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Konstantin Amsharov*® ¢ 1

Abstract: The synthesis of pristine non-planar nanograph-
enes (NGs) via a cyclodehydrofluorination strategy is report-
ed and the creation of highly strained systems via alumina-
assisted C—F bond activation is shown. Steric hindrance
could execute an alternative coupling program leading to
rare octagon formation offering access to elusive non-classi-

cal NGs. The combination of two alternative ways of folding
could lead to the formation of various 3D NG objects, resem-
bling the Japanese art of origami. The power of the present-
ed “origami” approach is proved by the assembly of 12 chal-
lenging nanographenes that are m-isoelectronic to planar
hexabenzocoronene but forced out of planarity.

Introduction

The chemistry of large polycyclic aromatic hydrocarbons
(PAHs) is nowadays flourishing more than ever in the form of
atomically precise nanographenes (NGs)."! The exploding inter-
est originates from the virtually unlimited number of variations
in size and shape which dictate the unique electronic and opti-
cal properties of NGs.2* However, the properties of NGs can
be also effectively tuned by the converting inherently 2D-NGs
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into 3D objects. Metaphorically, any 3D-NGs can be imagined
as a fragment of a graphene sheet cut with imaginary scissors
and folded up like an origami figure. Instead of scissors, the
bottom-up approach provides a piece of “carbon-paper” of re-
quired size, while non-hexagonal rings or helical motive allow
3D-molecular folding. Rational incorporation of these elements
would penetrate the barrier between macro- and micro-worlds
for the engineering of carbon-based materials with functional
molecular shapes. Considering the possible complexity of mac-
roscopically folded pieces of paper, artificial molecular folding
of NGs is nowhere near as advanced as the handmade tech-
nique. Here, we demonstrate that alumina-mediated C—F bond
activation appears to be a superior strategy to tackle this chal-
lenge since it allows both the effective incorporation of non-
hexagonal rings and the formation of helical structures. Based
on the example of 12 isoelectronic NGs, we show that the
HOMO-LUMO gap can be tuned in a wide range depending
on the type of folding.

In general, the geometry of NGs can be forced into non-pla-
narity either by embedding non-hexagonal rings into the
graphene framework,®'® or by steric strain originating from
atom crowding."'® However, as a result of high strain the
synthetic access to this class of compounds remains rather
scarce. The Scholl reaction, which was proven to be a powerful
method for the synthesis of planar NGs,"” typically reaches its
limits in the case of strained non-planar systems. As a result of
the cationic nature,'®' the Scholl reaction tends to give rise
to skeletal rearrangements frequently yielding undesired prod-
ucts.?-22

Recent progress in the intramolecular aryl-aryl coupling via
C—F bond activation reveals a high potential of the approach
for the controllable synthesis of complex NGs.”>*” In particular,
it has been demonstrated that cyclodehydrofluorination
(CDHF) on alumina is a powerful alternative which can address
many of the above-mentioned limitations.”*" Thus, it was
possible to incorporate pentagons into various PAHs, nearly
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quantitatively producing strained bowl-shaped systems which
are not accessible by cyclodehydrogenation.?-"

Further, it has been shown that C—F bond activation allows
controllable cyclization in a domino-like manner.?**¥ This pro-
vides essential flexibility in the precursor design and control
over the formation of the desired C—C bonds.2”

In this work we explored the applicability of the HF-zipping
approach for the synthesis of multihelical NGs which are diffi-
cult to obtain by existing methods. The well-known planar
hexa-peri-hexabenzocoronene (HBC) was chosen as a model
NG pattern. In order to demonstrate the power of HF zipping,
we performed partial condensation of the selected bonds in
HBC and generated three challenging structures (N1,N11 and
N15) which are isoelectronic to HBC. We show that such a
transformation is not only feasible but also presents a general
route to the non-planar NGs. It is noteworthy that all target
compounds are not accessible via Scholl oxidation and require
individual synthetic approaches using harsh conditions or
highly reactive aryne intermediates (Figure 1). Furthermore, it
was found that the steric hindrance could cause an alternative
HF-zipping program, leading to effective eight-membered ring
formation (Figure 1). The algorithm of cyclizations appears to
be predictable from the structure and thus can be controlled
by the proper design of the precursor. This finding opens a
general access not only to various twisted multihelical NGs but
also to rare grossly warped NGs containing cyclooctatetraene
fragments.”"44

THIS WORK

Figure 1. Selected non-planar NG structures m-isoelectronic to HBC obtained
in this work: hexabenzola,cd,f,j,/m,olperylene (N15),°* 9,18-diphenyltetra-
benzola,c,h,jlanthracene (N11),° and hexabenzola,c,g,i,m,oltri-phenylene
(N1).25-% On the right the unexpectedly effective alternative folding leading
to the rare octagon containing NGs (N2, N7/N8 and N14) is presented.

