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Preface

Scientists fascinate about bringing scientific challenges that seem impossible to the
possible arena. Creating well-defined wire-like molecular tubes falls in this category.
The writing of this book is inspired by recent synthetic developments toward this
goal. In essence, the scientific community asks, how can molecular wires be repro-
ducibly synthesized which provide reliable electronic properties that can be later
translated into devices? Chapter 5 of this book presents what, in the authors’ opinion,
are the first examples comprising the broadly defined area of atomically defined tu-
bular conjugated nanotubes, an area that we expect will grow significantly in the
years and decades to come. In chapter 1, we highlight the cornerstone discoveries
around certain carbon allotropes to provide perspective on the evolving chemical
techniques surrounding tubular contorted aromatics. This perspective is extended to
the broad area of contorted aromatics and its beginnings in Chapter 2, providing a
natural segue to the recently developed field of carbon nanorings in Chapter 3, and
finally its extension to the most recently developed area of carbon nanobelts in Chap-
ter 4. This book provides the reader with a concise and fundamental picture of the
synthetic protocols developed to date to overcome the strain energy associated with
bending aromatic surfaces, which is essentially the prerequisite to design conjugated
nanotubes.

https://doi.org/10.1515/9781501519345-202
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About the book

Carbon, the chemical element, forms the atomic architecture of all forms of life.
Many hypothetical carbon allotropes have been predicted, but only some are
known, which can be divided into molecular and nonmolecular. Within the first
family, we find fullerenes (being the most abundant Cg, — buckminsterfullerene) and
cyclic forms of carbon rings (e.g., cyclo[18]carbon). The nonmolecular family is
much larger and contains common materials like diamond, graphite, amorphous
carbon, less common materials like lonsdaleite, and more recently discovered
materials such as carbon nanotubes (CNTs) and graphene (a single carbon sheet
within graphite). Although the discovery of CNTs has been contested, in the last
two decades it has found widespread use as a composite material in batteries,
coatings, supercapacitors, actuators, and lightweight electromagnetic shields [1].
Advancing CNT synthesis toward the creation of nanotubes with monodisperse
properties (e.g., diameter, chirality, and having a single wall) holds the promise to
advance these prior applications and others where strict control of the CNT properties
is required. Inspired by this synthetic challenge, scientists around the globe have
embarked in developing bottom-up approaches to control the atomic definition of
CNTs, and at the same time fine-tune the properties of the nascent nanotube. This
book covers the development of bottom-up methodologies to prepare m-conjugated
systems and the recent efforts to extend these systems along their main axis for the
creation of radially and axially conjugated molecular nanotubes.

https://doi.org/10.1515/9781501519345-204
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1 Carbon allotropes

From an expensive natural diamond on your ring or watch, to an electronic com-
ponent on your cellular phone or pacemaker, elemental carbon forms part of our
daily lives in forms that often go unnoticed. Here we provide a summary of certain
carbon allotropes that have attracted the attention of the scientific community.
Based on their dimensionality, we first cover 0-D or molecular species fullerenes
and cyclo[n]carbon, then 1-D carbon nanotubes (CNTs), and finally 2-D graphene.
Chapter 1 provides context around the discovery of these allotropes and current
state-of-the-art.

1.1 Fullerenes

Fullerenes — a spheroidal allotrope of carbon composed of fused five- to seven-mem-
ber rings — were detected for the first time during mass spectrometric studies of laser-
evaporated graphite in 1985 by Kroto and coworkers [2]. However, the study of their
properties, chemical reactivity, and applications was only possible after 1990, when
Kratschmer and Huffman reported the synthesis of [60]fullerene in macroscopic
quantities [3]. The highly symmetric icosahedral Cg, carbon cage is composed of 12
pentagons and 20 hexagons (1.1, Figure 1.1), and owes its name to Richard Buckminster
Fuller because of its similarity with the geodesic domes developed by the architect [4].
Fullerene’s chemical reactivity is similar to that of an electron-deficient olefin [5],
where additions usually take place at the 6,6 ring junctions. Additions to the 5,6 ring
junctions ocurr only after rearrangement of the initial kinetic addition product to a 6,6
bond [6]. Given their unique chemical properties, fullerene’s have impacted many
fields within chemistry including; metal coordination complexes, drug delivery, spin-
tronics, solar cells, catalysis, electronic devices and biological imaging [7-10]. De-
velopment of their chemical functionalization has been critically important to open
up applications in these latter fields [11].

In 1991, Smalley and coworkers reported the macroscopic synthesis of endohedral
fullerenes (EFs), which are fullerenes that encapsulate metal atoms and small mole-
cules in its interior. EFs are typically described as containing a positively charged
guest, which is irreversibly, mechanically, and electrostatically trapped inside the neg-
atively charged fullerene cage [12-15]. Since then, fullerenes were classified into two
big groups: empty-cage fullerenes and EFs [16]. In 1999, Dorn and coworkers reported
the most abundant EF, ScsN@I;-Cgo (1.2), and the third most abundant fullerene after
Ceo and Cyq (Figure 1.1) [17]. More recently, a new family of fullerenes called fullertubes
was reported by Stevenson and coworkers in 2020 [18]. Fullertubes are molecular sin-
gle-wall CNT with half fullerene end-caps (e.g., Cyo (1.3) in Figure 1.1). Contrary to

https://doi.org/10.1515/9781501519345-001
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2 —— 1 Carbon allotropes

CNTs, fullertubes can be prepared in a reproducible manner, exhibit a defined molecu-
lar weight, and are soluble in toluene and carbon disulfide.

Endohedral Fullertubes

Figure 1.1: Chemical structures of empty and endohedral fullerenes, and fullertubes.

Fullerenes resist high pressures; however, at pressures over 3,000 atmospheres
they distort their shape, but upon pressure removal they return to their original
structure [19]. It has been theoretically calculated that a single C¢o molecule has an
effective bulk modulus of 668 GPa when compressed to 75% of its original size. This
property establishes that fullerenes are harder than steel and diamond, whose bulk
moduli are 160 and 442 GPa, respectively [20]. Finally, fullerenes (C¢4o and C;,) are
electroactive and can be reversibly reduced with up to six electrons [21]. This elec-
tron affinity is possible due to the presence of low-lying triply degenerate lowest
unoccupied molecular orbitals [22].

1.2 Cyclo[n]carbon

The newest allotropic form of carbon was reported in the middle of 2019. Similar to
fullerenes and its analogues described in Section 1.1, this allotrope is also molecular
in nature and is composed of a cyclic ring of n carbon atoms. At one extreme, it can
be considered as an alternating form of bonding between single and triple covalent
bonds (polyyne), and on the other as a cyclic cumulene. In fact, before the isolation
and characterization of Cgy, R. Hoffmann proposed in 1966 a range of interesting
nanorings composed solely of sp-hybridized carbon atoms, putting forward a novel
idea of radially and perpendicularly oriented m-systems (Figure 1.2) [23]. Over the
next decade, extensive work was performed to synthesize the proposed cyclo[n]car-
bons. One general approach involved the use of masked alkyne macrocycles; for ex-
ample, subjecting compound 1.4 to a gas-phase retro-Diels—Alder reaction under
flash vacuum pyrolysis unveiled by mass spectrometry the formation of cyclo[18]
carbon, or C;3. However, isolation of C;gs proved challenging and its synthesis re-
mained a target for decades to come [24-26].
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4 —— 1 Carbon allotropes

Efforts on the synthesis and isolation of C;g (1.6) culminated in 2019 with its
sequential preparation and isolation by Gawel, Gross, and Anderson [27]. Their ap-
proach consists on the sequential elimination of carbon monoxide from C,,0¢ (1.5)
on a bilayer of NaCl on Cu(111) at 5 K (Figure 1.3). Note that similar approaches had
been explored before by Diederich et al. [24, 25, 28]. In one report, C,g was observed
in the negative-ion laser desorption Fourier transform mass spectra of hexaketone
1.5. Alternatively, a stable hexacobalt complex (1.7) was synthesized as it consists of
a masked cyclo[18]carbon; however, the hypothesized oxidation of 1.7 as a method to
unveil the masked C;g was not reported. Most importantly, experimental characteriza-
tion of 1.6 in conjunction with theoretical modeling established that C,g is best de-
scribed as a polyyne nanoring, in other words, a ring of carbon atoms bound to each
other by alternating single and triple bonds [27, 29].

A year later, mid-2020, Gross and Anderson reported a follow-up on their work
toward C;g, whereby using a different synthetic approach increased their yield from
13% to 64% [29]. In this case, they synthesized hexabromocyclocarbon 1.8 (C;gBrq,
Figure 1.3), which served as their new starting material, analogous to 1.5. The higher
stability of 1.8 allowed them to thermally sublime it onto a NaCl/Cu(111) bilayer at 5 K
without significant unmasking reactions.

The experimental work on C;g laid the foundation for theoreticians to establish
the correct bonding scheme within Cis. In essence, the possibility of cumulenic rings
was eliminated in favor of polyyne bonding with either Doy, or Co,, symmetry. It should
be noted that the geometry of Cig has been studied extensively using different compu-
tational methods (e.g., density functional theory (DFT), Mgller—Plesset, and quantum
Monte Carlo) [30—34]. Surprisingly, the most applicable DFT functionals, like Becke-3-
Lee, Yang, and Parr (B3LYP) and the post-Hartree-Fock (HF) Mgller-Plesset (MP2)
method, indicated the cumulene ring as the ground state structure. Recently, Barysh-
nikov and Agren reinvestigated the Cyg structure using different DFT functionals and
ab initio methods [35]. Their results showed that the DFT methods are very sensitive to
the amount of HF exchange (HFE) percentage, for example, B3LYP and PBEO (Perdew-
Burke-Ernzerhof), with 20 and 25% HFE, respectively, cannot reproduce the correct ge-
ometry of Cig. However, functionals with higher percentage of HFE like M06-2X (54%
HFE) and BHandHLYP (Becke-half-and-half-LYP, 50% HFE) converged to a polyyne
structure as the ground state, and the cumulene structure as a transition state at
~10 kcal/mol. Thermal energy at 5 K is much less than the calculated cumulenic tran-
sition state, supporting the ground state polyyne bonding observed by atomic force
microscopy (AFM) at 5 K.

1.3 Carbon nanotubes

CNTs are a 1-D carbon allotrope in the form of a cylinder, hence the tube designa-
tion, with a m-system orthogonal to the surface of the tube. The discovery of CNTs

printed on 2/13/2023 4:19 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



1.3 Carbon nanotubes =— 5

/!P'"C{}
I\
Phhoc co

Figure 1.3: Synthetic routes explored toward the synthesis of cyclo[18]carbon, C;g (1.6).
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6 — 1 Carbon allotropes

has widely been attributed to S. Iijima [36]; however, other sources point to earlier
observations by Russian scientists L. V. Radushkevich and V. M. Lukyanovich in the
early 1950s [37]. Later, in 1960, R. Bacon [38] discovered carbon whiskers — a “rolled-up
sheet of graphite layers” — while studying carbon grown in a dc arc at ~92 atmospheres
of Ar and at 3,900 K. Bacon described these whiskers as being 1-5 pm in diameter, as
highly flexible, with tensile strengths up to 2,000 kg/mm?, Young’s modulus >7 x 10"
dyn/cmz, and room temperature resistivity of ~65 ohmecm. Years later, in 1976, Endo
and coworkers [39] observed hollow carbon fibers prepared by benzene and hydrogen
pyrolysis at ~1,100 °C with diameters of 20-500 A and described them as the “annual
ring structure of a tree.” Their catalytic process was patented in 1982.

