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of saddle-shaped distorted polycyclic aromatic hydrocarbons (PAHs). We summarise the recent progress on the synthetic
strategies followed to obtain well-defined nanographenes containing heptagonal and octagonal carbocycles, highlighting

the novel strategy developed by our group together with our recent contributions in the area of distorted aromatics. The

presence of seven- or eight-membered rings induces a saddle-shape curvature in the planar network pushing the structure

out of the plane which influences the physical properties exhibited. Some brief details into the optical and electronic

properties of those curved nanostructures are also discussed.

1. Introduction

The outstanding properties associated to graphene (i.e. a strong
electric and thermal conductor and an elastic material) refer to
pristine samples without structural defects. However, those
defects have been observed in the graphene basic hexagonal
network and can significantly modify its properties.! New useful
semiconductor materials may arise from the controlled
deviation of perfection and distorted materials could be useful
for new applications in electronics and photonics. Among the
defects observed in single-layer graphene, vacancies involve
one or two atoms missing in the lattice. As consequence, sets of
five and seven-membered rings and occasionally eight or nine-
membered rings are typically observed in graphene samples.?
Polycyclic aromatic hydrocarbons (PAHs) or nanographenes
have received significant attention as well-defined graphene
fragments.3 Nanographenes containing non-hexagonal rings or
heteroatoms can be envisioned as ideal models of defective
graphene. Therefore they might serve to experimentally
corroborate the theoretical studies on the influence of
topological defects in graphene structures. Those theoretical
data indicated that the distortion from planarity caused by the
presence of odd-member rings deeply influences the physical
properties exhibited by those carbon nanostructures.*

Over the last two decades, extensive series of purely hexagonal
atomically precise PAHs have been successfully synthesized in a
well-defined manner by bottom-up synthetic approaches.>
Planar defect-free nanographenes of different sizes, shapes,
lengths, widths or edge structures have been reported going
from coronene or hexa-peri-hexabenzocoronene (HBC) as the
basic representative models to extraordinary extended PAHs or
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large graphene nanoribbons (GNR) giving rise to a fine tuning in
the optical and electronic properties displayed.®

Embedding pentagons in polycyclic arenes originates bowl-
shape positive curvatures as in fullerene fragments? or carbon
nanotubes end caps.8 From the first synthesis of corannulene in
1966 many aromatic molecular-bowl hydrocarbons have been
presented and studied.®

In contrast to the case of pentagons, the introduction of seven-
or eight-membered carbocycles into a hexagonal planar
network induces a negative curvature with saddle shape.1d The
interest on carbon structures containing negative curvature has
been evidenced for more than twenty years with theoreticall®
and experimental?® studies pointing out the potential impact
over the geometry and properties of the basic sp2 planar
system. However, it has been recently when those curved
distorted carbon nanostructures are receiving increasing
attention. It is expected that this kind of curvature might have
important impact on the opto(electronic) properties and
consequently on their possible applications.11

Nanographenes containing heptagons or octagons are still
much less common than including pentagons.12 The controlled
introduction of those defects in carbon nanomaterials is only
possible if suitable synthetic routes to produce such defects are
available. Within this context, bottom-up approaches
(benchtop) to carbon-based nanostructures are essential since
they provide homogeneous and well-defined materials with
novel structures and geometries. On the unequivocal
characterization of those carbon-based structures lays the
foundation for their future applications.

Herein we highlight relevant recent progress on the synthetic
strategies developed for the preparation of well-defined
heptagon-embedded polycyclic arenes with special focus on the
results reported by our group. Particular attention is given to
the synthetic strategy employed to obtain the target heptagon,
responsible for the negative curvature in the otherwise planar
network, and some insights into the opto(electronical)

J. Name., 2013, 00, 1-3 | 1



properties of the carbon nanostructures prepared are also
briefly commented. Finally, synthetic strategies towards the
preparation of saddle-shape PAHs containing eight-membered
carbocycles are also included.

2. Bottom-up Synthesis of Saddle Nanographenes

The synthesis of well-defined nanographenes took off with
several synthesis of representative hexabenzocoronene (HBC)
reported by Clar, Halleux and Schmidt in the last century.13
Later on, the seminal works developed by Miullen and co-
workers in obtaining HBC through oxidative intramolecular
cyclodehydrogenation of hexaphenylbenzene layed the basis
for the synthesis of new m-extended PAHs.1* Synthetic
approaches toward adequate oligophenylenes based on Co-
catalyzed cyclotrimerization of diphenylacetylene derivatives or
on Diels-Alder cycloaddition between
tetraphenylcyclopentadienone and diphenylacetylene
derivatives have been widely employed giving rise to
functionalized oligophenylenes. From them, PAHs can be
prepared by a variety of synthetic methodologies achieving high
efficiency and novelty.6*>e15 Among them, the selective
oxidative aromatic coupling of unfunctionalized arenes with a
net loss of hydrogensst has become the most popular synthetic
route to nanographenes especially leading by the contributions
of Mdllen's group.16

The possibility of designing and controlling the synthesis of
nanographenes allows the introduction of designed defects on
the aromatic structure in order to cause distortions away from
planarity. This alteration in the aromatic structure results in
novel shapes and changes in the electronic and optical
properties of the obtained nanographenes.

