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The research of cycloparaphenylenes (CPPs), the smallest armchair carbon nanotube, has been a quest for the past decades which

experienced a revival in 2008 when the first synthesis was achieved. Since then CPPs with various ring sizes have been realized.

The incorporation of substituents and the synthesis of CPPs with building blocks different from phenyl rings bear challenges of

their own. Such structures, however, are highly interesting, as they allow for an incorporation of CPPs as defined nano-objects for

other applications. Therefore, this review provides a status report about the current efforts in synthesizing CPPs beyond the parent

unsubstituted oligo-phenylene structure.

Introduction

Carbon is for organic chemists the essential building block.
Besides graphite and diamond scientists have discovered new
carbon allotropes such as fullerene [1], graphene [2] and carbon
nanotubes (CNTs) [3]. Research on these materials has been
originally conducted by physicists. Also, the preparation
methods relied on physical processes [4,5]. In the past decade
the field is also more and more a playground for organic
chemists as these structures are great challenges for modern
organic synthesis. In 2002 the first rational synthesis of Cgy was
presented showing the possibility to control each atom in the

final target [6]. The choice of suitable synthetic methods is crit-
ical to cope with the strain as well as the lack of functional
groups in the target molecule. For CNTs a selective synthesis,
which controls all structural parameters, is of special interest as
they determine the properties and, finally, the field of applica-
tion [7-10]. For armchair carbon nanotubes, cyclopara-
phenylenes (CPPs) have been designed as potential template or
building block for a bottom-up approach [11-13]. Since 2008
several groups have presented successful syntheses of CPPs
with different diameters and their properties were studied [14-
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24]. The main challenge of such a synthesis is, similar to Cg, to
overcome the high strain energy. To circumvent this, different
strategies have been developed. Bertozzi and Jasti used a bent
cyclohexadiene that can be converted to a fully aromatic
benzene unit [25-32]. Itami utilized a similar L-shaped building
block based on cyclohexane [33-38]. Yamago [39-42] relied on
a square-shaped tetranuclear platinum complex originally devel-
oped by Béauerle [43] for the synthesis of macrocylic oligothio-
phenes. In all these methods a macrocyclic precursor is reaching
full conjugation in the last step of the synthesis. The strain in a
CPP is mainly due to the deviation of the phenyl rings from
planarity. However, the phenyl units in all CPPs that were
synthesized so far are not fully conjugated due to a torsion
between the phenyl moieties to overcome the steric interactions
of the protons in ortho-position. This effect has to be paid for
through an increased energy to deviate the phenyl units from
planarity. The incorporation of substituents into CPPs presents
therefore a special synthetic challenge as it further increases the
torsion angle and, hence, the strain energy. The installment of

R R Bpin

o)

Q Pd(PPhg);, CsCO3

toluene, MeOH

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

functionalities, however, is crucial for the application of CPPs.
Therefore, this review gathers current endeavors in this direc-
tion and discusses the different strategies leading to these new
classes of CPP molecules.

Review

Different types of substitutions have been incorporated in recent
syntheses of CPPs. Classical CPP syntheses have opened the
way to make phenyl-substituted CPPs, acene-containing CPPs,
polycyclic CPPs as well as heteroatom-containing CPPs.

Phenyl- and alkyl-substituted cyclopara-

phenylenes

The synthesis of phenyl-substituted CPPs can be performed by
using similar strategies as for the unsubstituted CPPs. For
instance Jasti et al. applied their strategy to synthesize a
tetraphenyl-substituted CPP as a model molecule for the syn-
thesis of larger nanobelts via cyclodehydrogenation reaction
(Scheme 1) [44]. The preparation of the modified building
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Scheme 1: Synthesis of a tetraphenyl-substituted CPP by Jasti et al.
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block was performed with 1-bromo-4-n-butylphenyl that was
transformed to the boronic acid. This compound was then
coupled with tetrabromoquinone via Suzuki coupling and
treated with DDQ to furnish the tetraphenylbenzoquinone. The
addition of lithiated phenyl iodide gave the syn-diol after sep-
aration. The compound was subsequently methylated. They
presented a multigram synthesis of this very useful building
block 1, which was coupled via Suzuki reaction with two
equivalents of the boronic ester building block 2. The macrocy-
clization was again achieved through Suzuki coupling with
building block 4 in 24% yield. Finally, the aromatization reac-
tion was conducted by using sodium naphthalenide affording
the substituted [12]CPP 6 in 63% yield (Scheme 1).

With the same strategy dodecaphenyl-substituted [9]CPP 9 was
prepared by Miillen et al. (Scheme 2) [45]. A tetraphenyl-
substituted cyclohexadiene building block 7 was combined via
nickel-mediated Yamamoto coupling reaction, and was conse-
quently aromatized through reductive aromatization mediated
by the use of low-valent titanium to produce the substituted
[9]CPP in even better yields (73—-81%) compared to Jasti. The
aim of this synthesis was to achieve the synthesis of [3]cyclo-
hexabenzocoronene ([3]CHBC) through cyclodehydrogenation
reactions. Indeed, this would be the first three dimensional
hexabenzocoronene (HBC) molecule. HBCs are interesting
because of their supramolecular behavior and electronical prop-
erties [46-48]. However, the cyclodehydrogenation reaction on
this molecule proved to be quite challenging due to ring strain
and led to a complex mixture of partially dehydrogenated and
chlorinated products. A clear evidence for the formation of
[3]JCHBC was not obtained.