In 1991, in an attempt to discover the molecular structure of fullerenes and exam-
ine its crystal growth, lijima observed a new material at the cathode side of the arc
discharge reactor with a long and thin appearance [36]. He named these materials “mi-
crotubules of graphitic carbon,” which were later addressed commonly as CNTs. lijima
acknowledged Bacon’s work on the formation of rolled-up single carbon-hexagonal
sheet tubular filaments; however, lijima did not observe overlapping edges in his fila-
ments, instead he noticed concentric layers, and thus individual tubes with atomic size
thickness. Two years later, lijima [40] and Kiang [41] independently observed single-
walled carbon nanotubes (SWCNTs) and speculated that the nanotubes might be empty
but under the right conditions the interiors may draw in species by capillary action.
Also, to describe the helicity of these nanotubes it was suggested to follow Hamada’s
notation [42], in which a CNT is represented by the indices (n, m), where n and m are
the coefficients of unitary vectors v and u, respectively, as shown in Figure 1.4. Thus,
three generic cases are recognized: first, when n = m the CNT is said to be “armchair”;
second, when m =0 (n, 0) the CNT is called “zigzag”; and third, when n # m, the tube is
called “chiral”. Also, when the difference n — m is a multiple of 3, the nanotube has
metallic conductivity, while all others are semiconducting. Finally, even to this day,
there is controversy as to who should be credited for the discovery of CNTs [43].

CNT properties (thermal conductivity ~3,500 W/meK [44], and semi- vs conduct-
ing electronic transport) have made them ideal materials for a range of applications,
namely, composites for Li-ion batteries, flexible electronics, transparent conductors,
sensors (optical, biological, and chemical), thermal interfaces, electronics (transis-
tors, interconnects, and memory), membranes, and quantum wires [45]. However, for
applications requiring stricter control of the CNT properties and architectures, a tai-
lored synthesis is still challenging and remains a current topic of intense research.

1.4 Graphene

The IUPAC defines graphene as “a single carbon layer of the graphite structure, de-
scribing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi-infinite
size” (see gray background in Figure 1.4). Theoretical studies on graphene triggered

printed on 2/13/2023 4:19 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

1.4 Graphene =— 7

(8,8) Armchair CNT (12,0) Zigzag CNT

Figure 1.4: Representation of a carbon nanotube defined from a graphene fragment.

around 60 years ago [46-48]; however, its existence as a single sheet of carbon re-
mained a hypothetical scientific curiosity for decades [49]. Finally, in 2004, Novose-
lov et al. reported monocrystalline atom-thick graphitic films that were stable
under ambient conditions [50]. A year later, they reported their famous “scotch
tape” method, which allowed everyone to obtain a few layer thin crystalline materi-
als [51]. These remarkable findings opened doors in almost all fields of science and
awarded the Nobel Prize to Novoselov and Geim in 2010. This 2-D material is a zero-
gap semiconductor that exhibits exceptional electronic properties. When compared
with SWCNTs, the electrical conductivity of graphene is ~60 times larger (64 mS/cm)
[52]. Interestingly, this value remains unchanged when tested at different tempera-
tures. The large conductivity results from the very high electron mobility of graphene
(200,000 cm?/Ves at room temperature), which is around 200 times higher than sili-
con [53]. This very fast electron/charge mobility is directly correlated with the very
high crystal quality (i.e., electrons can travel a long distance without significant
scattering) [50].
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8 —— 1 Carbon allotropes

Another outstanding feature of graphene is its very high thermal conductivity,
which has been investigated both experimentally and theoretically [54-56]. Thermal
conductivity follows Fourier’s law (q = —kAT), where q is heat flux, k is thermal conduc-
tivity, and AT is the temperature gradient. Molecular dynamic calculations showed
thermal conductivity values around 1,500-3,000 W/meK for SWCNTs, while the same
study suggested higher values for graphene [57]. However, experimental data on
SWCNTs place their magnitude at ~3,500 W/meK [44], while graphene’s thermal con-
ductivity (single layer) has been measured to be 4,800-5,300 W/meK [55].

Finally, graphene’s properties have made this material an excellent choice to de-
velop applications in detection, conversion, and emission of light, flexible graphene
transistors, sensors, lithium-sulfur batteries, displays, structural composites, catalyst
supports, polymer masterbatches, and functional inks, to name a few [58].
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2 Beginnings of radially contorted aromatics

Long before the discovery of carbon nanotubes (CNTs) [36, 43] and the synthesis of
radially contorted [n]cyclo-para-phenylenes ([n]CPPs, discussed in Section 3.1), sci-
entists attempted the bending of aromatic systems to create circular compounds
displaying a radial orientation of their nm-system. In this chapter, we provide a his-
torical perspective prior to and around the time of the literature report by lijima on
“Helical Microtubules of Graphitic Carbon” in November 1991 [36], after which an ex-
ponential increase in research took place on this novel type of carbon allotrope that
was shortly after described as CNTs. Below we divide the synthetic reports for radially
contorted aromatics into those targeting armchair and zigzag geometries.

2.1 Toward armchair geometries

Reports from Parekh and Guha in 1934 described the first attempts to create cyclic
structures with their n-system oriented radially [59]. It was hypothesized that under
copper desulfurization conditions, compound 2.1 could provide the strained aromatic
2.3; however, it was concluded that complete desulfurization was not accomplished
and instead the product obtained was 2.2 (Figure 2.1). Synthesis of cyclophane 2.1
was attempted decades later with no success. In 1976, Wong and Marvel showed that
oxidation of 2.4 did not produce 2.1, as it was formerly believed, instead the oxida-
tion reaction lead to trimeric (2.5) and/or tetrameric (2.6) compounds, in addition to
a polymeric material [60, 61]. The prior unsuccessful syntheses were attributed to the
large buildup of strain in the small radial aromatic compounds. To alleviate this hur-
dle, Vogtle and coworkers synthesized the larger sulfur-containing macrocycles 2.7
and 2.8, hoping that desulfurization conditions would provide the long-sought
[n]CPPs (Figure 2.1) [62, 63]. Unfortunately, all macrocycle desulfurization at-
tempts to synthesize [n]CPPs were unsuccessful.

The alternative to desulfurization reactions included Diels-Alder transforma-
tions in pre-formed unsaturated macrocycles. A model reaction was provided by
Miyahara et al., where macrocycle 2.9 in the presence of phenyl vinyl sulfoxide 2.10
provided cyclophane 2.11 in 15% yield (Figure 2.2) [64]. Inspired by this precedent,
Vogtle and coworkers embarked in the preparation of macrocycles 2.15 and 2.16
synthesized via Wittig cyclooligomerization of 2.12 and 2.14, or 2.13 and 2.14,
respectively, which were explored as precursors in the formation of [n]CPPs.
However, all attempts to synthesize [8]CPP from 2.15, or [10]CPP from 2.16, were
unsuccessful.

The Vogtle group pursued an additional alternative to radial aromatics. Their hy-
pothesis was inspired by this notion: assuming aromatization could be carried out in
the final step, it should be possible to establish the overall connectivity and later

https://doi.org/10.1515/9781501519345-002
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2.2 Toward zigzag geometries =— 11

induce aromatization of the strain-free macrocycle to produce the desired contorted
ring structure. They synthesized macrocycles composed of aromatic rings and cyclo-
hexane moieties. The purpose of the cyclohexane moiety was two-fold: first, it was
thought that it would lend itself to establishing the curvature of macrocycles, and sec-
ond, as a masked benzene ring assuming it could be aromatized in the last synthetic
step, offsetting the strain induced from radially bending the conjugated aromatic. To-
ward this goal, 1,4-syn-diaryl molecules 2.17 and 2.18 were synthesized (Figure 2.3).
The curvature observed in their crystal did not translate in the making of cyclic oligom-
ers, and instead linear polymers were observed [63]. To decrease the conformational
fluxionality in solution, additional groups were added to the cyclohexane moiety re-
sulting in the synthesis of 2.19; however, no cyclic oligomers were observed when in-
ducing the aryl-aryl coupling reactions. To impart the desired rigidity, five- (2.20)
and three-membered (2.21) rings were built into the bent diaryl precursor. However,
para-halogenation was not reported for these compounds.

Finally, in 1986, McMurray et al. published a report where diketone 2.22 (n=1)
was cyclized to cyclotetrakis(1,4-cyclohexylidene) (2.23, n = 1) using the reaction con-
ditions that bear his name [65]. Realizing the potential of this cyclative McMurray
coupling, Vogtle’s group synthesized a longer diketone starting material [63], n=2
(2.24), and subjected it to cyclization conditions obtaining macrocycle 2.25 (n=2),
which was expected to serve as a precursor for [5]CPP. However, attempts following
this strategy also proved unsuccessful.

2.2 Toward zigzag geometries

The fundamental connectivity difference between the smallest radial benzenoid
armchair versus zigzag CNT fragment is that the latter requires edge-fused aromatic
rings, while the armchair geometry does not (e.g., [n]CPPs). Over the last 70 years,
these radial benzenoid zigzag fragments have been called by different names such
as cyclic polyacenes, [n]cyclacenes, superacenes, and belt[n]arenes. Here, struc-
tures like 2.26 are addressed as belt[n]arenes (Figure 2.5). These molecules were hy-
pothetical targets first described by Heilbronner in 1954 (n=12) [66]. In the early
1880s, much research focused on the development of cyclophane chemistry. In this
regard, Vogtle in his capacity as editor, and with ample experience targeting the syn-
thesis of [n]CPPs, concluded the book series entitled Cyclophanes II in 1983 by propos-
ing that “molecules looking like bracelettes, for example [belt[10]arene], fully aromatic
or partially aliphatic, belong to the stars under the phanes-to-be” [67].

The first attempt to synthesize to belt[n]arenes was reported by Stoddart et al. in
1987 [68]. Their hypothesis was that accessing cyclic structures of the type of 2.27 would
provide access to “a fascinating new range of molecular architectures,” e.g., belt[n]arenes
(2.26). Thus, employing consecutive Diels—Alder reactions on synthetically accessible
bisdiene 2.28 and bisdienophile 2.29, they were able to obtain cyclic species 2.30,
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TiCls, Zn/Cu, A [4]CPP
0 0 —i —*b ar
DME [5]ICPP
n n

Figure 2.4: Cyclo(1,4-cyclohexylidene) precursors explored in [n]JCPP synthesis.

S8l DO

ol
(3]
BN
—
ElE]

n-11
belt[n]arenes
226 2.27 2.28

Figure 2.5: First synthetic attempts toward zigzag nanobelts, e.g., belt[n]arenes.

confirmed by solution 'H NMR studies and solid-state single-crystal X-ray diffraction
data (SCXRD). Partial and full deoxygenation of 2.30 was achieved in a later publication
[69]. However, full aromatization to belt[12]arene was not achieved [70, 71].

Synthesis of similar scaffolds ensued during the following years. A similar
Diels—Alder strategy was employed by Schliiter et al. [72], where an AB-type mono-
mer (2.32) was designed and synthesized in situ from 2.31. Compound 2.31 undergoes
cyclobutene ring opening when refluxed in toluene (Figure 2.6). Polymerization ini-
tiates immediately upon formation of 2.32. Initial experiments showed a polymeric
material and a low-molecular-weight species. This latter compound was isolated and
crystallized, confirming the formation of a cyclic dimer (2.33). Increasing the dilution
conditions to favor this cyclic dimer, Schliiter’s group was able to bring the yield to a
remarkable 70% for 2.33. Aromatization of 2.33 into belt[6]arene has not been reported.

In 1996, Cory et al. reported the synthesis of macrocycle precursors for belt[n]
arenes via double Diels—Alder cycloadditions. Macrocycle 2.36 is formed by slow
simultaneous addition of flexible nonplanar bisdiene 2.34 and planar bisdienophile
2.35 in 1,4-dioxane under reflux [73]. Spectral (NMR) and crystallographic (SCXRD)
characterization confirmed the structure of 2.36. It is remarkable that the cyclic
dimer is formed in 69% yield when chemical intuition would predict preference
for a polymeric material. With 2.36 in hand, aromatization attempts seeking belt[8]
arene were pursued. Unexpectedly, treating 2.36 with pyridinium chlorochromate

printed on 2/13/2023 4:19 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

2.2 Toward zigzag geometries =— 15

0
Toluene
10°C, 3h
—_— —_— + polymer
[o]
CHz )=
2.3 233

Figure 2.6: AB-type monomer approach reported by Schliiter et al. pursuing the formation
of belt[n]arenes.