Within the bottom-up approaches based on organic synthesis
for the preparation of well-defined distorted saddle-shape
nanographenes, three main strategies have been used to create
the key heptagonal carbocycle. Firstly, the direct use of a
functionalized seven-membered carbocycle as starting material
and subsequent creation of the surrounding aromatic backbone
in consecutive steps (Scheme 1a). A second approach that has
been quite extensively used consists on the generation of the
heptagon by means of an intramolecular closing reaction mainly
by a final oxidative cyclodehydrogenation although Friedel-
Craft reaction has also been used (Scheme 1b). Recently, Miao
et. al., have reported an alternative approach in which a ring
expansion reaction of cyclohexanone moieties gives rise to the
central heptagon in the hexagonal lattice (Scheme 1c). In our
approach, we create the seven-membered ring by an adequate
intermolecular cyclotrimerization reaction of simple starting
materials, namely dialkynes | and diarylacetylenes Il (Scheme
1d). In this case a heptagon-containing polyphenylene is directly
created in one single step. Furthermore, the incorporation of
functional groups allows the control of the created
nanographene and also further expansion of the sp2 network.
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Scheme 1. General approaches for the synthesis of PAHs containing heptagons.

2.1 Synthesis and characterization of PAHs
containing heptagons

The archetypal example of a saddle-shaped polycyclic arene is
the [7]circulene, whose synthesis was firstly reported by
Yamamoto et. al.17 In this approach the key heptagonal ring is
created by a photocyclization of flexible biphenylnaphthalene
cyclophane 1 (Scheme 2A). The incorporation of adequate
functional groups in the starting cyclophane is required for
subsequent functionalization and final McMurry reaction
leading to [7]circulene 3. The twisted saddle-shaped structure
with C; symmetry was confirmed by X-Ray crystallography
(Scheme 2B). The Yamamoto group also reported the synthesis
of [7.7]circulene following a similar synthetic route.1® A second
approach towards [7]circulene involving a vacuum pyrolysis at
550 °C of bridged-hexahelicene and a final dehydrogenation at
280 °C was also presented.1?

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. A. Synthesis of compound 3. Reagents and conditions: (a) I,
cyclohexane, hv, 2 h; (b) (i) "BuLi, THF, =78 °C, 30 min; (ii) DMF, =78 °C, 1 h; (c)
TiCls, LiAIH4, DME, reflux, 4 h. THF = tetrahydrofuran; DMF = dimethylformamide;
DME = dimethoxyethane. B. X-ray crystal structure of compound 3 (hydrogen
atoms are omitted for clarity).

After those groundbreaking examples reported in the late
eighties, surprisingly the synthesis of heptagon-containing PAHs
remained almost unexplored for more than 20 years until 2012,
when Q. Miao and co-workers synthesized a heptagon-
embedded PAH with negative curvature and m-isoelectronic to
the planar hexa-peri-benzocoronene (HBC).2° They followed the
synthetic strategy developed by Miullen to obtain substituted
HBC,»21 being the key steps a Diels-Alder cycloaddition to
create the basic aromatic backbone and a Scholl-type oxidative
cyclodehydrogenation leading to the nanographene structure.
In this case, the seven-membered ring is already incorporated
in the dienophile precursor 4 used in the Diels-Alder reaction
(Scheme 3A). The final cyclodehydrogenation reaction was
performed with FeCl; acting simultaneously as Lewis acid and
oxidant. As previously reported by King, they found that the
position of alkoxyl groups were determinant in this reaction.22
These activating substituents should be located in the ortho or
para positions to the reaction sites, otherwise the desired
product could not be isolated from the complex mixture
obtained.

This journal is © The Royal Society of Chemistry 20xx

Scheme 3. A. Synthesis of compound 7. Reagents and conditions: (a) tBuOK, Et,0,
rt, 24 h; (b) BBr3, CH,Cly, reflux, 4 h, 89%; (c) C¢H13Br, K,CO3, DMF, 85 °C, 16 h, 81%;
(d) FeCl;, CH3NO,, CH,Cly, rt, 3 h, 62%. B. X-ray crystal structure of compound 7
(hydrogen atoms are omitted for clarity).

The structure of this new saddle-shaped PAH 7 was resolved by
X-ray crystallography showing a great distortion from planarity
with negative curvature (Scheme 3B). The intercalated long
alkyl chains between the curved aromatic networks prevent m-
interactions between molecules, as observed in the molecular
packing of 7. Interestingly, 7 exhibited green fluorescence when
irradiated with UV light and similar wavelength absorption to
HBC but with much higher extinction coefficient.

Almost simultaneously, Kuck and co-workers reported the
synthesis of a PAH containing a seven-membered carbocycle.?3
In this case, a bowl-shaped tribenzotriquinacene (TBTQ) is fused
with a pentaphenylphenyl unit (Scheme 4, 8). Final Scholl
reaction using Cu(OTf),/AICl3/CS; combination, as Lewis-acidic
conditions, led to the expected TBTQ-HBC scaffold and also
generated a cycloheptatriene that bridges both units. Thus, the
saddle-shaped heptagon connects the bowl-shaped TBTQ with
the planar HBC. Remarkable, they found that in this case, the
use of FeCls only gave the starting materials in the oxidative
cyclodehydrogenation.

Scheme 4. Synthesis of compound 9. Reagents and conditions: (a) AICl;, Cu(OTf),,
CS,, 45 °C, 30 h.

However, in 2013, Durola et al. unexpectedly obtained an
unusual twisted PAH 11 incorporating a seven-membered
carbocycle that is created by a rearrangement during an
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intramolecular Scholl reaction mediated by FeCl3.2* The
structure of 11 was confirmed by X-ray crystallography,
revealing that it is highly distorted due to the presence of one
[5]helicene and one seven-membered ring as part of a

hexa[7]circulene.

