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Cycloparaphenylenes (CPPs) —
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Chapter 1

1.1 From graphite to CPPs

Carbon is an indispensable element and serves as a fundamental building block in organic
chemistry. It is present in a wide range of compounds throughout the universe, from the interstellar
medium to unicellular organisms, and can be found in over 95% of known chemical compounds, ]
many of which are fundamental to modern technologies, such as synthetic polymers,
pharmaceuticals and energy materials. The capacity of carbon to adopt various orbital
hybridizations (sp, sp?, and sp?®) allows it to form stable covalent bonds not only with itself but also
many other elements. As a result, carbon-based compounds display remarkable structural

diversity and a wide range of physicochemical properties.

For a long time, carbon was known to exist in only two allotropic forms: diamond and graphite.
Despite both being composed of pure carbon, they differ significantly in their crystal structures
and physical properties. In the diamond form, each carbon atom is sp3-hybridized and covalently
bonded to four other carbon atoms, creating a strong, three-dimensional network.[? This structure
gives diamond its exceptional properties, including extreme hardness, high refractive index,
excellent thermal conductivity, and very low electrical conductivity. These characteristics make
diamond valuable for a range of industrial applications, such as abrasives, precision optical
components, and heat spreaders in high-power electronic devices.?* In contrast, graphite
consists of layers made up of sp?-hybridized carbon atoms. Within each layer, known as a
graphene sheet, each carbon atom forms covalent bonds with three neighboring atoms, creating
a flat, hexagonal lattice. These layers are held together by weak van der Waals interactions, with
an interlayer spacing of 3.354 A5 As a result, the layers in graphite can easily slide over one
another, giving it a soft and slippery texture, which makes it ideal for use in pencils and as a
lubricant in electric motors.®! Additionally, graphite exhibits high thermal stability and excellent
electrical and thermal conductivity, making it a suitable material for heat-resistant materials and

electrodes."!

In recent decades, several synthetic carbon allotropes have been discovered, including
fullerenes,®l carbon nanotubes (CNTs),l®! and graphene.l'® Among these, graphene, a two-
dimensional (2D) sheet of carbon atoms arranged in a hexagonal lattice, is perhaps the most
emblematic, as many other carbon allotropes can be formally derived from it (Figure 1.1). Finite
segments of graphene can be folded into structures that are classified according to the number
of dimensions in which their unit cells repeat. For example, curving a segment into a spherical
shape produces a fullerene, a zero-dimensional (0D) structure with no periodicity. Rolling it into a
cylinder forms a carbon nanotube (CNT), a one-dimensional (1D) structure, while stacking

multiple layers results in graphite, a three-dimensional (3D) material.
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Figure 1.1. Graphene as a 2D material for carbon allotropes. It can be wrapped up into 0D
fullerenes, rolled into 1D nanotubes, or layered into 3D graphite.['"]

Since the first syntheses of CNTs in the early 1990s,[°12131 this new carbon allotrope has rapidly
found many applications in various areas such as composite materials, electronics, energy
storage, sensors and biomaterials.l'*'%! In particular, due to their unique structure, CNTs exhibit
several useful features such as high surface-to-volume ratio, tensile strength, light weight,
electrical and thermal conductivity, and ability for functionalization. It is important to distinguish
between single-walled CNTs (SWCNTs), which consist of a single cylindrical tube with diameters
typically ranging from 0.4 to 2 nm, and multi-walled CNTs (MWCNTs), consisting of multiple
cylinders stacked inside each other or wrapped like a scroll, with diameters often reaching tens
of nanometers.['8 While SWCNTs typically reach lengths in the micrometer range and MWCNTs
can extend up to several millimeters, centimeter-scale CNTs of both types have also been

successfully synthesized under optimized conditions.l'7"8]

A SWCNT can be further characterized by its chiral index (n,m), where n and m are integers that
define the vector along which a graphene sheet is virtually rolled to a SWCNT (Figure 1.2). When
n = m, the nanotube is called “armchair”; if n # 0 and m = 0, it is called “zigzag”; if n # mand m #
0, it is called “chiral”.l"¥ The chiral index thus determines both the chirality and the diameter of a
SWCNT. In contrast to the nanotube length, these two parameters strongly influence the chemical,

mechanical?®2'l and electronic?? properties of the material. To date, chemical vapor
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Zigzag (10,0) CNT  Armchair (5,5) CNT Chiral (6,4) CNT

Figure 1.2. SWCNTs with different chirality as a result of rolling the graphene sheet with respect
to specific vectors.

deposition (CVD) remains the most widely used method for synthesizing CNTs.['® This technique
involves introducing a carbon-containing precursor gas into a reactor where it reacts with a
substrate surface, leading to the gradual formation of CNTs.['® Other methods such as arc-
dischargel?® and laser ablation?*l remain uncommon and high-energy routes. A major challenge
in current CNT synthesis methods is the limited control over nanotube diameter and chirality, often
resulting in heterogeneous mixtures that are difficult to separate. However, many applications

require CNTs with precise structural characteristics to ensure optimal performance.