(PCC) under refluxing benzene produces anthraquinone derivative 2.37 [74]. Hypo-
thetically, 2.37 is the result of a double dehydrogenation of 2.36 producing an an-
thracene equivalent that is subsequently oxidized to anthraquinone. On a different
approach, epoxidation of 2.36 followed by dehydrogenation with p-toluenesulfonic
acid in refluxing benzene does not produce the expected anthracene, but instead bis-
diene 2.38. Despite these efforts, formation of the fully unsaturated species, namely
belt[8]arene, were unsuccessful.

R R R 0 o R
_ =
= ™ P
R ]
R 5 R f 1 FCC.CHs R 0 yam: @ R
=34 1,4-dioxane 'gfﬁ'g.x 3
R= %\«M ol < .
—_—
69% 1) MCPBA
2) p-TsOH
0 9 CgHg, reflux R/ o 0 R
R o o R g
‘O‘ - ) .0‘
o 2,35 o R o 238 0O R

Figure 2.7: Double Diels—Alder cycloaddition reported by Cory et al., and dehydrogenation
attempts toward belt[n]arene.

Above we described the historical development of synthetic attempts and strategies
targeting macrocyclic aromatic systems. Even though all these efforts were unsuc-
cessful, these investigations paved the way for future developments as described
later in this book. This chapter described the main developments toward these conju-
gated nanorings from their early beginnings up to around the mid-1990s. Chapter 3
will present the accomplishments that finally opened the door to conjugated molecu-
lar nanorings and the more recent strategies reported in the literature.
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3 Carbon nanorings

The groundbreaking methodology to bend an aromatic system into a circular archi-
tecture was reported in 2008 by Jasti and Bertozzi [75]. At its heart, the strain energy
(SE) increases dramatically when a conjugated system bends radially, hence the
question: is there a synthetic strategy that overcomes the challenge associated with
bending the aromatic system away from planarity into a radial system?

Similar to the approaches presented in Chapter 2, Jasti and Bertozzi’s methodol-
ogy is based on first establishing the overall connectivity of the carbon nanoring,
where the angular requirement is met by utilizing sp’ carbon atoms [76]. The strain-
free nanoring is then reductively aromatized providing [n]cyclo-para-phenylenes
([n]CPPs) - the shortest benzenoid radial segment forming an armchair carbon nano-
tube (CNT). In this chapter, we describe all of the fundamentally different methodolo-
gies reported to date and their molecular variability to synthesize [n]CPPs. Section 3.1
focuses exclusively on [n]CPPs. Next, Section 3.2 describes carbon nanorings formed
by larger polyaromatic systems, and we conclude in Section 3.3 with mixed conju-
gated systems containing heteroatoms or other mixed-aromatic building blocks.

3.1 [n]Cyclo-para-phenylenes

Circular molecules composed of benzene repeating units connected through their
1,4-positions are known in the literature as [n]cyclo-para-phenylenes [77]. The first
methodology to synthesize these species was reported in 2008 [75]. It involved a
masked aromatic ring in the form of a 3,6-syn-dimethoxy-cyclohexa-1,4-diene moiety
(3.1 and 3.2) to provide the curvature needed to pre-form a macrocycle with negligible
strain after Suzuki-Miyaura cross-coupling (Figure 3.1). Subsequent reductive aroma-
tization of these macrocycles provided [9]- (3.3), [12]- (3.4), and [18]CPP (3.5) in 43%,
52%, and 36% yield, respectively.

OO

1) n-Bui, THF . PAERle
2) r-F’rOBp:n @
both at ?B C L|lh|um
Pin  Laphthalenide
O O 33(n=9)
3.4(n=12)
3.5 (n=18)

Figure 3.1: First [n]CPPs reported in the literature by Jasti et al. in 2008 [75].
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Shortly after in 2009, Itami and coworkers reported a similar approach, where
instead of using a diene to curve the strain-free macrocycle they employed an em-
bedded cyclohexane moiety as shown in compounds 3.6 and 3.7, which through
stepwise Suzuki-Miyaura cross-coupling reactions with each other established the
formation of macrocycle 3.8. This macrocycle was treated with stoichiometric amounts
of p-TsOH in m-xylene at 150 °C for 30 min (microwave irradiation) providing [12]CPP
(3.9) in 62% isolated yield (Figure 3.2) [78]. Note that aromatization of 3.8 was achieved
through oxidative aromatization.

36(X=1)
3.7 (X = Bpin)

Figure 3.2: Selective synthesis reported in 2009 for [12]CPP by Itami and coworkers [78].

A fundamentally different approach to [n]CPP was reported by Yamago et al. [79]. They
reasoned that cis-coordinated Pt-aryl complexes can be used as universal precursors to
[n]CPPs. Since the cis-aryl substituents have a 90° angle between them, this Pt complex
can serve as the corners of a strain-free square-shaped macrocycle. Following this hy-
pothesis, the tetranuclear platinum macrocycle containing 4,4’-biphenyl (3.11) was ob-
tained by transmetalation of PtCl,(cod) with the organotin precursor 3.10 (Figure 3.3).
Ligand exchange introducing 1,1’-bis(diphenylphosphino)ferrocene provided compound
3.12, which undergoes bromine-induced reductive elimination [80] to afford [8]CPP

|L
F-‘t—L
PtCi2 {cod) (L cod) O Br,, PhMe -
— 1\
THF reflux 3.12 95°C,17h =
35 h, 57% (L= dppf) O 49%;,
3.13
L—Pt Pl‘l—L
L

Figure 3.3: First [8]CPP reported in the literature.
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(3.13) in 49% isolated yield. Similar to the previous [n]JCPPs described in Figures 3.1 and
3.2, compound 3.13 displays fluorescence emission, its maximum A, is located at 540 nm.

The three strategies described above established a fertile ground for vast research
activity and inspired other chemists in the development of alternative methodologies
giving access to functionalized [n]CPPs as described next. In 2014, Wang and cow-
orkers reported a novel bent precursor 3.15, which was obtained from a Diels—Alder
reaction between 3.14 and 1,4-benzoquinone. This dihydronaphthalene derivative
(3.15) is the key intermediate in this synthetic protocol leading to the functionalized
[9]CPP (3.18) (Figure 3.4) [81]. The following macrocyclic products were observed
when 3.15 was subjected to a Ni-mediated homocoupling reaction: (a) syn and anti
dimers (3.16) at 27% combined yield, and (b) the syn and anti trimers (3.17) at 11%
combined yield. The dimeric species 3.16 did not yield the [6]CPP derivative expected
after aromatizing the macrocycle. In contrast, subjecting a mixture of both syn and
anti trimers 3.17 to 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) at 70 °C for
2 days affords the [9]CPP 3.18 species shown in Figure 3.4.

0
Br
0
BF3'OEt2 Ni(COd)E : 3.16
| —=5 —> 317
K,COs bpy
M82804

Figure 3.4: [n]CPP synthesis from a dimethoxynaphth-1,4-diyl unit.
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Also in 2014, Wegner et al. reported the first approach to [n]CPPs using a [Rh]-
catalyzed cycloaddition reaction to modify the strain-free macrocycle 3.19 prior to the
oxidative aromatization step in air (Figure 3.5) [82]. The result of this cycloaddition is
the formation of a functionalized para-terphenyl moiety (3.20). Note that this ap-
proach is advantageous to introduce late-stage functionalization to the emerging [n]
CPP (3.21). In fact, the side-group functionalization (R and R’ in Figure 3.5) intro-
duced ring strains of around +11 kcal/mol compared to the unsubstituted [8]CPP ring
SE of 72.2 kcal/mol [83].

One year later, Tanaka et al. reported the synthesis of carboxylate-containing
[12]CPP, species 3.24. Similar to Wegner’s work, a functionalized para-terphenyl
moiety (3.23) serves as the precursor for the reductive aromatization step that pro-
vides 3.24 in 33% vyield (Figure 3.6a) [84]. The triangle-shaped compound 3.23 is
obtained through a [Rh]-mediated intermolecular cross-cyclotrimerization between
3.22 and di-tert-butyl acetylenedicarboxylate in 17% yield. As described by the au-
thors, future work using this functionalized [n]CPPs will focus on solid-state appli-
cations by self-assembly. More recently, Tanaka’s research group developed an
approach where a cyclic dodecayne (3.25) undergoes a four-fold [Rh]-catalyzed in-
tramolecular cyclotrimerization to guide the synthesis of a functionalized [8]CPP in
64% vield (species 3.26 in Figure 3.6b) [85].

Most recently in 2020, Tsuchido et al. reported an interesting approach to [6]CPP
in a remarkable 59% overall yield. Their synthetic route starts by employing digold(I)
complex 3.27, which in the presence of 4,4’-diphenylene diboronic acid (3.28) forms
a triangular hexagold(I) macrocycle (3.29) in 76% yield, where the corners are com-
posed of digold(I) complexes as shown in Figure 3.7 [86]. [6]CPP is formed after the
dinuclear gold centers are oxidatively chlorinated with PhICl,. Disproportionation of
the putative Au(II)-Au(II) species forces aryl migration to form a chlorogold(l) com-
plex and a neighboring chloro(diaryl)gold(IIl) center from which reductive elimina-
tion takes place to afford [6]CPP in 76% yield (3.30) [87].

Overall, these eight fundamentally different approaches provide a wide landscape
of size variability. As a result [n]CPPs are known for n=5-16 and 18 [77, 88-92], and
also offer a significant toolbox for functionalized derivatives; some of which have been
tested as luminescent solar concentrators [93], bioimaging tracers [94], ligands for
metal coordination [95-97], various host—guest studies [98], and several other applica-
tions in supramolecular chemistry [91, 92].

3.2 Polyaromatic-containing nanorings

Breaking the bottleneck to circularly bend aromatic systems paved the way for incorpo-
rating larger polyaromatic hydrocarbons (PAHs) into conjugated nanorings. In general,
two research avenues have been explored: the first one consists in incorporating a sin-
gle unit of PAH into a [n]CPP, whereas a second approach consists in forming the entire
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CO,tBu F 5“02‘3 CO,t-Bu

Sodium
[Rh(cod)olBFy | opy ), naphthalenide

gHb;g?p rt,1h THF, -78 °C

[Rh cod lg]BF4
CHgCIg, rt., 16h /@/

RO

Figure 3.6: Tanaka’s work on the synthesis of functionalized (a) [12]CPP-based nanoring, which
involves an intermolecular cyclotrimerization [84], and (b) [8]CPP-based species formed through
an intramolecular cyclotrimerization [85].

N Y
’\
5(OH), i / =

v O -

3.27 oy 3.30
Cy~p -
S(OH), P H 'Tj

3.28 P-.. -
o & 3.29 o

Figure 3.7: [6]CPP (3.30) formation from reductive elimination of hexanuclear gold(l) complex.
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nanoring based solely on PAHs. In this chapter, we summarize PAHs that are used to
construct nanorings while providing examples for each of these.

Synthetic methods to incorporate naphthalene and anthracene into nanorings have
been significantly developed, just behind those related to phenylene-based nanorings.
Naphthalene can be incorporated into a nanoring through its [1,4] [99-102] and [2,6] [103—
105] positions. Figure 3.8 shows an example of the eight-membered 1,4-connected naph-
thalene nanoring (3.31) reported previously [101, 102]. Compound 3.31 was obtained
through a [Pt]-mediated macrocyclization, akin to the strategy developed by Yamago et al.
(Figure 3.3) [79]. However, if naphthalene is linked into a nanoring through its [2,6] posi-
tions, it leads to chiral species, where for example a rotational barrier of 16 kcal/mol has
been determined experimentally for [6]cyclo-2,6-naphthylene [105]. Anthracene has been
incorporated as a single unit or several into nanorings, though a nanoring composed of
anthracenyl units alone remains unknown. The different ways known in the literature
to link anthracenyl within a [n]CPP: [1,4] [106], [2,6] [107], and [9,10] [108, 109]. Com-
pound 3.32 is an example of an anthracenyl-embedded [8]CPP [109]. Similar to naph-
thalene, the 2,6-linked anthracenyl unit embedded within a nanoring provides chiral
moieties; nonetheless, the two conformers interconvert readily by going through a
density functional theory (DFT)-calculated rotational barrier of 8.6 kcal/mol [107].