10 1

Scheme 5. Synthesis of compound 11. Reagents and conditions: (a) FeCls;, CH,Cl,,
CH3NO,, rt, 1 h.

Also in 2013, Itami, Scott and co-workers reported one of the
seminal examples in the area of distorted saddle-arenes. They
presented the synthesis of an extraordinary distorted warped
nanographene bearing six seven-membered rings surrounding
a corannulene core by means of a remarkable straightforward
synthetic route.2®> The synthesis consisted in a palladium
catalyzed C-H activation of commercially available
corannulene, followed by a cyclodehydrogenation reaction
which ‘ran to the end’ giving the warped CgoH3o 15 and Ci20H110
16. This two-steps procedure manages to multiply by four the
number of carbon atoms in the conjugated backbone and to
form 10 new rings, including five strained heptagons in a single
cyclization step. Once again, the formation of the strained
heptagonal rings occurs during a cyclodehydrogenation
reaction, either by FeCl; or by the combination of 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) and
trifluoromethanesulfonic acid (triflic acid, TfOH). As confirmed
by the X-ray crystal structure, compound 15 exists as a pair of
enantiomers, (P,M,P,M,P) and (M,P,M,P,M), according to the P
or M chirality of each of the hexa[7]circulene moieties
conforming their structures, although IHNMR showed rapid
racemization in solution. Moreover, the high level of distortion
in compound 15 confers great solubility and perturbs its
electronic and optical properties. Compared with the similar-
size planar nanographene obtained by Millen and co-workers
in 2000,52 the calculated band valence gap (HOMO-LUMO
energy difference) of 15 is larger than that for the planar
counterpart due to a lowering of the HOMO, while the LUMO
remains similar for both compounds. Also the UV-vis spectrum
of 15 was blue-shifted respect to that of the planar PAH and,
unlike this, 15 presented fluorescence. Thanks to its good
solubility, cyclic voltammetry measurements of 15 could be
performed. It showed three reversible reduction potentials
associated with the presence of a five-membered ring in the
structure which is known because of its ability to impart good
electron-accepting character, as in the case of corannulene or
Cso fullerene. Moreover, compound 15 showed two reversible

4| J. Name., 2012, 00, 1-3

oxidation potentials, which are not common in this type of
structure and were attributed to the presence of the seven-
membered rings included in its warped framework. These
results highlight the effects of distorting the nt-surface regarding
to the electronic and optical properties of PAHs and prompt to
the development of new negatively-curved nanographenes.

SO
ng

12 Bu

a
I 21%

15 (R = H)
16 (R = 'Bu)

15 (R = H)

Scheme 6. Synthesis of compounds 15 and 16 and X-ray crystal structure of 15
(hydrogen atoms are omitted for clarity). Reagents and conditions: (a) tris-(o-
biphenyl)boroxin, Pd(OAc),, o-chloranil, DCE, 80 °C, 16 h; (b) tris-(p-(t-
butyl)phenyl)boroxin, Pd(OAc),, o-chloranil, DCE, 80 °C, repeat for 3-4 cycles; (c)
DDQ, CF3SO;3H, CH,Cl, 0 °C, 30 min; (d) FeCls, CH,Cl,, CH3NO,, rt, 1 h. DCE =
dichloroethane; DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone.

Following this trend, in 2015, (Scheme 7) Miao and co-workers
reported the synthesis of two new types of soluble saddle-
shaped PAHs bearing two heptagon-embedded rings and they
investigated their semiconductor properties in solution-
processed thin film transistors.26 The first seven-membered ring
of precursors 22a,b was directly introduced from the starting
material (compound 17, Scheme 7) in the first step of the HBC
derivative synthesis. The aromatic backbone was then created
by a Diels-Alder reaction and subsequently, the second seven-
membered ring was formed through an intramolecular Friedel-
Crafts acylation mediated by methanesulfonic acid after
oxidative cyclodehydrogenation with DDQ and triflic acid. The
two carbonyl groups in these odd-membered rings served as
point to extend the m-surface in both directions. Thus, PAHs
23a,b were obtained by means of a nucleophilic addition of

This journal is © The Royal Society of Chemistry 20xx
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fluorenone anions to the carbonyl groups of diketones 22a,b
followed by dehydration under acidic conditions and
subsequent oxidative cyclodehydrogenation with DDQ and
triflic acid. PAHs 24a,b were obtained by reacting diketones
22a,b with CBr4in the Corey-Fuchs reaction followed by a Suzuki
coupling with phenylboronic acid. Again final oxidative
cyclodehydrogenation with DDQ and triflic acid gave the desired
distorted compounds 24a,b. The saddle shapes of 23b and 24b
were proved by X-ray crystallography. Regarding to their optical
properties, extended PAHs 23a,b and 24a,b appeared as orange
solutions with very weak or almost any fluorescence. This lack
of emission was associated with the high flexibility which in
solution consumes the energy of the excited state. Both 23a,b
and 24a,b presented enhanced fluorescence in the solid state
attributed to aggregation induced emission (AIE).27 Preliminary
studies of their semiconducting properties showed that
polycrystalline films of 23b and 22b behaved as p-type
semiconductors with field effect mobilities of 1.3 x 10-5 and 6 x
104 cm? V-1 571 respectively. In the case of 24b no field effect
mobility was detected. Its insulating behavior was related to the
amorphous film obtained when depositing in SiO, wafer to
create the transistor.