A promising strategy to address this challenge involves a bottom-up approach, in which a small
molecule serves as a template to initiate the growth of CNTs. Under ideal conditions, extending a
short CNT fragment with a defined diameter and structure should lead to the formation of uniform
CNTs.[?%1 For armchair nanotubes, such a template corresponds to the shortest lateral section of
the tube, known as a cycloparaphenylene (CPP) or a carbon nanohoop (Figure 1.3a). By
definition, [n]CPPs are macrocyclic compounds composed solely of phenylene rings linked in para
position.[?6! As the central subject of this thesis, the synthesis, properties, and applications of
carbon nanohoops are discussed in detail below. Although not directly relevant in this work, it is

worth mentioning the structural analog of zigzag CNTs: the [n]cyclacene (Figure 1.3b). Despite
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Figure 1.3. Bottom-up synthesis of (a) an armchair SWCNT from a [n]cycloparaphenylene (b) a
zigzag SWCNT from a [n]cyclacene. 28]

extensive efforts, the isolation of the latter has yet not been reported;?”28 however, the field has
recently experienced a resurgence with diverse reports of zigzag-type belts incorporating non-
hexagonal carbocyclic rings,?® heterocyclic rings,® and various functional groups.!

1.2 Synthesis of CPPs

Owing to their particular structure, CPPs were considered highly sought-after synthetic targets for
along time. Indeed, the main challenge lays in overcoming the high strain energy associated with
bending the phenylene units, which naturally prefer a planar conformation, into a macrocyclic
structure. The first successful synthesis of CPPs was achieved by Jasti and Bertozzi in 2008
(Figure 1.4a).28 Their method relies on using 1,4-syn-dimethoxy-2,5-cyclohexadienes as masked
phenyl rings. The cyclohexadiene moiety provides the curvature necessary for the assembly of
the macrocycle through Suzuki-Miyaura cross-coupling, allowing thus to circumvent the buildup
of the strain. In the following step, the bent units undergo the aromatization through a two-electron
reduction using sodium naphthalenide at —78 °C to yield the desired CPP. This approach was
successfully applied for the size-selective synthesis of [5]-[12]CPPs.[32-361 However, the strong
reducing conditions and low temperature required to remove robust methoxy groups render this
approach impractical for large-scale production. In addition, these conditions sometimes failed to
achieve aromatization in the synthesis of highly strained nanohoops.® To address these
challenges, Yamago et al. developed an alternative approach using readily cleavable triethylsilyl
(TES) groups and milder aromatization conditions, such as H,SnCl,.[3738 Owing to its high yields
and efficiency, even in the synthesis of highly strained nanohoops, this modification is now widely

employed for the preparation of CPPs.

In 2009, Itami et al. developed a similar method wherein the low strain pro-aromatic macrocycles

are obtained using 1,4-syn-diarylcyclohexane units as masked phenyl rings (Figure 1.4b).139 In
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contrast to Jasti and Bertozzi’s strategy, the final aromatization step can be achieved via an acid-
mediated dehydration and subsequent oxidation (e.g., using p-toluenesulfonic acid at 150 °C).
This strategy enabled the size-selective synthesis of [7]- [16]CPPs.*0-42 Shortly after, in 2010, a
conceptually different approach was proposed by Yamago et al. (Figure 1.4c).1*3 Their method
requires the use of platinum complexes, which upon reaction with aryl substrates (e.g., aryl
stannanes) provide low-strain square or tetragonal macrocycles. Typically in the presence of
bromine, the latter then undergo reductive elimination to the corresponding CPPs. This strategy,
characterized by a short number of synthetic steps and high yields, was successfully applied in
the synthesis of [6]CPP and [8]-[13]CPPs.l3744-46l More recently, in 2020, Osakada et al.
proposed another strategy relying on metal complexes (Figure 1.4d). In this method, the reaction
of gold complexes with aryl boronic acids results in formation of triangular macrocycles, which
upon oxidation in the final step afforded [6], [9], [12] and [15]CPPs."48 Remarkably, this

approach requires few reaction steps and allows for the recovery of the starting gold complex.
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Figure 1.4. Overview of general synthetic methods to access CPPs.

