction, HOMO of
the diene overlaps with LUMO of the dienophile (Figure 1V.6). As mentioned before in
this chapter, acenes (anthracene and pentacene) are considered the dienes of these

systems and the corresponding mono-adducts are considered the dienophiles.
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Figure IV.6. a) A generic Diels-Alder reaction. b) Schematic representation of an effective overlap between
HOMOuiene and LUMO Quienophile Of @ generic normal electron-demand Diels-Alder reaction. ¢) Generic
molecular orbital diagram of a normal electron-demand Diels-Alder reaction. TS: transition state

LUMOs and HOMOs of anthracene, pentacene, mono-An-Csp and mono-Pn-Cey were
calculated and analysed using the HF/6-31G(d,p) basis set. Reaction energies were
calculated using DFT calculations (see computational details in Chapter il
Methodology). FMO of mono-An-Ce also were calculated with a truncated model system
based on two porphyrins with one mono-adduct molecule in between (equivalent model
system to the ones used in previous similar systems3®+8%12€) to demonstrate that the
distribution of LUMOs of 2xPorph/mono-An-Ceo complex is totally equivalent to the

distribution of the orbital lobes of mono-An-Cso molecule (Annex IV, Figure S.77).

In order to understand the regioselectivity outcome of the Diels-Alder reaction when
using anthracene, HOMO of the anthracene and LUMOs of mono-An-Cgo were studied.

LUMO of mono-An-Ceo (-0.090 eV) has the appropriate antibonding orbital contributions
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on the equatorial bond (e bond), while close in energy, LUMO+1 (0.117 eV) has also
appropriate antibonding orbital lobes localized on the equatorial-prime bond (e’ bond)
(Figure IV.7). Functionalization of any of these two bonds (e and e’) from the mono-
adduct would lead to the same bis-adduct product by symmetry. Other bonds of the
mono-An-Cey surface also exhibit appropriate antibonding LUMO or LUMO+1
contributions; however, their functionalization is restricted due to sterics imposed by the

nanocapsule (see Annex IV, Figure S.76 for more perspectives of each LUMO).

Since mono-An-Ceo spins along its C,, axis inside the nanocapsule as seen by MD
simulations, both equatorial bonds (e and e’) are exposed to a gate and accessible to
perform a Diels-Alder reaction. On the other hand, the trans-1 bond has antibonding
orbital contributions in the LUMO+2, and it is accessible from the opposite gate of the
nanocapsule. However, the significantly higher energy of this molecular orbital (0.411
eV) with respect to the LUMO and LUMO+1 makes the trans-1 bond kinetically much

less reactive than the equatorial ones.

Taking all these parameters into account, the kinetically most favourable second Diels-
Alder addition is expected to be at one of the equatorial positions (e or €’) rather than at
trans-1, leading to the exclusive formation of e,e-bis-An-Cso, Which also corresponds to
the thermodynamically more stable product (see calculated reaction energies for the
formation of the corresponding equatorial and trans-1 bis-adducts, Annex |V, Table S.2)

and is in good agreement with the experimental section.

== Diene(anthracene) j== Dienophile (mono-An-Cg)

HOMO E=-7.010 eV LUMO E=-0.090 eV LUMO+1 E=0.117 eV LUMO+2 E=0.411 eV

e bond e’ bond trans-1 bond

Figure IV.7. Frontier molecular orbitals involved in the Diels-Alder reaction with anthracene. HOMO of
anthracene and LUMO, LUMO+1 and LUMO+2 of mono-An-Ceo given in eV. A schematic representation of
the mono-adducts’ LUMOs when encapsulated is shown. Two possible orientations of mono-An-Ceo are
depicted inside the nanocapsule, considering its possible rotation as characterized from MD simulations:
anthracene addend oriented in parallel (A, B and C) or perpendicularly (A’, B’and C’) with respect to the
porphyrins.
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The same reasoning was developed to study the regioselectivity outcome of the Diels-
Alder reaction when using pentacene considering the same geometrical restrictions

imposed by the nanocapsule.

Taking into account the unique permitted orientation of mono-Pn-Csgg that is formed inside
the nanocapsule (pentacene addend pointing towards the porphyrins), the first LUMO
orbital (-0.095 eV) does not have antibonding contributions localized on any bond that is
easily accessible from the windows of the cage (Figure 1V.8). LUMO+1 (0.114 eV) has
appropriate antibonding lobes on the e’ bond that are exposed to a gate. Nevertheless,
the e’ bond is oriented perpendicular to the porphyrins, which implies that the second
pentacene moiety would approach parallel to the porphyrins for reaction, and it has been
demonstrated by MD simulations that this conformation is not allowed. For this reason,
the second addition of a pentacene to mono-Pn-Ceo reacts through the less reactive
LUMO+2 (0.408 eV). Even itis higher in energy, it has appropriate antibonding lobes that
are exposed to a gate and is localized on the frans-1 bond. This position implies that the
second pentacene addend is positioned in a permitted fashion (vertically with respect to
the porphyrins) without any steric hindrance, as seen by MD simulations (see Annex IV,
Figure S.78 for more perspectives of each LUMO). Therefore, although LUMO+2 is
expected to be kinetically less reactive than LUMO or LUMO+1, geometric restrictions
imposed by the supramolecular mask favour the regioselective formation of trans-1-bis-
Pn-Cesoc1b-(Cl)s, which corresponds to the thermodynamically less stable product in the

absence of the nanocapsule (Annex IV, Table S.2).

== Diene(pentacene) j== Dienophile (mono-Pn-Cg)
HOMO E=-6.084 eV LUMO E=-0.095 eV LUMO+1 E=0.114 eV LUMO+2 E=0.408 eV
(A B
1
4b
Y
L ¥4
e bond e’ bond trans-1 bond

Figure 1V.8. Frontier molecular orbitals involved in the Diels-Alder reaction with pentacene. HOMO of
pentacene and LUMO, LUMO+1 and LUMO+2 of mono-Pn-Ceo given in eV. A schematic representation of
the mono-adducts’ LUMOs when encapsulated is shown.

IV.3 Controlled regioselective synthesis of poly-heteroadducts of Ceo

Synthesis of bis-heteroadducts combining anthracene and pentacene addends was

carried out. Mono-An-Ceo was fully encapsulated within 1b-(BArF)s and 1.1 equivalents
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of pentacene were added. The major product detected by HR-ESI-MS was an
encapsulated bis-adduct which contained one anthracene- and one pentacene-based
addend (Figure IV.9.b). This bis-adduct was purified and characterized by 1D and 2D
NMR in order to know the distribution of the addends (Annex IV, Figure S.18 — S.24). In
the "H-NMR spectrum, the diagnostic distribution of signals 1:2:1 between 4.9 and 5.7
ppm that corresponds to the cycloadded Csps protons confirmed the equatorial nature of
the derivative (e,e-bis-An-Pn-Ceo, 5) (Figure IV.9.c), as seen before in the NMR
characterization of e,e-bis-An-Csgo (2). In the NOESY spectrum, singlets integrating one
proton each at 4.98 and 5.62 ppm (cycloadded Csps protons) correlate to the singlets
(7.95 and 8.10 ppm) of the Cs,2 protons of the pentacene addend (Figure 1V.9.d),
meaning that Csyz protons of the pentacene addend have different electronic
environment and they are not chemically equivalents. Thus, the derivative has been
necessarily formed with the pentacene addend in vertical orientation within the mask, as

depicted in Figure IV.9.a.

Synthesis of heteroadducts combining Diels-Alder and Bingel reaction (an addition-
elimination reaction that adds cyclopropane rings to fullerenes)'® were performed using
encapsulated e,e-bis-An-Cgp and trans-1-Pn-Cgp as starting platforms via supramolecular

mask strategy.

e,e-bis-An-Cg was encapsulated in the more adaptable Cu'-based 1¢:(BArF)s, since the
encapsulation in the analogous Pd'"-based nanocapsule (1b-(BArF)s) was not efficient
due to its rigidity of the gate entrances. Once the e,e-bis-An-Cgoc1c-(BArF)s host-guest
complex was formed, Bingel reaction using diethyl bromomalonate and sodium hydride
was performed. After HR-ESI-MS monitoring, a tris-adduct (bis-An-mono-
diethylmalonate-Ceo) rising from the addition of one diethyl malonate was detected as
the major product (Figure 1V.10.b). After releasing it from the nanocapsule with a solvent-
washing protocol with CHCIs, careful characterization by NMR, MALDI-MS and UV-vis
spectroscopic analyses (Annex IV, Figures S.25 — S.34) revealed that a mixture of only
two tris-adducts (i.e. two regioisomers 6(l) and 6(ll)) was detected in a 1:3.7 ratio. In the
"H-NMR spectrum, two sets of singlets with a 1:1:1:1 distribution corresponding to the
cycloadded Csps protons of the anthracene-based addends were found between 4.8 and
5.6 ppm, confirming that there are two regioisomers of tris-adducts: e,e-bis-An-e-mono-
diethylmalonate-Ceo 6(l) and 6(11) (Figure 1V.10.c).
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Figure IV.9. a) Schematic representation of the synthesis of 5 using 1b-(BArF)s as a supramolecular mask.
b) HR-ESI-MS monitoring of the formation of bis-An-Pn-Ceoc1b-(BArF)s. ¢c) TH-NMR spectrum of e,e-bis-
An-Pn-Ceo (5). a: TLC-silica impurities. In orange, signals corresponding to protons of anthracene and
pentacene addends (highlighting with a star the cycloadded Csps protons). d) NOESY NMR of cycloadded
Csps protons correlating to aromatic Csp2 protons.
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Encapsulation of trans-1-bis-Pn-Ceo in order to hetero-functionalize this fullerene
derivative was not efficient, even using Cu'"-based 1c-(BArF)s (only minor amounts of
this encapsulated bis-adduct were detected by HR-ESI-MS). This was somehow
expected from MD analyses that described that pentacene addend of mono-Pn-Ce
(which is pointing to the porphyrins) stands out from the nanocage (Annex IV, Figure
S.72). Therefore, Bingel reaction was performed on mono-Pn-Cssc1b-(BArF)s, in which
mono-adduct 3 was successfully encapsulated by 1b-(BArF)s (Annex IV, Figure S.11 —
S.13). The hetero-functionalization gave rise to a tris-adduct as the main product (mono-
Pn-bis-diethylmalonate-Cso) alongside small amounts of the corresponding hetero-
tetrakis-adduct (Figure IV.11.b), despite pushing the experimental conditions (heating
and larger conditions times). Successfully, a single isomer of the tris-heteroadduct (7)
was found in a 63% yield after releasing the guests by a solvent-washing protocol with
CHCI3; and a complete characterization by NMR, MALDI-MS and UV-vis spectroscopy
(Annex IV, Figure S.35 — S.44). The solely singlet at 5.86 ppm of the 'TH-NMR spectrum
(Figure 1V.11.c) indicates that cycloadded Csps protons of pentacene-based addends are

positioned in a trans-1 fashion.

Hetero-hexakis-adducts were also prepared by taking advantage of the directing ability

of the Diels-Alder addends of e,e-bis-An-Cgo and trans-1-Pn-Ceo.

e,e-bis-An-Cgp was subjected to Bingel cyclopropanation with a large excess of diethyl
bromomalonate and NaH. After 48 hours of reaction, hexakis-heteroadduct was mainly
formed with small amounts of pentakis-adducts, as confirmed by MALDI-MS and NMR
(Annex IV, Figures S.45 — S.52). The 2:1:1 distribution pattern of signals in the "H-NMR
spectrum corresponding to the cycloadded Csy3 protons confirmed that the Cs symmetry
featured by e, e-bis-An-Ceo (2) remained (Figure IV.12.b). Therefore, the octahedral Tj-

hetero-hexakis-adduct (8) was formed as the major product.

Finally, trans-1-Pn-Ceo was also subjected to exhaustive Bingel cyclopropanation
following the same conditions as the cyclopropanation of e,e-bis-An-Ceo. After 2 days of
reaction, hexakis-heteroadduct (9) was formed as the unique product as monitored by
TLC and HPLC (Annex IV, Figure S.53). After characterization by MALDI-MS and NMR
(Annex IV, Figure S.54 — S.61), the only singlet found at 5.43 ppm in the 'H-NMR
spectrum corresponding to the cycloadded Csps protons confirmed again that the Dap
symmetry of frans-1-Pn-Ceso (4) remained intact (Figure IV.12.d). Thus, Bingel reaction
took place along all the equatorial belt of the bis-adduct, obtaining the corresponding

octahedral heteroadduct as the unique product.
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Notably, diffusion coefficients extracted from diffusion-ordered NMR spectroscopy
(DOSY-NMR) of all homo- and heteroderivatives were in strong agreement with the

increasing bulkiness of the molecules (Annex IV, Figure S.62).
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Figure I1V.10. a) Schematic representation of the synthesis of 6 using 1c-(BArF)s as a supramolecular
mask. b) HR-ESI-MS monitoring of the formation of bis-An-mono-diethylmalonate-Csoc1c-(BArF)s (mixture
of isomers 6(l) and 6(1l)). ¢) "TH-NMR spectrum of e,e-bis-An-e-mono-diethylmalonate-Cso 6(1) and 6(ll). In
orange, signals corresponding to protons of anthracene addends (highlighting with a star the cycloadded
Csp3 protons); in blue, signals corresponding to protons of diethyl malonate addend.
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Figure 1V.11. a) Schematic representation of the synthesis of 7 using 1b-(BArF)s as a supramolecular
mask. b) HR-ESI-MS monitoring of the formation of mono-Pn-bis-diethylmalonate-Ceoc1b-(BArF)s. c) 'H-
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signals corresponding to protons of diethyl malonate addend.
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CHAPTER V. TWO-FOLD ENHANCEMENT OF
EQUATORIAL BIS-PCBM-C4, ADDUCTS USING A
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V.1 Diazo compounds as precursors for the synthesis of PCBM-based

derivatives

[6,6]-phenyl-Cs1-butyric acid methyl ester (PCe1BM) is the [6,6]-methanofullerene most
used as electron acceptor material in bulk heterojunction solar cells and as electron
transport layer in perovskite-based solar cells devices because of its easy-accessibility
and high solubility in many solvents, as discussed in 1.2.1.1 Photovoltaics applications.
Nevertheless, PCBM preparative methods have been limited to the few classical
procedures reported by Hummelen, Wudl and coworkers in mid 90s.'®'° These
methods require the presence of 1-phenyl-1-[3-(methoxycarbonyl)propylldiazomethane
as the active species to perform the cyclopropanation on fullerenes. This diazo
compound is formed in situ through base-induced decomposition of 4-benzoylbutyrate-
p-tosylhydrazone, which is synthesized following an easy 2-step synthetic route:
commercial 4-benzoylbutyric acid is esterified with the presence of methanol, followed
by the inclusion of a tosyl group at the benzylic position.'®® Once the diazo compound is
generated, it undergoes a 1,3-dipolar cycloaddition towards Cg (Figure V.1). This
method gives rise to isomeric intermediates, named [5,6]-fulleroids, which require
conversion into the corresponding [6,6]-methanofullerene by thermal or electrochemical

processing (heating up to 180°C).

If PCBM-based bis-adducts are targeted, up to 22 spectroscopically-distinguishable
regioisomers can be formed in front of the 8 potential regioisomers obtained when
symmetrical precursors are used, since the former don’t present symmetric substituent
groups.?% For this reason, there is an urge to control the regioselectivity of these
reactions in order to avoid the formation of mixtures of multiple regioisomers and, thus,

to avoid the use of long, expensive and often unsuccessful chromatographic methods.

Following the supramolecular mask approach from Ribas' group,? tetragonal prismatic
nanocapsules (see Chapter IV, Figure IV.1) were used to explore the regioselective
formation of PCBM-like bis-adducts using the abovementioned conditions. The excellent
affinity between 1b-(BArF)s nanocapsule and Cgo fullerene (Ko ~ 10”7 M8 and the
stability of this host-guest complex under the Bingel reaction prompted us to test this

supramolecular nanocapsule as a mask to synthesize PCBM-based derivatives.
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Figure V.1. a) Formation of PCe1BM through 1,3-dipolar cycloaddition using diazo compounds. b) Reaction
mechanism of 1,3-dipolar cycloaddition for the formation of PCs1BM.

First, PCs1BM was encapsulated within the cavity of 1b-(BArF)s. The encapsulation was
completed with the addition of 1.5 equivalents of guest. Following conditions by
Hummelen and Wudl, the 1,3-dipolar cycloaddition was performed using PCBM-
Ceoc1b-(BArF)s, 1 equivalent of CH3ONa and 1 equivalent of 4-benzoylbutyrate-p-
tosylhydrazone in acetonitrile under inert atmosphere. After 16 hours of stirring at 70°C,
encapsulated bis-adduct 11 (bis-PCBM-Csoc1b-(BArF)s) was the main product of the
crude (Figure V.2).

Products were released from 1b-(BArF)s by disassembly of the nanocapsule by the
addition of trifluoromethanesulfonic acid. Next, they were heated up at 115°C for 24
hours in toluene in order to perform the completed isomerization from open [5,6]-
fulleroids to closed [6,6]-methanofullerenes. Unfortunately, broad peaks were observed
when the crude was analysed by HPLC (Figure V.3) and an intractable mixture of isomers

was formed, indicating that the reaction was not regioselective.
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Figure V.3. HPLC analysis of products after conversion from [5,6]-fulleroids into [6,6]-methanofullerenes

without the presence of 1b-(BArF)s. 1,3-dipolar cycloaddition was performed via supramolecular mask
strategy.

Attempts of carrying out the isomerization process with the presence of the cage were
also performed (115°C in acetonitrile for 24 hours). Unfortunately, the harsh conditions

provoked total decomposition of the cage and the resulting crude could not be analysed.
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V.2 Sulfur ylides as precursors to synthesize PCBM-like derivatives

Since 1b-(BArF)s nanocapsule was not stable under classical conditions for the

synthesis of PCBM-like derivatives, a milder alternative reaction had to be used.

Among the various synthetic approaches to produce fullerene derivatives, addition-
elimination reactions such as Bingel reaction,*® reactions of stabilized sulfur ylides'" or
reactions of silylated nucleophiles™? efficiently afford directly closed [6,6]-
methanofullerenes. This means that is not necessary to undergo isomerization
processes, since [5,6]-open fulleroids are not generated and, thus, these reactions can
be carried out under mild conditions. Nevertheless, the resulting cyclopropane rings
possess carbonyl groups which limits the preparation of PCBM-based derivatives. Ohno,
Ito and coworkers reported in 2013 an alternative to these strategies, which involve a
sulfur semi-stabilized ylide (a ylide stabilized with a phenyl group) generated in situ from
the corresponding sulfonium salt with the presence of a base (such as 1,8-
diazabicyclo(5.4.0)undec-7-ene, DBU) (Figure V.4).'®® Since the reaction proceeds via
addition-elimination and under simpler, milder conditions (room temperature) than
classical methods, the reaction was used to prepare the desired bis-adducts following

the supramolecular shadow mask approach.

Figure V.4. a) Formation of PCe1BM through addition-elimination reaction using sulfur semi-stabilized
ylides. b) Reaction mechanism of addition-elimination reaction at the [6,6] bond for the formation of
PCes1BM.
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V.2.1 Synthesis of PCBM-based bis-homoadducts

The corresponding sulfonium salt, dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium
triflate (10), was synthetized following a reported 2-step synthetic route. Bromination of
methyl-5-phenylpentanoate at the benzyl position followed by a nucleophilic substitution
of the bromide with dimethyl sulfide achieved the desired salt (see details in Annex V.1
Experimental procedures and 'H-NMR characterization in Annex V, Figures S.79 —
S.81).1%3

Since 1b-(BArF)s nanocapsule is not stable with the presence of DBU, a brief screening
of four bases to deprotonate the sulfonium salt was performed. Four equivalents of each
base and four equivalents of sulfonium salt were added to four solutions of
Cesoc1b-(BArF)sin acetonitrile at room temperature under inert atmosphere. The reaction
was monitored by HR-ESI-MS (Table V.1).

Table V.1. Screening of bases to prepare PCBM-based bis-adducts using 1b-(BArF)s. 2Ratio calculated by
HR-ESI-MS after 3 hours. "Nanocapsule could not be detected by HR-ESI-MS since it decomposed.

Experiment Base Ratio Ceoc1b-(BArF)s : PCe1BMc1b-(BArF)s @
1 DBU -0
2 NaH
1:0
3 NEts
4 CH3ONa 1:0.33

Apart from DBU, bases such sodium hydride or triethylamine (NEts) were tested, but the
reaction didn’t proceed at all. Then, sodium methoxide (MeONa) was used for the
formation of PCg/BM. After 3 hours, a ratio of 1:0.33 encapsulated Ceso:mono-adduct
(Ceoc1b-(BArF)s and PCs1BMc1b-(BArF)g, respectively) was observed, indicating that

the 1,3-dipolar cycloaddition took place.

After this brief screening, the optimization of the yield to obtain bis-homoadducts was
performed. Starting from PCsiBMc1b-(BArF)s in acetonitrile, 2.5 equivalent of the
sulfonium salt 10 and MeONa were added sequentially at room temperature, as can be
seen in Figure V.5. After 18.5 hours, encapsulated bis-adduct 11 was the main product
(68%, bis-PCBM-Ceoc1b-(BArF)s) alongside minor quantities of encapsulated mono-
adduct (22%, PCs1BMc1b-(BArF)g) and tris-adduct (10%, tris-PCBM-Cg=1b-(BArF)s).
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Figure V.5. HR-ESI-MS monitoring of the formation of bis-PCBM-Csoc1b-(BArF)s via addition-elimination
using sulfonium salt 10.

Bis-adducts were released from the nanocapsule adding 20 equivalents of
trifluoromethanesulfonic acid and stirring it at room temperature for 1 hour to
disassemble the nanocapsule. Then, solvent was evaporated under reduced pressure
and the released guests were extracted with toluene. They were easily purified by a
preparative TLC using toluene:ethyl acetate (95:5) as eluent. Two main fractions were
obtained that were characterized by MALDI-MS, confirming that they both are bis-
adducts (Figure V.6).
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Figure V.6. MALDI-MS analysis of bis-homoadducts 11 after releasing from 1b-(BArF)s nanocapsule.

HPLC analysis presented four peaks for fraction 1 and one single peak for fraction 2
(Figure V.7.a). UV-vis analysis (Figure V.7.b) allowed to assign the identity of each peak,
since each addition pattern to Ceo present a unique UV-vis spectrum and, therefore, they
can be used as a fingerprint for the identification of each regioisomer. The UV-vis
spectrum of each peak matched perfectly with previously reported spectra of PCBM-
based bis-adducts by using bare Cs2>8' and, therefore, it allowed the assignment of the
obtained bis-adducts using 1b-(BArF)s, as can be seen in Figure V.7 and Figure V.8.
Unfortunately, they couldn’t be characterized by nuclear magnetic resonance (NMR)
because of the low quantities obtained of each regioisomer. For this reason, isomers with
the same addition pattern couldn’t be distinguished among them, although they could be
detected (i.e. trans-3 (1) / trans-3 (II) and e,e (I) / e,e (ll) couldn’t be distinguished between
them).

The yield was calculated by HPLC using Ceo as internal standard. Due to the different
extinction coefficients of bis-adducts and Ceo, a correction factor was determined by
measuring peak area vs. concentration plots for bis-adducts and Cso (more details in
Annex V.2 Linear calibration for quantitative HPLC analysis). The total yield of 11 were

36.4% and relative yields of each regioisomer are shown in Figure V.8.a.
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Figure V.7. a) HPLC analysis of fraction 1 and 2 from the synthesis of bis-homoadducts 11 using
supramolecular mask strategy. b) UV-vis spectra of each peak from HPLC analysis of bis-homoadducts 11.




Peak | Regioisomer | Quantitative yield (%) Relative yield (%)
1 trans-2 6.0 16.6
2 trans-3 (1) 1.5 4.2
3 trans-3 (ll) 8.5 234
4 ee(l) 12.4 341
5 e,e (ll) 7.9 21.8
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Non-templated reaction ® Supramolecular mask strategy
Figure V.8. a) Quantitative and relative yield of each regioisomer of 11 obtained by supramolecular mask

strategy. b) Outcome comparison between using non-templated reaction and supramolecular strategy to
synthesize bis-adducts 11.