Phenanthrene, an isomer of anthracene, has been reported to form [3,9]-linked
nanorings. Using the [Pt]-mediated macrocyclization route described in Figure 3.3,
and starting with 3,9-borylated phenanthrene, Isobe et al. were able to obtain the
compound [8]cyclo-3,9-phenanthrenylene (3.33), which displays a complex case

8 1 8 9 1 9 10
T 2 7 2 B 6 1
5 4 5 10 4 8 5 h '
Naphthalene Anthracene Phenanthrene
[1.4], [2.8] [1.4], [2,8], [9,10]

Examples:

Anthracene
connectivity: [1,4] connectivity: [9,10]

3.31 3.32

Naphthalene

Figure 3.8: Naphthalene, anthracene, and phenanthrene incorporated into nanorings. Red labels
correspond to positions known in the literature to link these into nanorings, and in brackets are the
linking positions when there is more than one way to link them. One nanoring example is shown for
each PAHs.
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of cyclostereoisomerism [110]. To quantify the isomerization barrier, the pure
isolated enantiomers were subjected to variable temperature circular dichroism
experiments, where the decay of the maximum CD signal at 419 nm was followed
in the range 30-60 °C. An energy barrier of 25 kcal/mol was obtained from this
analysis.

Polyfluorenes are an attractive class of conjugated polymers with applications
to organic electronics due to their high charge-carrier mobilities [111]. Thus, with
the advent of the synthetic strategies described in Section 3.1, macrocycles of fluo-
rene became a target of great interest. Realization of 2,7-linked cyclicfluorenes
(3.34) was possible through [Pt]-based chemistry, as described in Figure 3.3. Trimer
and tetramer were synthesized in combined yields of 22% and 27% (Figure 3.9), re-
spectively. Interestingly, rotamers of 3.34a were calculated to interconvert through
a rotational barrier of 58.3 kcal/mol, much higher than those for 3.33, thus preventing
interconversion even at 180 °C for 24 h [112]. Not surprisingly, the DFT-calculated rota-
tional barrier for 3.34b, which contains four fluorene units, decreases to 18.2 kcal/mol.

Pyrene, a larger PAH relative to the previously discussed, has also been used in
the formation of nanorings [113]. Using pyrene as the only repeating unit to form
nanorings was accomplished in 2014 when the four-membered pyrene-containing
cycle, [4]cyclo-2,7-pyrenylene (3.35, Figure 3.9), was reported in the literature [114].
Structurally, 3.35 has the same circumference as [8]CPP; however, the fused ben-
zene rings in 3.35 makes it significantly more challenging to bend and thus its DFT-
calculated SE is 93.7 kcal/mol, considerably higher than that of [8]CPP at 72.2 kcal/
mol [83].

Chrysene, similar to pyrene in that it has four fused benzene rings, has been
linked into macrocycles through its [2,8] [115, 116] and [3,9] [117] positions giving
rise to several atropisomers with remarkably persistent belt shapes (Figure 3.9). Of
these, the 3,9-linked nanorings can be devised as fragments of zigzag nanotubes,
which until 2012 were the last synthetic target of finite single-walled CNT models. The
challenge was tackled when 3,9-borylated chrysene was subjected to Pt-mediated mac-
rocyclization resulting in a single diastereomer with D, point symmetry in 8% isolated
yield (3.36) [117]. Enantiomer interconversion was not observed even after 60 days at
200 °C.

Antiaromatic PAHs have also been used to form nanorings. The first macrocycle
of this kind incorporated the antiaromatic PAH dibenzo[a,e]pentalene (Figure 3.9).
Following a similar synthetic strategy as that described in Figure 3.2, two units of
2,7-borylated dibenzo[a,e]pentalene were incorporated into a [12]CPP (3.37) [118].
Through nucleus-independent chemical shift calculations, it was determined that
the bending of the dibenzo[a,e]pentalene units in the nanoring decreased its antiar-
omatic character.

Alternative routes for inclusion of large PAH into nanorings include the in situ
formation of PAH moieties within a preformed macrocycle. In this regard, dibenz[a,
hlanthracene and dibenzo[c,m]pentaphene, linked through their [3,10] and [2,11]
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positions, respectively, were formed through iterative ring closing metathesis from
strain-free macrocycles containing pendant olefins. Subjecting those olefinic-containing
cycles to Grubb’s second-generation catalyst, followed by reductive aromatization pro-
vided nanorings 3.38 and 3.39, as shown in Figure 3.9 [119]. Compounds 3.38 and 3.39
can be viewed as m-extended systems relative to parent [8]- and [9]CPP, respectively. In
both cases, the m-extended nanorings display a smaller calculated highest occupied mo-
lecular orbital (HOMO)-lowest occupied molecular orbital (LUMO) gap relative to their
[n]CPP parents by ~0.1 eV.

Within the larger PAHs used for nanoring formation, perylene, a common aromatic
building block used in organic chemistry, has been reported to form chiral nanorings
by linking it within a [n]CPP through its [3,9] positions (3.40, Figure 3.10) [120]. Impor-
tant to note, in contrast to [n]CPPs, the HOMO-LUMO transition in 3.40 is not symme-
try forbidden. Attempts to use 3.40 to grow larger m-conjugated nanorings through
Diels—Alder reactions only provided inconclusive results [120]. Other large PAHs form-
ing nanorings include the anthanthrene moiety, where literature reports confirm the
synthesis of 2,8-anthanthrene-only [121] (3.41) and 4,10-anthanthrene-[n]CPP [122]
nanoring systems. Interestingly, the rotational barrier of 3.41 is only 21 kcal/mol. Crys-
tallographic determination of 3.41 indicates an average diameter of 14.1 A.

Dibenzo[g,p]chrysene, an extended PAH relative to chrysene shown before
in Figure 3.9, has been reported to form a trimeric system linked through its
[3,11] positions (3.42) [123]. Using [Pt]-mediated macrocyclization of 3,11-diboryl
dibenzo[g,p]chrysene provides almost exclusively the three-membered nanoring
3.42 in 23% yield. The atropisomers were separated in cholesterol-loaded silica
gel, and their configuration assigned by comparison of their CD spectra with the-
oretical calculations. Importantly, these atropisomers do not interconvert in so-
lution even after heating at 200 °C for 24 h.

The first nanoring containing five-membered rings was reported in 2017 by
Isobe and coworkers by subjecting 5,15-diborylated rubicene to platinum-mediated
macrocyclization conditions [124]. The trimer (3.43a) and tetramer (3.43b) products
were formed in 0.2% and 1.4% yields, respectively. Note however that those yields
comprise several stereoisomers (e.g., 3.43b has four stereoisomers). These rubi-
cene-containing nanorings have absorption tails that extend up to 640-670 nm,
which are significantly shifted considering rubicene by itself has onset of absorp-
tion at 530 nm, indicating an extension of the m-system in the nanoring relative to
monomeric rubicene. Interestingly, 3.43 are not fluorescent, a feature attributed to
the presence of pentagons in the nanoring structure.

Last, the largest PAHs forming part of a nanoring are tribenzo[b,n,pgr]perylene
[125] and hexa-peri-hexabenzocoronene (Figure 3.10) [125-131]. The first one fea-
tures a type of molecular crown (3.44) comprising a [10]CPP-like substructure,
which absorbs light between 260 and 460 nm with A,y at 325 and 356 nm, and
emits at Aoy, = 459 and 488 nm with a quantum yield of 12.7%. DFT calculations pro-
vide a SE of ~80 kcal/mol for 3.44. Also, this species can accommodate and host
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Ceo With a binding constant (K,) of 3.34 x 10° M in toluene. Finally, the cyclic tetra-
mer formed by linking 2,11-hexa-peri-hexabenzocoronene (3.45) has a larger diame-
ter than 3.44 since it contains a [12]CPP-like substructure; thus, the SE of 3.45 at
49 kcal/mol correlates with the expectation of being lower relative to that of 3.44.
Importantly, the bigger size of 3.45 allows it to host C;,, as determined from fluores-
cence quenching experiments, with a K, of 1.07 x 10° M in toluene.

3.3 Doped and mixed-aromatic nanorings

Incorporation of heteroatoms into aromatic systems is devised as a method of altering
its electronic structure, which is also as an intrinsic doping method. However, synthetic
protocols to achieve this doping in molecular nanorings, as those described above, are
scarce and limited. Despite much efforts in the last decade, this is a long-standing chal-
lenge for the design and creation of novel materials [132, 133]. Perhaps the most com-
mon method to incorporate heteroatoms (e.g., N, O, and S) into cyclic or acyclic
aromatic systems is by starting with precursors already containing these atoms, as in a
number of well-known heterocycles. Ultimately, the resulting heteroatom-containing
nanorings display tuned absorption and emission properties, coordination chemistry,
and redox potential.

The first doped nanoring was reported in 2012 by Itami and coworkers. This is
an [18]CPP-like nanoring containing two 2,2’-bipyridyl units linked into the nanor-
ing through their [4,4’] positions (3.46, Figure 3.11) [134]. Nanoring 3.46 is halo-
chromic, meaning that its optical properties change based on pH. Specifically, when
3.46 is in the neutral state it displays blue fluorescence, and when protonated its
emission is red-shifted becoming green fluorescent.

The same 2,2-bipyridyl moiety was later introduced into a smaller nanoring, this
time as part of the backbone of an [8]CPP. Most importantly, the newly reported syn-
thetic protocol allows a more general approach toward incorporating the 2,2’-bipyridyl
unit into other nanorings [97]. With compound 3.47, Jasti et al. demonstrated the metal
coordination ability of the 2,2’-bipyridyl moiety when forming part of a strained nanor-
ing. To this effect, Pd(II)- and Ru(Il)-nanoring coordination compounds showed that
upon excitation of the metal complex, the excited state resides primarily in the nanor-
ing portion.

Other aza-containing nanorings have been reported including one, two, and three
nitrogen atoms incorporated into the structure of an [8]CPP (3.48-3.50) [135, 136], or
[6]CPP [137]. The general idea behind these modifications is to study the optoelectronic
properties of these family of nanorings at different levels of nitrogen doping. In addi-
tion, methylation to form a pyridinium equivalent represents a post-synthetic modifi-
cation to further tune the nanoring’s properties. Following this strategy, it was
demonstrated that the HOMO and LUMO levels can be tuned independently opening
the door for future applications of these nanorings as organic electronic materials.
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Figure 3.11: Nitrogen-containing nanorings.

Diazapyrenylene is an alternative building block for nitrogen doping. Employ-
ing a platinum-mediated macrocyclization, nanorings containing a skeleton of [n]
CPP, with n=12 (3.51a), 16 (3.51b), and 20 (3.51c), were synthesized in yields of 4%,
11%, and 3%, respectively [138]. Crystallographic data of 3.51b indicates its diame-
ter to be 21.3 A. Other nitrogen-containing building blocks used for nanoring syn-
thesis include N-functionalized carbazoles connected through their [2,7] positions
(3.52) [139, 140].

From the easily available calix[3]carbazole macrocycle [141, 142], Lu and Chen
were able to derivatize the calix macrocycle and rigidify it through a Yamamoto
cross-coupling forming compound 3.53 [143]. This species displays green fluores-
cence and a quantum yield of 0.39. Interestingly, two well-defined electrochemical
oxidation events are observed via cyclic voltammetry of 3.53 with onset potential
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(Eox®™¢Y at 0.17 and 0.43 V versus Fc/Fc*. In contrast, reduction of 3.53 only dis-
plays ill-defined events with E,q°™**" of —1.85 V versus Fc/Fc*. From this data, a nar-
row electrochemical HOMO-LUMO gap of 2.02 eV is obtained. The rigidity of 3.53 is
best exemplified by its DFT-calculated electronic structure which indicates a fully
delocalized HOMO and LUMO.

Donor—acceptor nanoring systems have been developed by modifications of the
synthetic strategies described in Section 3.1. In this regard, tetracyanoanthraquino-
dimethane connected at its [2,6] positions with a [10]CPP forms a nanoring (3.54)
with a remarkably low LUMO level at —-3.55 eV versus vacuum, which also displays
a 1.93 eV HOMO-LUMO gap [144]. This type of curved donor-acceptor system pro-
vides new molecular designs for organic electronic material applications.