This journal is © The Royal Society of Chemistry 20xx

Pro

22a (R = "octyl)
22b (R ="hexyl)

23a (R = "octyl)
23b (R = "hexyl)

24a (R = "octyl)
24b (R = "hexyl)

Scheme 7. Synthesis of compounds 23a,b and 24a,b. Reagents and conditions: (a)
KOH/MeOH, THF, rt, 4.5 h; (b) diphenyl ether, reflux, 16 h; (c) (i) DDQ, CF3SO3H,
CH,Cl,, rt, 1 h; (i) CH3SO3H, 80 °C, 4 h, 45%; (d) (i) BBrs, CH,Cly, reflux, 4 h; (ii)
K,COs3, RBr, DMF, 80 °C, 16 h, 42% (R = "octyl), 43% (R = "hexyl); (e) "Buli, fluorene,
THF, rt to reflux, 6h, 93% (R = "octyl), 91% (R = "hexyl); (f) TsOH, Ac,0, toluene,
reflux, 48 h, 52% (R = "octyl), 70% (R = "hexyl); (g) DDQ, CF3SO3H, CH,Cl,, rt, 3h,
40% (R = "octyl), 45% (R = "hexyl); (h) PPhs, CBr,, toluene, reflux, 16 h, 93% (R =
noctyl), 84% (R = "hexyl); (i) phenylboronic acid, Pd(PPhs),, K,COs, toluene, H,0,
EtOH, reflux, 36 h, 70% (R = "octyl), 37% (R = "hexyl); (j) DDQ CF3SOsH, CH,Cl,, rt,
1h, 81% (R = "octyl), 63% (R = "hexyl). TsOH = p-toluenesulfonic acid.

A few years later Kuck and co-workers presented the synthesis
of a new TBTQ-based non-planar polyaromatic compound 26
bearing three cycloheptatriene rings formed through a three-
fold Scholl-type cyclization reaction (Scheme 8).22 They
proposed the resulting wizard hat-shaped molecule as a
promising intermediate for the development of larger m-
extended nonplanar nanographenes. TBTQ derivative 25 was
treated with a DDQ/TfOH system after unsuccessful results with
other oxidative systems (FeCls/MeNO,, AlCl3/Cu(OTf),, MoCls)
giving three-fold cyclization to 26.282 Compound 26 is soluble in
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most organic solvents, resulting in an orange solution with weak
purple fluorescence when irradiated with UV light.

Scheme 8. Synthesis of compound 26. Reagents and conditions: (a) DDQ, CF3SO3H,
CH,Cl,, 0 °C, 24 h.

More recently, in 2017, Miao and co-workers reported the
synthesis of a tetrabenzo[7]circulene 27, a new member of the
saddle-shaped PAH with high flexibility and also p-type
semiconductor properties.?? In this case, the centered heptagon
is isolated in the first step by an intramolecular Friedel-Craft
acylation in NaCl/AICl; at 150 °C leading to 5,12-pleiadenedione
in a low 15% vyield. Subsequently, the surrounding aromatic
backbone is built stepwise. Tetrabenzo[7]circulene 27 has four
extra benzene rings compared with [7]circulene and it bears
two [4]helicenes giving rise to two enantiomers denoted as
(P,M,P) and (M,P,M) according to the chirality of one of the
[4]helicenes, the seven-membered ring, and the other
[4]helicene, respectively. Both of them were observed in the
crystal structure of 27 (Fig. 1). Green fluorescence is observed
when the yellow solution of compound 27 in CH,Cl, is irradiated
with UV light. Its longest wavelength absorption maxima
appears about 80 nm red-shifted respect to that of [7]circulene.
Although with a low field effect mobility (5 x 104 cm?2 V-1 s1),
compound 27 functioned as a p-type semiconductor in ambient
air. A solution of 27 and Ceo in o-dichlorobenzene led to
cocrystallization of 27 and Cgo in a ratio of 1:1 as observed by X-
ray crystallization. Considering the p-type semiconductor
properties of 27 and the n-type semiconductor properties of
fullerenes, the cocrystals of both compounds were proposed as
interesting for applications in solar cells.

Fig. 1. X-ray crystal structure of compound (P,M,P)-27 (hydrogen atoms are
omitted for clarity).

Continuing with the pursuit of highly distorted frameworks,3°
Itami and co-workers prepared a laterally m-extended
dithia[6]heliceneas the foundation towards the preparation of

6 | J. Name., 2012, 00, 1-3

helical hybrid nanoarchitectures.3 In this case, again
unexpectedly, a seven-membered carbocycle is obtained during
an oxidative cyclodehydrogenation reaction, this time in the
presence of excess of MoCls using oxygenated-saturated
dichloromethane as solvent (Scheme 9). In situ chlorination is
also observed and then Pd-mediated dechlorination yielded
compound 30. In this case, the aromatic surface extends around
the helicene structure and, despite the lateral m-extension of
helicenes has become frequent in recent years,32 this was the
first example of a helix fully fused with polyaromatic moieties.
The structure of 30 was confirmed by *H and 13C NMR spectra
and mass spectrometry. Also X-ray crystallography
corroborated the assumed distortion of the m-surface caused by
three structural components: a helical dithia[6]helicene motif,
a saddle-shaped dithiahexa[7]circulene motif, and relatively
planar bilateral motifs. The high isomerization barrier (49 Kcal
mol1) allowed the chiral resolution of both enantiomers and
chiroptical measurements. The UV-vis absorption spectrum of
30 exhibits an intense absorption around 400 nm and a
structured absorption band between 450-525 nm with clear
vibronic features. The fluorescence spectrum gave maxima at
514 and 548 nm for 30 reaching quantum yield of 0.23.