It is worth noting that relative yields of equatorial bis-adducts obtained by this
supramolecular approach were considerably increased with respect to those obtained
from the non-templated reaction,® showing an enrichment from 26.0 to 55.7% (Figure
V.8.b). Moreover, this strategy allows their formation by an easy, rapid and
straightforward methodology in front of the reported multi-stage and multicolumn HPLC

process in peak-recycling mode.

A new approach to further explore the regioselectivity of the addition-elimination of sulfur
ylide 10 to Ceo under the supramolecular mask strategy was replacing 1b-(BArF)s by
1d-(BArF)s nanocapsule, which presents a slightly larger cavity (distance between zinc

porphyrins 14.1 A vs 16.8 A, respectively) that can accommodate a Ce[10]CPP
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complex.® As seen in previous works reported by Ribas’ group, the addition pattern of
Bingel cyclopropanation changes completely between both systems (from equatorial to
trans-3 addition) because of the presence of the aromatic nanohoop that is slightly tilted
(~15°) with respect to the zinc porphyrins of 1d-(BArF)s. For this reason, this three-shell
complex was also used to explore the cyclopropanation of Cey using semi-stabilized

sulfur ylides.

Functionalization of Ceoc[10]CPPc1d-(BArF)s was tested using 10 equivalents of the
corresponding sulfonium salt and 10 equivalents of CH3ONa added sequentially. As can
be seen in the HR-ESI-MS monitoring (Annex V, Figure S.82), after two days,
PCs1BMc[10]CPPc1d-(BArF)s was formed in a ratio of 1:2 (encapsulated Cgo:PCe1BM,
respectively). These results prompted us to repeat the reaction using the same
conditions starting from PCs1BMc[10]CPP<1d- (BArF)s to achieve the corresponding bis-

homoadduct 11.

The addition of one equivalent of [10]CPP to PCes1BM led to the corresponding inclusion
complex PCs:BMc[10]CPP. This was confirmed by 'H-NMR, since all signals were
shifted in comparison to PCs1BM (Figure V.9.a). Then, PCs1BMc[10]CPP was completely
encapsulated by 1d:(BArF)s giving the desired matryoshka-like complex
PCs1BMc[10]CPPc1d-(BArF)s. This also was confirmed by 'H-NMR and HR-ESI-MS
(Figure V.9 and Annex V, Figure S.83 and S.84).

Functionalization of PC1BMc[10]CPPc1d-(BArF)s was tested using 15 equivalents of
the corresponding sulfonium salt and 15 equivalents of CHsONa added sequentially in
acetonitrile (see HR-ESI-MS monitoring in Annex V, Figure S.85). Unfortunately, the
presence of encapsulated 11 was not detected at all and the cage decomposed after the
addition of a considerable excess of sulfonium salt 10 and CH3ONa and 23 hours of
stirring. The lack of reactivity might be attributed to steric limitations of the guest, since
these non-symmetric substituents are bulkier than those obtained by Bingel reaction

when using diethyl bromomalonate.
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Figure V.9. a) "H-NMR for PCs1BM, PCe1BMc{10]JCPP, 1d-(BArF)s and PCe1BMc{10]CPPc1d-(BArF)s.
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ether, B: DMF. b) HR-ESI-MS analysis of PCs1BMc[10]CPPc1d-(BArF)s.

V.2.2 Synthesis of PCBM-based bis-heteroadducts

Synthesis of PCBM-based bis-heteroadducts was tested using 1b-(BArF)s following the

same supramolecular mask approach and applying different functionalization reactions.
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PCs1BMc1b-(BArF)s was submitted to Prato reaction, a 1,3-dipolar cycloaddition which
enables the addition of N-methylpyrrolidine rings to fullerenes at high temperatures.'s*
After the addition of 3 equivalents of sarcosine and 7.5 equivalents of paraformaldehyde,
bis-heteroadduct 12 was detected as the major product (see HR-ESI-MS monitoring in
Annex V, Figure S.86). Nevertheless, this reaction was not regioselective because a
mixture of intractable several bis-adducts was obtained once the products were released
from 1b-(BArF)s (Annex V, Figure S.87).

Also, PCs1BMc1b-(BArF)s was submitted to Bingel reaction. After 4.5 hours and 4.25
equivalents of dimethyl bromomalonate and NaH, the corresponding bis-adduct 13 was
detected as the major product (see HR-ESI-MS monitoring in Annex V, Figure S.88).
Again, this reaction was not regioselective because a mixture of several bis-adducts
were obtained once the products were released from 1b-(BArF)s and analysed by
MALDI-MS, HPLC and UV-vis spectroscopy (Annex V, Figures S.89 and S.90).

At this point, we envisioned that this lack of regioselectivity could be overcome using the
abovementioned matryoshka-like complex as template instead of 1b-(BArF)s, since there
is more steric hindrance due to the presence of [10]CPP. In order to explore the steric
limitations of PCs1BMc[10]CPPc1d-(BArF)g, this complex was submitted to a screening

of different reactions adding substituent groups with different sizes (Figure V.10).
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Figure V.10. Schematic representation of the reactions screening for the synthesis of bis-adducts using the
matryoshka supramolecular mask strategy.
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Since the formation of 11c[10]CPPc1d-(BArF)s was not detected by HR-ESI-MS as
discussed in V.2.1 Synthesis of PCBM-based bis-homoadducts,
PCs1BMc[10]CPPc1d-(BArF)s was submitted to Bingel reaction, since it adds smaller
substituent groups than PCBM addends. After two days and 9 equivalents of diethyl
bromomalonate and base, less than 20% of the encapsulated hetero-bis-adduct 14 was
formed (see HR-ESI-MS monitoring in Annex V, Figure S.91). Attempts to improve the
yield of the reaction failed because the cage decomposed after the addition of a large
excess of diethyl bromomalonate and base, and the outcome reaction could not be

analysed.

Then, Bingel reaction was tested on PCsBMc[10]CPPc1d-(BArF)s using a smaller
bromomalonate (dimethyl bromomalonate) to give the bis-heteroadduct 13, but the
reaction didn’'t work either. After the addition of a large excess of the corresponding
bromomalonate and NaH, the cage decomposed (HR-ESI-MS monitoring in Annex V,
Figure S.92).

Following the trend in Figure V.10, PCe1BMc[10]CPPc1d:(BArF)s was submitted to
Prato reaction, since this reaction adds smaller functional groups to fullerenes than
Bingel cyclopropanation. PCe:BMc[10]CPPc1d-(BArF)s was submitted to a total of 27.5
equivalents of sarcosine and 66 equivalents of formaldehyde at 115°C (see monitoring
at Figure V.11). After 35.5 hours, although nanocapsule was partially decomposed
(probably due to the large excess of added precursors) the encapsulated bis-
heteroadduct 12 was detected as the main product (44% relative yield among all the
encapsulated species) alongside encapsulated PCs1BM (42.5%
PCs1BMc[10]CPPc1d-(BArF)s) and  tris-adduct  (13.5%,  tris-PCBM-(Prato)-
Ceoc[10]CPPc1d- (BArF)g).
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Figure V.11. HR-ESI-MS monitoring of formation of hetero-bis-adduct 12 through Prato reaction via
supramolecular mask strategy.

12c[10]CPP was released from 1d-(BArF)s with washes of chloroform until the
nanocapsule was empty (Annex V, Figure S.93). Then, exchange with 2.5 equivalents of
Ceo was performed to release bis-adducts from 12<[10]CPP. After stirring overnight at
room temperature, released derivatives were purified by preparative TLC using toluene
as eluent. Two fractions were obtained which corresponded to two bis-adducts, as
detected by MALDI-MS (Figure V.12.a). Although these bis-adducts could be analysed
by HPLC and UV-vis spectroscopy (Annex V, Figure S.94 and Figure V.12.b), the identity
of these compounds could not be assigned by comparison of fingerprint UV-vis spectra
since they are not reported in the current literature. Moreover, due to the decomposition
of 1d-(BArF)s during the reaction, characterization by NMR could not be performed

because low yields of these derivatives were obtained. Presumably, the two regioisomers
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might correspond to frans-3-bis-adducts, due to the non-symmetric nature of PCBM
addend.
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Figure V.12. a) MALDI-MS analysis of fraction 1 and 2 after TLC preparative of the synthesis of bis-
heteroadduct 12. b) UV-vis spectra of fraction 1 and 2 after TLC preparative of the synthesis of bis-
heteroadduct 12.

Finally, 1f-(BArF)s nanocapsule was also used for the synthesis of bis-heteroadducts.
1f-(BArF)s cage presents a larger cavity than previous ones (distance between zinc
porphyrins of 18.4 A).3' This nanocapsule was able to form successfully a 1:1:1 ternary
complex including PCgBMc[10]CPP in its cavity in an analogous fashion to
PCs1BMc[10]CPPc1d-(BArF)s and it was analysed by 'H-NMR and HR-ESI-MS (Figure
V.13 and Annex V, Figure S.95). Then, Bingel conditions were applied to
PCe1BMc[10]CPPc1f-(BArF)s. After 12 equivalents of diethyl bromomalonate and NaH,
only a 20% of bisc[10]CPPc1f-(BArF)s was formed (HR-ESI-MS monitoring in Annex V,
Figure S.96.a). However, it could be released from [10]CPPc1f-(BArF)s and analysed.
Unfortunately, the reaction was not regioselective since an intractable mixture of bis-
adducts was obtained (Annex V, Figure S.96.b).
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Figure V.13. a) "TH-NMR for PCs1BMc{10]CPP, 1f-(BArF)s and PCs1BMc{10]CPP1f-(BArF)s. Experiments
performed in CDCls at 298K (400 MHz). ®: CHClIs, #: H20, y: CH3CN, &: grease, a: diethyl ether, 3: DMF.
b) HR-ESI-MS analysis of PCe1BMc[10]CPPc1f-(BArF)s
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CHAPTER VI. SYNTHESIS OF A FULLERENE-BASED
MOLECULAR SHUTTLE VIA SUPRAMOLECULAR MASK

STRATEGY
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During the last three decades, the scientific community has made a big effort in the
design of molecular shuttles.’™ A molecular shuttle can be defined as an artificial
nanomachine that undergoes well-defined, large amplitude, dynamics of one
mechanically interlocked component with respect to the other.'® The design of artificial
molecular machines is inspired by the insights of biological molecular motors, although
there is still a lack of studies regarding the dynamics and mechanistic principles that

control the motion of these molecular architectures.’®”

A catenane is a mechanically interlocked molecular architecture that consists of two or
more intertwined macrocycles that cannot be separated without breaking covalent
bonds. Catenanes have been used to create synthetic rotary motors in which small rings
rotate directionally around a larger ring when the latter presents (potential) binding sites

that the former can recognize.%815°

In this context, last year, Ribas, Delius and coworkers developed a Ceg/[10]CPP-based
[2]catenane that featured a trans-3-bis-adduct (a fullerene bis-functionalized by tether
approach) with a mechanically interlocked [10]CPP ring.®” This [2]catenane was
synthesized using the matryoshka-like system from Ribas, Delius and coworkers (see
1.2.2.2 Supramolecular receptors as functionalization platforms for fullerenes) which
delivered excellent selectivity for trans-3 double bond even using unsymmetric bis-
bromomalonates. Inspired by this example, the objective of this chapter is to use the
supramolecular mask shadow approach to synthesize a Ceo/[10]CPP-based [2]catenane
containing two fullerenes (i.e. two degenerated recognition sites for one [10]CPP ring),
as depicted in Figure VI.1. Therefore, this mechanically interlocked system will display
the dynamic behaviour typically related to a molecular shuttle due to the translational

movement of the [10]CPP ring between both stations (fullerene sites).

Gﬁ@

- III
Figure VI.1. General schematic synthetic route to form a Ceo/[10]CPP-based molecular shuttle. |) Synthesis

of bis-adducts via matryoshka supramolecular mask strategy. Il) Release of bis-adduct/bis-
adductc[10]CPP from matryoshka complex. Ill) Connection of bis-adducts to form the final [2]catenane.
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VI.1 First strategy: combination of Bingel reaction and olefin metathesis

The synthetic route to obtain the targeted fullerene-based molecular shuttle started with
bis-functionalization of fullerene Ceo using the matryoshka-like complex from Ribas,
Delius and coworkers.*® The Pd'-based nanocapsule (1d-(BArF)s from Chapter IV,
Figure 1V.1) can host in its cavity a fullerene Cso wrapped by a [10]CPP ring and allow
the functionalization of the fullerene by Bingel reaction using either symmetric or

unsymmetric bromomalonates in an itero-, chemo- and regioselective fashion.

In this context, the unsymmetric bromomalonate used in the first reaction step (Bingel
reaction) of the synthetic route presented one aliphatic chain with a terminal alkene.
Upon bis-functionalization of Ceo using this compound, these terminal moieties might
undergo an olefin metathesis (2" step of the synthetic route) in order to join together two
bis-adducts (one of them wrapped by a [10]CPP ring) to form the desired [2]catenane

bearing two fullerene stations, as depicted in Figure VI.2.

Release of bis-adduct

Bingel reaction

Metathesis

Molecular shuttle

Pl
«

»
L

Figure VI.2. Representative scheme of the 15 synthetic strategy to form the desired fullerene-based
molecular shuttle.

VI.1.1 Bingel reaction

The ongoing collaboration with Prof. Max von Delius and MSc Fabian Steudel (University
of Ulm, Germany) provided us with all the bromomalonate reagents to be used.

Bromomalonate 15 was easily synthesized by mixing mono-methylmalonate and the
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corresponding alcohol with PBr3 and Br, at 100°C (see in Annex Chapter VI.

Experimental procedures for more details and Annex VI, Figure S.97).

Bingel reaction via supramolecular mask strategy was carried out using similar protocols
reported in previous works by Ribas, Delius and coworkers.*® Csoc[10]CPPc1d-(BArF)s
was dissolved in acetonitrile and NaH and the corresponding bromomalonate (15) was
added and stirred under a N2> atmosphere at room temperature. After 7.5 equivalents of
base and bromomalonate 15 and 23 hours of stirring, the corresponding encapsulated
bis-adduct was obtained successfully as the main product of the reaction (only traces of
encapsulated tris-adduct were detected), as monitored by HR-ESI-MS (Figure VI.3).
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Figure VI.3. HR-ESI-MS monitoring of the formation of bis-alkene-Ceoc[10]CPPc1d-(BArF)s through
Bingel reaction using bromomalonate 15.

Bis-adducts were released from bis-alkene-Ceo[10]CPPc1d-(BArF)s by an exchange
with Ceo in @ mixture of acetonitrile and toluene (1:9). Unfortunately, it worked only in
small scale (2 mg of 1d-(BArF)s). Nevertheless, this quantity was enough to characterize
the nature of the bis-adduct by MALDI-MS and UV-vis spectroscopy. For our delight, only

two fractions were obtained after TLC preparative (Annex VI, Figure S.98) that both
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corresponded to bis-adducts, confirmed by MALDI-MS (Figure VI.4.a). By comparison of
the obtained UV-vis spectra with the reported UV-vis spectra of cyclopropanated bis-
adducts in the literature,® both bands corresponded to trans-3-bis-adducts (16), as
expected (Figure VI1.4.b). Both frans-3 isomers come from the non-symmetric nature of

the starting bromomalonate.
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Figure VI.4. a) MALDI mass spectra of fraction 1 and fraction 2 of 16 obtained from the Bingel reaction
using bromomalonate 15. b) UV-vis spectra of fraction 1 and fraction 2 of 16 obtained from the Bingel
reaction using bromomalonate 15.

When the exchange was carried out in larger scale (~15 mg of host-guest complex), bis-
adducts were released alongside [10]CPP, since only empty nanocapsule was found at
the end of the exchange (see mass spectrum in Annex VI, Figure S.99) instead of
Ceoc[10]CPPc1d-(BArF)s. For this reason, Bingel reaction with 1b-(BArF)s nanocapsule
instead of the matryoshka system (Cesoc[10]CPPc1d-(BArF)s) was also carried out to
accumulate bis-adduct without [10]CPP. As can be seen in the HR-ESI-MS monitoring
(Figure V1.5.a), the encapsulated bis-adduct was the main product of the reaction. After
disassembly of the cage with triflic acid and a straightforward preparative TLC (Annex
VI, Figure S.100), e,e-bis-adduct (18) was the main regioisomer obtained (22% relative
yield among all bis-adducts), confirmed by MALDI-MS and UV-vis spectroscopy (Figure
V1.5.b and Figure VI.5.c, respectively).
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Figure VI.5. a) HR-ESI-MS monitoring of the formation of bis-alkene-Csoc1b-(BArF)s through Bingel
reaction and using bromomalonate 15. b) MALDI mass spectrum of the main bis-adduct (17) obtained
from the Bingel reaction using bromomalonate 15. ¢) UV-vis spectra of the main regioisomer (i.e. e,e-bis-

alkene-Cso, 17) from the Bingel reaction using bromomalonate 15.
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VI.1.1 Olefin metathesis

Olefin metathesis is a metal-catalysed reaction that entails the redistribution of alkenes
by the scission and regeneration of carbon-carbon double bonds.'® The well-known
catalysts used in this reaction are the Grubbs catalysts, a series of homogeneous
ruthenium-based carbene complexes that tolerate many functional groups, works under

mild conditions and are compatible with a wide range of solvents.®!

We started with optimization of the temperature, % mol catalyst, concentration and
reaction time of olefin metathesis using mono-adducts without the presence of the
nanocapsule. Mono-adduct 18 were easily synthesized through a Bingel reaction
following a similar protocol reported by Jin, Peng and coworkers'®? using bromomalonate
15 (Figure VI.6.a). It was characterized by 'H-NMR (Annex VI, Figure S.101). The
vanishing of the acidic proton of the bromomalonate (4.8 ppm) in the '"H-NMR spectrum
confirmed that the reaction was carried out successfully (Annex VI, Figure S.102). Then,
this mono-adduct was used for the optimization of olefin metathesis using Grubbs and
Hoveyda-Grubbs catalysts of 2" generation (Figure V1.6.b) to give compound 19. All the

data collected is summarized in Table VI.1.
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\O)H/U\O/\(\/);\ , Na,CO,
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Figure VI.6. a) Synthesis of mono-adduct 18 through Bingel reaction using similar conditions reported by
Jin, Peng and coworkers.'%2 b) Olefin metathesis using mono-adduct 18.
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Table VI.1. Conditions optimization for the olefin metathesis using mono-adduct 18 without nanocapsule.
*Conversion and relative yield calculated by "H-NMR. **All experiments were performed by using
Hoveyda-Grubbs Il as catalyst, except for experiment 1 and 2, in which Grubbs Il catalyst was used.

Experiment | Temperature (°C) % mol Concentration Time (days) Conversion Relative Isolated
P P catalyst (mM) Y (%)* yield (%)* yield (%)
1™ r.t. 67 48 45
10+10 5 1+3
2% 40 >99 56 21
3 r.t. 10 40 34 49
5 4
4 40 5 27 23
5 rt. 48 46 43
10 10 3
6 40 50 47 56
7 rt. 50 46 50
15 10 3
8 40 55 51 66
9 r.t. 65 61 62
10+10 10 3+3
10 40 >99 94 85

As can be seen in Table VI.1, experiment 10 shows the best conditions of the metathesis
starting from mono-adduct 18. The reaction at 40°C stirring for 6 days and using
Hoveyda-Grubbs catalyst of 2" generation (20% mol) and a 10 mM concentration of 18
in dichloromethane under N> atmosphere gave an 85% isolated yield (94% relative yield)
with a >99% conversion. As can be seen in the "TH-NMR spectrum of the crude reaction
of experiment 10, the starting material was totally consumed and a new peak appeared
which corresponded to the product 19 (Figure VI.7). The product was characterized by
"H-NMR and MALDI-MS (Annex VI, Figure S.103 — S.104, respectively).
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Figure VI.7. Zoom between 4.6 and 6.0 ppm of "H-NMR spectra of experiment 10 (Table VI.1). a) "H-NMR
spectrum of mono-adduct 18 (starting material). b) "H-NMR spectrum of crude reaction after 6 days. c) 'H-
NMR spectrum of purified product of olefin metathesis (19).
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Once the conditions were optimized in DCM, olefin metathesis was tested with
encapsulated mono-adducts, since the presence of the nanocapsule might prevent the

intramolecular olefin metathesis of bis-adducts.

Since nanocapsules are not totally soluble in dichloromethane in high concentrations, an
experiment was performed using mono-adduct 18 dissolved in a mixture of DCM and
acetonitrile (9:1) and submitted at conditions of experiment 10 (Table VI.1). After 6 days,
the reaction crude was analysed by MALDI-MS and 'H-NMR. Only 5% of product 19 was
detected in comparison to the starting material (Annex VI, Figure S.105 and S.106),

probably due to detrimental coordination of acetonitrile to the catalyst.

In order to replace acetonitrile an avoid its coordination to the catalyst, an experimental
test using 18<1b-(BArF)s was performed in tetrahydrofuran (THF), in which 1b-(BArF)s
is also highly soluble. The reaction was successful with non-encapsulated mono-
adducts, as monitored by 'H-NMR (Annex VI, Figure S.107). However, as can be seen
in the HR-ESI-MS monitoring, the reaction didn’t proceed at all when 18<1b-(BArF)s was
used as the starting material in THF (Annex VI, Figure S.108).

Olefin metathesis was tested also using bis-adducts 16<[10]CPP and 17 without
nanocapsule (frans-3-bis-alkene-Cgsoc[10]CPP and e,e-bis-alkene-Cg) in DCM with the
same conditions of experiment 10 (Table VI.1), but the reaction didn’t work either (Annex
VI, Figure S.109).

Finally, a control experiment was carried out using a non-encapsulated molecule instead
of fullerene derivatives to check if the presence of the nanocapsule inhibits the reaction.
Two parallel experiments were done using 4-tert-butylstyrene, one of them adding a 30%
of 1b-(BArF)s to the mixture. As can be seen in 'H-NMR spectra of the crude reactions
(Figure V1.7), after 3 days of stirring, only a 10% of product 21 (peak at 7.09 ppm) was
detected when 1b-(BArF)s was added, since signals corresponding to 4-tert-butylstyrene
(5.2-5.3,5.71 - 5.75 and 6.69 — 6.76 ppm) remained in the spectrum (Figure VI1.8.a).
On the other hand, in the spectrum of the blank experiment (without cage), the signals
corresponding to the starting material disappeared completely (Figure V1.8.b). Therefore,
we concluded that the presence of the nanocapsule unfortunately inhibits the olefin

metathesis and this route is deemed as a dead end.
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Figure VI.8. Zoom between 4.5 and 7.5 ppm of "H-NMR spectra of control experiments of olefin
metathesis. a) "TH-NMR spectrum of experiment with addition of 30% of 1b-(BArF)s. b) "H-NMR spectrum of
the same experiment without the presence of 1b-(BArF)s.

VI.2 Second strategy: combination of Bingel reaction and copper(l)-

catalysed azide-alkyne cycloaddition (CuAAC)

A new synthetic route to form the fullerene-based molecular shuttle was proposed after
realizing that olefin metathesis was inhibited in the presence of Pd"-based nanocapsules:
instead of using metathesis reaction to join together both fullerenes, copper(l)-catalysed

azide-alkyne cycloaddition (CuAAc) will be employed.