DFT calculations showed that the molecule is C3-symmetric
with a twisted CPP core and a diameter of 12.2 A in the gas

I Ni(cod), Ar
1,5-cyclooctadiene O
| O 2,2'-bipyridine
o DMF/toluene/THF,
80 °C

Ar 0 Ar
R,

7 |

introduction of Ar
substituents

Scheme 2: Synthesis of tetraphenyl substituted CPP by Miillen et al.
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phase. In the calculated structures the dihedral angle is 51.2°
between substituted phenyls and unsubstituted phenyls and
78.7° between two unsubstituted phenyl rings. Therefore,
n-conjugation is expected to be reduced, which corresponds to
the observed shorter absorption and emission wavelengths
compared to the unsubstituted [9]CPP. However, the X-ray
structures differ from the computationally calculated structures
with Cj-symmetry; the phenyl ring fills the cavity due to crystal
packing forces, and the ring exhibits an ellipsoidal shape. The
ring strain is calculated by using the homodesmotic reaction
method to 93.9 kcal/mol. This is 28 kcal/mol more than for the
corresponding unsubstituted [9]CPP, and closer to that of the
[6]CPP. The NMR study showed that the rotational speed of
each phenyl is fast, even at low temperatures, as broadening

was only observed at —90 °C.

A different strategy was developed by Wegner et al. (Scheme 3)
[49]. Initially, it was planned to utilize the [2 + 2 + 2] cycload-
dition reaction to build the CPP scaffold by taking advantage of
the aromaticity gained in the process to overcome the ring
strain. However, studies on a model system revealed that under
the conditions of the [2 + 2 + 2] cycloaddition reaction the reac-
tion pathways deviate in strained systems to a formal [2 + 1 + 2
+ 1] cycloaddition reaction [50]. Therefore, a building block
was devised that combines a cyclohexane moiety, similar to that
of Itami, and a diyne building block precursor for the cycloaddi-
tion reaction. With this strategy a modular access to substituted
CPPs is provided, which differs from all other approaches in so
far as the substituents are introduced after the macrocyclization
and not before, which allows for a higher flexibility. The
building block 12 was obtained by combining the L-shaped unit
10 with a protected diyne 11 via Sonogashira reaction and
subsequent deprotection. Macrocyclization of 12 under Sono-
gashira reaction conditions provided the macrocyclic dimer 13.

TiCl4/LiAIH,4 (1/4)

ArTHF’ 80 °C, 3 days

I\
o [rommanin]

9a:R=H, 73%
9b: R =-Bu, 81%
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Scheme 3: Synthesis of substituted CPPs by Wegner et al.

The [2 + 2 + 2] cycloaddition was then performed on the macro-
cyclic precursor yielding variously substituted macrocycles in
46-52% yield. Finally, differently substituted [8]CPP were
obtained through an aromatization reaction of the corres-
ponding precursor 14 (Scheme 3). The low yield of the last step

is attributed to the high strain energy to overcome.

Whereas the diameters of substituted rings are comparable to
the diameters of unsubstituted [8]CPP, the dihedral angles
between the substituted phenyl ring and the neighbouring rings
are larger than for two unsubstituted rings, which exhibit a
similar angle as in the unsubstituted CPP. Therefore, the conju-
gation in the substituted CPP is expected to be even less domi-
nant than that in the unsubstituted CPP, which is again repre-
sented in the optical properties. The solid-state packing struc-
ture shows pairs of substituted CPP molecules arranged parallel
to each other in a basket weave motif. Strain energies were
calculated by using a different method than the homodesmotic

reaction method described in previous publications. Indeed,

in this case, the corresponding linear CPP fragments were
placed in a repeating supercell. Strain energies between
51.1-73.6 kcal/mol were obtained. The ring strain can vary
according to the substitution by around 11 kcal/mol from the
strain energy of [8]CPP calculated with the same method
(62 kcal/mol).

Nanorings with inserted acene units

One of the benefits of applying CPPs as templates for the
preparation of CNTs is the possibility to control the chirality of
the CNT by incorporating the desired chirality into the precur-
sor. The Itami group applied their concept for the synthesis of
the shortest chiral CNTs by inserting an acene unit in a CPP
structure (Scheme 4) [51]. As a particular example they synthe-
sized cyclo[13]para-phenylen-2,6-naphthylene ([13]CPPN).
With this approach it is possible to synthesize all chiral nano-
hoops by including the appropriate acene. The synthesis follows
the classical strategy developed by the group (Scheme 4). The
required L-shaped building block 16 was synthesized according
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Scheme 4: Synthesis of acene inserted CPP by Itami et al.

to a previously developed methodology [37]. Two of these
building blocks were coupled with 2,6-diborylated naphthalene
17 to give the first U-shaped building block 18. The second
U-shaped unit 19 was synthesized accordingly by Suzuki
coupling of diborylated benzene with two equivalents of
L-shaped building block 16. The resulting compound was then
borylated. The two units 18 and 19 were combined by Suzuki
coupling to form the square-shaped macrocycle 20 in
35% yield. The CPP precursor was subsequently aromatized by
a treatment with sodium bisulfate to furnish the desired
[13]CPPN in 25% yield.