Results and Discussion

The strong C-F bond tolerates the majority of reactions provid-
ing essential flexibility in the synthesis of fluoroarene precur-
sors and rather simple access to the target NGs. Thus, relatively
complex precursor molecules P1-P4 used in this study were
obtained by exploiting a one-step Suzuki coupling of the fluo-
rinated arylboronic acids with arylbromides, as is shown in
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Figure 2. (For details see Supporting Information). The respec-
tive CDHF reactions were carried out in the presence of acti-
vated y-aluminum oxide using microwave heating and the re-
action outcome was monitored by HPLC/UV/MS analysis.*”
Precursor P1 preprogrammed for the triple HF elimination was
expected to condense to hexabenzotriphenylene N1 as shown
in Figure 1. Condensation of P1 at 210°C for 18 h reveals the
completion of HF zipping leading exclusively to the product of
a three-fold HF elimination (isolated yield 75%). Surprisingly,
along with the formation of target N1 (9%) the major compo-
nents of the reaction were found to be N2 (35%,) and N3
(31%) which also represent products of three-fold HF elimina-
tion (Figure 3). The NMR spectra of N2 and N3 revealed the
low symmetry of both products and showed characteristic sig-
nals below 7.0 ppm, which are typical for protons placed
above the aromatic ring plane denoting the non-planar geom-
etry. Additionally, six and seven bay-region protons (8.2—
8.8 ppm) can be assigned for products N2 and N3, respectively.
Detailed NMR analysis supported by DFT calculations allowed
assignment of N2 and N3 to NGs containing an eight-mem-
bered ring as displayed in Figure 3.

Finally, the connectivities of both compounds were unam-
biguously determined by single-crystal X-ray analysis. Addition-
ally, the reaction was performed at a lower temperature
(200°C for 5 h) allowing isolation and characterization of all
key intermediates (for details see Supporting Information). De-
tailed analysis of the intermediates and products showed that
on the second and third cyclization steps the formation of the
eight-membered ring appears to be preferable. It is notewor-
thy that the cyclization is characterized by a clean conversion

Figure 2. Synthesis of precursor structures P1-P4: Pd(dppf)Cl,, K;PO,, tolu-
ene/H,0, reflux; P1: 68%; P2: 63%; P3: 95%; P4: 88 %.
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Figure 3. Proposed mechanism of P1 cyclization to N1, N2 and N3 showing
the formation of the expected intermediate I1 at the first step and switching
the regioselectivity at the second step resulting in the preferable formation
of 13 containing an eight-membered ring (blue arrow), instead of the forma-
tion of helical 12 (red arrow). DFT-optimized structure of N1 and single crys-
tal X-ray structures of N2 and N3 depicted as ORTEP projections are shown
at the bottom.

to the strained N1, N2 and N3 without any sign of rearrange-
ments and formation of other side products. A possible mech-
anism of P1 condensation is depicted in Figure 3. According to
our DFT study the CDHF reaction can be described as a syn-
chronous Friedel-Crafts-like arylation process.”® Namely, the
polarization of the C—F bond leads to the formation of an elec-
trophilic center (C—F carbon) which can be attacked by the
neighboring electron-rich m-system. During the first cyclization
both possible attacks provide the same triphenylene core (11).
Since the second HF elimination to 12 requires the formation
of a strained [5]-helicene substructure the regioselectivity is
switched toward the eight-membered ring formation yielding
13 as a major product. The resulting 13 has only two alternative
folding ways leading to final N2 and N3 (Figure 3).