6



Chapter 1

1.3 Properties of CPPs

1.3.1 Structural properties

The properties of CPPs arise from the remarkable interplay of strain, geometry, and symmetry.
As expected, strain energy increases with decreasing nanohoop size (Table 1.1). According to
the calculations performed by the group of Itami, the strain energy increases from 48 kcal/mol for
[12]CPP up to 119 kcal/mol for [5]CPP.[*?l As shown by DFT calculations, this significant buildup
of strain has consequences on the geometry and conformation of CPPs.#®-%2] As the nanohoop
size becomes smaller, the dihedral angle 6 between adjacent phenylenes decreases to alleviate
the rising strain.[5%-51 While larger [n]CPPs (n > 12) exhibit a constant average dihedral angle of
approximately 35°, the angle progressively decreases along the series, reaching as low as 16° in
[5]CPP,5" highlighting the unique structural characteristics of smaller nanohoops (Figure 1.5).
The reduced dihedral angle enhances mr-orbital overlap and the conjugation in smaller CPPs. In
contrast, the dihedral angle observed in larger CPPs closely matches that of linear
paraphenylenes (~36°), which maintain a similar value regardless of chain length, likely reflecting
an optimal compromise between minimizing steric C-H interactions and maximizing m-
conjugation.®'l Additionally, the conformation of CPPs depends on whether the nanohoop
contains an even or odd number of phenylenes.*?! Even-numbered CPPs adopt D(w2)h symmetry,
characterized by uniform dihedral angles and an alternating canted orientation of the aryl rings
across the structure.5"l In contrast, odd-numbered CPPs exhibit C, symmetry, resulting in a
distribution of dihedral angles around the hoop. Further structural details of [n]JCPPs were
revealed through analysis of their crystal structures.[33:34.36,37.40.4244,53] The gverage deviation of
phenylene rings from planarity increases progressively, from 6.2° in [12]CPP to 15.8°¢1 in [5]CPP
(see ring displacement angle y, Table 1.1). It was hypothesized that this pronounced bending of

phenylenes in smaller nanohoops may reduce m-electron delocalization, potentially diminishing

L
36~

32 ° L g
28 ®

24:

20

® Even

Qdd
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4567 8 91011121314151617 18 1920
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Dihedral Angle © (degrees)

Figure 1.5. Calculated dihedral angle 6 of cyclic (dots) and linear (red line) paraphenylenes.®!
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aromatic character.® Nevertheless, solid-state structural analysis of [5]CPP showed that all bond
lengths within the phenylene rings remain nearly equivalent,i®! indicating the preservation of a

benzenoid rather than a quinoidal structure.

1.3.2 Electrochemical properties

Oxidation potentials of [5]-[12]CPPs, as well as reduction potentials of [5]CPP and [7]CPP, have
been reported in the literature (Table 1.1).133.36.37.4546,52551 Notably, as observed by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV), the oxidation of CPPs becomes
easier as the nanohoop size decreases, suggesting a rise in HOMO energy. For instance, the
oxidation potential under identical conditions shifts from 0.87 V vs. Fc/Fc* for [12]CPP to 0.54 V
vs. Fc/Fc* for [7]CPP.1%8 Similarly, the reduction also becomes more favorable in smaller
nanohoops, indicating a lowering of LUMO energy.[®852 Together, these findings provide strong
evidence for the elevation of HOMO and the lowering of LUMO energy levels with decreasing

nanohoop size (Figure 1.6).

Interestingly, while [7]-[12]CPPs show a single reversible oxidation,*%521 [6]CPP displays a single
quasi-reversible wave in CV with an atypically large separation between the anodic peak potential
(Epa) and cathodic peak potential (Epc) (Figure 1.7a).33461 On the contrary, [5]CPP exhibits two
pseudo-reversible oxidations which were attributed to the formation of radical cation and
dication.[¥6371 Although reduction potentials have been less intensively studied, [5]CPP also
features two pseudo-reversible reductions, in contrast to [7]CPP which displays only one

reversible reduction.®8:37.521 According to Yamago et al., the single wave observed in CV for [6]—

AYY

Energy (eV)
A\
|

Figure 1.6. Calculated (B3LYP/6-31G*) HOMO and LUMO levels of cyclic (red) and linear (blue)
p-phenylenes. [l
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Figure 1.7. (a) Cyclic voltammograms of [5]-[12]CPPs (0.5 mM) in 0.1 M TBAPFs/1,2-
dichloroethane at a scan rate of v = 100 mV s, in the presence of equimolar ferrocene (Fc)
except for [5]CPP and [6]CPP.5%