[13]CPPN 21 presents a helical chirality, although racemiza-
tion occurs by rotation of the acene unit around the connecting
bonds to the rest of the ring. Calculations showed that the
molecule is racemizing rapidly at ambient temperature
(8.4 kcal/mol). They also studied the racemization of other
chiral nanorings to study the impact of the ring size. The racem-

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.
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35%

macrocyclization

ization barrier increases as the ring diameter decreases and also
as the acene unit becomes larger, which can be explained by the
increase of ring strain.

Furthermore, a synthesis of a pyrene-inserted CPP was devel-
oped by the Itami group (Scheme 5) [52]. This molecule repre-
sents a CPP that was benzannulated and n-extended at the bay-
region by converting two biphenyl units into a pyrene unit.
Pyrene derivatives show interesting photophysical properties
like long fluorescence life time and excimer emission. There-
fore, it was of interest to see if these features appear in the CPPs
containing pyrene units. The preparation of cycloparapheny-
lene-2,7-pyridylene (CPPyr) is described in Scheme 5. The syn-
thesis relies on the same strategy as that for the corresponding
non-annelated CPP. It uses the L-shaped building block 16 and
the pyrene unit is incorporated via Suzuki coupling of the dibo-
rylated 2,7-pyrene 22 to access the U-shaped unit 23. The two
units were coupled using a nickel catalyst to give the macro-
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Scheme 5: Synthesis of a pyrene-inserted CPP by Itami et al.

cyclic dimer 24 in 17% yield. Aromatization of this CPP pre-
cursor was achieved by sodium bisulfate in 1,2,4-trichloroben-
zene to give the desired [12,2]CPPyr 25. Notably, the resulting
pyrene product was soluble only in chlorinated solvents in
contrast to the generally easily soluble CPPs.

The UV-vis absorption spectrum can be explained by a combi-
nation of the spectra of pyrene and [16]CPP, as a result of the
poor conjugation between paraphenylene and 2,7-pyrenylene.
The emission maximum appears at 430 nm similar to
[12]-[18]CPPs. However, the quantum yield is found to be
much smaller with 0.21 in comparison to [9]-[16]CPPs
(0.73-0.90) [15]. The fluorescence life time is larger than that
of other CPPs with 25.6 ns (10.6 ns for [12]CPP), which is in
accordance with the long fluorescence life time of pyrenes. A
computational study showed that HOMO—-1 HOMO-2,
LUMO+1 LUMO+2 are degenerated and localized on the two
pyrene moieties and have a similar shape as the HOMO and
LUMO of pyrene explaining the additivity of the UV spectra of
[16]CPP and pyrene. The shape and energy of HOMO and
LUMO are similar to those of [16]CPP. Therefore, the emis-
sion is mostly dependent on the CPP structure. Recently,

MOMO

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

Br Br

Ni(cod)y, 2,2'-bipyridyl,
1,4-dioxane, 90 °C
17%

[macrocyclization J

Yamago and coworkers also reported the synthesis of a
[4]cyclo-2,7-pyrenylene ([4]CPY) by using their method with a
square-like tetra-Pt-complex [53]. DFT-calculations as well as
electrochemical analysis revealed a strong resemblance with
[8]CPP.

During the evolution of larger n-extended nanobelts, Itami
applied the cyclohexadiene strategy that was initially presented
by Jasti et al. with a modified naphthalene derivative to synthe-
size a cyclonaphthylene nanoring (CN) (Scheme 6) [54]. The
building block was synthesized by addition of mono-lithiated
1,4-dibromonaphthalene (26) on 1,4-naphthoquinone (27),
providing the desired cis-diol in 36% yield after separation. The
diol was further methylated by using Mel and NaH as base.
They combined the designed L-shaped naphthylene modified
building block 28 in a nickel-mediated shotgun macrocycliza-
tion producing the trimer 29 in 2% yield. Final aromatization
under reductive condition afforded desired m-extended [9]CN
30 in 59% yield [55].

The NMR spectrum of [9]CN is differentiated into numerous
peaks that coalesce into three signals when heated to 150 °C.
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Scheme 6: Synthesis of a [9]cyclonaphthylene nanoring by Itami et al.

Therefore, the molecule has a low symmetry and dynamic con-
formational changes take place slowly on the NMR time scale
at room temperature. Because of steric reasons, the dihedral
angles between the naphthalene rings are around 60°, which is
twice as much as in [9]CPP. [9]CPP as well as [9]CN are odd
numbered which means it is not possible that the phenyl or
naphthyl rings arrange in an alternated twisted structure. There-
fore, a helical moiety has to be incorporated in the ring. In the
case of [9]CN one of the naphthalene rings is parallel to the
plane of the macrocyle. As a result, the molecule is chiral. The
racemization was studied by computational models and
compared with the rotation of 1,1’-binaphtyl moieties,
observing an effect of the ring strain on the rotation
mode. Compared to 1,1’-binaphthyl the interaction of the
C8-H/C8’—H is less important due to the ring curvature. The
maximum of absorption (378 nm) is shifted towards longer
wavelengths than for the [9]CPP (340 nm) which can be attrib-
uted to the extension of the n-system. Fluorescence emission
occurs at 491 nm which is similar to the corresponding CPP
however with a quantum yield lowered by a factor of two [15].