CuAAc transforms organic azides and terminal alkynes into the corresponding 1,4-
disubstituted 1,2,3-triazoles through copper(l) active species under mild conditions.
CuAAc fulfils the criteria of “click chemistry” defined by Sharpless and coworkers, who
defines this concept as “the reaction must be modular, wide in scope, give very high
yields, generate only inoffensive byproducts, be stereospecific, with simple reaction
conditions and readily available starting materials, use benign solvents and require

simple product isolation”.'%?
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The catalyst of these 1,3-dipolar cycloadditions is easily prepared by reduction of
copper(ll) salts, for instance CuSO4-5H,O with the presence of sodium ascorbate
(NaAsc) as the reducing agent at 0.25 — 2 % mol catalyst loading. Also, copper(l) salts
might be used directly in the absence of a reducing agent and with the presence of a

nitrogen base.%*

In this context, the synthetic route for the desired [2]catenane is very similar to the
previous one from Figure VI.2. First, a Bingel reaction will take place via supramolecular
mask strategy using the matryoshka system. However, two different unsymmetrical
bromomalonates will be used this time, since two different fullerene derivatives have to
be synthesized to carry out the cycloaddition: one featuring a terminal alkyne (22) and
one with a terminal azide group (23). This way, the intramolecular reaction can also be
prevented in contrast to metathesis reaction. Once these bis-adducts are synthesized,
CuAAc will be carried out to join together both adducts and form the molecular shuttle
(Figure VI.9).
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Figure VI.9. Representative scheme of the 2" synthetic strategy to form the desired fullerene-based
molecular shuttle.

VI.2.1 Bingel reaction

Bingel reaction via supramolecular mask strategy was carried out using similar
conditions as the 1%t strategy explained in the previous section.
Ceoc[10]CPPc1d-(BArF)s was dissolved in acetonitrile and NaH and bromomalonate 22
was added and stirred under a N, atmosphere at room temperature. The encapsulated
bis-alkyne-Cso Was achieved as the main product of the crude reaction, as can be seen

in the monitoring by HR-ESI-MS in Figure VI.10. However, after pushing the reaction
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(long reaction time and addition of a large excess of 22 and NaH) encapsulated mono-
adduct was still present in a proportion of 0.8:1 (mono-alkyne-Ceo:bis-alkyne-Cey,

respectively).
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Figure VI.10. HR-ESI-MS monitoring of the formation of bis-alkyne-Ceoc[10]CPPc1d-(BArF)s through
Bingel reaction using bromomalonate 22.

After the exchange with fullerene Ceso, bis-adduct was released from
[10]CPPc1d-(BArF)s and purified by a preparative TLC. As previously, only two fractions
corresponding to bis-adducts were obtained and they were analysed altogether. MALDI-
MS and UV-vis spectroscopy confirmed that both fractions are trans-3-bis-adducts (24),
since both peaks of the chromatogram have the same UV-vis pattern and resemble to
reported ones®' (Figure VI.11).
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Figure VI.11. Characterization of bis-adduct 24. a) MALDI mass spectrum of purified compound 24. b)
HLPC chromatogram (left) of purified compound 24 and UV-vis spectra (middle and right) of each peak of
the chromatogram.

Bingel reaction was carried out also using bromomalonate 23 with the same procedure.
After almost 40 hours of reaction and the addition of 25 equivalents of bromomalonate
23 and 13 equivalents of NaH, the encapsulated mono-adduct still was the main product
of the crude in a ratio of 2:1 (mono-azide-Ceo:bis-azide-Cso, respectively). Moreover,
1d-(BArF)s started to decompose, as can be seen in the HR-ESI-MS monitoring in Figure
VI.12.

The exchange with fullerene Ceo was carried out. However, after purification of the
sample through preparative TLC and analysis by MALDI-MS of the obtained fractions
(Annex VI, Figure S.112), none of them corresponded to neither mono-azide-Ceo nor bis-
azide-Ceo, probably due to the azide moieties of the adducts that can undergo further

intra- or intermolecular reactivity with fullerene surface.
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Figure VI.12. HR-ESI-MS monitoring of the formation of bis-azide-Ceoc[10]CPP=1d-(BArF)s through
Bingel reaction using bromomalonate 23.

VI.2.2 Copper(l)-catalysed azide-alkyne cycloaddition

First, CuAAc was carried out using mono-adducts 26 and 27 without being encapsulated
in order to find the optimal conditions. Following the same procedures of the 15t strategy,
mono-adducts were synthesized successfully (Figure VI.13.a). They were characterized
by MALDI-MS and "H-NMR (Annex VI, Figure S.113 — S.117). Then, both mono-adducts
were submitted to CuAAc in a proportion of 1:1 using 2 equivalents of CuSO4-5H,0 and
10 equivalents of sodium ascorbate in a mixture of DCM and Milli-Q water (1:1) at
40°C."% The biphasic mixture was stirred vigorously for 18 hours. After this time, the
cycloaddition took place as confirmed by MALDI-MS (calculated m/z of product 28:
1962.277). Nevertheless, some starting mono-adduct 26 (calculated m/z: 972.970) still
remained in the crude, while mono-adduct 27 (calculated m/z: 989.138) was totally

consumed (Figure VI.13.c)
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Figure VI.13. a) Synthesis of mono-adducts 26 and 27 through Bingel reaction using similar conditions
reported by Jin, Peng and coworkers."®2 b) Copper(l)-catalysed azide-alkyne cycloaddition using mono-
adducts 26 and 27. c) MALDI mass spectrum of the organic phase of the CuAAc after 18 hours of reaction.

Once the reaction conditions were stablished for the CuAAc with non-encapsulated
mono-adducts 26 and 27, the reaction was performed using 27c1b-(BArF)s and 26,
since some instability of 27 was observed during its release from the 27c
[10]CPPc1d:(BArF)s, as mentioned before. Nevertheless, the reaction didn’t proceed
even adding an excess of CuSO4-5H,0 and NaAsc (see HR-ESI-MS monitoring in Annex
VI, Figure S.118).
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Finally, a stability test using 27c1b-(BArF)s was carried out to make sure that mono-
adduct 27 is stable inside the cage. Once 27 was encapsulated within 1b-(BArF)s, the
complex was dissolved in DCM. Next, Milli-Q water was added (1:1) and it was vigorously
stirred for 18 hours at 40°C. Then, CuSQO4-5H,0 and NaAsc was added and it was stirred
for 18 hours more. As can be seen in the mass spectra of Figure VI.14, after the first 18
hours, the complex started to decompose considerably. At the end of the reaction, the
signal corresponding 27c1b-(BArF)s almost disappeared, meaning that mono-adduct 27
is also unstable inside 1b-(BArF)s, and therefore, this route is also deemed as a dead

end.
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Figure VI.14. Stability test of 27 inside 1b-(BArF)s nanocapsule. HR mass spectra of 27c1b-(BArF)s (top),
271b-(BArF)s in a mixture of DCM:H20 (1:1) at 40°C after 18 hours stirring (middle) and 271b-(BArF)s
with the presence of CuSO4-5H20 and NaAsc after 18 hours more (bottom).

V1.3 Third strategy: combination of Bingel and Bingel-Hirsch reaction

A third synthetic route was proposed to form the desired [2]catenane after demonstrating
the instability of the previous fullerene derivatives. This time, the second step of the route

will be a Bingel-Hirsch reaction.

Bingel-Hirsch reaction is a variant from Bingel reaction, that instead of reacting

bromomalonates with fullerene to give methanofullerenes, involves the use of malonates
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with the presence of CBr4 and diazabicyclo[5.4.0Jundec-7-ene (DBU) as base. This way,
the bromomalonate is generated in situ and, with the presence of a base, it undergoes

the corresponding fullerene cyclopropanation.'®®

The 3 synthetic route starts, as previously, with a Bingel reaction via supramolecular
mask approach using the matryoshka system. This time, the bromomalonate used in this
cyclopropanation present one alkyl chain with a terminal malonate. Upon bis-
functionalization of fullerene Ceo, these terminal malonates might allow to carry out a
Bingel-Hirsch reaction with the presence of CBrs and DBU (2" step of the route), forming
the desired [2]catenane (Figure VI.15). In order to have only one [10]CPP ring, Bingel-
Hirsch reaction will be performed using 1b-(BArF)s nanocapsule instead the matryoshka
system (Ceo[10]CPPc1d-(BArF)s). In principle, bis-adduct coming from 1b-(BArF)s will
present a regiochemistry (equatorial) different from that one coming from
[10]CPPc1d: (BArF)s (trans-3). Thus, the molecular shuttle will present two non-

degenerated fullerene stations.

[10]CPPc1d-(BArF)g

Q Q O\/{';\/
Bingel reaction MMSWCQ Il
Br g

Bingel-Hirsch
reaction

[10]CPP<1d- (BArF)g 1b-(BATF),

Figure VI.15. Representative scheme of the 3™ synthetic strategy to form the desired fullerene-based
molecular shuttle.

VI1.3.1 Bingel reaction

Bingel reaction via supramolecular mask strategy was carried out using similar
conditions as the 15t and 2" strategies. Csoc[10]CPPc1d-(BArF)s was dissolved in

acetonitrile and NaH and bromomalonate 29 was added and stirred under a N
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atmosphere at room temperature. As can be seen in the HR-ESI-MS monitoring (Figure
VI.16), a set of 2 peaks appeared for the encapsulated mono-adduct and a set of 3 peaks
for the encapsulated bis-adduct (30c[10]CPPc1d-(BArF)s) due to the free bromide
(coming from the Bingel reaction) that attacks the acidic protons of the terminal
malonates. Therefore, for mono-malonate-Ceoc[10]CPPc1d-(BArF)s, one peak
corresponds to the non-brominated malonate (m/z: 922.3510) and one to the brominated
malonate (m/z: 932.3431). For bis-malonate-Ceoc[10]CPPc1d-(BArF)s, one peak
corresponds to the non-brominated malonates (m/z: 992.7636), one to the mono-
brominated malonate (m/z: 1002.5042) and one to the bis-brominated malonates (m/z:
1012.2527).

Despite pushing the conditions of the Bingel reaction (large excess of bromomalonate
29 and base, 21 and 12 equivalents, respectively), a mixture of encapsulated mono- and
bis-adduct was obtained in a proportion of 0.9:1, respectively. Also, nanocapsule

1d-(BArF)s started to decompose.

In order to promote the formation of 30, mono-malonate-Ceoc[10]CPPc1d-(BArF)s was
submitted to Bingel reaction using the same conditions instead of
Ce0c[10]CPPc1d- (BArF)s. To do so, first, mono-adduct 31 was synthesized successfully
using the reported conditions by Jin, Peng and coworkers.'®? The vanishing of the acidic
proton (4.85 ppm) from the bromomalonate 29 of the "H-NMR spectrum and the MALDI
mass spectrum confirmed the synthesis of 31 (Annex VI, Figure S.123 — S.125). Then,
1 equivalent of mono-adduct 31 was mixed with 1 equivalent of [10]CPP in order to
synthesize 31c[10]CPP. The shift of the protons close to the aromatic ring confirmed the

successful formation of the complex (Figure VI.17 and Annex VI, Figure S.126 — 127).
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Figure VI.16. HR-ESI-MS monitoring of the formation of bis-malonate-Ceo[10]CPPc1d-(BArF)s through
Bingel reaction starting from Ceoc[10]CPPc1d-(BArF)s.
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Figure VI.17. Zoom between 3.0 and 8.0 ppm of "H-NMR spectra of 31 (top) and 31c[10]CPP (bottom).
Experiments performed in CDCl3 at 298K (400 MHz).

Upon successful encapsulation of 31c[10]CPP into 1d-(BArF)s, Bingel reaction took
place using the same conditions as previously. The reaction was stop after only 5 hours
and 9 equivalents of bromomalonate 29 and NaH in order to prevent the decomposition
of the nanocapsule, as seen in the previous experiment. Even starting with
31c[10]CPPc1d-(BArF)s, the proportion of encapsulated 31:30 derivatives was 1:0.8,
respectively (see HR-ESI-MS monitoring in Figure VI1.18).

Although 30c[10]CPPc1d-(BArF)s was not the main product of the crude, preliminary
tests of the second step of the synthetic route (i.e. Bingel-Hirsch reaction) was performed

using this proportion of encapsulated species as starting point.
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Figure VI.18. HR-ESI-MS monitoring of the formation of 30c[10]CPPc1d-(BArF)s through Bingel reaction
starting from 31c[10]CPPc1d-(BArF)s.

VI.3.2 Bingel-Hirsch reaction

First of all, a test of the Bingel-Hirsch reaction using CBrs, NaH, diethyl malonate and
Cesoc1b-(BArF)s was performed to check if the reaction could take place in the presence
of 1b-(BArF)s nanocapsule. It is worth noting that DBU was replaced by NaH, since in
Chapter V it was demonstrated that DBU decomposes the cage. Bingel-Hirsch reaction
was carried out following similar procedures of Bingel reaction in the presence of
1b-(BArF)s nanocapsule. Successfully, after 5.5 hours and 6 equivalents of CBrs, NaH
and diethyl malonate, the corresponding encapsulated bis-adduct 32 (bis-(Bingel-E)-

Ceoc1b-(BArF)s) was detected as the main product of the crude, as monitored by HR-
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ESI-MS (Figure VI.19). However, significant peaks of mono- and tris-adducts were
detected (mono-(Bingel-E)-Csoc1b-(BArF)s and  tris-(Bingel-E)-Ceoc1b-(BArF)s,

respectively).
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Figure VI.19. HR-ESI-MS monitoring of the formation of bis-(Bingel-E)-Csoc1b-(BArF)s through Bingel-
Hirsch reaction starting from Ceoc1b-(BArF)s.

After checking the stability of 1b-(BArF)s under Bingel-Hirsch conditions, the 2" step of
the synthetic route took place starting from the crude reaction without further purification
of the 1%t step (Figure VI.18). The first experiment was carried out working in lower
concentrations (10 M) in order to avoid polymerization and promote the ring-closing
reaction between two encapsulated bis-adducts. Nevertheless, after the stepwise
addition of the reactants (CBr4, NaH and Cesoc1b-(BArF)g) in 20 hours, only empty cage
(1b-(BArF)s and 1d-(BArF)s) was detected in the mass spectrum (Annex VI, Figure
S.128) after washing the crude with chloroform (otherwise, not a single signal of

nanocapsule or host-guest complex was detected).
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Another experiment was carried out starting with washes of diethyl ether of the crude
reaction of the 15 step in order to remove the excess of bromomalonate 29. Then, Bingel-
Hirsch reaction was performed in the same concentration as Bingel reaction (10 M) to
pursue the formation of the fullerene-based [2]catenane (33). After the addition of less
equivalents of reagents (CBrs;, NaH and Cesc1b-(BArF)s) in shorter times between
additions, the crude reaction was analysed by HR-ESI-MS. This time, washes with
chloroform of the crude was not necessary to analyse the sample. As can be seen in the
mass spectrum of Figure VI.20, several peaks appeared that corresponds to empty
cages (1b-(BArF)s and 1d-(BArF)s), to Ceo[10]CPPc1d-(BArF)s, to encapsulated mono-
adduct 31 in both cages and to 30c1b-(BArF)s. It indicates that all guests (Cso, mono-
adduct 31 and bis-adduct 30) have been exchanged between both cages, which is

detrimental for our strategy.
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Figure VI.20. HR mass spectrum of the crude of Bingel-Hirsch reaction (2" step). Note that some peaks
with (+7) charge correspond to nanocapsules with Br instead of BArF as counterion. @: The starting
material was a mixture of encapsulated 31 and 30 (1:0.8, respectively), but only 30c[10]CPPc1d-(BArF)s
is depicted for clarity.

In order to increase the success possibilities of this strategy in future work, it is mandatory
to increase the relative yield of bis-adduct 30 from the 1% step (Figure VI.18), release it
from 30c[10]CPPc1d-(BArF)s and purify it, if needed. Subsequently, the Bingel-Hirsch
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reaction should be performed using the 30c[10]CPP (without 1d-(BArF)s nanocapsule)
acting as the malonate of the reaction and starting from Csoc1b-(BArF)s. This way,
exchange of guests between different cages might be prevented and the [2]catenane

might be formed.
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CHAPTER VII. SELECTIVE ENCAPSULATION OF
TB,@Cg FROM A TERBIUM-BASED EMF EXTRACT

USING SUPRAMOLECULAR NANOCAPSULES
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As mentioned in section /.3 Endohedral metallofullerenes, fullerenes cages are able to
encapsulate metallic clusters which would be unstable in its isolated form thanks to the
intramolecular charge transfer between the entrapped cluster and the carbon cage.
These metal clusters have been recently recognized as single molecule magnets (SMM)
with potential applications in spintronics, quantum computing and high-density storage
devices.'®” A strategy to improve the performance of SMMs is to increase the single-ion
magnetic anisotropy, and this approach is possible to achieve using lanthanide-based
EMFs.195168 Particularly, dimetallofullerenes (EMFs with a dimetallic dimer in their

cavities) offer unprecedented possibilities for a strong exchange coupling.6%-171

Ribas, Echegoyen and coworkers used a Cu'-based prismatic tetragonal nanocapsule
(1c-(BArF)s from Chapter IV, Figure IV.1) to selectively encapsulate and purify a
dimetallofullerene from an uranium-based EMF extract.®? As discussed in 1.3.2 Molecular
recognition of EMFs using supramolecular platforms, the nanocapsule was able to
discriminate U.@Ceso-In from Sc,CU@Cso-/n due to the internal cluster, since the
alignment of the two uranium ions from U>@Cso-/» with both zincs of the porphyrin of the
nanocapsule favoured the interaction with the nanocapsule because of the higher

negative charge present on carbon atoms closer to the U3*.

In this chapter, 1b-(BArF)s and 1c-(BArF)s (Chapter IV, Figure 1V.1) nanocapsules will be
used to explore their selectivity towards a fullerene/EMF extract which contains different
terbium-based mono- and bimetallic species. This project is in collaboration with Prof.
Alexey A. Popov from Leibniz Institute for Solid State and Materials Research, in

Dresden (Germany), who provided the starting material.

VII.1 Prepurification of the EMF extract

The starting material was an EMF extract that contained anionic terbium-based
endohedral metallofullerenes, including Tb@Cso, Th@Cs2, Tho@Crs and Tho@Cso
(Figure VII.1). In order to stabilize EMFs in the anionic form, tetrabutylammonium
perchlorate (TBAP) was added to the extraction process in N,N-dimethylformamide
(DMF) from the carbon soot to form the corresponding neutral species

(tetrabutylammonium acted as the countercation of these anionic EMFs).
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Figure VII.1. MALDI mass spectrum of anionic EMF-based extract.

After a few attempts adding directly 1b-(BArF)s and 1c-(BArF)s nanocapsules to the
fullerene/EMF extract dissolved in different solvents (toluene, chloroform and mixtures
of them with acetonitrile), the host-guest product could not be isolated, probably due to
the presence of perchlorate anion coming from the extraction process of the carbon soot.
This anion might exchange with the initial anion of the cage (BArF-) resulting in a highly
insoluble nanocapsule that couldn’t be neither isolated nor analysed. For this reason, a
pre-treatment before adding the nanocapsule was attempted. First, a liquid-solid
extraction was carried out to the fullerene/EMF extract with a mixture of CS, and acetone
(4:1) or chloroform since EMFs are highly soluble in these solvents. Then, a preparative
TLC with dichloromethane with 8% of methanol was performed. After MALDI-MS
analysis of all fractions obtained from the preparative TLC, only 2 fractions contained
EMFs (mostly Tb@Cs> and Tho@Cso). As can be seen in Figure VII.2, the mass
spectrum corresponding to the first fraction was much cleaner, so the second fraction
was discarded and we focused on the first one. This fraction represented only 0.7% with

respect to the initial sample.
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Figure VII.2. MALDI mass spectra of EMF extract (top) and fractions after preparative TLC with DCM and
8% of methanol (middle and bottom).

VIl.2 Competition experiments towards the selective encapsulation of
Th2@Cso

Sequential sub-stoichiometric additions of 0.006 mg (0.5 nmols) of 1b-(BArF)s in
acetonitrile were performed at room temperature to a solution of terbium-based EMFs
(323.2 nmols considering that all EMFs are Th.@Cs.’, fraction 1 of Figure VII.2) in
chloroform, which contained majorly a mixture of Tb@Cs2 and Tho@Cso™ in a 1:0.46 ratio,
respectively, with traces of Tb@Cso” and Tbo@Crs. The mixture was stirred for only one
minute after each addition and the crude was monitored by MALDI-MS. After some
minutes, a precipitate appeared due to the presence of chloroform in the crude in which
1b-(BArF)s is insoluble. As can be seen in the MALDI-MS monitoring (Figure VII.3),
1b-(BArF)s encapsulated Th.@Cso selectively, since the signal corresponding to
Tbo@Cso” decreases proportionally to the amount of 1b-(BArF)s added to the mixture.
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Figure VII.3. MALDI-MS monitoring of the sequential additions of 1b-(BArF)s to a mixture of mainly
Tb@Cs2 and Th2@Cso

Attempts to scale-up the reaction following the same procedure in order to confirm by
HR-ESI-MS that Tbo@Cso was the unique encapsulated species failed due to host-guest
solubility issues (the host-guest complex didn’t precipitate). Moreover, 1b-(BArF)s
appeared almost empty (Annex VII, Figure S.129). For this reason, instead of adding the
nanocapsule in solution (dissolved in acetonitrile), it was added in the solid state (a

suspension of chloroform) at room temperature and it was stirred for longer times, as
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reported in previous protocols by Ribas, Echegoyen and coworkers.?23425 This way, the
isolation of the host-guest complex would be accomplished easily by a simple filtration.
A comparative monitoring was performed using analogous Pd'- and Cu'-based
nanocapsules (i.e. 1b-(BArF)s and 1c-(BArF)s) to study the different selectivity of each

nanocapsule towards the terbium-based EMFs, as can be seen in Figure VIl .4.
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Figure VII.4. Comparative monitoring for the selective encapsulation of Th2@Cso using analogous a)
1b-(BArF)s and b) 1c-(BArF)s nanocapsules. Left: MALDI-MS monitoring of the supernatant once solid
(host-guest complexes with 1b-(BArF)s or 1c-(BArF)s, respectively) have been filtrated. Right: HR-ESI-MS
monitoring of the solid (host-guest complexes with 1b-(BArF)s or 1c-(BArF)s, respectively) after filtration.

As can be observed in the previous mass spectra, 1¢-(BArF)s nanocapsule is much more
selective towards Tb.@Cso” than 1b-(BArF)s. For instance, after the first addition (8.3
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nmols of 1b-(BArF)s and 8.5 nmols of 1¢-(BArF)s added in each experiment) a ratio of
0.44:1 of the encapsulated species (Tb@Csc1b-(BArF); vs Tho@Csoc1b-(BArF)y,
respectively) is observed for the Pd" nanocapsule, while a ratio of 0.22:1
(Tb@Cs2c1c:(BArF); vs Tho@Csoc1c:(BArF)7, respectively) is observed for the Cu'"
cage. The same tendency is observed in the next addition for both nanocapsules.
Moreover, 1b-(BArF)s nanocapsule is partially empty at the second addition, in contrast
to 1c-(BArF)s that is still completely full at the fourth addition. For this reason, Cu'-based

1c-(BArF)s nanocapsule was selected to carry out the next experiments.

An addition of 8.5 nmols of 1¢c-(BArF)s in the solid state (suspension of the nanocapsule
in chloroform) to a mixture of Tb@Cs." and Tbo@Cso (0.8:1 respectively) in chloroform
was carried out. Delightfully, after stirring overnight the suspension at room temperature
and a simple filtration of the solid, the formation of the Th,@Csoc1c-(BArF); complex
was confirmed by HR-ESI-MS in a >99% selectivity (Figure VII.5, note that the
monoanionic charge of the EMF guest is accounted and observed in the HR-ESI-MS

spectrum as expected).
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Figure VII.5. HR mass spectrum of the Tb2@ Csoc1c-(BArF)z complex.

At this point, aiming at continuing the study, another batch of EMF/fullerene extract was
received by Prof. Alexey A. Popov. This one was pretreated applying an iodine oxidation
after the extraction in DMF with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaBArF) instead of TBAP in order to remove the excess of carbon-based impurities of
the extract. Nevertheless, again, an additional preparative TLC was needed using
dichloromethane and 8% of methanol as eluent. The purified sample resulted in a 0.5%

with respect to the initial sample. After a sub-stoichiometric addition of 1¢-(BArF)s (34.2
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nmols) in the solid state to the purified terbium-based extract in chloroform (821.8 nmols
considering that all EMF of the sample are Th.@Cso) and stirring for 24 hours the
suspension at room temperature, the solid was filtrated and analysed by HR-ESI-MS
(Figure VII1.6). The mass spectrum indicated that 1c-(BArF)s nanocapsule was highly
selective towards Tb.@Cs» (>90%). Nevertheless, a small amount of
Tb@Cs2c1c:(BArF); was present and the nanocapsule was not fully filled (35% of empty

1¢c-(BArF)s remained) unlike the results of the previous carbon extract.
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Figure VII.6. HR mass spectrum of the solid after a sub-stoichiometric addition of 1¢c-(BArF)s to a purified
extract of EMF.