28 (R = "Bu) 92% (P)-29 (R = "Bu, X = Cl)
L (P)-30 (R ="Bu, X = H)

and enantiomer

Scheme 9. Synthesis of compound 30. Reagents and conditions: (a) MoCls, CH,Cl,,
rt, Oy, rt, 27 h; (b) Pd/C, HCOOH, Et3N, pyridine, 130 °C, 72 h.

The curvature induced by the use of seven-membered rings to
bridge together two planar m-extended units was also
demonstrated in the case of Niand Zn-porphyrins by Osuka, Kim
and co-workers.33 While conventional porphyrin ribbons took
on rigid and planar structures, these porphyrin arch-tapes
shown remarkably contorted structures, high conformational
flexibility and remarkably good solubility due to the presence of
the seven-membered ring(s). In this case, the heptagonal bridge
is again obtained by Scholl reaction promoted by the
combination of DDQ/Sc(OTf)s.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 10. A. Synthesis of metalloporphyrins 33 and 34. Reagents and conditions:
(a) DDQ, Sc(OTf)s, toluene, 60 °C, 2 h. Ar = 3,5-di-tert-butylphenyl. B. X-ray crystal
structure of compound 33 (hydrogen atoms are omitted for clarity).

Despite the versatility offered by Scholl oxidation in the
intramolecular creation of large PAHs, its full control remains
stillan unsolved challenge.15*22 |t is known that rearrangements
readily occur in Scholl reactions and interfere with the
construction of certain molecular architectures.3* This is the
case of one study presented by Tobe and co-workers, where
they reported the unexpected results obtained under Scholl
reaction conditions.35 In this case, by X-ray crystallographic
analysis they confirmed that treatment of a twisted PAH
containing a cyclooctatraene with either FeCls/CHsNO, or
DDQ/Sc(OTf)s originated a skeletal rearrangement giving
polycyclic aromatic compound 36 containing a seven-
membered ring.

35 36

Scheme 11. Synthesis of compound 36. Reagents and conditions: (a) FeCls,
CH3NO,, CH,Cl,, rt, 1 h; (b) DDQ, Sc(OTf)s, toluene, 80 °C, 13 h.

Despite the impressive examples reported so far in the area of
saddle-arenes, efficient and versatile methods for the synthesis
of heptagon-containing PAHs are still required. In previous
approaches, the key seven-membered carbocycle is either
directly introduced from heptagonal precursors or created
through final intramolecular cyclodehydrogenation or Friedel-
Craft reactions. These bottom-up syntheses provide well-
defined m-extended distorted PAHs and represent a takeoff
within this field, although some limitations might arise. Thus,
the direct use of heptagonal precursors requires subsequent

This journal is © The Royal Society of Chemistry 20xx
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stepwise expansion, while oxidative cyclodehydrogenation
reaction is difficult to predict and control.

Recently our group reported an alternative straightforward
strategy to obtain saddle-shaped polycyclic arenes (Scheme
1d).3% In this case, the key seven-membered carbocycle is
generated at once, simultaneously with the polyphenylene
structure by a Co(0)-mediated intermolecular
cyclotrimerization reaction. Subsequent cyclodehydrogenation
reaction affords distorted heptagon-containing nanographenes
adequately functionalized for further expansion of the aromatic
backbone (Scheme 12).

MeO OMe
\CE/ Br o Br
‘
37 38
a l 88%

o0 s,
[/ b

O 61%
MeO OMe

OMe OMe

39

Scheme 12. Synthesis and X-ray structure of compound 42 (hydrogen atoms are omitted
for clarity). Reagents and conditions: (a) PdCl,(CH3CN),, Cul, P(tBu)sHBF,, iPrNH,, THF, rt,
2 h; (b) Co,(CO)g, dioxane, 100 °C, 16 h; (c) DDQ, CH3SO3H, CH,Cl,, rt, 30 min.

Starting dialkynes and diphenylacetylene derivatives (e.g. 39
and 40) can be easily prepared from simple precursors via
Sonogashira-Hagihara coupling reactions. The versatility of our
method relays on the variety of precursors that can be used,
bearing functional groups in different positions that are directly
incorporated in the final distorted PAH. Thus, we obtained in
one single step three key features of the final distorted PAHs: i)
the heptagonal ring, ii) the polyphenylene structure and iii) the
functional groups in selected positions. Those functional groups
such as methoxy groups, played a dual role; firstly as activating
groups directing the final cyclodehydrogenation reaction by
DDQ/acid combination and secondly as reactive point to further
expand the aromatic network. In this case, OMe groups were
also used as electrophiles in Ni-catalyzed Kumada-Tamao-
Corriu reaction3? using (p-tert-butylphenyl)magnesium bromide
in the presence of Ni(cod); and PCys; in refluxing toluene
(Scheme 13). Thus, four new aromatic rings are introduced in
one step, and final oxidative dehydrogenation led to new highly
distorted PAHs. Unexpectedly, an adjacent combination of a
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five- and seven-membered carbocycles is formed from 43b, as
revealed by the X-ray crystallography of 45. The polycyclic
backbone of 45 has a curved shape caused by the pentagon-
heptagon unit and the chiral twisted conformation caused by
the [5]helicene moiety. Its distortion from planarity avoids
strong m-Tt interactions between molecules and therefore
enhances solubility in common organic solvents . Remarkably,
both compounds 44 and 45 resulted luminiscent when
irradiated with UV light, with similar quantum efficiency (¢) of
7.2 and 7.5 %, respectively. Moreover, these distorted
nanographenes showed an exceptional long fluorescence
lifetimes of 14.5 and 12.9 ns which are significantly longer than
that of related fluorescence dyes, such as perylene bisimides.38
Moreover, the HOMO-LUMO energy gap for 44 and 45 based on
the first half-wave oxidation and reduction potentials, resulted
in 2.66 eV and 2.27 eV, respectively, which are in the range of
previously described extended aromatic systems.3°