Another naphthalene CPP has been synthesized by Batson and
Swager [55], who used a similar strategy as the Itami group.

They choose to use a benzene spacer to isolate 1,1’-binaphthyl

Li, THF, rt
59%

-
aromatization

28

macrocyclization

Ni(cod),, 2,2'-bipyridyl,
DMF, 85 °C
2%

units in order to facilitate the Scholl reaction to form perylene
units (Scheme 7). Molecule 34 constitutes a good model for
probing reaction conditions, which would be usable in the syn-
thesis of larger nanobelts through cyclodehydrogenation.

The group of Wang [56] explored a different strategy to inte-
grate a substituted naphthylene unit into CPP (Scheme 8). The
square shaped subtituent was synthesized via Diels—Alder reac-
tion of 35 and 31 selectively affording the cis product 36 after
methylation. This building block was further submitted to
macrocyclization using nickel-catalyzed homocoupling initially
developed by Itami et al. The syn and anti trimers were isolated
in 11% yield. Dimers were also isolated. The aromatization of
37 was performed by using DDQ yielding the corresponding
[9]1CPP with three 5,8-dimethoxynaphth-1,4-diyl units in
88% yield. However, the aromatization of the dimer precursor
for the [6]CPP was not successful due to larger strain energy.
The NMR study of 38 suggests that the phenyl units undergo
fast rotation as only one set of signals was observed.

CPP dimers and other architectures
The structure of para-connected CPP resembles that of linear
CNTs. The incorporation of other connectivities such as meta

allows for the assembly of other complex geometries. The syn-
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Br 11%
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Scheme 8: Synthesis of functionalized cycloparaphenylenes by Wang et al.
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thesis of a nanocage of interlinked CPP was performed by Itami
et al. (Scheme 9) [57]. They used their L-shaped cyclohexane
building block 16 coupled to a 1,3,5-triborylbenzene 39 as
three-way unit. Suzuki coupling and macrocyclization afforded
the precursor 41. Aromatization of this cage precursor produced
the beautiful conjugated nanocage molecule 42, which could
serve as template for a CNT junction.

Calculations show that the molecule has a D3 symmetry, the tri-
substituted benzene units are staggered by 12.5°, and the dis-
tance between these two connection units is 18.4 A, which lies
between the diameter of [13]CPP and [14]CPP. The strain
energy was calculated through the homodesmotic reaction
method to 67.2 kcal/mol.

Br
MOMO
)

MOMO
16

Br
dClz dppf K2003
DMF, 90 °

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

Dimers of CPPs were prepared in the Jasti group by using a bro-
mo-substituted CPP precursor (Scheme 10) [58]. The synthesis
relied on a brominated cyclohexadiene building block 45. This
entity was then inserted in compound 46, which was synthe-
sized by a succession of Suzuki—Miyaura coupling reactions.
With the bromo-functionalized macrocycle 47 in hand they
performed the dimerization by coupling two macrocycles to an
arene unit, either 1,4-benzene boronic ester (66%) or 1,5-naph-
talene boronic ester (49%). The dimeric macrocycles were then
aromatized under reductive conditions to obtain the corres-
ponding CPP dimers 50 in 75% and 48% yield for the benzene
and naphthalene junction, respectively. The molecules were
rather insoluble, which is in sharp contrast to the monomeric

CPP which is readily soluble in organic solvents.

0,
B(pm) .
(pin)B B(pin)
39
MOMO
[ introduction of linking unlt

Ni(cod)y, 2,2'-bipyridyl
DMF, 90 °C

[ macrocyclization ]

NaHSO4 H,0, chloranil
m-xylene/DMSO, reflux

69%

aromatization

42

Scheme 9: Synthesis of a CNT junction by Itami et al.
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THF, -78 °C
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Q 1) (4-idodophenyl)Li
Br  THF,-78°C |
| I 2)AcoH O Br
. l— K=o
43 44
introduction of substituents
B(pin)

oF N
B(pin) \O o O

Pd(PPh3)4, CSzCO3 I

toluene/H,0, 80 °C, 24 h
O

49a : Ar = 1,4-benzene, 66%
49b : Ar = 1,5-naphthalene, 49%

Scheme 10: Synthesis of CPP dimers by Jasti et al.

There are two conformers possible for the molecule: the cis
conformer, in which the two rings are on top of each other like
in a nanotube, and the trans conformer, in which the rings
are far from each other. The cis conformer could serve as a
starting point to construct a longer nanotube by closing more
carbon—carbon bonds via Scholl reaction. Switching between
the two configurations allows for interesting applications in
host—guest chemistry. In the solid state, the trans structure was
calculated to be lower in energy than the cis isomer. However,
the dynamic change from trans to cis conformation was studied
by DFT calculation and the energy barrier was found to be

oo
0

/O/=

78% 0 Br
0

45

o)
\ 0
(0]

Pd(OAC),, Cs,CO;4
DMF/iPrOH, 100 °C

30% o

1) sodium naphthalenide
THF,-78 °C, 2 h
2) 12

o Crommamon)

50a : Ar = 1,4-benzene, 75%
50b : Ar = 1,5-naphthalene, 48%

13 kcal/mol and 20 kcal/mol for the reverse. The path with the
lowest energy implies the flipping of one CPP ring over the
other and not a simple rotation around the aryl linking unit. In
this dynamic study the cis configuration was found to be the
lowest in energy in the gas phase due to increased van der
Waals interactions between the two CPP rings. Studies
including solvent effects did not change the relative stability of
the conformers compared to the gas phase calculations.