[12]CPPs corresponds to a two-electron process, and the difference between the first and second
oxidation potentials becomes larger in smaller nanohoops.!® The first single-electron oxidation
to the radical cation occurs more readily in smaller CPPs due to their higher HOMO energy. In
contrast, the second single-electron oxidation to the dication is more favorable in larger CPPs, a
trend attributed to the singly occupied molecular orbital (SOMO) in the radical cations. Indeed,
the SOMO energy follows an opposite trend to the HOMO energy and increases with nanohoop

size.[57]

The chemical oxidation of [n]CPPs (n =5, 6, 8, 10, 12) to the corresponding radical cations and
dications was successfully achieved in good vyields using oxidants such as NOSbFe and
SbFs.5758] In comparison to the neutral CPPs, both oxidized species display UV-vis—-NIR
absorption bands with a significant bathochromic shift which increases with the nanohoop size.
This size-dependance is in agreement with HOMO-SOMO and HOMO-LUMO gaps becoming
narrower in larger CPPs™* and CPPs?*, respectively. These results indicate enhanced in-plane -
conjugation and stronger polyene character in larger oxidized species.l®’1 As demonstrated by
ESR and NMR measurements, both the spin and charge of the oxidized species are completely

delocalized across the p-phenylene framework.[5”l The redox behavior of CPPs contrasts with that
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of linear paraphenylenes, which undergo only a one-electron oxidation to a radical cation.®¥ A
possible explanation for the two-electron oxidation of CPPs can be the high stability of the
resulting dications, which arises from the in-plane aromaticity enabled by the cyclic topology.©%
[n]CPPs can also undergo chemical reduction upon reaction with sodium or potassium metals,
yielding the corresponding mono- (n = 6),8' di- (n = 6, 8, 10, 12)16".62 or tetra- (n = 8)63.64] anions.
Structural analysis of the resulting dianions revealed an enhanced quinoidal character, particularly
pronounced in the smaller [6]CPP2".1%2] |n contrast, the tetrareduced [8]CPP*~ displayed a mixed
benzenoid/quinoidal character.[® Reduction of CPPs also led to considerable elliptical distortion
of the macrocyclic core, with the effect becoming more significant in larger CPPs. Computational
studies attributed this structural deformation to the internal coordination of potassium cations

within the nanohoop cavity, highlighting the potential of reduced CPPs for host—guest chemistry.

1.3.3 Optoelectronic properties

As a result of their topology, CPPs display interesting photophysical properties. The absorption
spectra of [5]-[12]CPPs feature a typical profile with a common absorption maximum at 335-340
nm and a shoulder band at ~400 nm which shifts to higher energies with decreasing nanohoop
size (Figure 1.8). Yamago and co-workers proposed an explanation for this phenomenon using
time-dependent density functional theory (TD-DFT).51 In CPPs, both the HOMO and LUMO are
delocalized symmetrically across all the phenylene units in the macrocycle, exhibiting overall
centrosymmetry. Because the Laporte rule states that transitions between orbitals that are each
symmetric with respect to an inversion centre are forbidden, the HOMO—LUMO transition
exhibits zero oscillator strength in even-numbered nanohoops and only weak oscillator strength
in odd-numbered ones.®% Further TD-DFT calculations revealed that [5]-[12]CPPs possess
degenerate HOMO-1/HOMO-2 and nearly degenerate LUMO+1/LUMO+2 orbitals. Because
these orbitals differ in symmetry from the HOMO and LUMO, the HOMO-1/HOMO-2—LUMO
and HOMO—LUMO+1/LUMO+2 transitions are symmetry-allowed and have been assigned to
the characteristic absorption band of [5]-[12]CPPs observed at 335-340 nm. The conservation
of the common absorption across the series is further explained by the relative orbital energies:
while the HOMO-LUMO gap increases with nanohoop size, the energy gap between HOMO—-
1/HOMO-2 and LUMO+1/LUMO+2 decreases (Figure 1.9). Notably, this trend is the opposite of
what is typically observed in linear paraphenylenes and other conjugated systems, where the

HOMO-LUMO gap narrows with increasing molecular size (Figure 1.6).18%
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Figure 1.8. (a) UV-vis (solid line) and fluorescence (dashed line) of [5]-[12]CPPs. No
fluorescence was observed for [5]CPP and [6]CPP.[%3]