Sulfur-doped nanorings are rare; however, in 2015 Itami et al. reported a series
of nanorings that can be devised as the mixture of [n]cyclothiophene and [n]CPP to
form [n]cyclophenylenethienylene (CPT), which have the architecture displayed by
3.55 (Figure 3.12), marking the first of its kind alternating 1,4-phenylene and 2,5-
thienylene nanorings [145]. The final step yield to make nanorings 3.55a, 3.55b, and
3.55¢, are 13%, 24%, and 3%, respectively. As in [n]JCPPs, DFT calculations indicate
that the HOMO-LUMO transition is symmetry-forbidden. In contrast to [n]CPPs, as
the [n]CPT ring size increases, the HOMO-LUMO gap decreases, which is mainly at-
tributed to an energy lowering of the LUMO levels, while the energy of the HOMO
level remains practically unchanged.

Related sulfur-containing nanorings were synthesized through the protocol de-
scribed in Figure 3.4 [146]. In this regard, compound 3.15 was further derivatized
following three more synthetic steps to effectively replace the bromide atom func-
tionality with a 2-iodothiophene moiety, producing the key precursor for nanorings
3.56a (dimer) and 3.56b (tetramer). These two nanorings were investigated by elec-
trochemical methods finding that 3.56a displays a reversible and irreversible oxida-
tion centered at +0.41 and +0.79 V versus Fc/Fc*, respectively. Similarly, 3.56b
displays three reversible oxidation processes occurring at +0.53, +0.84, and +0.98 V
versus Fc/Fc”.

Contortion of the final nanoring by sulfur incorporation was produced by cy-
clizing 3,7-dibenzo[b,d]thiophene, and its S,S-dioxide, into tetrameric products
(3.57, Figure 3.12) [147]. Interestingly, 3.57a and 3.57b display similar absorption
and emission bands relative to its [8]CPP parent. In contrast, the electrochemical
properties of these nanorings are markedly different from those of [8]CPP. Reduc-
tively, 3.57a and 3.57b display a single reduction event at —2.07 and -1.57 V versus
Fc/Fc* ([8]CPP’s reduction is at —2.33 V), respectively. Oxidatively, 3.57a displays
well-separated stepwise oxidation events at +0.74 and +0.96 V versus Fc/Fc* ([8]
CPP’s oxidation occurs at +0.59 V), while 3.57b shows no oxidative activity up to
+1.5 V versus Fc/Fc*.

Benzothiadiazole (BT) has been used to tune the optoelectronic properties of
nanorings as an S,N-doping building block. Two recent approaches report on this
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Figure 3.12: Sulfur-containing nanorings.

strategy: the first one by Jasti et al. incorporates a single BT unit into a [10]CPP
(3.58) [148], whereas the work of Tan and coworkers [149] report a [12]CPP contain-
ing four evenly spaced BT units (3.59). Aside from a weak low energy absorption
band in 3.58 that extends past 500 nm, the absorption envelope and A, of [10]
CPP and 3.58 are rather similar. In contrast, 3.58 has a remarkable Stokes shift of
237 nm (A = 571 nm) compared to 128 nm observed in [10]CPP (Aep, = 466 nm). In
comparison, the Stokes shift in [12]CPP is 90 nm (Aer, = 428 nm) [150], and this shift
increases mildly to 142 nm (A¢, = 569 nm) in 3.59.

Finally, there is a vast landscape of other molecular radially conjugated archi-
tectures involving nonconventional PAHs, Mobius strips, unusual connectivity, or
those that fall outside of the definitions outlined in this chapter so far. Rigidifying
the nanoring by limiting the degrees of freedom of phenylene rotation is a strategy
adopted to maintain the radial disposition of the m-system. For instance, a nanoring
similar to 3.24, however, with a smaller [9]CPP backbone reported by Wang et al.
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[151] was used as precursors in the formation of 3.60 (Figure 3.13) [152]. This nanoring
(3.60) is composed of three indeno[2,1-a]fluorene-11,12-dione-2,9-diyl units, which
are formed in situ by transforming dimethyl phthalate moieties through a stepwise
combination of (1) trifluoroacetic acid and trifluoroacetic acid anhydride at 75 °C, fol-
lowed by treating the resulting mixture with (2) Eaton’s reagent (7.7 wt% P,05 in
methanesulfonic acid) at 75 °C. DFT calculations show that the anti-isomer (3.60) is
more stable (AG®°) than the syn-isomer (all carbonyls pointing in the same direction)
by 4.3 kcal/mol, and the barrier separating anti to syn isomers (AGY is 23.3 kcal/mol.
Overall, this strategy reduces the number of rotatable bonds to just three single
C-C bonds.

The first hydrocarbon catenane — a mechanically interlocked molecule — was
reported in 1983 by Schill et al. [153]. It was composed of sp> carbon atoms. How-
ever, until recently creating a similar catenane based on sp? carbons was an unmet
challenge. In 2017, Miillen and coworkers were the first to report on the existence of
all-benzene catenanes (interlocked [n]CPPs), and trefoil knots by ion mobility mass
spectrometry [154]. In trying to achieve a controlled synthesis for sp? carbon-based
catenanes, Fan et al. hypothesized that incorporation of phenanthroline into the
nanoring would facilitate the interlocking of two nanorings by making use of metal
coordination. Thus, in 2018 they published a manuscript where coordination of Cu(I)
by two phenanthroline moieties served as a template to grow the radial nanoring,
which also helped to maintain the ring interlocking. As a result, the topology they
obtained resembles that of a Mobius strip (3.61 in Figure 3.13) [155]. Related work
toward the synthesis of Mobius nanorings was reported by Tanaka et al. using a
similar strategy as that described in Figure 3.6b, whereby increasing the size of
3.25 and employing a chiral phosphine supporting ligand, (S)-BINAP, they were
able to induce intramolecular cyclotrimerizations forming a Mébius-shaped func-
tionalized [10]CPP [85].

Synthesis and isolation of interlocked [n]CPPs were reported shortly after by Segawa
et al. [156]. In research published in July 2019, they describe the first examples of all-
benzene catenanes, [12]CPP-interlocked-[12]CPP (3.62) and [12]CPP-interlocked-[9]CPP,
and a trefoil knot molecule composed of 24 p-phenylenes (3.63). This challenging syn-
thesis was accomplished through a spirobi(dibenzosilole) intermediate, which mimics
the function of the metal complex [(phen),Cu(I)] described above in Fan’s work, and
also has the advantage of quantitative desilylation by treatment with fluoride ion in eth-
anol [157], thus liberating a biphenyl equivalent that forms part of the interlocked [n]
CPP. Interestingly, the fluorescence emission spectrum of [12]CPP-interlocked-[9]CPP is
almost identical to pure [9]CPP, and nothing like that of [12]CPP, indicating that upon
excitation fast energy transfer to [9]CPP is the leading mechanism of relaxation to
ground state [156]. Later on, through a similar approach, Segawa and coworkers de-
scribed the synthesis of [9]CPP-interlocked-[9]CPP [158].

Additional methods to restrict the orientation of the n-system employ sterically
demanding fragments. In this regard, the cone-shaped compound 3.64 is rigid and
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Figure 3.13: Other radially conjugated aromatic nanorings.

unable to rotate forming a segment of a (6,6)CNT [159]. Unrelated to the synthetic
protocols described so far, Itami and coworkers developed a three-step synthesis to
3.65 from ethyl pillar[6]arene, which already has the built-in property of being a
strain-free macrocycle. Nanoring 3.65 can be considered as a methylene-bridged [6]
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CPP [160]. DFT calculations indicate that 3.65 has a SE of 110.2 kcal/mol, larger
than [6]CPP at 96 kcal/mol, and furthermore a smaller HOMO-LUMO gap relative to
[6]CPP.

Aside from phenylene-based nanorings, there is a large class of porphyrin-based
nanorings that Anderson and others have reported in the literature [161]. Perhaps the
most extensive family of these compounds is the template-assisted formation of por-
phyrin nanorings pioneered by Anderson and coworkers [162]. In general, a template
such as T6 coordinates a Zn-porphyrin molecule at each of the pyridinic ends, posi-
tioning the six Zn-porphyrins in a circular array proximal to each other and at the
right distance to undergo oxidative coupling under Pd/Cu catalysis, using iodine as
an oxidant, to form a cyclic system as shown in nanoring 3.66 (Figure 3.13) [163].
Structurally, species like 3.66 can be regarded as formed by alternating [5,15]-linked
porphyrins and butadiynes. Note that if the template is removed from the nanoring
species, the porphyrin units tend to have low rotational barriers [164, 165], similar to
large [n]CPPs. Another version of porphyrin nanorings was reported by Osuka and
coworkers in 2015. These compounds comprise [2,12]-linked Ni-porphyrins forming
tri, tetra, and pentameric cyclic species [166]. Interestingly, the trimeric cyclic Ni-
porphyrin features a HOMO-LUMO gap of 2.07 eV, which is smaller than the mono-
meric Ni-porphyrin at 2.28 eV.

Finally, the field of conjugated molecular nanorings has grown considerably,
especially in the last dozen years when [n]CPPs were finally obtained and character-
ized. This field will likely grow and mature, translating the properties of these
nanorings into material applications and beyond.
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Although radial belt-like architectures were the target of synthesis since early in the
past century, structures defined as “a closed loop of fully fused edge-sharing benzene
rings” were only realized for the first time in 2017 [167]. Since the number of pub-
lished articles on these types of compounds is relatively small, every report will be
described in this chapter and the advances they provide to this growing family of
compounds.

4.1 Armchair and chiral nanobelts

The first type of nanobelt described in the literature was reported by Gleiter et al. in
2008 [168]. It features a [6.8]scyclacene (4.1), which consists of annulated six- and
eight-membered rings (Figure 4.1). Note that 4.1 does not resemble a fragment of a
CNT. Single crystal data indicates that conjugation between the double bond and the
aromatic rings is minimal, given the average dihedral angle of 71.9° between the
plane of the benzene rings and the plane of the double bond. Nanobelt 4.1 dis-
plays Anax at 220 nm, shoulders at 278 and 290 nm, and emits at Aey, =370 nm.
Related N-containing nanobelts were reported by Wu et al. in 2021. They obtained com-
pounds 4.2a-4.2d employing bis(o-aminobenzophenone) through a self-condensa-
tion reaction (Figure 4.1) [169]. Optically, compounds 4.2a through 4.2d display a
monotonic increase in Ay, from 265, 277, 292, and 295 nm, respectively. While 4.2a
and 4.2b do not absorb light above ~420 nm, 4.2c and 4.2d have absorption bands
extending until around 500 nm.

Nanobelt 4.3 was reported in early 2017 [170], which resembles 4.1 and 4.2 in
that it has a large dihedral angle between benzene rings of around 51.2-82.2°, and
between double bond and benzene rings in the range 72.6-74.5°. Similar to 4.1,
compound 4.3 does not resemble a CNT fragment. Nanobelt 4.3 was designed fol-
lowing a similar protocol to buckycatcher [171]. It has a lowest energy absorption
band centered at 236 nm and displays an emission band at 340 nm. It has a DFT-
calculated strain energy of 20.8 kcal/mol.

In 2020, Wang and coworker reported that resorcin[n]arenes [172] — a well-known
family of macrocyclic arenes — could be derivatized into truncated cone structures
resembling 4.1. Nanobelt 4.4 was synthesized in three steps from resorcin[n]arene,
n=4 or 6 [173]. This approach benefits from having the macrocycle preformed
prior to establishing the radial n-system. Overall, the double bond connecting the
benzene units is introduced by derivatizing the OH groups in the starting resorcin
[n]arene to vinyl moieties, which are treated with Grubbs-II catalyst to form the
final product. Nanobelt 4.4 displays host—guest properties by encapsulating small
solvent molecules (e.g., MeCN and MeNO,).

https://doi.org/10.1515/9781501519345-004
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After a long history of attempts at the synthesis of CNT belt fragments [174],
Itami and coworkers were finally able to provide a synthetic route to achieve this
monumental task. The realization was accomplished in 2017 by sequential Wittig
reactions and intramolecular Yamamoto couplings. This strategy resulted in 4.5, al-
beit in a reaction yield of around 1% (Figure 4.1) [167]. Compound 4.5 resembles a
segment of (6,6)CNT and is a structural isomer of the elusive [12]cyclophenacene.
Nanobelt 4.5 has a diameter 0.2 A larger than that of [6]CPP at ~8.1 A [175]. Since
4.5 is more rigid and has less degrees of freedom than [6]CPP, its DFT-calculated
strain energy is 23 kcal/mol higher than that of [6]CPP at 96 kcal/mol [83, 176].