To support the proposed mechanism, we have analyzed the
single HF-elimination on model fluorinated quaterphenyl P2
containing an additional phenyl substituent which should
appear in the sterically hampered bay region of the triphenyl-
ene core after cyclization (Figure 4, structure N5). Since the for-
mation of N5 is accompanied by the steric hindrance the for-
mation of an eight-membered ring yielding tetraphenylene N4
could be expected. The reaction outcome was monitored by
HPLC, which revealed a clean conversion to three compounds:
N4 (3%),“ target N5 (44%), and N6 (38%). The formation of
N6, accompanied by the migration of the phenyl group was
investigated additionally. As depicted in Figure 4 there are at
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Figure 4. Supposed mechanism showing the three competitive pathways of
P2 cyclization: eight-membered ring formation (blue arrow) leading to tetra-
phenylene (N4); six-membered ring formation (red arrow) leading to N5;
ipso-attack (green arrow) leading to 16 which undergoes rearrangement via
migration of the phenyl residue resulting in N6. Bottom: synthesis of diben-
zopyrene (DBP) from fluorinated quaterphenyl (FQP) in nearly quantitative
yield demonstrating stability of the TPT intermediate to the rearrangement
under CDHF reaction conditions.??

least two competing pathways of the ring formation in P2
leading to either protonated tetraphenylene 14 (blue arrow) or
protonated phenyltriphenylene I5 (red arrow). In general, the
cationic nature of both intermediates could give rise to 1,2-
phenyl migration, thus yielding the N6. However, none of the
directly formed intermediates (14, 15) appears to be suitable for
the rearrangement. A fairly unlikely scenario would require
formal 1,3-migration (two successive 1,2-migrations) of the
proton in 15 yielding 16 a which is able to undergo a 1,2-phenyl
shift leading to 16 b. However, this mechanism is not consistent
with the cyclization of the model of fluorinated quaterphenyl
(FQP) yielding dibenzopyrene (DBP) with close to quantitative
yield without any sign of the rearrangement of intermediate
phenyltriphenylene (PTP) (Figure 4).5? The second probable
scenario includes protonation of the final N5 leading to l6a
which is expected to undergo 1,2-phenyl shift before rearoma-
tization yielding a thermodynamically more stable isomer
N6.This possibility was ruled out by the test experiment dem-
onstrating that N5 remains intact under CDHF reaction condi-
tions. This leads to the assumption that the rearrangement
could only be implemented via ipso-attack. As is shown in
Figure 3 (green arrow) the ipso-attack leads to triphenylene
cation 16 which can directly undergo two subsequent 1,2-
phenyl shifts leading to the cationic intermediate 16b whose
final deprotonation results in N6. Note that the nearly quanti-
tative formation of model DBP from FQP is connected with

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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the FQP structure where both the eight-membered ring forma-
tion and the ipso-attack are impossible.

These results show that if the inherently favorable hexagon
formation is sterically hampered then the regioselectivity can
be switched towards either non-hexagonal ring formation or
spiro-intermediates. The observed rearrangement appears to
be a direct consequence of the alternative CDHF algorithm
and thus can be rationally suppressed or directed.

These observations, especially the fact of ipso-attack during
CDHF reaction turned out to be very important in the case of
precursor structure P3 since it contains two flexible phenyl
substituents providing a suitable geometry for jpso-attack. Not
surprisingly, the cyclization of P3 displays the formation of
seven isomeric compounds (see Supporting Information,
Figure 5 and Figure 6). All products were isolated by prepara-
tive HPLC and characterized by means of NMR, MS and X-ray
analysis. All isolated NGs show the same m/z ratio of 530 indi-
cating that all compounds are the products of successful two-
fold HF elimination. Detailed analysis of proton NMR supported
by DFT calculation allows to assign the structures of all isomers
(see Supporting Information). Considering the effective eight-
membered ring formation discussed above, one of the cycliza-
tion scenarios in P3 leads to the tribenzo[3,4:5,6:7,8]cyclo-
octa[1,2-b]tetraphenylene (N7/N8) representing a highly inter-
esting class of compounds with negative Gaussian curvature.
The mechanism for the formation of both structures is depict-
ed in Figure 5. Indeed, both cis- (N7) and trans- (N8) isomers
were found in the reaction mixture and isolated in 3% and 4%
yield, respectively. It is noteworthy that N7/N8 conformers do
not interconvert into each other and can be separated in pure
form allowing to elucidate the structure by means of NMR
spectroscopy. Finally, single crystals X-ray analysis unambigu-
ously confirmed the generation of N7 and N8.

In absolute agreement with our expectations, the next com-
pound was identified as N9 (16 % yield) which forms after six-
and eight-membered ring formation regardless of the order of
cyclizations, as is shown in Figure 5. The connectivity of N9

N7IN8 (3%/4%)

Figure 5. Alternative condensation pathways of P3 leading to N7, N8, N9
and N11 and respective single crystal X-ray structures depicted as ORTEP
projection at the 30% probability level.