A directly linked CPP dimer has been synthesized by the group
of Itami (Scheme 11) [59]. The synthesis relied again on the
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THF, reflux, 12 h

Scheme 11: Synthesis of a CPP dimer by Itami et al.

L-shaped building block 16 combined with a chlorobenzene
unit 52. This way, they accessed the first monohalogenated
[10]CPP. This molecule offers various possibilities for further
functionalization. They successfully managed the dimerization
of the chloro[10]CPP 54 through Yamamoto coupling. The
isomerization between the cis and trans configurations was
studied by DFT calculations. Here again the most stable con-
formation is the cis form. The results show that the transition
takes place through rotation of one of the CPP rings around the
connected benzene ring with a barrier of 8.9 kcal/mol indi-
cating a fast isomerisation process at room temperature.

Another synthesis of acene-based rings has being developed by
the Isobe group (Scheme 12). Their work afforded different
fragments of nanotubes [60,61], for instance, a fragment of a

37%

zig-zag CNT was targeted [60]. The shortest zig-zag nanotube
is the cyclacene fragment. However, the synthesis of this mole-
cule remains challenging, mainly because of the reactive edges.
As an alternative, Isobe et al. prepared a fragment of zig-zag
CNT by using chrysenylene building blocks coupled via plat-
inum complexation and reductive elimination, featuring the
strategy also applied by Yamago [60]. Surprisingly, only one
diastereomer was obtained. Different atropisomers are possible
depending on the orientation of the chrysene units. The two
optically active enantiomers formed by this reaction could be
separated.

The isolation of the enantiomers shows the strain induced atrop-
isomerism. There is a strong rotational restriction at the single

bond linkages maintaining the tube-like shape. Moreover, the

1) PtCly(cod), CsF
THF, reflux, 36 h
R 2) PPhj
0 B(pin) toluene, rt, 30 min
O 100 °C, 24 h
(pin)B i 8%

R
56

Scheme 12: Synthesis of a zig-zag CNT fragment by Isobe et al.
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isomerization process could not be observed even at high
temperatures showing a large rotation barrier and constriction at
the single bond linkage. The solid state structure of the race-
mate presents a thread-in-bead columnar assembly with the
hexyl chain of one enantiomer incorporated into the center of
the other enantiomer forming pairs of enantiomers entangled
together. Several pairs arrange in a tubular manner by incorpor-

ating hexyl chains of other pairs.

Heteroatomic cycloparaphenylenes
With all the strategies available, it is also possible to synthesize
CPPs which contain heteroatoms, such as the nitrogen-

MOMO
O

MOMO

introduction of
substituents
PdCl,(dppf), Na,CO3
n-Bu4NBr, toluene/H,0 reflux

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

containing CPP synthesized by Itami et al. by using bipyridine
as a linear building block [62]. Such heteroatom-containing
rings could pave the way to novel properties of CPPs through
supramolecular assemblies, complex formation, or acid—base
modifications and therefore offer access to new applications.
The strategy for this synthesis relied on the same building block
used by the Itami group for the synthesis of the parent CPP the
only exception being the bipyridine building block which was
inserted on two sides of compound 19 (Scheme 13). The
bipyridine 58 was then again coupled with 19 in a Suzuki
reaction to give the macrocyclic precursor 59 in 48% yield.
Finally, the CPP 61 was obtained in 56% yield by an aromatiza-

Br
wouo [ g
Vg
MOMO

59
79%
Br 2 2 Br
=N N=
Br 58
MOMO OMOM
16

L

MOMO

NaHSO4, Hzo
o-chloranil
m-xylene/DMSO
150 °C, air

56%

Q aromatization

61

Scheme 13: Synthesis of a CPP with an inserted bipyridine by Itami et al.

PdCIg(dppf), N32CO3
n-Bu4NBr, toluene/H,0 reflux
48%

[ macrocyclization J
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tion reaction mediated by sodium bisulfate in the presence of
chloranil.

Whereas the optical properties of 61 resemble those of large
CPPs, a strong dependence on the pH value was observed. The
absorption and emission spectra show broadening as well as red
shift. This can be due a charge transfer excited state upon proto-
nation of the bipyridine units. When the solution was neutral-
ized, the previously observed absorption and fluorescence
spectra were reproduced showing the reversibility of the
process.

Conclusion

Different syntheses of CPPs of different diameters have been
established. Based on these strategies a variety of substituted
and non-phenyl containing CPPs have been prepared. All exam-
ples have the key steps of introducing the substituents, macro-
cyclization and finally aromatization. The possibility to add
different substituents at a late stage in the synthesis is espe-
cially attractive. The incorporation of further functionalities into
CPPs opens the way for the synthesis of larger nanobelts and
other complex molecular architecture promising more and more

creative new CPP-based structures in the near future.

Acknowledgements

The authors are thankful to the support by the COST action
MP0901 NanoTP and Schweizer Staatssekretariat fiir Bildung
und Forschung (SBF).