Xd et

[6.8];Cyclacene 4.2a, [6.8N5];Cyclacene (m = 1)
4.1 4.2b, [6.6.8N,]3Cyclacene (m = 2)
4.2c, [6.6.6.8N,];Cyclacene (m = 3)
4.2d, [6.6.6.8N,],Cyclacene (m = 3)

R=Hor n-Pr
4.4

4.5
Figure 4.1: Gleiter’s (4.1) [168], Wu’s (4.2) [169], Miao’s (4.3) [170], Wang’s (4.4), and Itami’s (4.5)
[167] molecular nanobelts. Ar =Ph, (4-t-Bu)CgH, or (4-n-Bu)CgH,.
DFT calculations performed on 4.5 demonstrate that its frontier molecular orbitals are

distributed over the whole nanobelt. This nanobelt has a lowest energy absorption
band centered at 400 nm and a weakly absorbing window extending up to ~500 nm.
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Note that 4.5 fluoresces at Ao, = 635 nm, in contrast to the nonfluorescent [6]CPP. Sub-
sequent publications by Itami et al. report analogues of 4.3 containing 16 and 24
fused benzene rings [177]. Important to note: while in [n]CPPs An.yx is ring size-
independent (all absorbing at ~350 nm), the absorption of 4.5 and its larger analogues
have absorption bands that red-shift with increasing size. Interestingly, emission of 4.5
and its larger analogues displays a monotonic blue-shift as the size increases. Finally,
although counterintuitive, DFT calculations show that the HOMO-LUMO gap in these
nanobelts becomes larger as the ring size increases, similar to what happens in [n]CPPs
[178].

Aromatic framework represented
by the rings highlighted in red/orange

Figure 4.2: Miao’s armchair (4.6) and chiral (4.7) nanobelts as fragments of (12,12) and (18,12)CNT,
respectively. Aromatic framework (red/orange rings) of Tilley’s axially extended nanobelt 4.8.

In 2019, Miao and coworkers designed two nanorings: the first is a functional-
ized [12]CPP, while the second is a nanoring composed of six alternating units of
2,6-naphthalene with six functionalized 1,4-phenylenes, blue and green back-
bones shown in Figure 4.2, respectively, which they used to derivatize into large
armchair nanobelt 4.6 and chiral nanobelt 4.7 (Figure 4.2) [179]. Nanobelts 4.6
and 4.7 resemble a short segment of (12,12) and (18,12)CNT, respectively. Their
radial m-surface is the largest reported in a nanobelt as of summer 2021. These
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nanobelts were synthesized by m-expansion through Scholl reactions on their
precursors (radial backbone highlighted in blue and green in Figure 4.2). Cycli-
zation of the precursor nanorings produced changes in SEs of 45.8 to 54.2 kcal/
mol when forming 4.6, and 39.1 to 28.2 kcal/mol for the synthesis of 4.7. While the
general notion is an increase in SE after cyclization, as in 4.6, the observed decrease
toward 4.7 demonstrates that certain belt-forming reactions may actually relieve
strain. In fact, the higher-than-expected yield of 66% for 4.7 is attributed to this strain
relieving transformation.

The optical properties of the precursors to 4.6 and 4.7 are almost identical hav-
ing Apax and Aey of 310 and 450 nm. All the absorption bands of 4.6 and 4.7 are
red-shifted relative to their precursors. For instance, 4.6 has a lowest absorption
band centered at 466 nm, while for 4.7 it is at 427 nm with a shoulder at 447 nm.
Regarding emission, fluorescence bands appear at 498 and 532 nm for 4.6, while
for 4.7 these bands are located at 464 and 492 nm. Visually, solutions of 4.6 and
4.7 appear green and blue, respectively. Finally, electrochemical HOMO levels were
measured at -5.69 and -6.04 eV for 4.6 and 4.7, respectively.

Recently, Tilley et al. reported a nanobelt that can be regarded as a fused diago-
nal cross-sectional fragment of a (6,6)CNT. For better visualization, the aromatic
framework of this compound, 4.8, is inscribed into a (6,6)CNT as shown in Figure 4.2.
The construction of 4.8 involves an initial ring fusion, followed by macrocyclization
and diversification through a Diels—Alder reaction, finishing with a final ring fusion
via a Yamamoto coupling in an overall yield of 26% [180]. The identity of this com-
pound was confirmed via 'H NMR, where 'H resonances indicated the expected Cyp,
symmetry, in addition to single-crystal X-ray diffraction determination, from which an
end-to-end length of 15.6 A was established for the aromatic core. The optical proper-
ties of 4.8 revealed an absorption onset located at 486 nm and optical HOMO-LUMO
gap of 2.7 eV, similar to the measured electrochemical HOMO-LUMO gap of 2.9 eV.
Nanobelt 4.6 displays a sharp emission maximum at 491 nm, which decays monotoni-
cally until 600 nm.

4.2 Zigzag nanobelts

Nanobelts with a zigzag-CNT geometry, historically called [n]cyclacenes and more re-
cently belt[n]arenes [66, 68, 168, 181-183], have been more challenging to synthesize.
DFT calculations indicate that one possible reason for this synthetic challenge is that
these types of belts have a small band gap, and that triplet ground states are observed
when the ring size reaches nine or more fused benzene rings [181]. Thus, zigzag nano-
belts are expected to be reactive given their electronic nature resulting from their
inherent strain energy [176]. Despite these challenges, the first nanobelt with this ge-
ometry was reported by Wang and coworkers in 2020, when they observed an in situ
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formation of a functionalized belt[8]arene under MALDI-TOF conditions [184]. How-
ever, isolation of this compound was not reported.

Soon after Wang’s publication, two research groups, Segawa, Itami, and coworkers
[185, 186], and at the same time Chi et al. [187], independently reported the synthesis
and characterization of functionalized belt[18]arene (4.9) and belt[12]arene (4.10) as
shown in Figure 4.3, respectively. Single-crystal X-ray diffraction data confirms that
4.9 represents a fragment of zigzag (18,0)CNT, while 4.10 represents that of (12,0)CNT.
DFT-calculated strain energies are reported to be 63.3 kcal/mol for 4.9’ (R = H), while
for 4.10’ (R = H) the authors report 186.5 and 72.9 kcal/mol based on two different hy-
pothetical homodesmotic reactions. Nanobelt 4.9 features a broad absorption band
with Apax at 336 nm and a weak lowest energy absorption peak at 405 nm. Regarding
emission, compound 4.9 fluoresces at 407 and 432 nm with a shoulder at 457 nm upon
excitation with UV light. This data provides an optical band gap of ~3 eV. Nanobelt 4.9
has an average diameter of 14.05 A;in comparison, the smaller nanobelt 4.10 features
a 9.2 A diameter. The optical properties of 4.10 display a broad absorption band at
332 nm with an additional weak band at lower energy (405 nm), similar to 4.9. The
fluorescence of 4.10 is red-shifted in comparison to 4.9, with major emission peaks at
422 and 442 nm. These two closely related belt[n]arenes, 4.9 and 4.10, are the first
compounds of a large family of zigzag CNT fragments that hold the promise to unveil
unprecedented properties and reactivity.

Most recently, Miao et al. expanded on their previous approach toward arm-
chair 4.6 and chiral 4.7 nanobelts, to generate zigzag nanobelts. The key feature
comprises the incorporation of meta-phenylene units, which besides alleviating the
strain in the precursor nanoring, it masks the zigzag-forming site of the eventual
nanobelt. The aromatic framework of the nanobelt reported by Miao et al., 4.11 [188],
is shown by the red and orange rings inscribed in the (16,0)CNT fragment shown in
Figure 4.3. The aromatic region of its '"H NMR confirms its molecular C,, symmetry.
Given its size, it displays affinity for C¢o forming a 1:1 adduct with a binding constant
(K.) of (6.6 +1.1) x 10° M}, as determined from fluorescence quenching. The DFT-
calculated SE of 4.11’ (R = H instead of n-Pr) is 67.5 kcal/mol, which is smaller than
belt[16]arene calculated at 82.8 kcal/mol [176]. Compound 4.11 displays broad absorp-
tion below 480 nm with a A, at ~350 nm and a weak low absorption band at
~435 nm, likely due to the HOMO-to-LUMO transition. This same compound exhib-
its photoluminescence with two major peaks at 446 and 477 nm. This strategy put
forward by Miao et al., using Scholl reactions and strategically positioned meta-
phenylene units, presents a viable route to expand on zigzag nanobelts.

4.3 Metal-containing nanobelt

Belt-shaped compounds with radial aromaticity are not limited to carbon-only com-
pounds. To this end, Yamada and coworkers reported a strained porphyrinic system
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that is unable to rotate like those described in Section 3.3. This metal-containing nano-
belt, 4.12, is shown in Figure 4.4.

Figure 4.4: Yamada’s nickel-containing porphyrinic nanobelt.

Nanobelt 4.12, which can be regarded as a porphyrin trimer, is synthesized in
one step from (i) 1,2,4,5-tetra(pyrrol-2-ly)benzene, 4-(t-butyl)benzaldehyde, and
BF3¢OEt, for 12 h, followed by (ii) oxidation with DDQ, and (iii) metalation with
Ni(OAc),*4H,0 in 4% yield. Crystallographic data corroborates its Cs;, ideal sym-
metry, where the Ni-Ni distances are on average 8 A. Optically, 4.12 displays
Amax at 512 nm, while the monomeric Ni-porphyrin shows A,.x at 537 nm, indica-
tive of minimal electronic interaction between the metalated porphyrins within
4.12. Electrochemical measurements confirm that this nanobelt is able to accept
and deliver up to five electrons with first oxidation and reduction potentials ob-
served at +0.31 and —1.70 V versus Fc/Fc", respectively. Finally, UV-vis titration
experiments with Cg¢o display a binding stoichiometry in which two Cgq mole-
cules sandwich 4.12. Note that the molecular structure of 4.12 displays two concave
surfaces, which are attributed as the sites for Cgo binding. As described by the au-
thors, future work includes tuning of the electronic structure of this type of nano-
belt through incorporation of other transition metals and examination of the
properties of the larger porphyrinic belt analogues.

printed on 2/13/2023 4:19 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost - printed on 2/13/2023 4:19 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

5 Carbon-based nanotubes

Decades of research has shown that axially extending a radial n-conjugated sur-
face, similar to forming a tube, remains a current challenge. Tubular species able
to delocalize electrons, akin to a wire, are exceedingly rare [189]. The chemistry to
“stack” nanobelts along their rotational axis in order to form radially and axially
conjugated tubular species remains very much under research and development.
This chapter provides an analysis of the few conjugated molecular nanotubes
(CMTs) reported to date.

The molecular nanotubes described here are reported in the scientific literature
and share the following characteristics: (1) their n-surface is radially and axially de-
localized; and (2) are conformationally restricted or locked, which means that cova-
lent bonding allows them to maintain a tubular shape preventing any possibility of
rotational wall movement, which is achieved by a built-in end-cap in some of the
nanotubes described herein. Hence, nanorings of (poly)aromatic building blocks,
as described in Section 3.2, are not considered here as carbon-based nanotubes.
Also, in contrast to carbon nanobelts (described in Chapter 4), the carbon-based
nanotubes described here do not need to contain fused benzene rings. In this chapter,
we describe several compounds that fulfill these criteria and highlight any relevant
synthetic details that made the realization of these possible.