43a (R = Ph)

43b (R = 'Bu) 44 (from 43a)

,b | (R="'Bu)

45 (from 43b)

Scheme 13. Synthesis of compounds 44 and 45 and X-ray crystal structure of 45
(hydrogen atoms are omitted for clarity). Reagents and conditions: (a) Ni(cod),,
PCys, p-'BuPhMgBr, toluene, 100 °C, 16 h, 79% (for R = Ph), 59% (for R = 'Bu); (b)
DDQ, CH3SO;H, CH,Cl,, 47% (for R = Ph), 44% (for R = Bu). cod = 1,5-
cyclooctadiene; Cy = cyclohexyl.

As commented above, this synthetic strategy gives rise to
heptagon-containing polyphenylenes (Scheme 12, 41) in a
straightforward manner. Those bulky propeller-like groups have
also proved as efficient stoppers to sterically protect reactive
moieties avoiding intermolecular interactions while enhancing
solubility.#® Thus, the ketone moiety in the tropone unit allows
the incorporation of those saddle-shaped polyphenylenes as
endgroups on [3]cumulenes resulted in the luminescence
activation of the latter upon aggregation (Scheme 14, 46).
Sterical protection avoids the aggregation of the planar
conjugated [3]cumulenes which would quench their emission.

8 | J. Name., 2012, 00, 1-3

While solvation allows the rotation of their phenyl rings leading
to non-emissive solutions, upon aggregation, the restriction of
their intramolecular motions resulted in high fluorescence
emission yields, in an aggregated induced emission process
(AIE), reaching a remarkable quantum vyield value of ca. 64% in
70 vol % water content in THF. Besides, the two-photon
absorption based upconversion (TPA-UC) of the [3]cumulene 46
aggregates was also shown. Therefore, the use of these
heptagon-containing polyphenylenes as protective groups
opens up the possibility of using [n]Jcumulenes as active
luminogens upon aggregation. Other heptagon-containing AIE
active compounds have also been reported based on the
restriction of intramolecular vibration (RIV).27.41

. o
o O O O e %
LD =

C
|

C

Cry2 -
e Q O O e

99 80 70 60 40
46 H,O content in THF (vol %)

20 0

Scheme 14. A. Structure of [3]Jcumulene 46. B. X-ray crystal structure of 46
(hydrogen atoms are omitted for clarity). C. Photograph of 46 in THF/water
mixtures taken under illumination of a UV lamp.

The easy introduction of functional groups in selected positions
of the distorted nanographenes network facilitates a direct and
controlled creation of molecular diversity. In this sense, the
precise introduction of defects in
implement interesting new combinations of optical properties.
Following this idea, we have recently reported the synthesis of
an enantiopure distorted ribbon-shaped nanographene that
combines i) an electron rich m-extended ribbon aromatic
network, ii) a non-racemizable [S5]helicene moiety and iii) an
aromatic saddle-shaped ketone unit as a tropone moiety.42
Starting from saddle-nanographene 47 incorporating bulky t-Bu
groups and an electrophile such as iodine in selected positions,
the synthesis of ribbon-shaped nanographene 51 was
accomplished in only three steps (Scheme 15) by Sonogashira
coupling with p-tert-butylphenylacetylene, subsequent Diels-
Alder reaction with cyclopentadienone 49 and final oxidative
cyclodehydrogenation reaction with DDQ/TfOH mixture.

nanographenes can

This journal is © The Royal Society of Chemistry 20xx
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This torsion resulted in a very high solubility (up to 16 mg/mL in
CH,Cl;) considering the size of the m-surface constituted by 25
aromatic rings.

Scheme 15. Synthesis of compound 51. Reagents and conditions: (a) 4-tert-
butylphenylacetylene, PdCl,(PPhs),, Cul EtsN, THF, rt, 16 h; (b) Ph,0, reflux, 8 h; (c)
DDQ, CF3SO3H, CH;,Cly, 0 °C, 10 min.

Bearing these structural features, distorted PAH 51 exhibited
unprecedented combination of optical properties, namely TPA-
UC with circularly polarized luminescence (CPL). Chiral
molecules able to produce circular polarized luminescence
responses are of increasing interest due to their promising
applications in optical devices and biosensors.4> Organic
molecules with m-conjugated structures and chiral moieties
such helicenes have been extensively reported as CPL-active
compounds.*4

In this case, the kinetically stable [5]helicene in 51 allowed chiral
resolution of both enantiomers.*> Although helical PAHs have
been extensively reported,30.32e46 remarkably, compound M/P-
51 is the first example reported of the CPL emission for an
enantiopure nanographene. The structure of compound 51 was
confirmed by X-ray crystallography (Fig. 2) revealing the saddle-
shape curvature in the aromatic backbone caused by the
presence of the heptagon, reaching deviation from planarity
with angles up to 24° between the mean plane of the aromatic
ring next to the heptagon and the mean plane of the hexagonal
planar region. The warped conformation caused by the
difunctionalized [5]helicene moiety originates one of the
highest torsion angle (6) reported (ca. 30°) for a [S5]helicene.45

This journal is © The Royal Society of Chemistry 20xx

Fig. 2. X-ray crystal structure of compound 51 (hydrogen atoms are omitted for
clarity).