References

1. Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E.
Nature 1985, 318, 162—163. doi:10.1038/318162a0

2. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.;
Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306,
666—669. doi:10.1126/science.1102896

3. lijima, S. Nature 1991, 354, 56-58. doi:10.1038/354056a0

4. Huang, J.; Zhang, Q.; Zhao, M.; Wei, F. Chin. Sci. Bull. 2012, 57,
157-166. doi:10.1007/s11434-011-4879-z

5. Paradise, M.; Goswami, T. Mater. Des. 2007, 28, 1477-1489.
doi:10.1016/j.matdes.2006.03.008

6. Scott, L. T.; Boorum, M. M.; McMahon, B. J.; Hagen, S.; Mack, J.;
Blank, J.; Wegner, H.; de Meijere, A. Science 2002, 295, 1500—1503.
doi:10.1126/science.1068427

7. Bianco, A.; Kostarelos, K.; Prato, M. Curr. Opin. Chem. Biol. 2005, 9,
674—679. doi:10.1016/j.cbpa.2005.10.005

8. Katz, E.; Willner, I. ChemPhysChem 2004, 5, 1084—1104.
doi:10.1002/cphc.200400193

9. Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A. Science 2002, 297,
787-792. doi:10.1126/science.1060928

10. Lieber, C. M. Solid State Commun. 1998, 107, 607—-616.

doi:10.1016/S0038-1098(98)00209-9

.Omachi, H.; Nakayama, T.; Takahashi, E.; Segawa, Y.; Itami, K.

Nat. Chem. 2013, 5, 572-576. doi:10.1038/nchem.1655

1

-

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

12.Omachi, H.; Segawa, Y.; Itami, K. Acc. Chem. Res. 2012, 45,
1378-1389. doi:10.1021/ar300055x

13.Li, H.-B.; Page, A. J.; Irle, S.; Morokuma, K. ChemPhysChem 2012, 13,
1479-1485. doi:10.1002/cphc.201200055

14.Camacho, C.; Niehaus, T. A.; ltami, K_; Irle, S. Chem. Sci. 2013, 4,
187-195. doi:10.1039/c2sc20878d

15.Segawa, Y.; Fukazawa, A.; Matsuura, S.; Omachi, H.; Yamaguchi, S.;
Irle, S.; Itami, K. Org. Biomol. Chem. 2012, 10, 5979-5984.
doi:10.1039/c20b25199j

16.Nishihara, T.; Segawa, Y.; ltami, K.; Kanemitsu, Y. J. Phys. Chem. Lett.
2012, 3, 3125-3128. doi:10.1021/jz3014826

17. Fujitsuka, M.; Cho, D. W.; lwamoto, T.; Yamago, S.; Majima, T.
Phys. Chem. Chem. Phys. 2012, 14, 14585-14588.
doi:10.1039/c2cp42712e

18. Fomine, S.; Zolotukhin, M. G.; Guadarrama, P. J. Mol. Model. 2012,
18, 4025-4032. doi:10.1007/s00894-012-1402-7

19.lwamoto, T.; Watanabe, Y.; Sakamoto, Y.; Suzuki, T.; Yamago, S.
J. Am. Chem. Soc. 2011, 133, 8354—-8361. doi:10.1021/ja2020668

20. lwamoto, T.; Watanabe, Y.; Sadahiro, T.; Haino, T.; Yamago, S.
Angew. Chem., Int. Ed. 2011, 50, 8342-8344.
doi:10.1002/anie.201102302

21.Sundholm, D.; Taubert, S.; Pichierri, F. Phys. Chem. Chem. Phys.
2010, 12, 2751-2757. doi:10.1039/b922175a

22.Segawa, Y.; Omachi, H.; Itami, K. Org. Lett. 2010, 12, 2262-2265.
doi:10.1021/011006168

23.Bachrach, S. M,; Stlck, D. J. Org. Chem. 2010, 75, 6595-6604.
doi:10.1021/j0101371m

24.Wong, B. M. J. Phys. Chem. C 2009, 113, 21921-21927.
doi:10.1021/jp9074674

25. Xia, J.; Jasti, R. Angew. Chem., Int. Ed. 2012, 51, 2474-2476.
doi:10.1002/anie.201108167

26. Xia, J.; Bacon, J. W.; Jasti, R. Chem. Sci. 2012, 3, 3018-3021.
doi:10.1039/c2sc20719b

27.Sisto, T. J.; Jasti, R. Synlett 2012, 23, 483-489.
doi:10.1055/s-0031-1290360

28.Hirst, E. S.; Jasti, R. J. Org. Chem. 2012, 77, 10473—10478.
doi:10.1021/j0302186h

29.Darzi, E. R;; Sisto, T. J.; Jasti, R. J. Org. Chem. 2012, 77, 6624—6628.
doi:10.1021/j03011667

30.Sisto, T. J.; Golder, M. R.; Hirst, E. S.; Jasti, R. J. Am. Chem. Soc.
2011, 133, 15800—15802. doi:10.1021/ja205606p

31.Jasti, R.; Bertozzi, C. R. Chem. Phys. Lett. 2010, 494, 1-7.
doi:10.1016/j.cplett.2010.04.067