5.1 End-cap-derived nanotubes

Short molecular nanotubes have been synthesized from strain-free precursors that
bring the reacting partners close in space. This approach was followed by Stepien et al.
whose team reported in 2015 the synthesis of two highly strained nonclassical nano-
tubes from tricarbazole-based precursors [190]. The larger of the two compounds is
shown in Figure 5.1 as synthesized when tricarbazole species 5.1 is subjected to Yama-
moto coupling conditions to form nanotube 5.2 in 7% yield. Formation of 5.2 inherently
produces a small internal opening on one end and is closed on the other end by a ben-
zene fragment. DFT-calculated SE of 5.2 is 144 kcal/mol. It displays an onset of an irre-
versible ill-defined electrochemical oxidation at ca. +120 mV vs Fc/Fc*. Optically, 5.2
displays a broad absorption with A,.x at 319 nm and a long absorption tail extending
until around 550 nm, forming a yellow solution when 5.2 is dissolved in dichlorome-
thane. This nanotube emits strongly at two maxima, 440 and 465 nm, with an extended
emission tail displaying a weak band at ~630 nm and decaying to zero around 700 nm.
Nanotube 5.2 has a fluorescence quantum vyield of 6%. Mechanistically, the forma-
tion of 5.2 begins with oxidative additions of Ni(bpy)(cod) to the aryl halides to form
a triangular trinickel macrocycle, which has been calculated to be highly exothermic
with an energy gain exceeding 200 kcal/mol in the gas phase. Sequential reductive

https://doi.org/10.1515/9781501519345-005
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elimination (RE) steps, forming biaryl covalent linkages, increase strain by about
30-40 kcal/mol per step.

Br,

Ni(cod)s, bpy, N Flash vacuum pyrolysis
dry DMF, 80 °C, 18 h 0.25 torr, 1100 °C
7% %

5.2 5.4

Figure 5.1: Synthesis of end-cap-derived nanotubes 5.2 and 5.4.

A similar in size end-cap-derived nanotube was reported by Scott and coworkers in
2012 using the functionalized corannulene 5.3 as a precursor to 5.4, described by
the formula CsoH;o (Figure 5.1) [191]. The authors comment that although “the syn-
thesis of 5.4 required years to develop, [. . .] ultimately [it was] accomplished in just
three steps from corannulene.” The synthesis developed by Scott et al. involves treat-
ing 5.3 at high temperature under vacuum. These forcing conditions are similar to
early reports on CNT synthesis, where arc discharge methods were common, reach-
ing >1,700 °C, which were later substituted for chemical vapor deposition at milder
temperatures (<800 °C) [1, 192, 193]. These high temperatures are likely needed to
overcome the energetic cost of bending the aromatic surface, allowing the in situ

EBSCChost - printed on 2/13/2023 4:19 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

5.2 Tubularenes = 45

formed radicals to access successful bond-forming conformations. Nanotube 5.4 is
stable in air, heat, and light, and it can be handled without special precautions
under normal laboratory conditions. The 'H and >C NMR (nuclear magnetic reso-
nance) spectra display one (7.63 ppm) and six resonances (CD,Cl,), respectively, con-
firming its Cs, molecular symmetry. Furthermore, single-crystal data of 5.4 provided
its definitive structure. Also, 5.4 has absorption bands located at A,.x =268 and
308 nm (CH,Cl,), similar to Cgo (Amax at 270 and 329 nm), and a weak absorption tail
extending into the visible making 5.4 appear red-orange as a solid. Finally, 5.4 is sol-
uble in standard organic solvents, such as dichloromethane, chloroform, benzene,
and carbon disulfide.

5.2 Tubularenes

A novel method to obtain highly strained CMTs was recently reported by Hernandez
Sanchez et al. This method consists of templating the nanotube construction through a
macrocyclic arene. Thus far, we have reported nanotubes based on resorcin[n]arenes.
Given their tubular shape and their parent [n]arene template, we have termed these as
tubularenes. Their bottom-up synthesis is realized in just a few steps. The first mem-
bers of this growing family are derived from pentyl resorcin[4]arene (5.5). Note that 5.5
can be obtained in hundreds of grams through well-established procedures [194, 195].
Reaction of 5.5 and 2,3-dichloro-5,8-dibromo-quinoxaline in basic media provides 5.6
in multigram scale and through simple purification methods (flash chromatography).
The top periphery of 5.6 was rigidified through an eight-fold Suzuki—Miyaura cross-
coupling reaction with either 1,4-benzenediboronic acid bis(pinacol) ester or 1,4-naph-
thalenediboronic acid bis(pinacol) ester to afford tubularenes 5.7 or 5.8 in 1.3% and
0.8% isolated yields, respectively (Figure 5.2) [196]. Five and six aromatic resonances
are observed in the "H NMR spectra of 5.7 and 5.8, respectively, corroborating their C,,
point group symmetry. Both tubularenes were obtained in crystalline form; how-
ever, only 5.7 formed high-quality crystals for single-crystal X-ray diffraction (SCXRD).
The SCXRD molecular structure of 5.7 is shown in Figure 5.2. Its top aromatic ring re-
sembles the structure of [8]CPP, albeit 5.7 is significantly more rigid than [8]CPP since
only four phenylene rings are able to rotate, although rotation is hampered by a large
rotational barrier of ~29 kcal/mol. The DFT-calculated SEs of 5.7 and 5.8 are 90 and
81 kcal/mol, respectively. [8]CPP’s SE is 72 kcal/mol [83]. Both tubularenes display rich
electrochemistry, and each nanotube is able to accept at least four electrons in the po-
tential window extending from -2.0 to -2.7 V versus Fc/Fc* [196].

Tubularenes 5.7 and 5.8 have similar optical properties displaying lowest en-
ergy absorption bands at A,a, of 394 and 402 nm, and corresponding emissions at
546 and 542 nm, respectively. From these data, we calculate unusually large Stokes
shifts of ~7,000 and 6,400 cm™ for 5.7 and 5.8, respectively. Near-zero overlap fluo-
rophores (between emission and absorption) have been proposed as tools to study
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TEA, MeCN
reflux, 18 h

Pd(PPhs)s, K:CO3
PhMe:HO:ERO
reflux, 6 h

S N e B
~3- =

Figure 5.2: Tubularenes 5.7 and 5.8 reported by Hernandez Sanchez and coworkers. Single-crystal
X-ray diffraction structural data is shown for 5.7, ellipsoids shown at 50% probability level. The
DFT-optimized structure is shown for 5.8. Hydrogen atoms and R groups (n-pentyl) are omitted for
clarity.
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chemical, biological, or physical processes at a wide range of concentrations with-
out the detrimental effects of fluorescence self-absorption and chromatic shifts of
emitted light [197]. The optical properties of tubularenes 5.7 and 5.8 makes them
ideal candidates for applications requiring near-zero overlap fluorophores.

gﬁlﬂlﬂ m‘ E.
Pd(PPhs),, K,CO5
THF:H,0:Et,0, 70 °C, 12 h

Figure 5.3: Zigzag tubularenes 5.10 and 5.11. DFT-optimized structures are shown for both tubularenes
(R = methyl), where the R group (methyl) and hydrogen atoms have been omitted for clarity.

The top rim structure of tubularenes 5.7 and 5.8 is analogous to the armchair CNT
geometry. Tubularenes with zigzag geometry have been synthesized, employing
the same templated strategy described in Figure 5.2. Toward that goal, precursor 5.9
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was synthesized by dissolving 5.5 and 1,2-difluoro-4,5-dinitrobenzene in dry dime-
thylformamide under basic conditions and heated to 60 °C. Reduction of the nitro
groups was carried out with SnCl, in HCI under N,, providing an octaamine deriv-
ative which was subjected to condensation with 3,5-dibromobenzaldehyde under
reflux in air (>2 g, 70% vyield). The octabromo derivative 5.9 maintains a tubular
structure when small alcohols are present in solution creating a belt of hydrogen
bonds around the benzimidazole fragments. Suzuki—Miyaura cross-coupling reac-
tion of 5.9 with 1,3-phenylboronic acid bis(pinacol) ester affords tubularene 5.10
in a 3.3% isolated yield (Figure 5.3) [198]. Similar reaction conditions with 2,7-
naphthalenediboronic acid bis(pinacol) ester provides 5.11 in 2.5% yield. 'H NMR
spectra of 5.10 and 5.11 reflect their C,-symmetric structure. Their DFT-optimized
structures display diameters of ~9.5 and ~12.7 A for 5.10 and 5.11, respectively,
indicating that the synthetic strategy developed for tubularenes is not only able
to modulate the overall geometry of the target tubularene but also allows for tun-
ing of the tube’s diameter.

The SEs of 5.10 and 5.11 are 42.2 and 61.9 kcal/mol, respectively, which are
counterintuitive since 5.11 has a larger diameter than 5.10 [176]. However, bending
of the top rim fused arenes (naphthalene units) of 5.11, which can be regarded as
partial belt[n]arenes as described in Section 4.2, appears to add significant strain
into the overall system. Tubularenes 5.10 and 5.11 display an almost identical ab-
sorption envelope above 300 nm with A, at 305, 318 and 335 nm, where the onset
of absorption occurs around 350-360 nm. Fluorescence spectra for these tubular-
enes display emission bands at Ae, = 364 and 376 nm for 5.10, whereas those for
5.11 are located at Ay, =365 and 405 nm. Red-shifting of the low-energy emission
band for 5.11 is likely related to its larger radial m-surface. The Stokes shift for 5.10
and 5.11 is almost the same at around 2,460 cm ™, and about a third of the Stokes
shifts observed for tubularenes 5.7 and 5.8. Note that others have reported on the
synthesis of zigzag nanotubes templated by calix[n]arenes, similar to 5.10; how-
ever, none of the optoelectronic properties were published [199].

The synthetic approach toward tubularene species may open the door to a large
family of novel contorted aromatic compounds highly modular in length, diameter, po-
rosity, and optoelectronic properties, which will extend the toolbox of novel organic
electronic materials.

5.3 Phenine nanotubes

Synthesizing CMTs is a challenging task, and even more difficult is the incorporation of
defects at well-defined locations within the nanotube architecture. To address this chal-
lenge, Isobe and coworkers created a methodology to build cylindrical species contain-
ing tens of benzene (phenine) units covalently joined together through their 1, 3, and 5
positions. These nanotubes are built from strain-free floppy macrocycles, which are
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functionalized in their top and bottom peripheries with functional groups that allow the
zipping up of the macrocycle into a nanotube.

R' R'=TMS

X

Ni(cod)o

bpy, cod
—p R2
DMF:PhMe
80°C

X
R1 a:E=CH, X=Br
b:E=N,X=Cl
0
(Bpin),, [Ir(cod)OMel, .;. 4
dtbpy, THF, 65 °C AN

\

cod 5.14
R2 = Bpin; a: 92%, b: 98%

) PiClo(cod), CsF | i) PPhy, PhMe
THF, 65 °C 100 °C

yield (%)
a b

a
25 16
1

5.15

Figure 5.4: Isobe and coworkers’ synthesis of strain-free macrocyclic precursors 5.15.

The first members of these so-called strain-free macrocycles were synthesized from
m-terphenyl species 5.12a (Figure 5.4). Compound 5.12a was homocoupled by sub-
jecting it to Yamamoto cross-coupling conditions with Ni(cod), to produce the func-
tionalized [6]cyclo-meta-phenylene ([6]CMP) compound 5.13a in 84% yield [200].
This [6]CMP unit was devised as the repeating unit in a hypothetical macrocycle
formed by connecting 5.13a through the R? position. To accomplish this feat, Bpin
groups were installed in the R? position by exposing 5.13a to Ir-catalyzed borylation
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producing 5.14a in 92% yield. This building block was used in conjunction with
Yamago’s Pt-macrocyclization conditions (Figure 3.3) to afford strain-free trimer
(n=3, 9%), tetramer (n =4, 25%), and pentamer (n =5, 11%) macrocycles 5.15a as
shown in Figure 5.4. Notice that as n goes from 3 to 5, the floppiness of the macro-
cycle increases. A later report expanded on the physical characterization of macro-
cycles of the form of 5.15a [201]. A small feature, yet fundamentally important, was
observed in the smallest trimeric congener, where it was noticed that it displayed a
broad red-shifted absorption. This shoulder is ascribed to extended radial rt-conjuga-
tion resulting from the more rigid macrocycle with n=3. Also, important to mention
is that the tetrameric species with a diameter of 1.65 nm binds C;, with an association
constant (K,) of 4.7 x10* M™! (toluene-dg), similar to the reported K, of 1.5x10° M*
[202], and 5.3 x 10° M™! for C, in [11]CPP (diameter = 1.51 nm, toluene-dg) [203].