In contrast to the absorption, the fluorescence of CPPs is strongly size-dependent. As the
nanohoop size decreases, the emission undergoes a red shift and the quantum yield drops
significantly, with [S]CPP and [6]CPP becoming essentially non-emissive (Figure 1.8, Table 1.1).
According to Kasha’s rule, fluorescence occurs from the lowest excited singlet state (S,) to the
ground state (S,). However, due to the Laporte rule, initial excitation in CPPs primarily populates
higher excited states such as S, and S;.1*5%0 Tretiak et al. demonstrated that these photoexcited
states can undergo a rapid internal conversion within 50 femtoseconds to the spatially localized
excited state S1.I¢ Importantly, in larger [n]CPPs (n 2 8), the S+ excited-state geometry exhibits
partial planarization of five aryl rings, while the rest of the nanohoop remains in a geometry similar
to that in the ground-state. This enables self-trapping of the exciton and leads to a symmetry
change that makes the S1+—S, transition allowed. In contrast, smaller [n]CPPs (n < 7) display a
fully delocalized S+ state that retains ground-state symmetry, rendering the S1—S, transition

Laporte-forbidden and contributing to their lower quantum efficiencies. %61
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Figure 1.9. Calculated (B3LYP/6-31G*) HOMO, HOMO-1, LUMO, and LUMO+1 energy levels.5]
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1.4 Applications of CPPs

1.4.1 General applications
The structural and photophysical properties of CPPs prompted the scientists to explore their

potential across a range of applications. One of the most compelling and long-envisioned uses is
their role as molecular seeds for the bottom-up synthesis of armchair SWCNTs. This concept was
experimentally tested by Itami’s group, who subjected [9]CPP and [12]CPP to chemical vapor
deposition (CVD) using ethanol as the carbon source at 500 °C.1671 While some of the resulting
nanotubes displayed diameters closely matching those of the CPP precursors, precise control
over chirality remained unsuccessful potentially due to the partial thermal decomposition of CPPs.
Several other CPP derivatives incorporating substituted phenyl rings (e.g., tetraphenylbenzenel®-
1), polyclic aromatic hydrocarbons (e.g., naphthalene,273 pyrene,#7% chrysenel™) or
exhibiting a dimeric structurel’”.78 were reported as alternative potential seeds for synthesis of
SWCNTs (Figure 1.10a). Among these, tetraphenyl-substituted CPPs were particularly
investigated for their potential to convert into the corresponding carbon nanobelts through
cyclodehydrogenation, however these attempts proved unsuccessful.[®8-7l Despite the limited
utility of CPPs in precise preparation of SWCNTSs, carboxylated!”® and fluorinated®®-83 CPPs were
shown to efficiently undergo self-assembly to tubular structures resembling CNTs (Figure 1.10b).
The formation of these non-covalent CNTs was attributed to hydrogen bonding and arene—

perfluoroarene interactions.

The intrinsic brightness, tunable emission, and large Stokes shifts of CPPs make them interesting
scaffolds for various applications. In order to serve as fluorescent probes, the solubility of CPPs
in aqueous mediums was achieved through functionalization with sulfonate!®! or PEG®®! groups
(Figure 1.11a). Remarkably, the water-soluble nanohoops demonstrated good cell permeability
and no cytotoxicity at concentrations of up to 50 uM, producing bright fluorescent in live-cell
imaging. Furthermore, functionalization of the nanohoops with a clickable handle enabled
derivatization with various groups, thereby allowing targeted live-cell imaging.[+8% More recently,
oxidation of the non-fluorescent [5]CPP in air resulted in formation of blue-emissive aggregates,

P

OO

Figure 1.10. (a) Examples of armchair CPP derivatives.[%97278 (b) X-ray crystal structure of
fluorinated [12]CPP upon self-assembly into non-covalent CNT.[!

13
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(b)

Figure 1.11. (a) Sulfonate-functionalized water soluble CPP for bio-imaging.®4 (b) Nanohoop-
based rotaxane for fluoride sensing.[® (c) [2,2]paracyclophane-containing CPP exhibiting CPL.[7]
which, when encapsulated in liposomal nanoparticles, exhibited notable biocompatibility and
imaging properties in cells.®8 The emission of CPPs can also be applied to create efficient
fluorescent sensors.[88:8%-91 For instance, the fluorescence from the nanohoop is fully quenched
in the rotaxane form depicted in Figure 1.11b, however the addition of a fluoride source removes
the triisopropylsilyl (TIPS) stopper, resulting in dethreading and a >100-fold increase in emission
intensity.[8 CPPs containing chiral moieties such as binaphthyl,[®? [2,2]paracyclophanel®-93 or
helicene,!®4%! have been shown to exhibit circularly polarized luminescence (CPL), which is of
interest for applications in 3D displays, security encryption, and asymmetric synthesis.
Furthermore, in contrast to many organic fluorophores, CPPs retain the bright emission in the
solid state,® making them suitable for solid-state optoelectronic applications such as electric-

stimuli-responsive materials!®! and luminescent solar concentrators. 7]