Efforts in reproducing the same results with extended stirring times in order to fill
completely the cage using 1¢-(BArF)s nanocapsule were performed. Unfortunately, after
4 days of stirring, 1c-(BArF)s was almost empty with traces of Tbo@Cs2" and, after 10

days, the nanocapsule was completely empty (Figure VII.7).

At this point, more starting material extracted and treated with TBAP and without the
iodine oxidation (the same procedure as the first carbon extract) is needed in order to
reproduce the experiment in Figure VII.5 and accumulate Tho@Csoc1c:(BArF)7 in higher
quantities to fully characterize it. Needless to say, this study was extremely challenging
due to the sub-milligram quantities of the extract that can be obtained from the arc-

discharge furnace.
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Figure VII.7. HR-ESI-MS monitoring of the addition 1c-(BArF)s nanocapsule in a mixture of Tb@Csz" and
Th2@Ceso.
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CHAPTER VIII. GENERAL CONCLUSIONS
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Self-assembled prismatic tetragonal nanocapsules have been used as supramolecular
platforms to recognize fullerenes and endohedral metallofullerenes within their inner
cavities. These fullerene receptors have turned out to be excellent supramolecular tools
to functionalize fullerenes in an itero-, chemo- and regioselective way and to selectively
isolate EMFs from fullerene extracts. In this thesis, the scope of functionalization
reactions of fullerenes when using supramolecular nanocapsules as templates has been
widely extended and also a new bimetallic terbium-based endohedral fullerene has been

encapsulated selectively using the same family of nanocapsules.

In Chapter 1V, bis-functionalization of fullerene Cso has been carried out through Diels-
Alder reaction using 1b-(BArF)s and 1c-(BArF)s nanocapsules as supramolecular
shadow masks. Moreover, enlarging the acene (anthracene vs pentacene), the
regioselective outcome has been orthogonally switched from equatorial bond (e,e-bis-
An-Cego (2)) to trans-1 bond (trans-1-bis-Pn-Ceg (4)). Computational modeling has shown
that the differences in regioselectivity are induced by the different host-guest interactions
established between An- and Pn-based mono-adducts with the nanocapsule: mono-Pn-
Ceso can sample only one orientation within the cavity of the nanocapsule (with the
pentacene addend vertically aligned), while mono-An-Csgo spins along its C,, axis and
two orientations are indistinctively sampled by the mono-adduct (addend oriented in
parallel o perpendicularly to the porphyrin units of the nanocapsule). Furthermore, novel
poly-heteroadducts have been synthesized upon submitting encapsulated e,e-bis-An-
Ceso (2) and mono-Pn-Cgo (3) to Bingel cyclopropanation conditions. Also, bare e,e-bis-
An-Ceo (2) and ftrans-1-bis-Pn-Ceo (4) have been submitted to exhaustive Bingel

conditions to achieve the corresponding Th-hexakis-heteroadducts.

In Chapter V, PCBM-based bis-adducts 11 have been synthesized using 1b-(BArF)s
nanocapsules, semi-stabilized sulfur ylides and milder conditions instead of classical
conditions that include the use of diazo compounds and high temperatures, which were
detrimental for the nanocapsule. It is worth noting that synthesis of 11 using 1b-(BArF)s
nanocapsule has enriched the relative yield of equatorial bis-adducts from 26 to 57% in
comparison to the non-templated reaction. Also, this strategy allows their formation by
an easy, rapid and straightforward methodology in front of the reported multi-stage and

multicolumn HPLC process in peak-recycling mode.

Additionally, the synthesis of novel heteroadducts has also been explored using
PCs1BMc1b-(BArF)s, PCs1BMc[10]CPPc1d-(BArF)s and PCs1BMc[10]CPPc1f-(BArF)s
as starting platforms in combination with Prato or Bingel reactions. Interestingly, only two
regioisomers (12) were obtained when PCe1BMc[10]CPPc1d:(BArF)s was submitted to
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Prato cycloaddition. Although these bis-heteroadducts could be analysed by HPLC and
UV-vis spectroscopy, there was not enough quantity to analyse them by NMR, so their

identity could only be tentatively assigned as frans-3 regioisomers.

In Chapter VI, three synthetic routes have been developed pursuing the synthesis of a
molecular shuttle based on the Ceo/[10]CPP [2]catenane, featuring two fullerenes as
recognition sites for one [10]CPP ring. For the first strategy, the first step was achieved
successfully, which focused on the bis-functionalization of Ceo through Bingel reaction
using the matryoshka complex (Ceoc[10]CPPc1d-(BArF)s) and 1b-(BArF)s nanocapsule.
The obtained trans-3-bis-adducts 16 and e,e-bis-adduct 17 from the respective systems
presented two alkene terminal moieties that were intended to perform an olefin
metathesis to join together two bis-adducts (one of them with a [10]JCPP ring).
Unfortunately, the presence of the nanocapsule inhibited the metathesis reaction and the

route was deemed as a dead end.

The second strategy was very similar to the first one: bis-functionalization through Bingel
reaction using the matryoshka complex (Csoc[10]CPPc1d-(BArF)s) have been achieved
successfully. This time, trans-3-bis-adducts featured terminal alkynes (26) and terminal
azide groups (27) to connect both bis-adducts by a copper(l)-catalysed azide-alkyne
cycloaddition. Nevertheless, bis-adduct 27 was highly unstable and the reaction didn’t

proceed.

Finally, the third strategy started, again, with the bis-functionalization of Ceo through
Bingel reaction using the matryoshka complex (Ceoc[10]CPPc1d-(BArF)s). The
synthesis of encapsulated bis-adduct 30c[10]CPPc1d-(BArF)s has been obtained in a
50% relative yield in comparison to the corresponding encapsulated mono-adduct. This
time, these derivatives featured terminal malonates, intending to carry out a Bingel-
Hirsch reaction to close the macrocyclic shuttle. Unfortunately, Bingel-Hirsch reaction
has not been achieved successfully. In order to increase the success possibilities of this
strategy in future work, trans-3-bis-adduct 30 will be released from
30c[10]CPPc1d-(BArF)s and Bingel-Hirsch reaction will be performed using
30c[10]CPP as the malonate of the reaction and starting from Ceoc1b-(BArF)s.

In Chapter VII, the bimetallic monoanionic species Th.@Cso have been encapsulated
selectively (>99%) by 1¢-(BArF)s nanocapsule in small amounts after a straightforward
preparative TLC of the EMFs extract. The complex Tb.@Csoc1c-(BArF); was
characterized by HR-ESI-MS. However, when we wanted to reproduce the same
procedure with another batch of starting material, selectivity towards Tb.@Cso” was lower

(90%) and empty nanocapsule remained (35%), probably due to the different
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pretreatment of the extract. Nevertheless, selective encapsulation of monoanionic EMF

derivatives has been demonstrated.
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Annex Chapter IV
Annex IV.1 Experimental procedures

Synthesis and characterization of e,e-bis-An-Ceo (2)

29‘ . }%.; 50°C, CH,CN, 48h 2{* ; %

@ no light, N, - ' ‘VQ Release of guests
. > "‘ >
- / N 30 equiv. OOO g’ . 5

Scheme S.1. Synthesis of e,e-bis-An-Ceo (2).

Anthracene (30 equivalents, 12.6 mg, 70.5 pmol) was added to a solution of
Cesoc1b-(BArF)s (32 mg, 2.35 umol) in 2.3 ml dry CH3CN and the reaction was stirred for
48 h at 50°C under N». Then, the crude was cool down in the freezer, filtered and the
solvent was removed using a Nz flow (without heat). The guests were released from the
nanocapsule by suspending the remaining solid with chloroform and sonicating the
suspension for 15 minutes. Finally, the suspension was filtered and the products (mono-
adduct-Cep and e,e-bis-adduct-Ce) were purified through preparative thin layer
chromatography using CSz:hexane (3:1) as eluent. It's important to avoid the heat during
all the workup to avoid the retro-Diels-Alder and also the promotion of tris-adducts.
Yield*: 38%.

*Yield calculated by HPLC using Ceo as internal standard.

H-NMR (400MHz, CDCls) & ppm: 7.65 — 7.30 (16H, m), 5.43 (2H, s), 5.41 (1H, s), 4.76
(1H, s).

13C-NMR (125.75MHz, CDCls) & ppm: 127.0 — 125.4 (Cepz-H), 58.8 (Cspa-H), 58.3 (Csps-
H), 581 (CspS'H).

HR-ESI-MS of 2c1b (CH3;CN), m/z: calc. for [2c1b]®* 776.5537, observed 776.7934;
calc. for [2c1b-(BArF)]™* 1010.7853, observed 1011.3447; calc. for [2c1b-(BArF);]°*
1323.0941, observed 1323.7360.
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Synthesis and characterization of mono-Pn-Ce (3)

@ 110°C, toluene, 48, N,
e QI

Scheme S.2. Synthesis of mono-Pn-Ceo (3).

The synthesis of mono-Pn-Csp was carried out with procedures already reported in the
literature.'® Fullerene Ceo (40 mg, 55.5 uymol) and pentacene (1.1 equivalents, 17 mg,
61 umol) were refluxed under a N2 atmosphere in toluene for 48 hours. Then, the crude
reaction was concentrated under vacuum at low temperatures (maximum of 35°C) and
was purified through a chromatographic column using carbon disulfide and hexane (1:1)
as eluent. Yield: 32%.

"H-NMR (400 MHz, CDCl3) & ppm: 8.27 (4H, s), 8.04 — 8.01 (4H, m), 7.61 — 7.58 (4H,
m), 6.05 (2H, s).

HR-ESI-MS of 3c1b (CH3;CN), m/z: calc. for [3c1b]®* 767.0498, observed 767.0459;
calc. for [3c1b-(BArF)]"* 999.9237, observed 1000.2041; calc. for [3c1b-(BArF),]°*
1310.4221, observed 1310.5719.

Synthesis and characterization of trans-1-bis-Pn-Ceo (4)

no light, N,

& B 65°C, CHCNICH,Cl (1), 16h (% %%

% J{;C 2.1 equiv. Qeee G '

Scheme S.3. Synthesis of trans-1-bis-Pn-Ceo (4).

Pentacene (3.4 mg, 12.30 pymol) was added to a solution of Ceoc1b-(BArF)s (74.3 mg,
5.86 umol) in 7.25 ml dry CH3CN/CH2Cl» (4:1) and the reaction was stirred for 16 h at
65°C under a N2 atmosphere. Then, the crude was cool down in the freezer, filtered and
trifluoromethanesulfonic acid (20 equivalents) was added and the mixture was stirred for
45 minutes to disassemble the 1b-(BArF)s cage and release the products. The solvent
was removed using a N: flow (without heat) and the guests were recovered by
suspending the remaining solid with carbon disulfide and sonicating it for 15 minutes.
The major product was purified through two preparative TLC. The first one using a

mixture of carbon disulfide and hexane (3:1) and then, using a mixture of hexane and
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dichloromethane (1:1). To avoid the promotion of tris-adducts, it is important to avoid the
use of heat. Yield*: 30%.

*Yield calculated by HPLC using Ceo as internal standard. The HPLC spectrum of the
crude mixture (Figure S.14) indicates that the main peak of the bis-adduct region

corresponds to 4, although its insolubility only allows for the isolation of a 30% yield.

H-NMR (400 MHz, CDCls) & ppm: 8.35 (8H, s), 8.07 — 8.04 (8H, m), 7.61 — 7.59 (8H,
m), 6.32 (4H, s).

HR-ESI-MS of 4c1b (CHs;CN), m/z: calc. for [4c1b]®* 801.5617, observed 802.0615:
calc. for [4c1b-(BArF)]"™* 1039.3658, observed 1039.9379; calc. for [4c1b-(BArF),]°*
1356.4379, observed 1357.1041; calc. for [4c1b:(BArF)s]°** 1800.3390, observed
1800.9437.

Synthesis and characterization of e,e-bis-An-Pn-Ceo (5)

Pn Pn
§ 7 X
1b-(BArF) R 45001’6?;?:1/;.?”& @ R g P Release of 3
i i ’ 2 Y uests
w An 5 » An o) g An
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Scheme S.4. Synthesis of e,e-bis-An-Pn-Ceo (5).

Pentacene (1.27 mg, 4.56 umol) was added to a solution of mono-An-Cesc1b-(BArF)s
(50.75 mg, 4.15 pmol) in 4.1 ml dry CH3CN/CH2Cl. (4:1) and the reaction was stirred for
16 h at 45°C under a N2 atmosphere. Then, the crude was cool down in the freezer,
filtered and trifluoromethanesulfonic acid (20 equivalents) was added and the mixture
was stirred for 45 minutes to disassemble the 1b-(BArF)s cage and release the products.
The solvent was removed using a N> flow (without heat) and the guests were recovered
by suspending the remaining solid with carbon disulfide and sonicating it for 15 minutes.
The major product was purified through a preparative TLC using a mixture of carbon
disulfide and hexane (3:1) as eluent. To avoid the promotion of tris-adducts, it is important
to avoid the use of heat. Yield: 16%.

"H-NMR (400 MHz, CDCI3) & ppm: 8.10 (2H, s, Csp2-H, Pn addend), 7.95 (2H, s, Csp2-H,
Pn addend), 7.94 — 7.89 (4H, m, Csp2-H), 7.69 — 7.64 (4H, m, Cspo-H), 7.55 — 7.50 (6H,
m, Csp2-H), 7.42 — 7.40 (2H, m, Csp2-H), 5.62 (1H, s, Cs3-H, Pn addend), 5.45 (2H, s,
Csp3-H, An addend), 4.98 (1H, s, Csps-H, Pn addend).
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*C-NMR (125.75MHz, CDCls) & ppm: 128.0 (Cepz-H), 127.9 (Cepz-H), 127.0 (Cspz-H),
126.9 (Cspo-H), 126.0 (Cepe-H), 125.7 (Cepz-H), 124.2 (Cspz-H), 124.2 (Cspz-H), 58.6 (Caps-
H), 58.3 (Csp3‘H)a 57.8 (CSP3_H)'

HR-ESI-MS of 5c1b (CHsCN), m/z: calc. for [5c1b]®* 789.0577, observed 789.5537:
calc. for [5c1b-(BArF)]"™* 1025.6401, observed 1025.0755; calc. for [5c1b-(BArF),]°*
1339.7660, observed 1340.4194; calc. for [5c1b-(BArF)s]°* 1780.3326, observed
1781.1277.

Synthesis and characterization of e,e-bis-An-e-mono-diethylmalonate-Ce (6)

e o KX 00 X o Pt X o 1>§
@ G - e A pRUCT - S @ .
Toluene:CH:CN (4:1) FX& . CH.CN, N, rt. R% % 88

2

16h, rt SR R

o] ’ 4—/
= -2 + ©
/\O& @ @w{ Release of guests

6 (1) 6 (Il
Scheme S.5. Synthesis of e,e-bis-An-e-mono-diethylmalonate-Ceo (6).

Two stock solutions of diethyl bromomalonate and sodium hydride in dry acetonitrile were
prepared. Then, 5.25 equivalents of diethyl bromomalonate and NaH from these
solutions were added to a solution of 2c1c-(BArF)s (19 mg, 1.49 pmol) in 1.5 ml of dry
acetonitrile at room temperature. After monitoring the reaction by HR-ESI-MS for 9 hours,
the solvent was removed under a N flow. The guests were released from the
nanocapsule by suspending the remaining solid with chloroform (guests in solution and
cage in the solid state) and sonicating the suspension for 15 minutes. Finally, the
suspension was filtered and the products (both isomers of tris-heteroadducts) were
purified through preparative TLC using toluene as eluent. The empty cage was recovered

passing acetonitrile through the filter. Yield*: 41%.

*Yield corresponding to 6(1)+6(Il) mixture and calculated by HPLC using Ceo as internal

standard.
Proportion (I:1l) is 1:3.7

"H-NMR isomer 6(l) minor (400 MHz, CDCl3) & ppm: 7.75 — 7.28 (16H, m, Cs2-H), 5.61
(1H, s, Csp3-H), 5.60 (1H, s, Cspa-H), 5.38 (1H, s, Csps-H), 4.89 (1H, s, Csp3-H), 4.51 (4H,
g, -CH>-), 1.47 (6H, t, -CHs).
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3C-NMR isomer 6(l) minor (125.75 MHz, CDCl3) & ppm: 126.5 — 118.9 (Csp2-H), 63.1 (-
CHo>-), 58.5 (Csp3-H), 58.2 (Csp3-H), 58.2 (Csp3-H), 58.2 (Csps-H), 29.8 (-CHs).

'H-NMR isomer 6(Il) major (400 MHz, CDClz) & ppm: 7.75 — 7.28 (16H, m, Csx2-H), 5.50
(1H, s, Csp3-H), 5.40 (1H, s, Cspsz-H), 5.25 (1H, s, Csps-H), 4.82 (1H, s, Csp3-H), 4.64 (2H,
g, -CH2-), 4.51 (2H, q, -CH»-), 1.58 (3H, t, -CHz), 1.47 (3H, t, -CHs3).

13C-NMR isomer 6(Il) major (125.75 MHz, CDCls) & ppm: 126.5 — 118.9 (Csp2-H), 63.2
(-CHz-), 63.1 (-CHz-), 58.9 (Cepa-H), 58.2 (Ceps-H), 58.1 (Csps-H), 57.1 (Cepa-H), 29.8(-
CHa), 27.6 (-CHa).

HR-ESI-MS of 6c1c (CH3CN), m/z: calc. for [6c1c]®* 753.4608, observed 753.8423:
calc. for [6c1b-(BArF)]"* 984.3934, observed 984.9783; calc. for [6c1c:(BArF).]°
1292.3035, observed 1292.9709.

MALDI-MS (DCTB, (+)), m/z: calc. for [6 - (anthracene).]* 878.074, observed 878.079.

Synthesis and characterization of mono-Pn-e,e-bis-diethylmalonate-Ceo (7)

4 ; 4 K
Y R AP0
1b-(BArF); ~o*y'o™  NaH G
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Release of guests
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Scheme S.6. Synthesis of mono-Pn-e,e-bis-diethylmalonate-Ceo (7).

Two stock solutions of diethyl bromomalonate and sodium hydride in dry acetonitrile were
prepared. Then, 2.2 and 2.5 equivalents of diethyl bromomalonate and NaH,
respectively, from these solutions were added to a solution of mono-Pn-Cec1b-(BArF)s
(10.2 mg, 0.78 ymol) in 0.8 ml of dry acetonitrile. After monitoring the reaction by HR-
ESI-MS for 24 hours, diethyl ether was added to suspend the host-guest complex. Then,
the suspension was filtered through Celite® in a pipette. The solid remaining in the filter
was washed with chloroform until the filtrate was completely colourless to extract the
desired product. A preparative TLC using toluene:ethyl acetate (95:5) was performed in

order to eliminate the traces of bis-heteroadduct and the remaining tetrakis-
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heteroadduct. The empty cage was recovered passing acetonitrile through the filter.
Yield*: 63%.

*Yield calculated by HPLC using Ceo as internal standard.

H-NMR (500 MHz, CDCls) & ppm: 8.20 (4H, d), 7.99 — 7.97 (4H, m), 7.56 — 7.54 (4H,
m), 5.86 (2H, s), 4.51 — 4.43 (8H, m), 1.45 — 1.40 (12H, m).

13C.NMR (125.75 MHz, CDCls) & ppm: 128.2 (Cspz-H), 126.1 (Csp2-H), 124.1 (Cepz-H),
63.5 (-CH2-), 57.7 (Csps-H), 14.1 (-CHs).

HR-ESI-MS of 7c1b (CHs;CN), m/z: calc. for [Tc1b]®* 806.5643, observed 806.6985:
calc. for [7<1b-(BArF).]"* 1045.0831, observed 1045.3803; calc. for [Tc1b-(BArF),]°*
1363.1082, observed 1363.4505.

MALDI-MS (DCTB, (+)), m/z: calc. for [7 - (pentacene) + Na*]* 1059.137, observed
1059.204.

Synthesis and characterization of Th-hexakis-An-Ceo (8)

o o
/\O)‘\(lko/\ 0
Br , DBU . /\O)g{ = -0
DCM, N, r.t.
2 8

Scheme S.7. Synthesis of Th-hexakis-An-Ceo (8).

The synthesis of 8 was carried out with procedures already reported in the literature.’
Two stock solutions of diethyl bromomalonate and 1,8-diazabicyclo(5.4.0)undec-7-ene
(DBU) in dry DCM were prepared. Then, 20 equivalents of these solutions were added
to a solution of 2 (0.95 mg, 0.88 ymol) in DCM under a N2 atmosphere at room
temperature. After 24 hours, 20 equivalents more of both stock solutions were added.
After 24 hours more, the solvent was removed with a N2 flow and the crude reaction was
purified through a preparative TLC to remove the excess of diethyl bromomalonate and
DBU. Yield*: 12.5%.

*Yield calculated by "H-NMR using mesitylene-D1, as internal standard.

'H-NMR (500 MHz, CDCl3) & ppm: 7.56 — 7.14 (16H, m), 5.03 (2H, s), 5.00 (1H, s), 4.54
(1H, s), 4.43 — 4.24 (16H, m), 1.35 — 1.29 (24H, m).
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13C-NMR (125.75 MHz, CDCl3) 8 ppm: 126.3 — 124.4 (Cepa-H), 62.4 (-CHz-), 62.3 (-CHo-
), 58.6 (Ceps-H), 58.5 (Ceps-H), 58.6 (Csps-H), 15.2 (-CHs), 14.1 (-CHs).

MALDI-MS (DCTB, (+)), m/z: calc. for [8 - (anthracene)z]* 1352.294, observed 1351.454;
calc. for [8 - (anthracene), + Na*]* 1375.284, observed 1375.346.

Synthesis and characterization of trans-1-bis-Pn-e, e, e, e-tetrakis-diethylmalonate-Ceo (9)

Br , DBU

DCM, N, rt.

Scheme S.8. Synthesis of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9).

The synthesis of 9 was carried out with analogue procedures already reported in the
literature.’ Two stock solutions of diethyl bromomalonate and DBU in dry DCM were
prepared. Then, 20 equivalents of these solutions were added to a solution of 4 (2 mg,
1.6 umol) in DCM under a N2 atmosphere at room temperature. After 24 hours, 20
equivalents more of both stock solutions were added. After 24 hours more, the solvent
was removed with a N2 flow and the crude reaction was purified through a preparative
TLC to remove the excess of diethyl bromomalonate and DBU. The precise yield could
not be calculated due to the small quantities used and the low solubility of the pure initial

reactant.

"H-NMR (400 MHz, CDCls) & ppm: 7.94 (8H, s), 7.86 (8H, m), 7.48 (8H, m), 5.43 (4H, s),
4.44 (8H,q,J=7Hz),412(8H,q,J =7 Hz), 1.45 (12H, t,J =7 Hz), 1.23 (12H,t, J =7
Hz).

13C.NMR (125.75 MHz, CDCls) & ppm: 127.7 (Cepz-H), 125.7 (Cspo-H), 123.6 (Cspo-H),
62.5 (-CHy-), 62.1 (-CH2-), 57.6 (Cepa-H), 14.6 (-CHa), 13.9 (-CHa).

MALDI-MS (DCTB, (+)), m/z: calc. for [9 - (pentacene), + Na*]* 1375.284, observed
1374.513.
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Annex IV.2 Supplemental tables

Table S.1. Conditions optimization for the formation of e,e-bis-An-Cso. [a]: Ratio calculated by HR-ESI-MS
before releasing derivatives from the nanocapsule. [b] Ratio calculated by HPLC after releasing derivatives
from the nanocapsule (tris-adducts were formed during workup).