Chem. Eur. J. 2021, 27,1-8 www.chemeurj.org

Figure 6. Alternative pathways of P3 condensation leading to N10, N12 and
N13 showing effective ipso-attacks during cyclization. Bottom: DFT opti-
mized structures of N12 and N13, and ORTEP plot of N10 (displacement el-
lipsoids are drawn at the 30% probability level).

was unambiguously proven by the crystallographic analysis. Fi-
nally, known target nanostructure N11 was isolated with 19%
yield. The "TH-NMR spectrum of N11 was found to be in agree-
ment with the literature data.®”* The next two products were
assigned to nanostructures N10 (10%) and N13 (14%). The
connectivity of N10 was confirmed by single crystal X-ray anal-
ysis. A possible pathway for N10 and N13 formation, depicted
in Figure 6, includes an ipso-attack on the first reaction step
which is in line with our observations that were drawn for the
cyclization of P2.

The last compound identified in the reaction mixture dis-
plays high symmetry according to NMR analysis and contains
two triphenylene fragments and no eight-membered rings in
the structure. Detailed analysis of NMR data allows us to assign
it to the helicene N12 (5% ) and finally to confirm our assign-
ment by the comparison of NMR spectra with the previously
reported data.*** As displayed in Figure 6 the most probable
pathway of N12 formation includes one hexagon formation
and one ipso-attack followed by two subsequent 1,2-phenyl
shifts. Note that all seven compounds identified in the reaction
mixture are theoretically expected when considering the possi-
ble cyclization pathways.

As noted in the above, the CDHF reaction can be effectively
performed in a domino-like fashion, which notably extends the
synthetic scope of the reaction.®? In this regard, we additional-
ly investigated whether the zipping approach can be applied
for the synthesis of multihelical nanographenes. Precursor P4
preprogrammed for fourfold HF elimination was selected as a
representative model. The complete cyclization of P4 was
achieved at 200°C for 15 h indicating the formation of several
compounds and one major product (see Supporting Informa-
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tion). The major product (17 % isolated yield), however, was
not identified as the desired hexabenzoperylene N15 since the
UV spectrum was not consistent with the previously published
data.""*? Instead, one of the minor fractions (see Supporting
Information) was assigned to N15. Both products were separat-
ed by preparative HPLC and analyzed by NMR and LDI MS. Al-
though N15 was isolated in only 4% yield the suggested syn-
thetic route appears to be the best approach to pristine N15
since the previously reported strategy provides N15 in only a
1% yield.®” The major product shows the same m/z ratio of
526 as the desired N15 indicating successful fourfold HF-elimi-
nation. Detailed analysis of 'H NMR spectrum supported by
DFT calculation (see Supporting Information) allows us to
assign a major product to nanographene N14 containing an
eight-membered ring as depicted in Figure 6. The assignment
was confirmed by X-ray analysis of a single crystal of N14. To
explain the relatively high selectivity in the formation of N14
the pathway from P4 to N14 was investigated theoretically at
the DFT level. Analysis of the possible pathways reveals that
N14 can be formed via formation of a spiro intermediate only.
As depicted in Figure 7 the first two CDHF reactions occur, as
discussed in the above, resulting in the formation of a diben-
zopyrene segment (17). Further cyclization could either lead di-
rectly to the cation 18 or to the isomeric spiro intermediate 19.
According to our DFT calculations it is not necessary to distin-
guish which attack proceeds faster since both isomers can
easily interconvert into each other (see Supporting Informa-
tion). Noteworthy that the spiro compound 19 was found to be
12 kcalmol™ more stable than I8. The resulting spiro inter-
mediate 19 cannot be stabilized by deprotonation before the
rearrangement, which can be realized in two competing ways.
Namely, it can either yield 18 and the reaction will proceed fur-
ther to N15, or yield helicene 110. Mechanistic consideration at
the DFT level reveals that the transformation to 110 appears to
be more favorable from both a kinetic and a thermodynamic
point of view (see Supporting Information). This explains the

N14 (17%) N5 (4%)

Figure 7. DFT predicted pathways from P4 to N14 and N15 via a spiro inter-
mediate 19. Middle left: ORTEP projection of N14 (thermal ellipsoids are
shown at the 30% probability level).