Owing to their cyclic structure, CPPs are excellent candidates for host—guest chemistry. As
electron-rich macrocycles, they readily accommodate electron-deficient guests such as
fullerenes. Notably, among various nanohoop sizes, [10]CPP selectively binds the fullerene Cq,
with a high binding constant (Ka = 2.79 x 10 M~" in toluene) (Figure 1.12a).1%] This binding arises
from a nearly perfect match in size and shape, further stabilized by convex—concave m—1r
interactions. Moreover, the formation of the [10]CPP>Ceo complex results in a significant
quenching of [10]JCPP fluorescence, suggesting potential sensing applications. Remarkably, the
oval-shaped C,, fullerene was found to be selectively encapsulated by [10]CPP in a standing
orientation and by [11]CPP in a lying orientation.!®d Several other studies expanded the scope of
CPP>fullerene host—guest chemistry by including metallofullerenes,['%%.1%"extending the -
surface of the nanohoop!'921%31 or functionalizing the nanohoop with a specific group such as

porphyrin (Figure 1.12b—d).['% These approaches generally result in enhanced charge transfer
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Figure 1.12. Examples of complexes of carbon nanohoops with fullerenes: (a) [10]CPP>Cegol®8!
(b) [10]CPPometallofullerenel’®! (c) extended m-surface CPP >5Ceol'%2 (d) porphyrin
functionalized CPP 5Cgo 1%

to the fullerene, making the CPPs interesting for use in supramolecular photovoltaic systems.!'%2
Furthermore, the extraordinary features of CPPs make them promising candidates for many other
interesting applications including organic electronics, %1% porous sorption materials,['0%-11]
optoelectronic devices,!''?-"'4l self-assembly of functional biomaterials, "% and supramoleculart'®!

and stimuli-responsivel'”l materials.

1.4.2 Molecular shape control

A promising direction for future research is the control of the nanohoop shape and flexibility, for
example to create stimuli-responsive materials or enable selective and reversible guest binding.
Given the ability of CPPs to bind guests with specific sizes, such controlled uptake and release
mechanisms could be particularly useful for separating mixtures of fullerenes or carbon
nanotubes (CNTs) with different diameters. However, carbon nanohoops capable of shape

modulation remain rare, with only a few examples reported in the literature.

Notably, in 2016, Cong’s group synthesized a figure-eight-shaped nanohoop incorporating an
anthracene photodimer as the central unit (Figure 1.13).''8 Under optimized conditions involving
heating at 175°C in o-dichlorobenzene, the dianthracene core undergoes a cycloreversion
reaction, resulting in ring expansion of the nanohoop. Although this transformation is not
reversible, it provides access to a structurally distinct CPP derivative with interesting optical

properties and potential applications in the bottom-up synthesis of carbon nanotubes.
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\

o-dichlorobenzene,
175 °C, 18 h
72%

Figure 1.13. Cycloreversion reaction of dianthracene figure-of-eight nanohoop.['8l

In 2020, Stepien’s group reported the synthesis of a novel hybrid macrocycle combining a
paraphenylene loop with a calix[4]arene core, yielding a unique structure named the “molecular
squid” (Figure 1.14).8% An automated conformational search followed by DFT optimization
revealed that, despite significant strain energy, the oligophenylene loop can adopt either an
elongated or circular geometry. This conformational flexibility arises from the calixarene unit,
which switches between two non-equivalent flattened cone conformations. Consequently, the
overall cavity of the structure can change between distinct shapes. This dynamic behavior was
successfully applied to bind electron-deficient guests such as diquat, 10-methylacridinium, and
anthraquinone. Moreover, the binding of guest molecules resulted in measurable changes in both
absorbance and emission spectra, making the molecular squid promising for host—guest sensing

applications.

Figure 1.14. Lowest-energy elongated (A) and rounded (B) conformations (w = width of the loop)
of molecular squid found in a gas-phase DFT calculation. 8]
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Another approach to control the curvature of CPPs involves the integration of a photoswitch
directly into the macrocyclic backbone. To this end, nanohoops of different sizes incorporating
either onel or threel'?! azobenzene units as a photoswitch were successfully prepared in
recent years (Figure 1.15a—b). All these compounds were found to adopt an all-cis conformation
in both the solid state and in solution. Importantly, only the irradiation of the larger nanohoops
resulted in reversible cis-trans isomerization, while the smaller nanohoops exhibited no
photoresponsive behavior, most likely due to their higher strain energies. Remarkably, the
treatment of the larger CPP embedding three azobenzene units (tris-azo[12]CPP) with excess
trifluoroacetic acid led to the formation of the all-trans isomer, a transformation that could be
reversed by the addition of triethylamine. This constitutes the first reported example of reversible
interconversion between triangular and radial m-systems. However, the potential of these

(photo)switchable macrocycles in host—guest applications has not been yet investigated.