The strain-free macrocycles 5.15a were rigidified by introducing alternative func-
tionality at R". Thus, the trimethylsilane (TMS) group was removed by iododesilylation
with ICL. These polyiodinated macrocycles (R' =I) were placed under Suzuki-Miyaura
cross-coupling reaction conditions with 3-t-butyl-5-chlorophenylboronic acid pinacol
ester to provide the axially extended macrocycles 5.16a in <33%, 30%, and 22% yields
for n=3, 4, and 5, respectively. The design of these macrocycles is such that it places
aryl-Cl groups close in space and predispose them for a homocoupling reaction. In
fact, under an excess of Ni(cod),, 5.16a is zipped up and down into phenine nanotubes
5.17a in yields ranging from <6% to 20%, as shown in Figure 5.5. Although all three
nanotubes 5.17a, n =3 to 5, were spectroscopically characterized by matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF) and NMR, only the tetrameric
species provided crystals for X-ray diffraction analysis. The molecular crystal structure
of 5.17a for n =4 revealed an aromatic framework composed of 240 sp? carbon atoms
(40 benzene rings) with a tube diameter and length of 1.64 and 1.71 nm, respectively.
This latter species is also large enough to host C;, in its interior, as demonstrated from
a single-crystal structure. Also, the tubular species that results from extrapolating the
framework of 5.17a for n=4 to an infinite length was investigated by DFT. Its calcu-
lated density of states reveal semiconducting properties for such species; in contrast,
the defect-free tubular compound (12,12)CNT calculated in the same way displays me-
tallic character.

The design strategy for the phenine nanotubes described in Figures 5.4 and 5.5
was amenable to nitrogen incorporation (also referred to as doping) by modifying
the basic structure of the starting m-terphenyl compound 5.12a (E = CH) to a 2,6-di-
phenylpyridine derivative 5.12b (E = N). As indicated above, all synthetic steps can
be carried out in a similar form with comparable yields ultimately resulting in tetra-
meric 5.17b (Figure 5.5) [204]. The single-crystal molecular structure of 5.17b reveals
almost identical structural metrics to tetrameric 5.17a. However, 5.17b differs from
tetrameric 5.17a in that it has an onset of absorption at 378 nm, which is redshifted
in comparison to the latter at 345 nm. This absorption behavior indicates a smaller
band gap for 5.17b, which is corroborated by DFT calculations. Finally, the pyridine
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rings in 5.17 can be protonated with trifluoroacetic acid causing a fluorescence red-
shift and concomitant reduction of its quantum yield from 16% (nonprotonated) to
8% (protonated).

5.4 Template-assisted porphyrin nanotubes

Porphyrin-based architectures have been explored for more than a century given
their fundamental role in biochemistry [205]. Additionally, metal porphyrins have
had a profound impact in chemical catalysis given their intensively absorbing opti-
cal bands, and the highly reducing and oxidizing properties they achieve upon pho-
toexcitation [206]. As building blocks, metal porphyrins have been extensively
explored as monomers to form oligo- and polymeric materials [207], as reaction cen-
ters in small substrate activation [208], as interface material [209], as supramolecu-
lar building blocks [210], and more recently as the basic building block to create
well-defined molecular nanotubes, as discussed herein. We described the basic syn-
thetic strategy to link metal porphyrins into a nanoring in Section 3.3 (see nanoring
3.64). However, these nanorings do not retain a fixed radial orientation of their -
system in the absence of their templates. Initially, these templates were designed
with a star-like architecture, where each of the star’s vertex serves to bind a metal
porphyrin, predisposing the porphyrin moieties in a circular array for subsequent
oxidative coupling. Templates reported over the last 15 years include octapyridyl
porphyrin [162], hexapyridyl benzene (T6) [163, 211-213], acetylene-based tetra and
hexapyridyl benzene (shorter radial extension) [214, 215], modified hexapyridyl
benzene for a longer radial extension [216], dodecapyridyl species [217], hexa and
heptapyridyl-based cyclodextrins [218, 219], Cs-symmetric templates including ferro-
cene and corannulene [220], and even porphyrin nanorings themselves as templates —
akin to concentric Russian dolls [221].

Stacks of porphyrin nanorings were envisioned to devoid the individual por-
phyrins of free rotation, in this way, creating porphyrin-based nanotubes. The first
member of this family is compound 5.20 (Figure 5.6, L = C, or butadiyne). Com-
pound 5.18 was strategic in the realization of 5.20. Derivative 5.18 was obtained
through a Senge arylation introducing a bulky and solubilizing 3,5-bis(trihexylsilyl)
phenyl group (Ar) [222-224], followed by metalation with Zn(OAc),, bromination at
the fourth and remaining meso positions, Sonogashira coupling with TMS-acetylene
(TMS = trimethylsilyl), and last, removal of the TMS group [225]. With 5.18 in hand,
and using methodologies already employed by the Anderson research group, they
were able to synthesize nanotube 5.20 by subjecting 5.18 to a palladium-catalyzed
homocoupling reaction, followed by removal of the TMS groups to provide 5.19. Fol-
lowing conditions for cyclo-oligomerization of 5.19 in the presence of template T6,
Anderson and coworkers isolated 5.20 in 32% yield. Note that the yield is remark-
ably high, considering that (1) the formation of 5.20 involves 12 new C—C bonds,
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and (2) there are a large number of potential adducts (5.19),.:(T6),,, that will not re-
sult in productive chemistry [225].

Despite the absence of SCXRD data, nanotube 5.20 displays the expected Dgy,
symmetry in solution, as determined by 'H NMR. Also, MALDI-TOF matches with
the expected values for this nanotube. The DFT-optimized structure of 5.20 displays
opposite Zn-to-Zn distance, or nanotube’s diameter, of 2.43 nm. Light absorption
and emission is red-shifted by ~300 cm™ when compared to the single porphyrin
nanoring analogue, akin to 3.64. Finally, the electronic structure of 5.20 was inves-
tigated by DFT methods, concluding that the HOMO is distributed among the entire
ni-system, whereas the LUMO is localized in the nanorings with negligible contribu-
tion from the axial butadiyne “bridges.”

(CgH1g)aSi Si(CgHya)s
Ar= U

-le-

(FPr)3Si——x=

i) Pd(PPha3)Cly
1,4-benzoquinone
Cul, i-ProNH (94%)

i) [n-Bu,gNJIF]
(99%)

Pd(PPhg),Cl,
l 1,4-benzogquinone
Cul, FPraNH

5.20 (L=Cy 32%) ||
521 (L=Cp, 7%) |

5.19 Ar Ar Ar

Figure 5.6: Synthetic strategy for porphyrin nanotube 5.20 is comprised of butadiynylene-linked
double porphyrin nanorings. Nanotube 5.21 requires slightly different starting compounds as
described in the main text.
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In 2019, and following the overall strategy designed for nanotube 5.20, Haver
and Anderson reported additional members of this family of nanotubes by varying L,
the butadiyne bridging unit between nanorings in Figure 5.6, and the number of
nanorings comprising the nanotube. Aside from the lower yield in the synthesis of
5.21, the optical properties of these additional nanotubes reflect the most important
differences. Compound 5.21 (L = C, or acetylene) displays a bathochromic shift in ab-
sorption of ~40 nm relative to 5.20. The emission profile of these two nanotubes dis-
plays a similar pattern, however, that of 5.21 is red-shifted by about 50 nm relative to
that of 5.20. Altogether, the increased m-conjugation in 5.21 is attributed to its en-
hanced rigidity [226]. Lastly, the fluorescence quantum yield decreases from 0.22% to

6, Pd{PPhy),Cl, i) Pdydbay, PPhy 5.18, Pd(PPha),Cl
1.4-benzoguinone CPDMS-acetylene 1,4-benzogquinone
Cul (7% Cul (87%) Cul (28%)
- - Br Br
1) Kz2COg (quand
-~
CPOMS = .;:‘iSiWCN
5.22 1]

5.24 (L= C,, traces)
5.25(L=Cs, 7.1%)

i) [n-BusN)F]
i) Pd{PPh;)Cly
1,4-benzoquinone
Cul, T

5.23+T6 Ar

Figure 5.7: Enlarged porphyrin nanotubes 5.24 and 5.25. Shown is the synthetic strategy employed
for 5.24 (L=C, or butadiyne).
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0.09% as the distance between the porphyrin nanorings shortens from 5.20 (L =C,)
to 5.21 (L = Cy), respectively. Note that Ar in 5.21 is 3,5-bis(diisobutyloctadecylsilyl)phe-
nyl, which is used to increase the overall solubility of the nanotube.

Longer wire-like molecules, part of this family of porphyrin-based nanotubes,
were possible in part to the isolation of a key compound, porphyrin species 5.22
[226]. The key finding was to avoid direct bromination of (5,15-bis(i-Pr;SiCC)porphy-
rin)Zn. Instead, bromination of (5,15-bis(i-Pr3SiCC)porphyrin)Mg leads to selective
bromination of the remaining meso positions (11,20). Compound 5.22 is obtained
after Mg demetalation, followed by metalation with Zn(II) and removal of the TIPS
groups with [n-Bu,N][F]. Having access to 5.22 allows for selective extension in one
direction. In this regard, trimeric porphyrin 5.23¢T6 was obtained after a sequence of
Sonogashira cross-couplings starting with 5.18 and 5.22 (Figure 5.7). Compound
5.23eT6 is the precursor of nanotube 5.24. Removing the TIPS groups from 5.23¢T6,
and subjecting the resulting compound to the standard conditions employed before
for nanotube synthesis displayed the usual qualitative observation of nanotube for-
mation, where the reaction mixture turns from dark red to pink. Analysis by gel per-
meation chromatography (GPC) and MALDI-TOF confirmed the formation of 5.24;
however, the strong adsorption to the GPC column proved a challenge for purification
and isolation of 5.24. Note that the Ar group in 5.24 is 3,5-bis(trihexylsilyl)phenyl,
which was hypothesized to be insufficient in providing adequate solubility to nano-
tube 5.24 for proper manipulation during purification.

The synthesis was redefined to incorporate a more soluble Ar group, this time
consisting of 3,5-bis(diisobutyloctadecylsilyl)phenyl. Also, pursuing the shorter
nanotubes with L =C, was postulated to give higher yields during the synthesis of
the linear porphyrin species, akin to 5.23¢T6. Overall, the new strategy provided
5.25 in greater yields [226]. This last nanotube displays a broad absorption band
around 850 nm with similarly broad emission at ~1,050 nm, and a low fluorescence
quantum yield of 0.08%.

Thus far, the circumference of porphyrin nanorings is formed by alternating
porphyrins and butadiynes. Switching butadiyne for acetylene may open up the
door to novel nanotubes. Towards this goal, Anderson and colleagues reported the
first six- and eight-membered alternating single acetylene and porphyrin nanorings
[214]. Strain energies of cyclic-hexa and cyclic-octaacetylene—porphyrin nanorings
are 31 and 24 kcal/mol (DFT at B3LYP/6-31 G* level of theory), respectively. For com-
parison, the SE of the five-membered butadiyne nanoring analogue is ~29 kcal/mol
at the same level of theory [220]. These single acetylene—porphyrin nanorings may
lead to new CMTs.

Finally, it has been established that the aromatic character of cyclic butadiyne por-
phyrin nanorings can be switched between local (in each prophyrin) and global aroma-
ticity (electrons flowing over the whole nanoring) via redox manipulations [213, 227,
228]. Similar behavior has been observed in [8]CPP** and [8]CPP?™ [229, 230]; however,
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the largest butadiyne—porphyrin nanoring displaying global aromaticity has a diameter
of ca. 5 nm [228], much larger than [8]CPP’s at only 1.1 nm. This result is rather excit-
ing since it indicates for the first time that quantum coherence can persist in large
nanorings, and potentially be exploited in porphyrin-based nanotubes to create well-
defined molecular wires.
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