The optical properties of 51 were evaluated by one- and two-
photon absorption and emission as well as chiroptical
properties by means of circular dichroism (CD) and CPL. To sum
up, doubly distorted PAH 51 showed absorption and emission
maxima at 444 and 560 nm, respectively, reaching fluorescence
quantum yield (¢) of 13% and very long emission lifetime of
21.5 ns. Moreover, the CPL spectrum of enantiopure M/P-51
showed an emission maxima at 560 nm upon irradiation with
UV light (Aexc = 372 nm) matching the same energy transition
observed for the upconverted emission upon two-photon
absorption (Aexc= 770 nm), which represents an unprecedented
process of TPA-based upconverted CPL. The resulted gim for 51
was 2.3 X 104, it represents the first reported circularly
polarized emission for an enantiopure nanographene.
Supported by DFT-calculations, it was concluded that the
presence of the heptagon unit and the possibility of having a
charge transfer between the chiral moiety and the heptagon are
favorable for both the chiroptical and the two-photon
absorption.

Very recently (2018), Miao and co-workers have presented a
new negatively curved nanographene, which contains an
unprecedented pattern of two heptagons, centered on a
tetrabenzodipleiadiene moiety (Scheme 16).47 In this case, the
heptagonal carbocycle is obtained by a new and alternative
strategy through a ring expansion reaction of cyclohexanone
moieties in a tetra(t-butyl)bisanthenequinone. TMSCHN, was
used to accomplish the ring expansion of 52 resulting in
diketone 53. This intermediate was treated with LDA followed
by quenching with triflic anhydride giving ditriflate 54. Similarly
to their previous work,20 a strained alkyne was generated in situ
by elimination reaction of 54 with t-BuOK reacting, as a
dienophile, in the Diels-Alder cycloaddition  with
cyclopentadienone 49 to afford 55. Final Scholl-type cyclization
either with FeCl; or with DDQ and triflic acid resulted in 56 as
orange solid in very good yields (85% and 81%, respectively).

J. Name., 2013, 00, 1-3 | 9
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The saddle-shape of 56 with a greatly curved naphthalene unit
at the center was confirmed by X-ray crystallography.
Remarkably, DFT calculations probed that t-butyl groups
attached to the central tetrabenzodipleiadiene moiety of
nanographene CggHs can stabilize the saddle conformation and
make this nanographene less flexible. Compound 56 showed
good solubility in common organic solvents, forming an orange
solution in hexane, which exhibited weak yellow luminescence
upon irradiation with UV light.

Journal Name

The first attempted synthesis of the saddle-shaped molecule
[8]circulene was reported in 1976 by Wennerstrom et al., but
the photoreaction used in the final step of their synthetic
strategy did not afford the [8]circulene, presumably because of
its highly strained structure and instability.4® Recently,
remarkable progress has been done by several groups in the
synthesis and structural characterization of a number of
[8]circulene derivatives. In 2013, Wu and co-workers presented
the first study of peri-substituted [8]circulene derivatives
elucidating their synthesis, structural analysis and properties.>°
Their synthetic strategy was based on the previous construction
of the central eight-membered ring, and then the generation of
the peripheral benzenoids via a palladium-catalyzed annulation.
The structure of [8]circulene 57 was unambiguously
characterized by NMR spectroscopy and X-ray crystallography,
showing its highly distorted saddle-shaped structure (Fig. 3).

Scheme 16. Synthesis of compound 56. Reagents and conditions: (a) TMSCHN,,
BF3.0Et,, CH,Cl,, 0 °C, 2.5 h; (b) i) LDA, THF, =78 °C, 2 h; ii) Tf,0, =78 °C to rt, 16 h;
(c) 1BUOK, Et,0, rt, 16 h; (d) FeCls, CH3NO,, CH,Cl,, rt, 1 h; (e) DDQ, CF3SO3H, rt, 1
h. TMS = trimethylsilyl;, LDA = lithium diisopropylamide; Tf,0 =
trifluoromethanesulfonic anhydride.

2.2 Synthesis and characterization of PAHs
containing octagons

A step further in the introduction of medium size carbocycles as
defects in extended polyaromatic systems from a bottom-up
synthetic approach consisted in the introduction of [8]circulene
moieties which also induce a deep curvature in the aromatic
lattice.*®

10 | J. Name., 2012, 00, 1-3

Fig. 3. X-ray crystal structure of compound 57 (hydrogen atoms are omitted for
clarity).

Subsequently, Suzuki and Sakamoto presented an elegant and
straightforward synthesis of tetrabenzo[8]circulenes 60 and 61
(Scheme 17).51 In this study the key eight-membered carbocycle
was formed in the final step of the synthetic sequence by Scholl
reaction of the cyclic octaphenylene precursor 58 and 59
mediated either by Cu(OTf);, AICls or by FeCls. The great
deviation from planarity and deep saddle-shape structure of
tetrabenzo[8]circulene was confirmed by X-ray crystallography.