1 30 60 24 1:1.5 1:1.2:0.7
2 30 50 24 1:1.6
3 30 50 48 1:2.2 1:2.31.3
4 7 50 48 1:0.6
5 7 50 72 1:0.8 1:0.8:0.2
6 30 40 24 1:1
7 30 40 48 1:2.7 1:2.31.2
8 30 40 72 1:2.4 1:2.1:1.1
9 50 40 48 1:2.4
10 50 40 72 1:3.9 1:2.81.5
11 30 65 16 1:0.8 1:1.8:0.7

Table S.2. Calculated reaction energies for the formation of the different bis-adducts (e,e-bis-An-Ceo, trans-
1-bis-An-Cso, e,e-bis-Pn-Ceo, trans-1-bis-Pn-Cso). Energies are given in kcal/mol. E: electronic energies, G:
Gibbs free energies.

AE (kcal/mol)| AG (kcal/mol)
e, e-bis-An-Cgo -31.1 -13.1
trans-1-bis-An-Ceo -29.5 -11.7
e,e-bis-Pn-Cgo -46.5 -28.6
trans-1-bis-Pn-Ceo -44.5 -26.7

170



Annex IV.3 Supplemental figures

Annex IV.3.1 HR-ESI-MS and NMR spectra

Characterization of e,e-bis-An-Ceoc1b-(BArF)s and e,e-bis-An-Ce (2)
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Figure S.1. HR-ESI-MS monitoring of the synthesis of e,e-bis-An-Ceoc1b-(BArF)s and releasing of bis-
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Figure S.2. HPLC analysis of the reaction crude after releasing of the product for the formation of e,e-bis-

An-Ceo (2).
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Figure S.3. Characterization of e,e-bis-An-Ceo (2). a) HPLC analysis of purified e,e-bis-An-Ceo (2).R=8.603
min, b) UV-vis spectrum of e,e-bis-An-Ceo (2).
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Figure S.4. "TH-NMR spectrum of e,e-bis-An-Cso (2). Experiment performed in CDCl3 at 298K (400 MHz). ¢:
chloroform, y: chloroform’s satellites, &: impurities of the purification solvent (CSz), «: TLC-silica impurities.
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Figure S.5. 2D COSY spectrum of e,e-bis-An-Ceo (2). Experiment performed in CDCls at 298K (400 MHz).
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Figure S.6. 2D NOESY spectrum of e,e-bis-An-Ceo (2). Experiment performed in CDCl3 at 298K (400
MHz).
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Figure S.7. DOSY representation of e,e-bis-An-Ceo (2). Experiment performed in CDCl3 at 298K (500
MHz).
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Figure S.8. 2D HSQC spectrum of e,e-bis-An-Ceo (2). Experiment performed in CDCl3 at 298K (400 MHz).
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Figure S.9. 2D HMBC spectrum of e,e-bis-An-Ceo (2). Experiment performed in CDCl3 at 298K (400 MHz).
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Figure S.10. 3C-NMR spectrum of e,e-bis-An-Ceo (2). Experiment performed in CDCl3 at 298K (125.75
MHz). Number of scans of 22828, a recycle delay of 2 s and the overall experimental time was 19h 42 min.
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Characterization of mono-Pn-Csoc1b-(BArF)s and mono-Pn-Ceo (3)
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Figure S.11. HR-ESI-MS of mono-Pn-Ceoc1b-(BArF)s.
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R=10.326 min, b) UV-vis spectrum of mono-Pn-Céeo.

Figure S.12. Characterization of mono-Pn-Ceo (3). a) HPLC analysis of purified mono-Pn-Ceo (3).
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Figure S.13. "H-NMR spectrum of mono-Pn-Ceo (3). Experiment performed in CDCl3 at 298K (400 MHz). y:
chloroform’s satellites, @: chloroform.
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Characterization of trans-1-bis-Pn-Ceoc1b-(BArF)s and trans-1-bis-Pn-Ceo (4)
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Figure S.14. HPLC analysis of the reaction crude after disassembly of the nanocapsule for the formation of
bis-Pn-Cso. Peak corresponding to trans-1-bis-Pn-Cso (4) in the dotted orange box.
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Figure S.15. a) HPLC analysis of purified trans-1-bis-Pn-Ceo (4). R=7.576 min, b) UV-vis spectrum of pure
trans-1-bis-Pn-Ceo (4).
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Figure S.16. "H-NMR spectra of trans-1-bis-Pn-Ceo. a) 'H-NMR spectrum of trans-1-bis-Pn-Ceo (4).
Experiment performed in CDCl3 at 298K (400 MHz). y: chloroform’s satellites, ¢: chloroform, &: impurities
of the purification solvent (CSz) *minor product due to isomerization of pentacene-based addends. b) 'H-

NMR prediction of isomers due to the isomerization of pentacene addends, both being trans-1-bis-adducts.
‘R’ = fullerene core.
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Figure S.17. DOSY representation of trans-1-bis-Pn-Ceo (4). Experiment performed in CDCls at 298K (500

MHz).

Characterization of e,e-bis-An-Pn-Cesoc1b-(BArF)s and e,e-bis-An-Pn-Ceo (5)
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Figure S.18. "H-NMR spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCI3 at 298K (400
MHz). y: chloroform’s satellites, ¢: chloroform, a: TLC-silica impurities.
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Figure S.19. 2D COSY spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCls at 298K (400

MHz).
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Figure S.20. DOSY representation e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCl3 at 298K (500
MHz).
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Figure S.21. 2D NOESY spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCls at 298K (400
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Figure S.22. 2D HSQC spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCls at 298K (400

MHz).
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Figure S.23. 2D HMBC spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCIs at 298K (400

MHz).
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Figure S.24. 3C-NMR spectrum of e,e-bis-An-Pn-Ceo (5). Experiment performed in CDCls at 298K (125.75

MHz). Number of scans of 32768 and the overall experimental time was 38h.
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Characterization of e,e-bis-An-mono-diethylmalonate-Csoc1c-(BArF)s and e,e-bis-An-

mono-diethylmalonate-Ceo (6)
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Figure S.25. HR-ESI-MS monitoring of bis-An-e-mono-diethylmalonate-Ceo releasing from 1c-(BArF)s by
sonication of the host-guest complex with chloroform.
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Figure S.26. a) HPLC analysis of purified e,e-bis-An-e-mono-diethylmalonate-Cso (mixture of 6(I) and 6(l)
isomers). Ri=7.133 min, b) UV-vis spectra of e,e-bis-anthracene-e-mono-diethylmalonate-Ceo at the
beginning (6.758 min) and at the end (7.542 min) of the chromatogram peak, indicating the presence of at
least two isomers.
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Figure S.27. "H-NMR spectrum of e,e-bis-An-e-mono-diethylmalonate-Cso (mixture of 6(1) and 6 (Il)
isomers). Experiment performed in CDCl3 at 298K (400 MHz). ¢: chloroform, y: chloroform’s satellites, a:
TLC-silica impurities, A: H20, B: grease.
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Figure S.28. 2D COSY spectrum of e,e-bis-An-e-mono-diethylmalonate-Cso (mixture of 6(1) and 6(1l)
isomers). Experiment performed in CDCI3 at 298K (400 MHz).
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Figure S.29. 2D ROESY spectrum of e,e-bis-An-e-mono-diethylmalonate-Ceo (mixture of 6(1) and 6(ll)
isomers). Experiment performed in CDCl3 at 298K (500 MHz).
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Figure S.30. DOSY representation of e,e-bis-An-e-mono-diethylmalonate-Ceo (mixture of 6(I) and 6(ll)
isomers). Experiment performed in CDCl3 at 298K (500 MHz).
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Figure S.31. 2D multiplicity-edited HSQC spectrum of e,e-bis-An-e-mono-diethylmalonate-Ceo (mixture of
6(1) and 6(ll) isomers). Experiment performed in CDCl3 at 298K (5600 MHz).
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Figure S.32. 2D HMBC spectrum e,e-bis-An-e-mono-diethylmalonate-Ceo (mixture of 6(l) and 6(1l)
isomers). Experiment performed in CDCI3 at 298K (500 MHz).
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Figure S.33. "C-NMR spectrum of e,e-bis-An-e-mono-diethylmalonate-Ceo (mixture of 6(l) and 6(Il)
isomers). Experiment performed in CDCl3z at 298K (125.75 MHz). Number of scans of 22828, a recycle
delay of 2 s and the overall experimental time was 19h 42 min.
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Figure S.34. MALDI-MS of e,e-bis-An-e-mono-diethylmalonate-Ceo (6). The peak (m/z=878.079)
corresponds to the mono-diethylmalonate-adduct analogue due to the laser of the instrument which
promotes the Retro-Diels-Alder of the anthracene addends.
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Characterization of mono-Pn-trans-1-bis-diethylmalonate-Ceoc1b-(BArF)s and mono-

Pn-trans-1-bis-diethylmalonate-Ceo (7)
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Figure S.35. HR-ESI-MS monitoring of mono-Pn-bis-diethylmalonate-Cso releasing from 1b -(BArF)s by
solvent washing of the host-guest solid with chloroform.
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Figure S.36. a) HPLC analysis of purified e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). R=7.125 min, b)
UV-vis spectrum of pure e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7).
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Figure S.37. "H-NMR spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). Experiment performed
in CDCl3 at 298K (600 MHz). @: chloroform, «: TLC-silica impurities, A: H20, B: grease
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Figure S. 38. 2D COSY spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). Experiment performed
in CDCls at 298K (500 MHz).
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Figure S.39. 2D ROESY spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Cso (7). Experiment
performed in CDCl3 at 298K (5600 MHz).
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Figure S.40. DOSY representation of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). Experiment
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performed in CDCls at 298K (500 MHz).
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Figure S.41. 2D multiplicity-edited HSQC spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7).
Experiment performed in CDCls at 298K (600 MHz).
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Figure S.42. 2D HMBC spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). Experiment performed
in CDCl3 at 298K (600 MHz).
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Figure S.43. "3C-NMR spectrum of e-mono-Pn-trans-1-bis-diethylmalonate-Cso (7). Experiment performed
in CDCl3z at 298K (125.75 MHz). Number of scans of 40960, a recycle delay of 1 s and the overall
experimental time was 24h 26 min.
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Figure S. 44. MALDI-MS of e-mono-Pn-trans-1-bis-diethylmalonate-Ceo (7). The major peak
(m/z=1059.204) corresponds to the trans-1-bis-diethylmalonate-Cso analogue plus Na* due to the laser of
the instrument which promotes the Retro-Diels-Alder of the pentacene addends. *The peak at

m/z=1118.073 correspond to impurity which doesn’t present a fullerene pattern.
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Characterization of bis-An-based hetero-hexakis-Ceo (8)
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Figure S.45. "H-NMR spectrum of bis-An-based hetero-hexakis-Ceo (8). Experiment performed in CDCl3 at
298K (500 MHz). @: chloroform, y: chloroform’s satellites, &: impurities of the purification solvent (CS2), «:
TLC-silica impurities, A: H20, B: grease.
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Figure S.46. 2D COSY spectrum of bis-An-based hetero-hexakis-Ceo (8). Experiment performed in CDCl3
at 298K (500 MHz).
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Figure S.47. 2D ROESY spectrum of bis-An-based hetero-hexakis-Ceo (8). Experiment performed in CDCl3
at 298K (500 MHz).
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Figure S.48. DOSY representation of bis-An-based hetero-hexakis-Cso (8). Experiment performed in CDCl3
at 298K (500 MHz).
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Figure S.49. 2D multiplicity-edited HSQC spectrum of bis-An-based hetero-hexakis-Cso (8). Experiment
performed in CDCls at 298K (500 MHz).

Al

AL

=
) 2°@
o3
L} i
-
L]
0o o 4
<]
0 ]
] w 0 .
4 s ¢ (9
N
i a?g
7 6 5 4 3 2 1
ppm

-10
-20
-30
-40
-50
-60
-70
-80
-90
-100

f1 (ppm)

-110
-120
-130
-140
-150
-160

Figure S.50. 2D HMBC spectrum of bis-An-based hetero-hexakis-Ceo (8). Experiment performed in CDCl3

at 298K (500 MHz).
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Figure S.51. "3C-NMR spectrum of bis-An-based hetero-hexakis-Cso (8). Experiment performed in CDCl3 at
298K (125.75 MHz). Number of scans of 16384, a recycle delay of 3 s and the overall experimental time
was 18h 52 min.
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Figure S.52. MALDI-MS of bis-An-based hetero-hexakis-Cso (8). The main peak (m/z=1351.454)
corresponds to the tetrakis-adduct analogue due to the laser of the instrument which promotes the Retro-
Diels-Alder of the two anthracene addends. The little peak (m/z=1374.346) correspond to the same
compound + Na*.
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Characterization of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9)
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Figure S.53. a) HPLC analysis of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9). Rt=6.288 min. *:
unreacted trans-1-bis-pentacene-Ceso, b) UV-vis spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-

diethylmalonate-Ceo.
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Figure S.54. "H-NMR spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Cso (9). Experiment
performed in CDCls at 298K (500 MHz). : chloroform, y: chloroform’s satellites, &: impurities of the
purification solvent (CS:), a: TLC-silica impurities, €: dichloromethane, {: diethyl ether, A: H20, B: grease.
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Figure S.55. 2D COSY spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9). Experiment
performed in CDCl3 at 298K (5600 MHz).
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Figure S.56. 2D ROESY spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9). Experiment
performed in CDCls at 298K (500 MHz).
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Figure S.57. DOSY spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9). Experiment
performed in CDCls at 298K (500 MHz).
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Figure S.58. 2D muiltiplicity-edited HSQC spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo
(9). Experiment performed in CDCI3 at 298K (500 MHz).
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Figure S.59. 2D HMBC spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Ceo (9). Experiment
performed in CDCls at 298K (500 MHz).
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Figure S.60. "*C-NMR spectrum of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Cso (9). Experiment
performed in CDCls at 298K (125.75 MHz). Number of scans of 12000, a recycle delay of 3 s and the
overall experimental time was 13h 49 min.
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Figure S.61. MALDI-MS of trans-1-bis-Pn-e,e,e,e-tetrakis-diethylmalonate-Cso (9). The peak
(m/z=1374.513) corresponds to the e,e,e,e-tetrakis-adduct analogue plus Na* due to the laser of the
instrument which promotes the Retro-Diels-Alder of the two pentacene addends.

Molecular weight Diffusion coefficient Hydrodynamic

Adduct (g/mol) (m2/s) radius (m)
e,e-bis-anthracene-C., 2 1077,128 7,24436E-10 5,55904E-10
mono-pentacene-C., 3 999,014 7,87046E-10 5,11681E-10
trans-1-bis-pentacene-C,, 4 1277,368 6,25321E-10 6,23869E-10
e,e-bis-anthracene-pentacene-C,, 5 1173,248 6,80769E-10 5,91561E-10
e,e-bis-anthracene-mono-diethylmalonate-C,, 6 1235,297 6,60693E-10 6,09536E-10
e-mono-pentacene-trans-1-bis-diethylmalonate-C., 7 1315,352 6,09537E-10 6,60693E-10
e,e-bis-anthracene-tetrakis-diethylmalonate-C, 8 2026,142 5,74116E-10 7,01455E-10
trans-1-bis-pentacene-e,e,e,e-tetrakis-diethylmalonate-C,, 9 2226,382 5,44503E-10 7,29605E-10
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Figure S.62. Diffusion coefficients of fullerene adducts 2, 3, 4, 5, 6, 7, 8 and 9. At the top, graphical
correlation between DOSY NMR diffusion coefficients and molecular weight of each adduct (500 MHz, 298
K, CDClI3). At the bottom, experimental diffusion coefficients and hydrodynamic radius values calculated
from Stokes-Einstein equation for each of the adducts.
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Annex IV.3.2 Analysis of molecular dynamic simulations

MD simulations of mono-An-Ceoc1b-(Cl)s host-guest system
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Figure S.63. Conformational analysis of mono-An-Ceoc1b-(Cl)s host-guest complex from 1000 ns MD
trajectories in explicit CHsCN. Replica 1. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-An-Ceo
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that all windows are visited during the trajectory. b) £Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.

202



200 i
@ =
o —_
= 3
~ 100 o
3 3
Q o~
g 2
o )
£ -100 5
© ]
o v
g-zoo Ch 0 200 400 600 800 1000
0 200 400 600 200 1000 _
time (ns) time (ns)

-

1 2 3 4 1 f~—
B &8

0,016
0,012

0,012

Frequency
o
o
8

=3
=]
®
Frequency
o
[=]
8

0,004

o

-180 -80 20 120
Dihedral angle (N1-N2-C1-C2) ( deg)

-180 -80 20 120
Dihedral angle (N1-N2-C3-C4) ( deg)

Z Inl1-In2-C3-C4

Figure S.64. Conformational analysis of mono-An-Cesoc1b-(Cl)s host-guest complex from 1000 ns MD
trajectories in explicit CH3CN. Replica 2. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-An-Ceso
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that all windows are visited during the trajectory. b) £Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.
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Figure S.65. Conformational analysis of mono-An-Cesoc1b-(Cl)s host-guest complex from 1000 ns MD
trajectories in explicit CHsCN. Replica 3. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-An-Ceo
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that all windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). 2Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.
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MD simulations of e,e-bis-An-Csoc1b-(Cl)s host-guest system
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Figure S.66. Conformational analysis of e,e-bis-An-Csoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CH3CN. Replica 1. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). £N1-N2-C1-C2 angle describes the relative rotation of the encapsulated e,e-bis-An-
Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure
on the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the

porphyrins.
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Figure S.67. Conformational analysis of e,e-bis-An-Ceoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CH3CN. Replica 2. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). £N1-N2-C1-C2 angle describes the relative rotation of the encapsulated e,e-bis-An-
Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure
on the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). £Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the
porphyrins.
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Figure S.68. Conformational analysis of e,e-bis-An-Csoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CH3CN. Replica 3. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). £N1-N2-C1-C2 angle describes the relative rotation of the encapsulated e,e-bis-An-
Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure
on the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the
porphyrins.
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MD simulations of mono-Pn-Ceoc1b-(Cl)s host-guest system
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Figure S.69. Conformational analysis of mono-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CHsCN. Replica 1. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-Pn-Ceo
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). £Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the
porphyrins.
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Figure S.70. Conformational analysis of mono-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CHsCN. Replica 2. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-Pn-Ceo
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) £Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). £Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the

porphyrins.
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Figure S.71. Conformational analysis of mono-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of MD
trajectories in explicit CHsCN. Replica 3. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated mono-Pn-Ceo
with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the figure on
the bottom) are visited by the addend along the trajectory, which is described by the different values
explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value, center
plot) describes that windows are visited during the trajectory. b) £Zn1-Zn2-C3-C4 dihedral angle measured
along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of the addend
with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in purple in
the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect to the
porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect to the
porphyrins.
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Figure S.72. Selected snapshot from mono-Pn-Ceoc1b-(Cl)s MD simulation, showing that pentacene
moiety stands out of the nanocapsule.
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MD simulations of trans-1-bis-Pn-Csoc1b-(Cl)s host-guest system
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Figure S.73. Conformational analysis of trans-1-bis-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of
MD trajectories in explicit CH3CN. Replica 1. a) «N1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated trans-1-bis-
Pn-Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the
figure on the bottom) are visited by the addend along the trajectory, which is described by the different
values explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value,
center plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.
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Figure S.74. Conformational analysis of trans-1-bis-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of
MD trajectories in explicit CH3CN. Replica 2. a) zN1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated trans-1-bis-
Pn-Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the
figure on the bottom) are visited by the addend along the trajectory, which is described by the different
values explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value,
center plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.
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Figure S.75. Conformational analysis of trans-1-bis-Pn-Ceoc1b-(Cl)s host-guest complex from 1000 ns of
MD trajectories in explicit CH3CN. Replica 3. a) zN1-N2-C1-C2 dihedral angle measured along the MD
trajectory (top plot). «N1-N2-C1-C2 angle describes the relative rotation of the encapsulated trans-1-bis-
Pn-Ceo with respect to the nanocapsule. Different nanocapsule windows (labelled as 1, 2, 3, and 4 in the
figure on the bottom) are visited by the addend along the trajectory, which is described by the different
values explored by dihedral angle during the simulation time. Histogram plot (frequency vs. angle value,
center plot) describes that windows are visited during the trajectory. b) «Zn1-Zn2-C3-C4 dihedral angle
measured along the MD trajectory (top plot). «Zn1-Zn2-C3-C4 angle describes the relative orientation of
the addend with respect to the porphyrins of the capsule. Ranges of «Zn1-Zn2-C3-C4 values highlighted in
purple in the histogram plot (center plot) indicate that the addend is oriented perpendicularly with respect
to the porphyrins, while range of values highlighted in grey indicate that it is oriented parallelly with respect
to the porphyrins.
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Annex IV.3.3 Analysis of frontier molecular orbitals

FMOs of mono-An-Ce (2)

a.
LUMO E=-0.090eV LUMO+1 E=0.117eV| LUMO+2 E=0.411eV
TS
o .
v Ao -
b.
Diene (anthracene) Dienophile (mono-An-Cg,)
1.913eV
LMo 1.690 eV
GAP (V) s LUMO+3
HOMO (diene) - LUMO (dienophile) | -6.920 0411 eV
. : ) — LUMO+2
HOMO (diene) —» LUMO+1 (dienophile) -7.127
HOMO (diene) - LUMO+2 (dienophile) | -7.421 SllleY  Lumo+1
HOMO (diene) - LUMO+3 (dienophile) -8.699 J /7 -0.090eV LUMO
R ’ /
V4 V4
7

o 0
LI

-7.010evV
HOMO e

Figure S.76. a) Representation of low-lying LUMO (LUMO, LUMO+1, LUMO+2 and LUMO+3) of mono-An-
Cso. Each orbital is shown from three different perspectives. Orbital energies are given in eV. b) Molecular
orbital diagram for the calculated FMQOs of anthracene and mono-An-Ceo. Orbital energies are given in eV.
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Figure S.77. a) Representation of low-lying LUMO (LUMO, LUMO+1 and LUMO+2) of 2xporph/mono-An-
Ceso complex. Each orbital is shown from three different perspectives. Orbital energies are given in eV. b)
Molecular orbital diagram for the calculated FMOs of anthracene and 2xporph/mono-An-Cso. Orbital
energies are given in eV.
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FMOQOs of mono-Pn-Ce (4)
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Figure S.78. a) Representation of low-lying LUMO (LUMO, LUMO+1, LUMO+2 and LUMO+3) of mono-Pn-
Cso complex. Each orbital is shown from three different perspectives. Orbital energies are given in eV. b)
Molecular orbital diagram for the calculated FMOs of anthracene and mono-Pn-Cso. Orbital energies are

given in eV.
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Annex Chapter V
Annex V.1 Experimental procedures

Annex V.1.1 Synthesis of PCBM-based bis-homoadducts

Synthesis and characterization of dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium
triflate (10)

Me,S
CH.OH NBS BPO AgOTf
OH —
0 H,S0, CC'4
ot
10.1 10.2 10

Scheme S.9. Synthesis of dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium triflate (10)

Synthesis of 10.1:

2.57 g (14.4 mmol) of 5-phenylvaleric acid were dissolved in 9.5 ml of methanol and
0.475 ml (8.9 mmol) of H.SO4 was added to the solution. The mixture was stirred at 65°C
for 3 hours. Then, the solvent was evaporated under reduced pressure and 30 ml of
distilled H2O was added. A solution of 30 ml of 10% Na2COs.q was added. Extractions
with ethyl acetate were performed and the combined organic phases were washed with
brine. Yield: 88%

H-NMR (400 MHz, CDCls) 3 ppm: 7.29 — 7.26 (m, 2H, Hary), 7.19 — 7.16 (m, 3H, Hary),
3.66 (s, 3H, -O-CHs), 2.63 (t, J = 7.1 Hz, 2H, Ph-CHy-), 2.34 (t, J = 7.1 Hz, 2H, CH»-COO-
), 1.73 = 1.59 (m, 4H, -CH,-).