32. Jasti, R.; Bhattacharjee, J.; Neaton, J. B.; Bertozzi, C. R.
J. Am. Chem. Soc. 2008, 130, 17646—17647. doi:10.1021/ja807126u

33. Sibbel, F.; Matsui, K.; Segawa, Y.; Studer, A.; ltami, K.
Chem. Commun. 2014, 50, 954-956. doi:10.1039/c3cc48683d

34. Ishii, Y.; Nakanishi, Y.; Omachi, H.; Matsuura, S.; Matsui, K,;
Shinohara, H.; Segawa, Y.; ltami, K. Chem. Sci. 2012, 3, 2340-2345.
doi:10.1039/c2sc20343j

35.Segawa, Y.; Senel, P.; Matsuura, S.; Omachi, H.; ltami, K. Chem. Lett.
2011, 40, 423-425. doi:10.1246/cl.2011.423

36.Segawa, Y.; Miyamoto, S.; Omachi, H.; Matsuura, S.; Senel, P.;
Sasamori, T.; Tokitoh, N.; Itami, K. Angew. Chem., Int. Ed. 2011, 50,
3244-3248. doi:10.1002/anie.201007232

37.0machi, H.; Matsuura, S.; Segawa, Y.; ltami, K.
Angew. Chem., Int. Ed. 2010, 49, 10202-10205.
doi:10.1002/anie.201005734

1332


http://dx.doi.org/10.1038%2F318162a0
http://dx.doi.org/10.1126%2Fscience.1102896
http://dx.doi.org/10.1038%2F354056a0
http://dx.doi.org/10.1007%2Fs11434-011-4879-z
http://dx.doi.org/10.1016%2Fj.matdes.2006.03.008
http://dx.doi.org/10.1126%2Fscience.1068427
http://dx.doi.org/10.1016%2Fj.cbpa.2005.10.005
http://dx.doi.org/10.1002%2Fcphc.200400193
http://dx.doi.org/10.1126%2Fscience.1060928
http://dx.doi.org/10.1016%2FS0038-1098%2898%2900209-9
http://dx.doi.org/10.1038%2Fnchem.1655
http://dx.doi.org/10.1021%2Far300055x
http://dx.doi.org/10.1002%2Fcphc.201200055
http://dx.doi.org/10.1039%2Fc2sc20878d
http://dx.doi.org/10.1039%2Fc2ob25199j
http://dx.doi.org/10.1021%2Fjz3014826
http://dx.doi.org/10.1039%2Fc2cp42712e
http://dx.doi.org/10.1007%2Fs00894-012-1402-7
http://dx.doi.org/10.1021%2Fja2020668
http://dx.doi.org/10.1002%2Fanie.201102302
http://dx.doi.org/10.1039%2Fb922175a
http://dx.doi.org/10.1021%2Fol1006168
http://dx.doi.org/10.1021%2Fjo101371m
http://dx.doi.org/10.1021%2Fjp9074674
http://dx.doi.org/10.1002%2Fanie.201108167
http://dx.doi.org/10.1039%2Fc2sc20719b
http://dx.doi.org/10.1055%2Fs-0031-1290360
http://dx.doi.org/10.1021%2Fjo302186h
http://dx.doi.org/10.1021%2Fjo3011667
http://dx.doi.org/10.1021%2Fja205606p
http://dx.doi.org/10.1016%2Fj.cplett.2010.04.067
http://dx.doi.org/10.1021%2Fja807126u
http://dx.doi.org/10.1039%2Fc3cc48683d
http://dx.doi.org/10.1039%2Fc2sc20343j
http://dx.doi.org/10.1246%2Fcl.2011.423
http://dx.doi.org/10.1002%2Fanie.201007232
http://dx.doi.org/10.1002%2Fanie.201005734

38. Takaba, H.; Omachi, H.; Yamamoto, Y.; Bouffard, J.; Itami, K.
Angew. Chem., Int. Ed. 2009, 48, 6112-6116.
doi:10.1002/anie.200902617

39.Kayahara, E.; Patel, V. K.; Yamago, S. J. Am. Chem. Soc. 2014, 136,
2284-2287. doi:10.1021/ja413214q

40.Kayahara, E.; lIwamoto, T.; Suzuki, T.; Yamago, S. Chem. Lett. 2013,
42, 621-623. doi:10.1246/cl.130188

41.Kayahara, E.; Sakamoto, Y.; Suzuki, T.; Yamago, S. Org. Lett. 2012,
14, 3284-3287. doi:10.1021/01301242t

42.Yamago, S.; Watanabe, Y.; lwamoto, T. Angew. Chem., Int. Ed. 2010,
49, 757-759. doi:10.1002/anie.200905659

43.Fuhrmann, G.; Debaerdemaeker, T.; Bauerle, P. Chem. Commun.
2003, 948-949. doi:10.1039/b300542a

44 Sisto, T. J.; Tian, X.; Jasti, R. J. Org. Chem. 2012, 77, 5857-5860.
doi:10.1021/j0301024g

45, Nishiuchi, T.; Feng, X.; Enkelmann, V.; Wagner, M.; Mdllen, K.
Chem. — Eur. J. 2012, 18, 16621-16625. doi:10.1002/chem.201203227