R R
-
O O a(forR=H)
b (for R = Me)
NeaVapl
R R
58, R=H 60,R=H, 7%
59, R = Me 61, R = Me, 35%

Scheme 17. Synthesis of compounds 60 and 61. Reagents and conditions: (a)
Cu(OTf),, AlCl3, CS;, 30 °C, 15 h; (b) FeCls, CH,Cl;, —20 °C, 4 h.

This journal is © The Royal Society of Chemistry 20xx
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Whalley and co-workers have also described an alternative
strategy for the preparation of tetrabenzo[8]circulene 65a-g
(Scheme 18).5253 Their synthetic route was based in the
previous initial assembly of the eight-membered ring by a Diels-
Alder cycloaddition followed either by final palladium-catalyzed
arylation or by oxidative cyclodehydrogenation reactions to
create the surrounding benzene rings. The latter method
presented higher yields and widened the substrate scope,
providing access to substrates containing both electron-rich and
electron-poor functional groups. Because of its full benzenoid
structure, tetrabenzo[8]circulene 65a-g exhibited a high
stability, in contrast to the parent [8]circulene.

O O O R
O O O R

a (for 57a)

+ _

b (for 57b-g)

R’
R
R’

A
o=0

R R
63a 64a
(R=CI,R"=H) (R=CIl, R =H), 14%
63b-g 64b-g

(R=H, R’=H, Me, OMe, F, Br, Ph)  (R=H, R’=H, Me, OMe, F, Br, Ph), 10-25%

c (for 64a)
d (for 64b-g)

65a
(R=Cl,R"=H), 24%
65b-g
(R=H, R’=H, Me, OMe, F, Br, Ph), 47-72%

Scheme 18. Synthesis of compound 65a-g. Reagent and conditions: (a) toluene,
100 °C, 16 h; (b) toluene, 80 °C, 48 h; (c) Pd(PCys),Cl,, DBU, DMA, mwave, 180 °C,
75 min; (d) DDQ, CF3SO3H, CH,Cl,, rt, 16 h. DBU = 1,8-diazabicyclo[5.4.0lundec-7-
ene; DMA = N,N-dimethylacetamide.

In 2016, Tobe and co-workers reported the synthesis of twisted
polycyclic aromatic hydrocarbon with a cyclooctatetraene (COT)
core fused by two indenofluorene units (Scheme 19).54 The
eight-membered ring was obtained after the [4+4]
cycloaddition reaction of initial indenofluorene derivative 66.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 19. Synthesis of compound 67. Reagent and conditions: (a) ‘BuOK, THF, 0
°C, 20 min.

Remarkably, in 2017, Miao’s group reported the synthesis of a
new negatively curved nanographene constituted by 96 sp?
carbon atoms and presenting the shape of a short twisted
ribbon.5>> The novelty of this sort of twistacene is that its
curvature arises from an embedded [8]circulene moiety. The
synthetic strategy is based on the creation of macrocyclic
oligophenylene 68 and final formation of the eight-membered
ring by oxidative cyclodehydrogenation reaction mediated by
DDQ/TfOH leading to 69. The crystal structure of 69 led to its
unambiguous structure determination, and a pair of
enantiomers were found in the crystal having a twisted ribbon-
like m-backbone.

Accordingly to the calculated barriers of interconversion,
compound 69 resulted more flexible than both [8]circulene and
tetrabenzo[8]circulene, as a saddle intermediate conformer
facilitates a rapid racemization. Those conformational changes
resulted in a non-radiative deactivation of the excited state, and
therefore solutions of 69 resulted non fluorescent.
Interestingly, luminescence is observed upon aggregation as the
restriction of the intramolecular motions activates the radiative
emission pathway by an aggregated-induced emission
process.27,56
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Scheme 20. Synthesis and X-ray crystal structure of 69 (hydrogen atoms are
omitted for clarity).

3. Conclusions and perspectives

In this feature article we have collected recent progress on the
bottom-up synthesis of well-defined heptagon- and octagon-
embedded polycyclic arenes. As shown, the introduction of
those medium-size carbocycles in a planar hexagonal network
originates highly distorted carbon-based nanostructures with
negative curvatures and enhanced flexibility and solubility.
Despite the seminal works reported more than twenty years
ago by Yamamoto et al. and the great advances also reported
on the organic synthesis of purely hexagonal PAHs by Miillen et
al., Scott et al. and others, the field of saddle-aromatics is still
on its early stages, with few relevant examples, mainly reported
on recent years. It is expected that the presented synthetic
approaches together with other that are yet to come might
inspire an important growth of the field.

Furthermore, together with seven- and eight-membered rings,
the inclusion of larger carbocycles, the creation of cavities,>”
the inclusion of heteroatoms,>® or the combinations of defects
into sp? hexagonal networks of different sizes or shapes, might
also be addressed giving rise to newly warped and twisted
aromatics.

Within the field of distorted aromatics, the study of helically
chiral m-extended sp2 aromatic networks is also becoming a new
emerging field that with no doubt will produce novel warped
structures exhibiting interesting chiroptical properties.>® Thus

12 | J. Name., 2012, 00, 1-3

for instance, recent examples of graphene quantum dots with
chiroptical properties®® or the first nanographene with CPL
properties#? have been presented.

The possibility of preparing tailor-made defective curved carbon
nanostructures might open up new pathways on carbon-based
materials. The synthetic strategies shown here offer a fine
control of the carbon nanostructures at the molecular level as
required for their implementation in electronic devices.

Hence, we can envision innovative applications in different
fields, such as in organic electronics, photovoltaics or sensing,
by taking advantage of the curvatures and properties induced
by the inclusion of defects in graphene-based materials.
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