Synthesis of 10.2:

2.45 mg (12.7 mmol) of compound 10.1 was dissolved in 130 ml of CCls. 2.36 g (13
mmol) of N-bromosuccinimide (NBS) and 36.6 mg (1% mol regarding NBS) of BPO
(benzoyl peroxide) were added and the mixture was stirred at 80°C for 2 hours. Then,
the mixture was filtered to remove the remaining solid and the solvent of the filtrate was
evaporated under reduced pressure. The compound was purified through a column

chromatography (hexane:ethyl acetate 3:1). Yield: 35%

H-NMR (400 MHz, CDCls) & ppm: 7.41 — 7.27 (m, 5H, Hay), 4.95 (t, J = 6.8 Hz, 1H, Ph-
CHBr-), 3.66 (s, 3H, -O-CHs), 2.35 (t, J = 7.4 Hz, 2H, -CH,-COO0-), 2.33 — 2.25 (m, 1H, -
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CHy-), 2.23 —2.13 (m, 1H, -CHz-), 1.91 — 1.77 (m, 1H, -CHz-), 1.71 — 1.59 (m, 1H, -CHo-
).

Synthesis of 10:

1.19 g (4.4 mmol) of compound 10.2 was dissolved in 4.4 ml of DCM and 0.971 ml (13.1
mmol) of dimethyl sulfide (Me2S) was added. The mixture was stirred for 10 min at 0°C.
Then, 1.13 g (4.4 mmol) of silver trifluoromethanesulfonate (AgOTf) were added and the
mixture was stirred for 30 min at 0°C. Then, it was stirred at room temperature for 2
hours. The solvent of the crude was evaporated under reduced pressure and it was
purified through a column chromatography with hexane:ethyl acetate 3:1 to elute the
remaining starting material and then DCM with 10% of methanol to elute the product.
Finally, the product was diluted in 10 ml of acetonitrile and it was washed with 30 ml of
hexane. Yield: 62%

H-NMR (400 MHz, CDCls) & ppm: 7.55 — 7.40 (m, 5H, Hay), 5.01 (t, J = 7.7 Hz, 1H, Ph-
CH-SMe.), 3.64 (s, 3H, -O-CHs), 3.05 (s, 3H, -S-CHs), 2.65 (s, 3H, -S-CHs), 2.38 (t, J =
6.8 Hz, 2H, -CH,-CO0-), 2.30 — 2.20 (m, 2H, -CHz-), 1.74 — 1.55 (m, 2H, -CHz-).

Synthesis and characterization of bis-homoadduct (11)

©ﬁ/\/ﬁ(0“ Cz] Q = %O\
| : o]
N 0]

Release of

| MeONa guest

v

Scheme S.10. Synthesis of PCBM-based bis-homoadduct (11) using diazo compounds.

Two stock solutions of 4-benzoylbutyrate-p-tosylhydrazone and sodium methoxide in dry
acetonitrile were prepared. Then, 1 equivalent of tosylhydrazone and MeONa from these
solutions were added sequentially to a solution of PCe1BMc1b-(BArF)s (30.31 mg, 2.52
pmol) in 2.52 ml of dry acetonitrile (10 M) at 70°C. After monitoring the reaction by HR-
ESI-MS for 16 hours, the crude with was filtered and the solvent was removed under a
N2 flow. The guests were released from the nanocapsule by decomposition with the
addition of 20 equivalents of triflic acid in acetonitrile. After 1 hour of stirring, the solvent

was removed under reduced pressure and extractions with toluene were performed.
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After release of the derivatives from 1b-(BArF)s, they were stirred in 2 ml of toluene at
115°C for 24 hours.

HR-ESI-MS of 11c1b-(BArF)s (CH3sCN), m/z: calc. for [11c1b]®* 779.5590, observed
779.9248; calc. for [11c1b-(BArF)]™* 1014.2199, observed 1014.6363 calc. for
[11c1b-(BArF),]¢* 1327.1011, observed 1327.5836.

op = Ogp

Release of
guest

Scheme S.11. Synthesis of PCBM-based bis-homoadduct (11) using semi-stabilized sulfur ylides (10).

Two stock solutions of dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium triflate 10
and sodium methoxide in dry acetonitrile were prepared. Then, 2.5 equivalents of 10 and
MeONa from these solutions were added sequentially to a solution of
PCs1BMc1b-(BArF)s (6.05 mg, 0.502 uymol) in 0.507 ml of dry acetonitrile (10 M) at
room temperature. After monitoring the reaction by HR-ESI-MS for 18.5 hours, the crude
was filtered and the solvent was removed under a N flow. The guests were released
from the nanocapsule by decomposition with the addition of 20 equivalents of triflic acid
in acetonitrile. Then, the solvent was removed under reduced pressure and extractions
with toluene were performed. Finally, products (mainly bis-adducts) were purified through
preparative TLC using a mixture of toluene and ethyl acetate (95:5) as eluent. Yield*:
36.4%.

*Yield calculated by HPLC using Ceo as internal standard

HR-ESI-MS of 11c1b-(BArF)s (CHsCN), m/z: calc. for [11c1b]®* 779.5590, observed
779.9387; calc. for [11c1b-(BArF)]"™* 1014.2199, observed 1014.7963 calc. for
[11c1b-(BArF);]%* 1327.1011, observed 1327.5994.

MALDI-MS (DCTB, (+)), m/z: calc. for [11]* 1100.199, observed 1099.639.
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Synthesis and characterization of the complex PCs1BMc[10]CPP1d-(BArF)s

, CH,CN:DCM (1:10)
LA\ I rt

PCs,BMc[10]CPP PCs,BMc[10]CPP1d-(BArF),

Scheme S.12. Synthesis of PCs1BMc[10]CPPc1d-(BArF)s.

A solution of 7.5 mg of PCs:BM in 10 ml CHCI; was added to a solution of 6.3 mg (1
equivalent) of [10]CPP in 4 ml CHCI; and it was stirring for 3 hours at room temperature

to form PCs1BMc[10]CPP. The solvent was evaporated under reduced pressure.

To form PCgBMc[10]CPPc1d-(BArF)s, 2 equivalents of PCs1BMc[10]CPP (1.53 mg)
were dissolved in 10 ml of dichloromethane and were added to 1 equivalent (5.6 mg) of
1d-(BArF)s in 1 ml of acetonitrile and it was stirring overnight at room temperature. Then,
the solvent was evaporated under reduced pressure and the crude was redissolved in
acetonitrile and filtered to remove the excess of PCs1BMc[10]CPP. Finally, washes with

pentane and diethyl ether of the final solid were carried out.

H-NMR of PCgBMc[10]CPP (400 MHz, CDCls) & ppm: 7.94 — 7.87 (m, 2H, Hary), 7.76
(t, J = 7.5 Hz, 2H, Hary), 7.68 (t, J = 7.4 Hz, 1H, Hay), 7.49 (s, 40H, [10]CPP), 3.77 (s,
3H, -CHa), 2.72 — 2.63 (m, 2H, -C4-CHy-), 2.54 (t, J = 7.7 Hz, 2H, -CH,-COO-), 2.21 —
2.12 (m, 2H, -CH-).

"H-NMR of PCs:BMc[10]CPPc1d-(BArF)s (400 MHz, CDCl3) & ppm: 8.82 (d, 4H, arom-
porph) 8.78 (d, J = 2.8 Hz, 16H, pyrrole ring), 8.68 (d, J = 7.8 Hz, 4H, arom-porph), 8.58
— 8.48 (m, 8H, arom-porph), 8.39 (d, J = 7.8 Hz, 4H, arom-porph), 8.34 (d, J = 8.1 Hz,
4H, arom-porph), 8.22 (d, 4H, arom-porph), 8.19 (d, J = 7.5 Hz, 16H, arom-clip), 8.06 (d,
J = 8.0 Hz, 16H, arom-clip), 8.01 (d, J = 7.8 Hz, 4H), 7.85 (d, J = 8.0 Hz, 16H), 7.75 —
7.67 (m, 96H, BArF"), 7.55 (d, J = 8.1 Hz, 16H, arom-clip), 7.13 (d, J = 10.4 Hz, 40H,
[10]CPP), 4.10 (d, J = 12.8 Hz, 16H, -CH2-), 3.67 (m, 16H, -CH,-), 3.62 (d, J = 3.4 Hz,
48H, -N-CHj3), 3.33 — 3.22 (m, 16H, -CH>-), 3.19 (d, J = 12.8 Hz, 8H, -CH>-), 3.14 (d, J =
12.9 Hz, 8H, -CH>-), 2.47 (t, J = 13.7 Hz, 16H, -CH>-), 2.36 (t, J = 11.8 Hz, 16H, -CH2-),
1.49 (s, 12H, -N-CHj3), 1.43 (s, 12H, -N-CHa).

HR-ESI-MS of PCgBMc[10]CPPc1d-(BArF)s (CHsCN), m/z: calc. for
[PCs1BMc[10]CPPc1d]® 875.0879, observed 875.4578; calc. for
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[PCs1BMc[10]CPPc1d-(BArF)]”*  1123.3958, observed 1123.5333; calc. for
[PC61BMc[10]CPPc1d- (BArF )% 1454.6397, observed 1454.7929.

Synthesis of the complex 11c[10]CPPc1d-(BArF)s

11[10]CPPc1d- (BArF),

Scheme S.13. Synthesis of 11c[10]CPPc1d-(BArF)s.
Two stock solutions of dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium triflate 10
and sodium methoxide in dry acetonitrile were prepared. Then, 15 equivalents of diethyl
bromomalonate and NaH from these solutions were added sequentially to a solution of
PCs1BMc[10]CPPc1d-(BArF)s (4.2 mg, 0.34 umol) in 0.343 ml of dry acetonitrile (103
M) at room temperature. After monitoring the reaction by HR-ESI-MS for 23 hours, the

crude was filtered and the solvent was removed under a N> flow.

Annex V.1.2 Synthesis of PCBM-based bis-heteroadducts

Synthesis and characterization of bis-heteroadduct (12)

Release of
guest

y 0 0
/N\)J\OH |1’U\|1

-
>

CH4CN, 115°C, N,

Scheme S.14. Synthesis of bis-heteroadduct (12) through Prato reaction.

Two stock solutions of sarcosine and paraformaldehyde in Milli-Q water were prepared.
Then, 3 equivalents of sarcosine and 7.5 equivalents of paraformaldehyde from these
solutions were added sequentially to a solution of PC¢1BMc1b-(BArF)s (9.18 mg, 0.76
pmol) in 6.68 ml of acetonitrile (1.14:10“ M) at 115°C. After monitoring the reaction by

HR-ESI-MS for 4 hours, the crude was filtered and the solvent was removed under a N2
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flow. The guests were released from the nanocapsule by extractions with chloroform.
Finally, products (mainly bis-adducts) were purified through preparative TLC using a

mixture of toluene and ethyl acetate (95:5) as eluent.

HR-ESI-MS of 12c1b:(BArF)s (CH3sCN), m/z: calc. for [12c1b]®" 763.0557, observed
763.5476; calc. for [12c1b-(BArF)]"* 995.5019, observed 995.7784; calc. for
[12c1b-(BArF),]°* 1305.2634, observed 1305.2610.

MALDI-MS (DCTB, (+)), m/z: calc. for [12]* 967.157, observed 968.624.

Q}Pz %o\

Release of
guest

Scheme S.15. Synthesis of bis-heteroadduct (12).
Two stock solutions of sarcosine and paraformaldehyde in Milli-Q water were prepared.
Then, 27.5 equivalents of sarcosine and 66 equivalents of paraformaldehyde from these
solutions were added sequentially to a solution of PCs:BMc[10]CPPc1d-(BArF)s (8.36
mg, 0.68 pymol) in 5.99 ml of acetonitrile (1.14-10 M) at 115°C. After monitoring the
reaction by HR-ESI-MS for 35.5 hours, the crude was filtered and the solvent was
removed under a N flow. 12c[10]CPP was released from 1d-(BArF)s with extractions of
chloroform until the nanocapsule was empty. Then, exchange with 2.5 equivalents of Ceo
was performed to release bis-adducts from [10]CPP in 4 ml of chloroform. After stirring
overnight at room temperature, solvent was removed under reduced pressure and 12
was extracted with toluene. Derivatives were isolated by a preparative TLC using toluene

as eluent.

HR-ESI-MS of 12<[10]CPPc1d-(BArF)s (CHsCN), m/z: calc. for [12<[10]CPPc=1d]®*
882.2202, observed 882.4664; calc. for [12<[10]CPPc1d:(BArF))"™* 1131.5469,
observed 1131.8244; calc. for [12<[10]CPPc1d-(BArF)]®* 1464.1494, observed
1464.1405.

MALDI-MS (DCTB, (+)), m/z: calc. for [12]* 967.157, observed 968.371.
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Synthesis and characterization of bis-heteroadduct (13)

Release of
guest A
&)
A
13

Scheme S.16. Synthesis of bis-heteroadduct (13).

Two stock solutions of dimethyl bromomalonate and sodium hydride in dry acetonitrile
were prepared. Then, 4.25 equivalents of dimethyl bromomalonate and NaH from these
solutions were added sequentially to a solution of PCs1BMc1b-(BArF)s (5.9 mg, 0.49
pumol) in 0.5 ml of dry acetonitrile (10 M) at room temperature. After monitoring the
reaction by HR-ESI-MS for 4.5 hours, the crude was filtered and the solvent was
removed under a N2 flow. The guests were released from the nanocapsule by
decomposition with the addition of 20 equivalents of triflic acid in acetonitrile. Then, the
solvent was removed under reduced pressure and extractions with toluene were
performed. Finally, products (mainly bis-adducts) were purified through preparative TLC

using a mixture of toluene and ethyl acetate (95:5) as eluent.

HR-ESI-MS of 13c1b:(BArF)s (CHsCN), m/z: calc. for [13c1b]®" 772.3018, observed
772.4155; calc. for [13c1b-(BArF)]”* 1005.9260, observed 1006.0534; calc. for
[12c1b-(BArF),]®* 1317.4249, observed 1317.5638.

MALDI-MS (DCTB, (+)), m/z: calc. for [13]" 1040.126, observed 1040.171; calc. for [13
+ Na*]* 1063.116, observed 1063.157.

Synthesis of the complex 13c[10]CPPc1d-(BArF)s

]
O:E
o]
/

13[10]CPP1d-(BArF);

Scheme S.17. Synthesis of 13c[10]CPPc1d-(BArF)s.

Two stock solutions of dimethyl bromomalonate and sodium hydride in dry acetonitrile

were prepared. Then, 9 equivalents of diethyl bromomalonate and NaH from these
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solutions were added sequentially to a solution of PC¢1BMc[10]CPPc1d-(BArF)s (5.2
mg, 0.37 umol) in 0.372 ml of dry acetonitrile (102 M) at room temperature. After
monitoring the reaction by HR-ESI-MS for 30 hours, the crude was filtered and the

solvent was removed under a N flow.

Synthesis and characterization of the complex 14c[10]CPPc1d-(BArF)s

O O

/““ouo/\ NaH

Br

[
L

CH3CN, r.t., N2

14[10]CPP1d-(BArF);

Scheme S.18. Synthesis of 14<[10]CPPc1d-(BArF)s.
Two stock solutions of diethyl bromomalonate and sodium hydride in dry acetonitrile were
prepared. Then, 9 equivalents of diethyl bromomalonate and NaH from these solutions
were added sequentially to a solution of PCg1BMc[10]CPPc1d-(BArF)s (5.2 mg, 0.37
pumol) in 0.372 ml of dry acetonitrile (10 M) at room temperature. After monitoring the
reaction by HR-ESI-MS for 44 hours, the crude was filtered and the solvent was removed

under a N2 flow.

HR-ESI-MS of 14<[10]CPPc1d:(BArF)s (CHsCN), m/z: calc. for [14[10]CPPc1d]*

894.8452, observed 895.4577; calc. for [14<[10]CPPc1d-(BArF)]’* 1146.1184, observed
1146.2618.

Synthesis and characterization of the complex PC¢i1BMc[10]CPP1f-(BArF)s

1f-(BArF)g

AU CHiCN:DCM (1:10)
£ _.'f-"‘-_'." rt.

\4

PCg1BMc[10]CPPc1f-(BArF)
Scheme S.19. Synthesis of PCs1BMc[10]CPPc1f:-(BArF)s.

2 equivalents of PCs:BMc[10]CPP in 10 ml dichloromethane were added to 1 equivalent

(9.24 mgq) of 1f-(BArF)s in 1 ml of acetonitrile and it was stirring overnight at room
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temperature. Then, the solvent was evaporated under reduced pressure and the crude
was redissolved in acetonitrile and filtered to remove the excess of PCg1BMc[10]CPP.

Finally, washes with pentane and diethyl ether of the final solid were carried out.

"H-NMR (400 MHz, CDCl;3) & ppm: 8.91 (broad s, 8H, arom-porph), 8.85 (s, 16H, pyrrole
ring), 8.52 (d, J = 7.4 Hz, 8H, arom-porph), 8.36 (d, 8H, arom-porph), 8.30 — 8.17 (m,
32H, arom-porhp and arom-clip), 8.05 — 7.83 (m, 24H, arom-porh), 7.76 — 7.67 (m, 96H,
BArF-), 7.64 (broad s, 16H, arom-clip), 7.28 (s, 20H, [10]CPP), 6.98 (s, 20H, [10]CPP),
4.16 (d, J = 12.7 Hz, 16H, -CH>-), 3.74 — 3.69 (m, 16H, -CH>-), 3.66 (s, 48H, -N-CH3),
3.50 — 3.34 (m, 16H, -CH>-), 3.19 (d, J = 12.8 Hz, 16H, -CH>-), 2.50 (d, J = 13.5 Hz, 16H,
-CHx-), 2.40 (d, J = 12.7 Hz, 16H, -CH>-), 1.55 (s, 24H, -N-CH3).

HR-ESI-MS of PCeBMc[10]CPPc1f-(BArF)s (CHsCN), m/z: calc. for
[PCe:BMc[10]CPPcf]®*  927.2444,  observed ~ 927.4856;  calc.  for
[PCe:BMc[10]CPPc1f-(BArF)*  1183.0032, observed 1183.2788; calc. for
[PCe1BMc[10]CPPc1f- (BArF )] 1524.0149, observed 1524.3388.

Synthesis and characterization of bis-heteroadduct (14)

Release of
guest

Scheme S.20. Synthesis of bis-heteroadduct (14).

Two stock solutions of diethyl bromomalonate and sodium hydride in dry acetonitrile were
prepared. Then, 12 equivalents of diethyl bromomalonate and NaH from these solutions
were added sequentially to a solution of PCe1BMc[10]CPPc1f:-(BArF)s (5.1 mg, 0.40
pmol) in 0.40 ml of dry acetonitrile (10 M) at room temperature. After monitoring the
reaction by HR-ESI-MS for 28 hours, the crude was filtered and the solvent was removed
under a Nz flow. Then, exchange with 5 equivalents of Ceo was performed to release bis-
adducts from [10]CPPc1f-(BArF)s in a mixture of toluene:acetonitrile (9:2). After stirring
overnight at room temperature, solvent was removed under reduced pressure and 14
was extracted with toluene. Derivatives were isolated by preparative TLC using toluene

as eluent.
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HR-ESI-MS of 14c[10]CPPc1f-(BArF)s (CHsCN), m/z: calc. for [14c[10]CPPc1f]8*

947.0017 observed 946.9849; calc. for [14<[10]CPPc=1f-(BArF)]"* 1205.5829, observed
1205.8399.

Annex V.2 Linear calibration for quantitative HPLC analysis

For the quantitative determination of yields by HPLC, Ce was used as internal standard.
Due to the different extinction coefficients of bis-adducts and Cso, a correction factor was
determined by measuring peak area vs concentration plots for Ceo and for bis-adduct. To
do so, five solutions of bis-adduct of 0.56, 0.28, 0.14, 0.07, 0.035 pmol concentration
and four solutions of Cgo 0f 0.117, 0.058, 0.029 and 0.015 pmol concentration were eluted
over a Buckyprep-D column at a flow rate of 0.5 mL/min of toluene at 22°C. The integrals
(320 nm) respectively were plotted against the concentration. The correction factor “f’
was determined by comparison of the linear slope “a” of both plots obtained from linear
regression. This correction factor was used to calculate the HPLC yields for all
regioisomers under the reasonable assumption that their extinction coefficients are

nearly identical.

240000 , y=—-160.083+395030798.771x 40000 , y=341.025+280064870.655x
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180000 30000
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g 120000 o E 20000 e
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..l'" o
0 0
0 0,0002 0,0004 0,0006 0,000E+00 5,000E-05 1,000E-04
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f =ayis/acee = 1.41
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Annex V.3 Supplemental figures
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Figure S.79. "H-NMR spectrum of compound 10.1 for the synthesis of dimethyl(5-methoxy-5-oxo-1-
phenylpentyl)sulfonium triflate (10). Experiment performed in CDCI3 at 298K (400 MHz). ®: chloroform, A:
H:20.
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Figure S.80. "H-NMR spectrum of compound 10.2 for the synthesis of dimethyl(5-methoxy-5-oxo-1-
phenylpentyl)sulfonium triflate (10). Experiment performed in CDClIs at 298K (400 MHz). ®: chloroform, A
H20.
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Figure S.81. "H-NMR spectrum of dimethyl(5-methoxy-5-oxo-1-phenylpentyl)sulfonium triflate (10).
Experiment performed in CDCls at 298K (400 MHz). ®: chloroform, €; acetone, A: H20.
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Figure S.82. HR-ESI-MS monitoring for the synthesis of 11c[10]CPPc1d-(BArF)s using sulfonium salt 10
and starting from Ceoc[10]CPP=1d-(BArF)s.
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Figure S.83."H-NMR spectrum of PCs1BMc{10]CPP. Experiment performed in CDCI3 at 298K (400 MHz).
@: chloroform, A: H20, B: grease.
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Figure S.84. "H-NMR spectrum of PCs1BMc[10]CPPc1d-(BArF)s. Experiment performed in CDCI3 at 298K
(400 MHz). {: diethyl ether, u: DMF, A: H20, p: CH3CN
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Figure S.85. HR-ESI-MS monitoring for the synthesis of 11c[10]CPPc1d-(BArF)s using sulfonium salt 10
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Figure S.86. HR-ESI-MS monitoring for the synthesis of bis-heteroadducts 12 through Prato reaction

starting from PCs1BMc1b-(BArF)s.
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Figure S.87. a) TLC preparative for the purification of bis-heteroadducts 12 after Prato reaction starting
from PCe¢1BMc1b-(BArF)s. b) MALDI-MS analysis for bis-heteroadducts 12 after Prato reaction starting
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Figure S.88. HR-ESI-MS monitoring for the synthesis of bis-heteroadducts 13 through Bingel reaction (with
dimethyl bromomalonate) starting from PCe¢1BMc1b-(BArF)s.
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Figure S.89. a) TLC preparative for the purification of bis-heteroadducts 13 after Bingel reaction (with
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13 after Bingel reaction (with dimethyl bromomalonate) starting from PCe1BMc1b-(BArF)s.
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Figure S.90. a) HPLC analysis of hetero-bis-adducts 13 after Bingel reaction (with dimethyl
bromomalonate) starting from PCe1BMc1b-(BArF)s. b) UV-vis spectra of each peak from previous HPLC
chromatograms.
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Figure S.91. HR-ESI-MS monitoring for the synthesis of bis-heteroadducts 14 through Bingel reaction (with
diethyl bromomalonate) starting from PCe1BMc[10]CPPc1d-(BArF)s.
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Figure S.92. HR-ESI-MS monitoring for the synthesis of bis-heteroadducts 13 through Bingel reaction (with
dimethyl bromomalonate) starting from PCe1BMc[10]CPPc1d-(BArF)s.
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Figure S.93. HR-ESI mass spectrum of the release of bis-heteroadduct 12 after Prato reaction starting
from PCe1BMc[10]CPPc1d-(BArF)s.
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fullerene impurity - the corresponding UV-vis spectrum doesn’t present a pattern related to fullerenes

AP
y
y
JU UL
M_../J e,
T e e e T s e — oL
- T~ O m o @ o o ~
m B T = o Qo @ m
é\l -—chhvr-—lmr\l 7 6 5 -—l4 M~ 3 L 2 [l 1

ppm

Figure S.95. "H-NMR spectrum of PCs1BMc[10]CPP1f-(BArF)s. Experiment performed in CDCls at 298K
(400 MHz). u: DMF, A: H20, p: CHsCN. (: diethyl ether,
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Figure S.96. a) HR-ESI-MS monitoring for the synthesis of hetero-bis-adducts 14 through Bingel reaction
(with diethyl bromomalonate) starting from PCe1BMc[10]CPP1f-(BArF)s. b) TLC preparative for the
purification of hetero-bis-adducts 14 after Bingel reaction (with diethyl bromomalonate) starting from

PCs1BMc[10]CPP1F-(BArF)s.
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Annex Chapter VI
Annex VI.1 Experimental procedures
Annex VI.1.1 1% strategy: olefin metathesis

Synthesis and characterization of bromomalonate 15 (by Prof. Max von Delius and MSc
Fabian Steudel)

O O O O
O O  PBr By HO%
~ r
OJ\/U\OH NEt;, DCM /\f{a\

Br Br
15

Scheme S.21. Synthesis of bromomalonate 15.