46.Tran-Van, A.-F.; Wegner, H. A. Strategies in Organic Synthesis for
Condensed Arenes, Coronene, and Graphene. Topics in Currrent
Chemistry; Springer: Berlin, Germany, 2013; pp 1-37.
doi:10.1007/128_2013_465

47.Berresheim, A. J.; Miller, M.; Millen, K. Chem. Rev. 1999, 99,
1747-1786. doi:10.1021/cr970073+

48. Miiller, M.; Kiibel, C.; Millen, K. Chem. — Eur. J. 1998, 4, 2099-2109.
doi:10.1002/(SICI)1521-3765(19981102)4:11<2099::AID-CHEM2099>
3.0.CO;2-T

49.Tran-Van, A.-F.; Huxol, E.; Basler, J. M.; Neuburger, M.; Adjizian, J.-J.;
Ewels, C. P.; Wegner, H. A. Org. Lett. 2014, 16, 1594-1597.
doi:10.1021/01500194s

50. Tran-Van, A.-F.; Gotz, S.; Neuburger, M.; Wegner, H. A. Org. Lett.
2014, 16, 2410-2413. doi:10.1021/015007604

51.0machi, H.; Segawa, Y.; ltami, K. Org. Lett. 2011, 13, 2480-2483.
doi:10.1021/01200730m

52.Yagi, A.; Venkataramana, G.; Segawa, Y.; Itami, K. Chem. Commun.
2014, 50, 957-959. doi:10.1039/c3cc48198k

53.lwamoto, T.; Kayahara, E.; Yasuda, N.; Suzuki, T.; Yamago, S.
Angew. Chem., Int. Ed. 2014, 53, 6430-6434.
doi:10.1002/anie.201403624

54.Yagi, A.; Segawa, Y.; ltami, K. J. Am. Chem. Soc. 2012, 134,
2962-2965. doi:10.1021/ja300001g

55.Batson, J. M.; Swager, T. M. Synlett 2013, 24, 2545-2549.
doi:10.1055/s-0033-1339882

56.Huang, C.; Huang, Y.; Akhmedov, N. G.; Popp, B. V.; Petersen, J. L.;
Wang, K. K. Org. Lett. 2014, 16, 2672-2675. doi:10.1021/01500904x

57.Matsui, K.; Segawa, Y.; Namikawa, T.; Kamada, K.; ltami, K.

Chem. Sci. 2013, 4, 84-88. doi:10.1039/c2sc21322b

58. Xia, J.; Golder, M. R.; Foster, M. E.; Wong, B. M.; Jasti, R.

J. Am. Chem. Soc. 2012, 134, 19709-19715. doi:10.1021/ja307373r

59. Ishii, Y.; Matsuura, S.; Segawa, Y.; ltami, K. Org. Lett. 2014, 16,
2174-2176. doi:10.1021/01500643c

60. Hitosugi, S.; Yamasaki, T.; Isobe, H. J. Am. Chem. Soc. 2012, 134,

12442-12445. doi:10.1021/ja305723]
. Hitosugi, S.; Nakanishi, W.; Isobe, H. Chem. — Asian J. 2012, 7,
1550-1552. doi:10.1002/asia.201200187

62. Matsui, K.; Segawa, Y.; Itami, K. Org. Lett. 2012, 14, 1888—1891.

doi:10.1021/013005112

6

=

Beilstein J. Nanotechnol. 2014, 5, 1320-1333.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.5.145

1333


http://dx.doi.org/10.1002%2Fanie.200902617
http://dx.doi.org/10.1021%2Fja413214q
http://dx.doi.org/10.1246%2Fcl.130188
http://dx.doi.org/10.1021%2Fol301242t
http://dx.doi.org/10.1002%2Fanie.200905659
http://dx.doi.org/10.1039%2Fb300542a
http://dx.doi.org/10.1021%2Fjo301024g
http://dx.doi.org/10.1002%2Fchem.201203227
http://dx.doi.org/10.1007%2F128_2013_465
http://dx.doi.org/10.1021%2Fcr970073%2B
http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2819981102%294%3A11%3C2099%3A%3AAID-CHEM2099%3E3.0.CO%3B2-T
http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2819981102%294%3A11%3C2099%3A%3AAID-CHEM2099%3E3.0.CO%3B2-T
http://dx.doi.org/10.1021%2Fol500194s
http://dx.doi.org/10.1021%2Fol5007604
http://dx.doi.org/10.1021%2Fol200730m
http://dx.doi.org/10.1039%2Fc3cc48198k
http://dx.doi.org/10.1002%2Fanie.201403624
http://dx.doi.org/10.1021%2Fja300001g
http://dx.doi.org/10.1055%2Fs-0033-1339882
http://dx.doi.org/10.1021%2Fol500904x
http://dx.doi.org/10.1039%2Fc2sc21322b
http://dx.doi.org/10.1021%2Fja307373r
http://dx.doi.org/10.1021%2Fol500643c
http://dx.doi.org/10.1021%2Fja305723j
http://dx.doi.org/10.1002%2Fasia.201200187
http://dx.doi.org/10.1021%2Fol3005112
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.5.145

	Abstract
	Introduction
	Review
	Phenyl- and alkyl-substituted cycloparaphenylenes
	Nanorings with inserted acene units
	CPP dimers and other architectures
	Heteroatomic cycloparaphenylenes

	Conclusion
	Acknowledgements
	References