N=N

(a)

,ﬁ“ No photoswitching obverved O @ No photoswitching obverved

N

O
O

azo[9]CPP tris-azo[6]CPP
N=N
N-
@ @
hvor H*
—
ES
hv'or A

azo[11]CPP

OO@@

tris-azo[12]CPP

Figure 1.15. Structures of CPPs incorporating (a) one azobenzene moiety"'®! or (b) three
azobenzene moieties.['2]

The limited examples described above highlight that CPPs capable of undergoing (reversible)
structural changes remain highly underexplored. To address this gap, the current thesis focuses
on the synthesis and investigation of CPPs incorporating a novel moiety into the macrocyclic
backbone: ferrocene. Due to its exceptional combination of structural and redox properties, good
solubility in common organic solvents and stability in air, this metallocene has become widely
applied in diverse areas, e.g., as a fuel additive to enhance performance,!'?:122] as a redox-active
component in electrochemical sensors to detect various analytes,['23124] as a catalyst in diverse
organic reactions,['?51261 and as a material component of polymers and nanoparticles with
electronic and magnetic properties.l'271281 The success of ferrocene is further attributed to its

chemical and photochemical robustness: consisting of an iron atom sandwiched between two

17



Chapter 1

cyclopentadienyl (Cp) rings, ferrocene exhibits a relatively high Fe—Cp bond dissociation energy
(BDE) of ~90 kcal mol-!, which approaches that of a covalent C—C bond.['?’l Notably, both Cp
rings possess a very low rotational energy barrier of 0.9 kcal mol=,['%0 allowing for nearly
unrestricted rotation commonly referred to as “fluxionality.” Owing to this dynamic behavior,
ferrocene functions effectively as a molecular bearing, enabling the synthesis of chemical
structures capable of reversibly modifying the molecular shape.['3'-'33 Incorporating ferrocene
into the molecular backbone of CPPs thus gives access to an unprecedented class of -
conjugated metallamacrocycles, with potential relevance in the fields of responsive materials, and

supramolecular and organometallic chemistry.

1.4.3 Metal-CPPs

Incorporating transition metals into CPPs provides a powerful strategy to tune their electronic
properties®®-134-138] and modulate their reactivity.['3*13%1 As a distinct class of organometallic
nanohoops, metal-CPPs hold significant promise for future advancements in organometallic
chemistry, molecular electronics, and supramolecular chemistry. The following section reviews

examples of metal-CPPs reported to this date.

In 2015, the group of Itami was the first one to merge CPPs with transition metals. According to
their report, [9]CPP-Cr(CO); was successfully isolated upon reaction of [9]CPP with Cr(CO)s at
160 °C, however only in moderate 35 % yield (Figure 1.16).['3 NMR and X-ray crystallographic
analyses confirmed that the chromium center coordinates in an n® fashion to a single phenylene
unit on the convex face of [9]CPP. Remarkably, the authors demonstrated that the obtained
complex can be used for a highly selective one-pot monofunctionalization of CPPs with groups
such as silyl, boryl or methoxycarbonyl. This strategy effectively circumvents the issues related
to common electrophilic substitution reactions performed on CPPs, which often lead to complex
product mixtures, and thus offers a valuable tool for the preparation of new functional

nanocarbons.

1) n-BuLi
2) electrophile
Cr(CO)g 3) decomplexation
—_—
n-Bu,O/THF, hvcrico 21-47%
160 °C, 10 h HCO)s

35%

Figure 1.16. Complexation of [9]CPP with Cr(CO)s, followed by monofunctionalization.['34
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Figure 1.17. X-ray crystal structures of binuclear ruthenium [5]CPP (left) and trinuclear ruthenium
[6]CPP (right) complexes. Gray: C, turquoise: Ru. Thermal ellipsoids shown at 50% probability.
All hydrogen atoms, solvent molecules and PFe¢~ were omitted for clarity.['3%

In 2016, Yamago and co-workers reported the first synthesis of multinuclear transition-metal-CPP
complexes via ligand exchange between the ruthenium complex [(Cp)Ru(CH3CN)z](PFs) with
CPPs (n = 5, 6).['%] Notably, the reaction afforded bis- and tris-ruthenium complexes from [5]CPP
and [6]CPP, respectively, in excellent yields and with the metal selectively coordinated to alternate
paraphenylene rings (Figure 1.17). The full regioselectivity of this reaction, combined with mild
conditions and high yields, offers a useful strategy for the site-selective functionalization of CPPs.
Interestingly, this behavior contrasts sharply with that of linear paraphenylenes, where ruthenium
coordinates to all available phenylene rings,!'** highlighting the special reactivity conferred by the
cyclic topology of CPPs.