Br2 (5.0 mmol, 2.6 equiv.) was added to a mixture of mono-methyl malonate (1.9 mmaol,
1.0 equiv.) and PBrs (77 mmol, 0.40 equiv.) and stirred for 4 h at 100 °C. The excess of
bromine was removed under reduced pressure. The crude reaction was taken up with
2.0 mL DCM and added to a mixture of triethylamine (2.0 mmol, 1.0 equiv.) and 8-nonel-
1-ol (0.75 mmol, 0.40 equiv.) dissolved in 48 mL DCM. The reaction was stirred for 1 h
at 0 °C. Then, the reaction crude was first washed with 20 mL aqueous Na2S203-Solution,
then extracted twice with 20 mL DCM and washed with 20 mL NaClaq. The product was
purified via flash column chromatography using a mixture of petroleum ether and ethyl
acetate (19:1). Yield: 45%

H-NMR (400 MHz, CDCls) & ppm: 5.80 (qt, J = 6.69 Hz, J = 10.25 Hz, 1H, -CH=), 5.01
—4.91 (m, 2H, =CHy), 4.84 (s, 1H, Huaionate), 4.22 (t, J = 6.70 Hz, 2H, -O-CH.-), 3.84 (s,
3H, -CHs), 2.04 (qt, J = 1.52 Hz, J = 6.84 Hz, 2H, -CH2-), 1.71 — 1.63 (m, 2H, -CH>-), 1.41
—1.27 (m, 8H, -CHz-).

Synthesis and characterization of trans-3-bis-alkene-Ceo (16)

(o] o
~0 ()/\M;\\\
Br Release of N
(15) , NaH guest ".Qr
> NS
r.t, N, Y
CH;CN 16

Scheme S.22. Synthesis of trans-3-bis-alkene-Cso (16).
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Two stock solutions of the corresponding bromomalonate and sodium hydride in dry
acetonitrile were prepared. Then, 7.5 equivalents of bromomalonate 15 and NaH from
these solutions were added sequentially to a solution of Ceoc[10]CPPc1d-(BArF)s (8.3
mg, 0.68 umol) in 0.7 ml of dry acetonitrile (10~ M) at room temperature. After monitoring
the reaction by HR-ESI-MS for 23 hours, the crude was filtered and the solvent was
removed under a N flow. Exchange with 5 equivalents of Cey was performed to release
bis-adducts from [10]CPP in 1.5 ml of a mixture or acetonitrile and toluene (1:9). After
stirring overnight at room temperature, solvent was removed under reduced pressure
and 15 was extracted with toluene. Derivatives were isolated by a preparative TLC using

toluene as eluent.

HR-ESI-MS of 16<[10]CPPc1d:(BArF)s (CHsCN), m/z: calc. for [16<[10]CPPc1d]e
911.6166, observed 911.6019; calc. for [16<[10]CPP<1d-(BArF)"* 1165.2800, observed
1165.2686; calc. for [16<[10]CPPc1d-(BArF).]®* 1503.3379, observed 1503.3269.

MALDI-MS (DCTB, (+)), m/z: calc. for [16]" 1200.272, observed 1200.271.

Synthesis and characterization of e,e-bis-alkene-Ceo (17)

o o]
0 o ¥ = \"J%L"/\{")’a“\
~0 o
)Hsr)k ’ Release of -
(15) NaH guest ‘Q.‘
> e 4'§ )
rt., N N
CH,CN .

Scheme S.23. Synthesis of e,e-bis-alkene-Ceo (17).

Two stock solutions of the corresponding bromomalonate and sodium hydride in dry
acetonitrile were prepared. Then, 4.5 equivalents of bromomalonate 15 and NaH from
these solutions were added sequentially to a solution of Ceoc1b-(BArF)s (42.7 mg, 3.5
pumol) in 3.5 ml of dry acetonitrile (10 M) at room temperature. After monitoring the
reaction by HR-ESI-MS for 21 hours, the crude was filtered and the solvent was removed
under a N2 flow. The guests were released from the nanocapsule by decomposition with
the addition of 20 equivalents of triflic acid in acetonitrile. Then, the solvent was removed
under reduced pressure and extractions with toluene were performed. Derivatives were

isolated by a preparative TLC using toluene as eluent.
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HR-ESI-MS of 17c1b:(BArF)s (CHsCN), m/z: calc. for [17c1b]®" 792.5721, observed
792.4514; calc. for [17<1b-(BArF)]”* 1029.0920, observed 1029.2383; calc. for
[17c1b-(BArF),]®* 1344.4519, observed 1344.4606.

MALDI-MS (DCTB, (+)), m/z: calc. for [17]" 1200.272, observed 1199.872; calc. for [17
+ Na*]" 1223.262, observed 1222.840.

Synthesis and characterization of mono-alkene-Ceo (18)

\ 4

0-DCB:DMSO (2:1)
rt, 5

Scheme S.24. Synthesis of mono-alkene-Ceo (18).

A solution of Cs (40 mg) was prepared in 3 ml of o-DCB. Then, 26.8 mg of
bromomalonate 15 (1.5 equivalents) were added. A suspension of Na.CO; (47 mg, 8
equivalents) in 1.5 ml of DMSO was prepared. The first solution was added to the second
solution and it was stirred for 5 minutes. The mixture was added directly to a column to
stop the reaction and to separate 18 from Cso and other derivatives via flash column
chromatography. First, hexane was used to elute the remaining Ce and then

hexane:ethyl acetate (20:1) was used to elute 18.
Yield: 51%

H-NMR (400 MHz, CDCls) 8 ppm: 5.80 (qt, J = 10.2, 6.7 Hz, 1H, -CH=), 5.05 — 4.50 (m,
2H, =CHy), 4.50 (t, J = 6.5 Hz, 2H, -O-CHy-), 4.1 (s, 3H, -CHs), 2.06 (qt, J = 1.5 Hz, 3J
= 6.8 Hz, 2H, -CH2-), 1.88 — 1.81 (m, 2H, -CH2-), 1.51 — 1.18 (m, 8H, -CHz-).

Olefin metathesis using mono-adduct 18 without nanocapsule

40°C, DCM
no light, N,

[

Hoveyda-Grubbs |1 (10+10% mol)
3+3 days

Scheme S.25. Olefin metathesis using mono-adduct 18 to give product 1 in DCM.
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To a solution of mono-adduct 18 (5.45 mg, 5.64 pymols) in dichloromethane, 10% mol of
Hoveyda-Grubbs Il (M720) catalyst was added from a stock solution in DCM. The
reaction was stirred under a N2 atmosphere for 3 days at 40°C. Then, a 10% mol more
of the same catalyst was added and it was stirred for 3 days more. The reaction was
prevented from light. The solvent was evaporated under reduced pressure and a column
chromatography was carried out to purify 19 using first a mixture of petroleum ether and
ethyl acetate (9:1) to elute the remaining reactants and byproducts and, then,

dichloromethane to elute 19.

1H-NMR (400 MHz, CDCls) & ppm: 5.31 — 5.29 (m, 2H, -CH=CH-), 4.43 (t, J = 6.5 Hz,
4H, -O-CHj-), 4.02 (s, 6H, -CHs), 1.80 — 1.73 (m, J = 6.6 Hz, 4H, -CHy-), 1.41 — 1.16 (m,
20H, -CHy-).

MALDI-MS (DCTB, (+)), m/z: calc. for [19]* 1893.244, observed 1893.246.

no light, N,

Hoveyda-Grubbs |1 (10+10% mol)
3+3 days

Scheme S.26. Olefin metathesis using mono-adduct 18 to give product 19 in DCM:CH3CN 9:1.

To a solution of mono-adduct 18 (4.6 mg, 4.8 pymols) in 0.97 ml of a mixture of
DCM:CH3CN (9:1), 10% mol of Hoveyda-Grubbs Il (M720) catalyst was added from a
stock solution in DCM. The reaction was stirred under a N, atmosphere for 3 days at
40°C. Then, a 10% mol more of the same catalyst was added and it was stirred for 3
days more. The reaction was prevented from light. The solvent was evaporated under

reduced pressure.

40°C, THF
no light, N,

Hoveyda-Grubbs |1 (10+10% mol)
3+3 days

Scheme S.27. Olefin metathesis using mono-adduct 18 to give product 19 in THF.

To a solution of mono-adduct 18 (4.9 mg, 5.1 ymols) in tetrahydrofuran. 10% mol of
Hoveyda-Grubbs Il (M720) catalyst was added from a stock solution in DCM. The
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reaction was stirred under a N2 atmosphere for 3 days at 40°C. Then, a 10% mol more
of the same catalyst was added and it was stirred for 3 days more. The reaction was

prevented from light. The solvent was evaporated under reduced pressure.

Olefin metathesis using 181b-(BArF)s complex

Lo
40°C, THF
no light, N,

4

>

Hoveyda-Grubbs 1 (10+10% mol)
3+3 days

181b-(BArF)g 19c1b-(BArF)g
Scheme S.28. Olefin metathesis using 18<1b-(BArF)s to achieve 19c1b-(BArF)s.

A solution of 18=1b-(BArF)s (5.54 mg, 0.46 umols) in 0.3 ml of dry acetonitrile was
prepared in a concentration of 1.5-10-3 M. Stock solutions of Hoveyda-Grubbs (Il) (M720)
catalyst and 18 in THF were also prepared. 10% mol catalyst and 1 equivalent of 18 was
added to 18c1d-(BArF)s and it was stirred for 3 days at 40°C. Then, 10% mol more of
catalyst and 3 equivalents more of 18 were added again to the mixture and it was stirred
3 days more at the same temperature. Then, the crude was filtered and the solvent was

evaporated under reduced pressure.

Synthesis [2]catenane (20) through olefin metathesis

40°C, DCM
no light, N,

»

Hoveyda-Grubbs |1 (10+10% mol)
3+3 days

16[10]CPP 17 20

Scheme S.29. Synthesis [2]catenane (20) through olefin metathesis.

1.1 mg (0.55 pmols) of trans-3-bis-alkene-Cec[10]CPP were mixed with 1.1 mg
(0.91umols) of e,e-bis-alkene-Cgo in 1.46 ml of DCM (10 M). Then, a stock solution of
Hoveyda-Grubbs Il (M720) catalyst was prepared and 10% mol was added to the mixture
under N. atmosphere and at 40°C and it was stirred for 3 days. Then, 10% mol more of
catalyst was added and it was stirred for 3 days more. The solvent was evaporated under

reduced pressure.
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Control experiment of olefin metathesis using 4-tert-butylstyrene

= Hoveyda-Grubbs I1 (10 % mol)
XQ/\ 30% mol 1b-(BArF)g =
rt, THF " O

no light, N, 21

Scheme S.30. Control experiment of olefin metathesis using 4-tert-butylstyrene and 30% mol of 1b-(BArF)s
nanocapsule.

1.1 ul of 4-tert-butylsteryne was dissolved in 4 ml of THF and it was divided into two vials
(1.53 mmol). A stock solution of Hoveyda-Grubbs Il (M720) catalyst was prepared in THF.
In the first vial, 10% mol of catalyst and 11.8 mg (30% mol) of 1b-(BArF)s were added
and the reaction was stirred at room temperature for 3 days. In the second vial, only 10%
mol of catalyst was added and it was stirred at the same conditions. After 3 days, the

solvent was evaporated under reduced pressure.

Annex VI.1.2 2" strategy: CuAAc

Synthesis and characterization of bromomalonate 22 (by Prof. Max von Delius and MSc

Fabian Steudel)
PBrs;, Bry Q Q H Ow o o
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Scheme S.31. Synthesis of bromomalonate 22.

In a heat-dried Schlenk flask a mixture of methyl hydrogen malonate (0.35 mL, 0.39 g,
3.1 mmol, 4.6 equiv.) and phosphorous tribromide (0.12mL, 0.34g, 1.3 mmol,
1.9 equiv.) was heated to 100 °C under argon atmosphere. Bromine (0.40 mL, 1.2 g,
7.8 mmol, 11 equiv.) was added dropwise, and the reaction mixture was stirred at 100 °C
for 4 h. Excess bromine and hydrogen bromide was removed under reduced pressure.
The reaction mixture was diluted with anhydrous THF (1 mL) and was added dropwise
to a solution of 9-decyn-1-ol (0.12 mL, 0.10 g, 0.67 mmol, 1.0 equiv.) and triethylamine
(0.30 mL, 0.22 g, 2.2 mmol, 3.2 equiv.) in anhydrous THF (12 mL). The reaction mixture
was stirred for 1 h at 0 °C and subsequently quenched by addition of saturated aqueous
thiosulfate solution (10 mL). Water was added and the aqueous phase was extracted
with DCM (3 x 30 mL). The combined organic phases were dried over magnesium
sulphate, filtered and evaporated. The compound was purified by flash column

chromatography (petroleum ether/ethyl acetate 93:7). Yield: 69%
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H-NMR (400 MHz, CDCls) & ppm: 4.84 (s, 1H, Huaonate), 4.22 (t, J = 6.69 Hz, 2H, -O-
CHz-), 3.83 (s, 3H, -O-CHs), 2.17 (td, J = 6.99 Hz, J = 2.63 Hz, 2H, -CH-C=C-), 1.93 (t,
J = 2.66 Hz, 1H, -C=C-H), 1.70 — 1.63 (m, 2H, -CHz-), 1.55 — 1.48 (m, 2H, -CHy-), 1.42 —
1.28 (m, 8H, -CHz-).

Synthesis and characterization of bromomalonate 23 (by Prof. Max von Delius and MSc
Fabian Steudel)

o o  PBrBr M 23.1 /U\[/l
oy~ N

Br Br

Scheme S.32. Synthesis of bromomalonate 23.

Synthesis of 23.1:

To a solution of 8-bromooctan-1-ol (0.20 mL, 0.24 g, 1.1 mmol, 1.0 equiv.) in DMF (4 mL)
was added sodium azide (0.20 g, 3.1 mmol, 2.7 equiv.) at 0 °C. The reaction mixture was
slowly heated to 85 °C and stirred at this temperature for 21 h. The reaction mixture was
poured into ice-water (30 mL) and extracted with ethyl acetate (3 x 30 mL). The

combined organic phases were dried over magnesium sulfate. Yield: 88%

1H-NMR (400 MHz, CDCls) & ppm: 3.63 (t, J=6.61Hz, 2H, -O-CH-), 3.25 (t,
J = 6.95 Hz, 2H, N3-CH-), 1.63 — 1.53 (m, 4H, -CH,-), 1.40 — 1.30 (m, 8H, -CHa-).

Synthesis of 23:

In a heat-dried Schlenk flask a mixture of methyl hydrogen malonate (0.35 mL, 0.39 g,
3.1 mmol, 4.0 equiv.) and phosporous tribromide (0.12 mL, 0.34 g, 1.3 mmol, 1.6 equiv.)
was heated to 100 °C under argon atmosphere. Bromine (0.42 mL, 1.3 g, 8.2 mmol,
10 equiv.) was added dropwise, and the reaction mixture was stirred at 100 °C for 4 h.
Excess bromine and hydrogen bromide was removed under reduced pressure. The
reaction mixture was diluted with anhydrous DCM (1 mL) and was added dropwise to a
solution of 8-azidooctan-1-ol 23.1 (0.13 g, 0.78 mmol, 1.0 equiv.) and triethylamine
(0.30 mL, 0.22 g, 2.2 mmol, 2.8 equiv.) in anhydrous DCM (6.5 mL). The reaction mixture
was stirred for 1 h at 0 °C and subsequently quenched by addition of saturated aqueous
thiosulfate solution (10 mL). Water was added and the aqueous phase was extracted

with DCM (3 x 30 mL). The combined organic phases were dried over magnesium
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sulfate, filtered and evaporated. The compound was purified by flash column

chromatography (petroleum ether:ethyl acetate 19:1). Yield: 30%

H-NMR (400 MHz, CDCls) & ppm: 4.85 (s, 1H, Huaionate), 4.23 (t, J = 6.69 Hz, 2H, -O-
CHy-), 3.84 (s, 3H, -O-CHs), 3.28 (t, J = 6.42 Hz, 2H, Ns-CHz-), 1.71 — 1.64 (m, 2H, -CHa-
), 1.63 — 1.58 (m, 2H, -CHz-), 1.40 — 1.28 (m, 8H, -CHz-).

Synthesis and characterization of trans-3-bis-alkyne-Ceo (24)

o] o]
o S VAN
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CHACN, r.t., N,

Scheme S.33. Synthesis of trans-3-bis-alkyne-Ceo (24).

Two stock solutions of the corresponding bromomalonate and sodium hydride in dry
acetonitrile were prepared. Then, 20 equivalents of bromomalonate 22 and NaH from
these solutions were added sequentially to a solution of Csoc[10]CPPc1d-(BArF)s (9.7
mg, 0.79 umol) in 0.8 ml of dry acetonitrile (10~ M) at room temperature. After monitoring
the reaction by HR-ESI-MS for 42 hours, the crude was filtered and the solvent was
removed under a N flow. Exchange with 5 equivalents of Ceo was performed to release
bis-adducts from [10]CPP in 3 ml of a mixture or acetonitrile and toluene (1:9). After
stirring overnight at room temperature, solvent was removed under reduced pressure
and 24 was extracted with toluene. Derivatives were isolated by a preparative TLC using

toluene as eluent.

HR-ESI-MS of 24c[10]CPPc1d-(BArF)s (CHsCN), m/z: calc. for [24c[10]CPPc1d)®
914.6116, observed 914.8477; calc. for [24<[10]CPPc1d-(BArF)]"* 1168.7086, observed
1168.5534; calc. for [24<[10]CPPc1d-(BArF),]®* 1507.3379, observed 1507.1639.

MALDI-MS (DCTB, (+)), m/z: calc. for [24]* 1222.257, observed 1224.204; calc. for
[24+Na*]* 1245.246, observed 1247.192.
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Synthesis and characterization of bis-azide-Ceo (25)
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Scheme S.34. Synthesis of bis-azide-Cso (25).

Two stock solutions of the corresponding bromomalonate and sodium hydride in dry
acetonitrile were prepared. Then, 25 equivalents of bromomalonate 23 and 13
equivalents of NaH from these solutions were added sequentially to a solution of
Ceoc[10]CPPc1d:(BArF)s (6.3 mg, 0.51 umol) in 0.5 ml of dry acetonitrile (10 M) at
room temperature. After monitoring the reaction by HR-ESI-MS for 39 hours, the crude
was filtered and the solvent was removed under a N, flow. Exchange with 5 equivalents
of Ceo was performed to release bis-adducts from [10]CPP in 3 ml of a mixture or
acetonitrile and toluene (1:9). After stirring overnight at room temperature, solvent was
removed under reduced pressure and 25 was extracted by extractions with toluene.

Derivatives were isolated by a preparative TLC using toluene as eluent.

HR-ESI-MS of 25c[10]CPPc1d-(BArF)s (CHsCN), m/z: calc. for [25c[10]CPPc1d)®
918.8619, observed 918.7317.

Synthesis and characterization of mono-alkyne-Ceo (26)

Scheme S.35. Synthesis of mono-alkyne-Ceo (26).

A solution of Ceo (40 mg) was prepared in 3 ml of o-DCB. Then, 27.7 mg of the
bromomalonate 22 (1.5 equivalents) were added. A suspension of Na.COs (47 mg, 8
equivalents) in 1.5 ml of DMSO was prepared. The first solution was added to the second
solution and it was stirred for 5 minutes. The mixture was added directly to a column to
stop the reaction and to separate 26 from Ceo and other derivatives via column
chromatography. First, hexane was used to elute the remaining Ceo and then

hexane:ethyl acetate (20:1) was used to elute 26. Yield: 58%
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1H-NMR (400 MHz, CDCls) & ppm: 4.50 (t, J = 6.5 Hz, 2H, -O-CH-), 4.10 (s, 3H, -O-
CHs), 2.19 (td, J = 7.0, 2.6 Hz, 2H, -CH,-C=C-), 1.94 (t, J = 2.6 Hz, 1H, -C=C-H), 1.88-
1.81 (m, 1H, 2H, -CH,-), 1.53-1.33 (m, 10H).

MALDI-MS (DCTB, (+)), m/z: calc. for [26]* 972.136, observed 971.958.

Synthesis and characterization of mono-azide-Ce (27)

O O
e
A Aot Nagco,
Br

\ 4

o-DCB:DMSO (2:1), 1%’

Scheme S.36. Synthesis of mono-azide-Cso (27).

A solution of Ces (40 mg) was prepared in 3 ml of 0-DCB. Then, 29.2 mg of the
bromomalonate 23 (1.5 equivalents) were added. A suspension of Na.COs (47 mg, 8
equivalents) in 1.5 ml of DMSO was prepared. The first solution was added to the second
solution and it was stirred for 5 minutes. The mixture was added directly to a column to
stop the reaction and to separate 27 from Ceo and other derivatives via column
chromatography. First, hexane was used to elute the remaining Ceo and then

hexane:ethyl acetate (20:1) was used to elute 27. Yield: 47%

H-NMR (400 MHz, CDCls) & ppm: 4.51 (t, J = 6.5 Hz, 2H, -O-CHy-), 4.10 (s, 3H, -O-
CHs), 3.26 (t, J = 6.9 Hz, 2H, N3-CHz-), 1.88 — 1.81 (m, 2H, -CHy-), 1.63 — 1.57 (m, 2H, -
CHy-), 1.44 — 1.36 (s, 8H, -CH,-).

MALDI-MS (DCTB, (+)), m/z: calc. for [27]* 989.138, observed 989.446

CuAAc using mono-adducts 26 and 27 (without nanocapsule)

2 equiv. CuS0Q,-5H,0
10 equiv. NaAsc

DCM:H,0 1:1,40°C
18h, N,

Scheme S.37. CuAAc using mono-adducts 26 and 27 without nanocapsule.
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1.83 mg (1.85 pmol) of mono-adduct 27 and 2.16 mg (2.22 pmol) of mono-adduct 26
were dissolved in 2 ml of DCM. Another solution of 0.92 mg (2 equivalents) of
CuS04-5H,0 was prepared in Milli-Q water and 3.67 mg (10 equivalents) of NaAsc was
added under N2 atmosphere. Organic phase was poured into the aqueous phase and
the mixture was vigorously stirred overnight at 40°C under N, atmosphere. When both
phases were separated, organic phase was extracted and the solvent was evaporated

under reduced pressure.

MALDI-MS (DCTB, (+)), m/z: calc. for [28]" 1962.277, observed 1962.744

CuAAc using 27c1b-(BArF)s and mono-adduct 26

CuSQ,-5H,0
NaAsc

r

DCM/H,0 1:1
N, 40°C

27-1b-(BArF), 26 28—1b-(BArF),

Scheme S.38. CuAAc using 271b-(BArF)s and mono-adduct 26 to give 281b-(BArF)s.

A solution of 27c1b- (BArF)s (8.65 mg, 0.66 pmols, 1 equivalent) and 0.77 mg of 26 (0.79
pmols, 1.2 equivalents) in 2 ml of DCM were prepared. Stock solutions of CuSO4-5H,0
(7.61 mg / 2ml) and sodium ascorbate (12.94 mg / 2ml) in Milli-Q water were also
prepared. Then, 2 equivalents of CuSO4:5H,0O and 10 equivalents of NaAsc were
dissolved in 2 ml of Milli-Q water under a N2 atmosphere. This aqueous phase was added
to the organic phase and it was vigorously stirred 16 hours at 40°C under a N-
atmosphere. 2 equivalents of CuSO4-5H20 and 10 equivalents of NaAsc were added
again to the crude and it was stirred for 17 hours more. When both phases were
separated, organic phase was extracted and the solvent was evaporated under reduced

pressure.

Stability test of 271b-(BArF)s

A solution of 27c1b-(BArF)s (4.75 mg, 0.37 pmols) in 2 ml of DCM was prepared under
N2 atmosphere. 2 ml of Milli-Q water was added and the mixture was vigorously stirred
for 18 hours at 40°C. After this time, 2 equivalents of CuSO4-5H.0 and 10 equivalents of
NaAsc were added from stock solutions in Milli-Q water (7.61 mg / 2ml and 12.94 mg /

2m, respectively) and the mixture was stirred for 18 hours more. When both phases were
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separated, organic phase was extracted and the solvent was evaporated under reduced

pressure.

Annex VI.1.3 3" strategy: Bingel-Hirsch reaction

Synthesis and characterization of bromomalonate 29 (by Prof. Max von Delius and MSc
Fabian Steudel)

Synthesis of 29.1

@] @] @] @]
o o P‘IBOrS ‘E:rz JYU\ HO/\M;\ o J\l)\
~ ~
— @] B > 0] (@] B
\OMOH r /\ﬁd/s‘\ r

Br NEt;, DCM Br

29.1
Scheme S.39. Synthesis of bromomalonate 29.1 for the synthesis of bromomalonate 29.
In a heat-dried Schlenk flask a mixture of methyl hydrogen malonate (0.35 mL, 0.39 g,
3.1 mmol, 4.6 equiv.) and phosphorous tribromide (0.12mL, 0.34g, 1.3 mmol,
1.9 equiv.) was heated to 100 °C under argon atmosphere. Bromine (0.40 mL, 1.2 g,
7.8 mmol, 12 equiv.) was added dropwise, and the reaction mixture was stirred at 100 °C
for 4 h. Excess bromine and hydrogen bromide was removed under reduced pressure.
The reaction mixture was diluted with anhydrous THF (1 mL) and was added dropwise
to a solution of 8-bromooctan-1-ol (95 L, 0.14 g, 0.67 mmol, 1.0 equiv.) and
triethylamine (0.30 mL, 0.22 g, 2.2 mmol, 3.2 equiv.) in anhydrous THF (12 mL). The
reaction mixture was stirred for 1 h at 0 °C and subsequently quenched by addition of
saturated aqueous thiosulfate solution (10 mL). Water was added and the aqueous
phase was extracted with DCM (6 x 30 mL). The combined organic phases were dried
over magnesium sulfate, filtered and evaporated. The compound was purified by flash

column chromatography (petroleum ether/ethyl acetate 93:7). Yield: 62%

H-NMR (400 MHz, CDCl3) & ppm: 4.85 (s, 1H, Hyaonate), 4.22 (t, J = 6.63 Hz, 2H, -O-
CHy-), 3.84 (s, 3H, -O-CHa), 3.40 (t, J = 6.82 Hz, 2H, Br-CHy-), 1.89 — 1.81 (m, 2H, -CHo-
), 1.71 — 1.64 (m, 2H, -CH2-), 1.47 — 1.29 (m, 6H, -CH-).

253



Synthesis of 29.2
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Scheme S.40. Synthesis of compound 29.2 for the synthesis of bromomalonate 29.

In a 100 mL pressure flask a solution of hydroquinone (1.0 g, 9.1 mmol, 1.0 equiv.) in
DMF (100 mL) was degassed with argon for 10 min and cesium carbonate (16 g,
50 mmol, 2.6 equiv.) was added. The resulting orange solution was stirred and degassed
for ten more minutes under inert atmosphere before dropwise addition of 8-bromooctan-
1-ol (4.3 g, 3.5 mL, 19 mmol, 2.1 equiv.). The reaction mixture was stirred at 120 °C for
22 h before the reaction was cooled to room temperature and poured into stirred 1N HCI
(700 mL) solution. A colourless precipitate was filtered off, dried under vacuum, and
recrystallized from DCM at -32 °C. Yield: 83%

H-NMR (400 MHz, CDCls) 8 ppm: 6.81 (s, 4H, Hary), 3.89 (t, J = 6.6 Hz, 4H, -CH»-O-Ph-
), 3.64 (t, J = 6.6 Hz, 4H, -CH,-OH), 1.75 (dq, J = 7.9, 6.6 Hz, 4H, -CH,-), 1.61 — 1.53 (m,
4H, -CHo-), 1.49 — 1.40 (m, 4H, -CHz-), 1.36 (m, 12H, -CH,-).

Synthesis of 29.3
0 O

cl )J\/U\O/ 0 0
HOAH;\O\@\ > \OMO/\%%/\O
NEt;, DMF, 0°C
O/\H;\OH 3 O

29.2 29.3

OAHf\OH

Scheme S.41. Synthesis of malonate 29.3 for the synthesis of bromomalonate 29.

To a solution of 29.2 (1.5 g, 4.1 mmol, 1.0 equiv.) and triethylamine (2.5 g, 3.5 mL,
25 mmol, 4.3 equiv.) in DMF (50 mL) was added methyl malonyl chloride (0.79 g,
0.62mL, 5.8 mmol, 1.4 equiv.) at 0°C and the reaction was stirred under inert
atmosphere for 16 h. The reaction was quenched by addition of water (50 mL) and 2N
HCI (10 mL). The aqueous phase was extracted with DCM (4 x 100 mL) and the
combined organic phases were dried over magnesium sulphate, filtered and evaporated.
The pure compound was obtained after purification with flash column chromatography

(petroleum ether/acetone 3:1). Yield: 19%
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H-NMR (400 MHz, CDCl3) & ppm: 6.80 (s, 4H, Hary), 4.13 (t, J = 6.7 Hz, 2H, -CH,00C-),
3.88 (t, J = 6.5 Hz, 4H, -CH2-Ph-), 3.73 (s, 3H, -CHs), 3.62 (t, J = 6.6 Hz, 2H, -CH-OH),
3.37 (s, 2H, Huaionate), 1.77 — 1.69 (m, 4H, -CH-), 1.68 — 1.60 (m, 2H, -CHz-), 1.56 — 1.52
(M, 4H, -CHy-), 1.45 — 1.41 (m, 4H, -CHy-), 1.37 — 1.29 (m, 10H, -CH-).

Synthesis of bromomalonate 29

PBr3 Br2 0] O
100°C 293 - M
‘“O OH —» O)H)'I\Br NEt Do By O/\H;\O\O\ 0 0
& O/\H/\OMO/

Scheme S.42. Synthesis of bromomalonate 29.

In an oven-dried Schlenk-tube, phosphorus tribromide (18 uL, 51 mg, 0.19 mmol,
1.64 equiv.) was added to methyl hydrogen malonate (53 yL, 60 mg, 0.47 mmol,
4.0 equiv.). Bromine (55 uL, 0.17 g, 1.1 mmol, 9.2 equiv.) was added dropwise atr.t. and
the reaction mixture was stirred at 100 °C for 4 h. After the reaction mixture has cooled
down, excess bromine and hydrogen bromide were removed at reduced pressure. The
mixture was dissolved in anhydrous THF (1 mL) and was added dropwise to a solution
of 29.3 (54 mg, 0.12 mmol, 1.00 eq.) and triethylamine (50 pL, 36 mg, 0.36 mmol,
3.1 equiv.) in anhydrous THF (6 mL) at 0 °C. The reaction mixture was stirred at 0 °C for
1 h and subsequently quenched with an aqueous thiosulfate solution (10 mL). The
aqueous phase was extracted with DCM (3 x 20 mL) and the combined organic phases
were dried over magnesium sulphate, filtered and evaporated under reduced pressure.

After flash column chromatography (petroleum ether/acetone 85:15). Yield: 59%

H-NMR (400 MHz, CDCls) 5 ppm: 6.81 (s, 4H, Hay), 4.85 (s, 1H, Haromomalonate), 4-23 (t,
J = 6.6 Hz, 2H, -CH,O0CCBrH-), 4.14 (t, J = 6.7 Hz, 2H, -CH,OOCCH,-), 3.89 (t, J = 6.5
Hz, 4H, -CH,-Ph-), 3.83 (s, 3H, -CBrHCOOCH:), 3.75 (s, 3H, -CH.COOCH;), 3.38 (s,
2H, Huaionate), 1.80 — 1.59 (m, 8H, -CHz-), 1.51 — 1.31 (m, 16H, -CHo-).
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Synthesis and characterization of 30c[10]CPPc1d-(BArF)s

NaH, CHsCN, r.t., N,

31c[10]CPPc1d-(BArF)g 30c[10]CPPc1d-(BArF)g
Scheme S.43. Synthesis of 30c[10]CPPc1d-(BArF)s.

Two stock solutions of the corresponding bromomalonate and sodium hydride in dry
acetonitrile were prepared. Then, 9 equivalents of bromomalonate 29 and NaH from
these solutions were added sequentially to a solution of mono-malonate-
Ceoc[10]CPPc1d-(BArF)s (3.2 mg, 0.25 umol) in 0.20 ml of dry acetonitrile (1.3:10 M)
at room temperature. After monitoring the reaction by HR-ESI-MS for 5 hours, the crude
was filtered and the solvent was removed under a N2 flow. The remaining solid was

washed with diethyl ether.

HR-ESI-MS of 30<[10]CPPc1d-(BArF)s (CH3CN), m/z: calc. for [30c[10]CPPc1d)®”
992.7761, observed 992.8939; calc. for [30-Brc[10]CPPc1d]®* 1002.8832, observed
1012.7508; calc. for [30-Br.c[10]CPPc1d]® 1012.7554, observed 1012.7508; calc. for
[30c[10]CPPc1d-(BArF))"™  1257.8966, observed 1256.2903; calc. for [30-
Brc[10]CPPc1d-(BArF)™*  1269.3133, observed 1269.4485; calc. for [30-
Br.c[10]CPPc1d-(BArF)]™* 1280.7301, observed 1281.0071.

Synthesis and characterization of mono-adduct 31

Ao LTI Nagco, D
> Neds/

0-DCB:DMSO (2:1), 5 X7

31

Scheme S.44. Synthesis of mono-adduct 31.

A solution of Ceo (5.7 mg) was prepared in 2 ml of o-DCB. Then, 5.1 mg of the

bromomalonate 29 (1 equivalents) were added. A suspension of Na;COs (4.2 mg, 5
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equivalents) in 1 ml of DMSO was prepared. The first solution was added to the second
solution and it was stirred for 5 minutes. The mixture was added directly to a column to
stop the reaction and was purified via column chromatography. First, hexane was used
to elute the remaining Ceo and then hexane:ethyl acetate (20:1) was used to elute 31.
Yield: 56%

1H-NMR (400 MHz, CDCl3) & ppm: 6.80 (s, 4H, Hay), 4.51 (t, J = 6.4 Hz, 2H, -CH-
OOCCBrH-), 4.14 (t, J = 6.7 Hz, 2H, -CH,-OOC-CH,-), 4.09 (s, 3H, -CBrHCOOCHS),
3.89 (t, J = 6.5 Hz, 4H, -CHx-Ph-), 3.75 (s, 3H, -CH,COO-CHs), 3.38 (s, 2H, Huaionate),
1.90 — 1.60 (m, 8H, -CHz-), 1.52 — 1.27 (m, 16H, -CHy-).

MALDI-MS (DCTB, (+)), m/z: calc. for [31]" 1284.309, observed 1284.811; calc. for
[31+Na*]" 1307.299, observed 1307.925.

Synthesis and characterization of 31c[10]CPP

Nods/
X2 CHCl,, r.t.

Scheme S.45. Synthesis of 31c[10]CPP complex

v

31c[10]CPP

A solution of 5.9 mg of mono-adduct 31 in 5 ml CHCI3 was added to a solution of 3.3 mg
(1 equivalent) of [10]CPP in 5 ml CHCIs and it was stirred for 3 hours at room temperature

to form 31c[10]CPP. The solvent was evaporated under reduced pressure. Yield: 95%

H-NMR (400 MHz, CDCls) & ppm: 7.53 (s, 40H, [10]CPP), 6.87 — 6.77 (m, 4H, Hary),
4.60 (t, J = 6.6 Hz, 2H, -CH,00C-CBrH-), 4.19 (s, 3H, -CBrH-COO-CHs), 4.14 (t, J= 6.7,
2H, -CH,-O0C-CHy-), 3.95 (t, J = 6.5 Hz, 1H, -CHx-Ph-), 3.90 (t, J = 6.6 Hz, 1H, -CHo-
Ph-), 3.75 (s, 3H, -CH2CO0-CHs), 3.38 (s, 2H, Hyaionate), 2.01 — 1.94 (m, 2H, -CHy-), 1.87
—1.80 (m, 2H, -CHy-), 1.79 — 1.71 (m, 2H, -CH,-), 1.68 — 1.39 (m, 18H, -CHy-).
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Blank Bingel-Hirsch reaction using 1b-(BArF)s nanocapsule

CBry, NaH

MeCN, N, r.t.

32c[10]CPPc1d-(BArF),
Scheme S.46. Blank Bingel-Hirsch reaction using 1b-(BArF)s nanocapsule.

Three stock solutions of the corresponding bromomalonate, sodium hydride and CBr4 in

dry acetonitrile were prepared. Then, 6 equivalents of diethyl bromomalonate, NaH and

CBr4 from these solutions were added sequentially to a solution of Ceoc1b-(BArF)s (6.7

mg, 0.55 uymol) in 0.55 ml of dry acetonitrile (102 M) at room temperature. After

monitoring the reaction by HR-ESI-MS for 5.5 hours, the crude was filtered and the

solvent was removed under a N> flow.

HR-ESI-MS of 32c[10]CPPc1d:(BArF)s (CHsCN), m/z: calc. for [32c1b]®* 772.0525,
observed 771.9195; calc. for [32<1b-(BArF)]”* 1005.6410, observed 1005.6343; calc.
for [32c1b-(BArF).]°* 1317.0924, observed 1316.9405.

Bingel-Hirsch reaction starting from encapsulated 31 and 30 by [10]CPPc1d-(BArF)s

rt, N,

30[10]CPP1d-(BArF);2

Scheme S.47. Bingel-Hirsch reaction starting from encapsulated 31 and 30 (1:08) by [10]CPPc1d-(BArF)s.
a: only 30c[10]CPPc1d-(BArF)s is depicted for clarity.

Three stock solutions of CBrs4, NaH and Ceoc1b-(BArF)s in dry acetonitrile were prepared.
Then, 1.5 equivalents of CBrs, 0.75 equivalents of NaH and 1 equivalent of
Ceoc1b-(BArF)s from these solutions were added sequentially to a solution of
31 [10]CPPc1d-(BArF)s and 30c[10]CPPc1d- (BArF)s (1:08, respectively) (0.26 umol)

in 0.26 ml of dry acetonitrile (10 M) at room temperature. After monitoring the reaction
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by HR-ESI-MS for 4 hours, the crude was filtered and the solvent was removed under a

N flow.

Annex V1.2 Supplemental figures
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Figure S.97. "H-NMR spectrum of bromomalonate 15. Experiment performed in CDCls at 298K (400 MHz).

I Fraction 1
> Fraction 2

Figure S.98. TLC preparative of the purification of bis-adducts after Bingel reaction using the vinyl-
containing bromomalonate and starting from Ceoc[10]CPPc1d-(BArF)s.
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CH,CN:toluene (1:9)
r.t., 16h

15c[10]CPP1d-(BArF); 15 Ceo[10]CPP1d-(BArF),
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Figure S.99. HR-ESI mass spectrum after the exchange with Ceo from the Bingel reaction using
bromomalonate 15.

1178223849 (+6)
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Figure S.100. a) Preparative TLC of the purification of bis-adducts 17 after Bingel reaction using

bromomalonate 15. b) HPLC analysis of e,e-bis-adduct 17 and UV-vis spectrum of the corresponding
peak.
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Figure S.101. "H-NMR spectrum of mono-adduct 18. Experiment performed in CDCl3 at 298K (400 MHz).
A: H20, B: grease.

|| . LAl

ik Ju A JJ\JL

—T— 77— T—— 71— — 77—

6.0 55 5.0 a5 "40 35 30 25 20 15 1.0
ppm

Figure S.102. Top: "H-NMR spectrum of bromomalonate 15. Bottom: "H-NMR spectrum of mono-adduct
18. Experiments performed in CDCI3 at 298K (400 MHz).
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Figure S.103. "TH-NMR spectrum of olefin metathesis product (19) using mono-adduct 18. Experiment
performed in CDCls at 298K (400 MHz). A: H20, B: grease.
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Figure S.104. MALDI mass spectrum of olefin metathesis product (19) using mono-adduct 18.
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Figure S.105. MALDI mass spectrum of the crude reaction after 6 days of olefin metathesis starting from
mono-adduct 18 using a mixture of dichloromethane and acetonitrile (9:1).
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Figure S.106. a) "H-NMR spectrum of mono-adduct 18 (starting material). b) "H-NMR spectrum of the
crude reaction after 6 days of olefin metathesis starting from 18 in a mixture of dichloromethane and
acetonitrile (9:1).

264



40 °C, THF
no light, No

Hoveyda-Grubbs 11 (10+10% mol)
3+3 days

JA\,‘M A

52 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 44 42 4.0
ppm
Figure S.107. a) "H-NMR spectrum of 18 (starting material). b) "H-NMR spectrum of the crude reaction
after 6 days of olefin metathesis starting from 18 in THF.
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Figure S.108. HR-ESI-MS monitoring of olefin metathesis starting from 18<1b-(BArF)s in THF.
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Figure S.109. MALDI-MS monitoring of olefin metathesis starting from bis-adducts 16c[10]JCPP and 17.
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Figure S.110. "H-NMR spectrum of bromomalonate 22. Experiment performed in CDClI3 at 298K (400
MHz). A: H20
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Figure S.111. "H-NMR spectrum of bromomalonate 23. Experiment performed in CDCI3 at 298K (400

MHz). A: H20
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Figure S.112. MALDI mass spectra of fractions collected after preparative TLC after releasing 25 from
25c[10]CPPc1d-(BArF)s.
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Figure S.113. "TH-NMR spectrum of mono-adduct 26. Experiment performed in CDCl3 at 298K (400 MHz).
B: grease
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Figure S.114. "TH-NMR spectrum of mono-adduct 27. Experiment performed in CDCls at 298K (400 MHz).
A: H20, B: grease
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Figure S.115. MALDI mass spectra of mono-adduct 26 (fop) and mono-adduct 27 (bottom).
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Figure S.116. Top: "H-NMR spectrum of the bromomalonate 22. Bottom: "H-NMR spectrum of the mono-
adduct 26.
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Figure S.117. Top: "H-NMR spectrum of bromomalonate 23. Bottom: "H-NMR spectrum of mono-adduct
27.
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Figure S.118. HR-ESI-MS monitoring of CUAAC starting from 27<1b-(BArF)s and 26.
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Figure S.119. "H-NMR spectrum of compound 29.1. Experiment performed in CDCls at 298K (400 MHz). A:

H20.
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Figure S. 120. "H-NMR spectrum of compound 29.2. Experiment performed in CDCI3 at 298K (400 MHz).
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Figure S.121. "H-NMR spectrum of compound 29.3. Experiment performed in CDCI3 at 298K (400 MHz).
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Figure S.122. "TH-NMR spectrum of bromomalonate 29. Experiment performed in CDCI3 at 298K (400

MHz). ®: CHCl3, A: H20
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Figure S.123. "H-NMR spectrum of mono-adduct 31. Experiment performed in CDCl3 at 298K (400 MHz).
®: CHCls.
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Figure S.124. Top: "H-NMR spectrum of the bromomalonate 29. Bottom: 'H-NMR spectrum of mono-
adduct 31.

274



fau]

Intens

2000 1307925
65000
4000
1284811
2000
0 — — T T — T T — T T T T T — — T T T
1150 1200 1250 1300 1350 1400

miz

Figure S.125. MALDI mass spectra of mono-adduct 31. Peaks corresponding to [31]* (m/z=1284.811) and
[31+Na*]* (m/z=1307.925).
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Figure S.126. "H-NMR spectrum of complex 31c[10]CPP. Experiment performed in CDCl3 at 298K (400

MHz). ®: CHCls.

275



CHCI,

CHCl;

ppm

Figure S.127. Top: "H-NMR spectrum of mono-adduct 31. Bottom: "H-NMR spectrum of 31c{10]JCPP.
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Figure S.128. HR mass spectra of the crude reaction of Bingel-Hirsch reaction without washes of CHCl3
(top) and with washes of CHCIs (bottom). Note that peaks with (+7) charge correspond to nanocapsules
with Br instead of BArF as counterion.
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Annex Chapter VII
Annex VII.1 Experimental procedures

Competition experiment between Tb@Cs2 and Tb.@Csy species using 1b-(BArF)s

nanocapsule (small scale)

0.7 mg (323.3 nmols considering that all EMFs are Tbo@Cso’) of fraction 1 (Figure VII.2)
were dissolved in 1 ml of CHCIs. Also, a stock solution of 1b-(BArF)s in CH3CN (2 mg/ml)
was prepared. Additions of 3 ul (0.5 nmols) of 1b-(BArF)s solution to the EMFs solution
were performed. After each addition, the mixture was stirred for 1 minute and it was
analysed directly by MALDI-MS.

Competition experiment between Tb@Cs2 and Tb.@Cso species using 1b-(BArF)s and
1c-(BArF)s nanocapsule (bigger scale)

A sample of 3 mg of purified EMFs extract was divided into two samples, one for each
experiment. EMFs were dissolved in 1 ml of CHCIs. A stock suspension of 1b-(BArF)s

and 1¢-(BArF)s in CHCI3 (1 mg/ml) were prepared.

Experiment with 1b-(BArF)s: two additions of 100 ul each (8.3 nmols each addition) of
1b-(BArF)s were performed to the solution of EMFs (692.5 nmols). Stirring times were 1-
1.5 hours at room temperature. After each addition, the solid was filtrated with Celite©
and recovered with CH3CN. The supernatant was monitored by MALDI-MS and the solid
was monitored by HR-ESI-MS.

Experiment with 1c-(BArF)s: four additions of 50-100 pl each (4.25-8.5 nmols each
addition) of 1¢-(BArF)s were performed to the other solution of EMFs (692.5 nmols).
Stirring times were 1-1.5h for the first and second additions and 16-48 hours for the third
and fourth additions at room temperature. After each addition, the solid was filtrated with
Celite © and recovered with CH3CN. The supernatant was monitored by MALDI-MS and
the solid was monitored by HR-ESI-MS.

Selective encapsulation of Tbo@Cso from a mixture of Tb@Cs2 and Tb@Cso using
1c-(BArF)s nanocapsule

0.75 mg (346.3 nmols considering that all EMFs are Tb,@Cso") of a purified EMF extract
was dissolved in 1 ml of CHCIs. Also, a stock suspension of 1¢-(BArF)s in CHCIz (1
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mg/ml) was prepared. One addition of 100 pl (8.5 nmols) of 1¢c-(BArF)s was performed
at room temperature and the suspension was stirred overnight (18 hours). Then, the

suspension was filtrated with Celite© and the solid was recovered with CH3CN.

HR-ESI-MS of Tbo@Csoc1c:(BArF); (CHzCN), m/z: calc. for [Tbo@Csoc1c]’ 867.7649,
observed 867.7597; calc. for [Tbo@Csoc1c:(BArF)]®* 1156.2369, observed 1156.2314;
calc. for [Tho@Csoc1c-(BArF),]°* 1560.2978, observed 1560.2868.

Annex VII.2 Supplemental figures
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Figure S.129. HR mass spectrum of the solid obtained after competitive experiments between Th@Csz
and Tb2@Cso’, adding 1b-(BArF)s in solution.
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