Although innovative, the approaches described above utilize CPPs only as nf-type ligands,
limiting their versatility and broader applicability as a general ligand class. To address this, Jasti
and co-workers developed a scalable method for synthesis of CPPs incorporating a 2,2'-
bipyridine (bipy) unit, enabling bidentate coordination with a wide range of metals.['8] For
example, bipy-[8]CPP was successfully employed to prepare a palladium-centered nanohoop
dimer and a bis(bipyridyl)ruthenium(ll)-functionalized nanohoop (Figure 1.18a), both of which
displayed notable photophysical properties.['3 In a later study, bipy-[9]CPP was used to prepare
an iron(ll) complex, where the inherent non-planarity of the ligand led to spin-crossover
behavior.['871 More recently, Jasti’s group introduced a new class of bidentate CPP-based ligands
functionalized with polycatechol groups (Figure 1.18b).['*01 Remarkably, these nanohoops were
successfully metalated with half-sandwich Ru(ll) fragments to form well-defined multinuclear
complexes. However, the metalation reactions proceeded in low yields, likely due to the oxidative
sensitivity of the catechol-functionalized ligands. Despite this limitation, this emerging class of

CPP ligands holds promise for development of extended metalloorganic architectures.

19



Chapter 1

Figure 1.18. Reported metal complexes with (a) bipy-CPPI'36.1371 or (b) polycatechol-CPP as
bidentate ligands.[40

In 2024, Itami’s group reported the syntheses of CPPs incorporating either onel®® or threel'38 Fc
units (Figure 1.19a). It is important to note that the metallocene within these structures is attached
through a single Cp ring, and therefore the iron atom is not an integral part of the macrocycle.
The resulting CPPs thus differ considerably from those described in this thesis. Interestingly,
despite Fc's well-known fluorescence-quenching properties, CPPs bearing a single Fc moiety
(Figure 1.19a) remained emissive, albeit with significantly reduced quantum yields compared to
their metallocene-free analogues. Upon addition of an oxidizing agent, fluorescence intensity
increased, supporting a photoinduced electron transfer (PET) mechanism by which Fc partially
quenches emission.®¥ In contrast, the addition of fullerenes resulted in quenching of
fluorescence. The reversible fluorescence response of these Fc -based nanohoops offers thus
significant potential for use in multifunctional devices. Concerning the CPPs incorporating three
Fc units,['38] two stereocisomers were isolated: A;, where all three Fc groups are oriented in the
same direction relative to the ring plane, and A,B, where one Fc group adopts an anti-orientation
with respect to the other two (Figure 1.19b). Despite these structural differences, UV-vis
spectroscopy and theoretical calculations indicated that the electronic properties of the

conjugated systems are only minimally influenced by the orientation of the Fc moieties.

Figure 1.19. X-ray structures of CPPs incorporating (a) one Fc unitl® (b) three Fc units
(stereoisomers).l'38 Gray: C, orange: Fe. Thermal ellipsoids shown at 50% probability. All
hydrogen atoms and solvent molecules were omitted for clarity.
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Furthermore, electrochemical studies revealed weak electronic communication between the
redox-active centers, likely due to the significant spatial separation of the metal atoms.
Consequently, the main interest in these nanohoops, yet unexplored, remains in their potential

use as curved, m-conjugated macrocyclic ligands for coordination chemistry.

As outlined above, the field of CPPs has grown significantly since their first synthesis in 2008.
Given the fascinating properties and potential applications of these nanohoops, the field continues
to expand, necessitating new methodologies to access increasingly complex and synthetically
challenging targets. In this thesis, an alternative silyl protecting group for the cyclohexadienyl unit,
a commonly used curved building block in CPP synthesis, is proposed in Chapter 2. Chapter 3
describes the synthesis, characterization, and photochemical reactivity of the first CPP
incorporating a fully embedded Fc unit, Fc[6]CPP. Chapter 4 presents a comparative study of
various properties across a series of Fc[n]CPPs (n = 6, 7, 8), while Chapter 5 details the efforts
toward isolating the smaller Fc[5]CPP. Finally, Chapter 6 reports the synthesis and
characterization of two conformationally locked Fc-containing nanoscrolls: a-Fc[6]CPP and a-
Fc[8]CPP.
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