Chem. Eur. J. 2021, 27,1-8 www.chemeurj.org 5

These are not the final page numbers! 22

formation of N14, since 111 has only one opportunity to under-
go the last cyclization via eight-membered ring formation.

According to Clar’s rule all twelve nanographenes obtained
in this work formally belong to the class of all-benzoid com-
pounds with seven Clar sextets. Therefore, the question of
how the non-planar geometry influences the delocalization of
electron density inside the molecule appears to be very inter-
esting since all the presented systems can be compared. The
NICS analysis reveals that the majority of molecules possess a
pronounced all-benzoid character despite the geometrical per-
turbations (Figure 8).

Exceptions here are N12 showing low aromaticity of the
central ring and N1 where the aromaticity of the central ring is
completely “destroyed”. Highly unexpectedly the central hexa-
gons in N15 and N11 remain truly aromatic despite the even
more pronounced deviation from the planar geometry. The
bond length analysis is in line with NICS considerations, show-
ing virtually equal bond lengths in N15 (central hexagon) and
notable bond length alternation in N1 (central hexagon). Close
inspection shows that the distortion of the hexagon leading to
the chair-like geometry prevents the effective conjugation,
whereas the distortion toward twisted (half-chair-like) geome-
try virtually does not affect the aromaticity (Figure 8). These re-
sults indicate that the way in which the benzene ring is “bent”
plays more of an important role in terms of aromaticity than
the actual degree of deviation from planarity. The introduction
of an octagon into the system results in a saddle-shaped cyclo-
octatetraene geometry minimizing the conjugation, thus
avoiding an antiaromatic character. This also explains why iso-
meric N7 and N8 are stable and do not interconvert into each
other (the respective transition state is expected to possess
pronounced an antiaromatic character). However, if the eight-
membered ring is embedded into the rigid wt-system the con-
jugation cannot be avoided. This results in the generation of a
pronounced paratropic ring current inside the octagon reach-
ing a value of 4.1 (N14) as indicated by the NICS(0) analysis.
Despite the fact that all molecules have an isoelectronic -
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Figure 8. HOMO-LUMO gap and NICS(0) values of prepared NGs. Geome-
tries of the central ring in N1 (chair-like) and N15 (half-chair-like) derived
from DFT optimized structures. Geometric details of the central benzene
rings of N1 and N15 are shown in inset. Bond lengths are given in A. Experi-
mentally obtained optical gaps are presented as green bars.
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system the HOMO-LUMO gap can be varied in a wide range
from 5.3 to 3.0 eV (Table 1), indicating the strong influence of
the geometry on the electronic communication. The experi-
mentally obtained optical gaps were found to be in accord-
ance with the theoretically predicted optical gaps and show
virtually linear correlation with the respective HOMO-LUMO
gaps (see Supporting Information). It is noteworthy that the
structure N15 displays the lowest band gap of 3.0 eV which is
rather close to the gap of tetracene. Such a low gap is highly
counterintuitive and makes the compound N15 highly interest-
ing from a theoretical point of view, since the low band gap is
typically connected with the high reactivity whereas the all-
benzoic character is an indicator of enhanced stability.

Conclusions

In summary, this study has explored the alumina-assisted C—F
bond activation for the construction of pristine non-planar
nanographenes. Our results show that the suggested strategy
appears to be superior for the construction of complex multi-
helical and non-classical nanostructures. The feasibility of the
approach is demonstrated by the synthesis of twelve unprece-
dented PAHs m-isoelectronic to HBC, seven of which were ob-
tained for the first time. It is also shown that the fluoroarene
precursor molecules strictly follow the “HF-assembly program”
and alternative cyclization pathways can be rationalized from
the precursor structure and thus can be controlled by the
proper design of the precursor. Our approach provides facile
access to elusive nanographenes, opening new opportunities
to explore these unique materials.

Experimental Section
General procedure

Al,O5-Mediated HF Elimination. Typically, y-AlL,O; (5-6 g) was initial-
ly dried at 250°C for 30 min and then activated in a Schlenk line
by annealing at 590°C for 1h under vacuum (1072 mbar). After
cooling to room temperature a flame-dried and nitrogen flushed

Chem. Eur. J. 2021, 27,1-8 www.chemeurj.org
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microwave vial (2-5 mL) was charged with the respective fluorinat-
ed precursor (10 mg) and anhydrous 0-DCB (4 mL). The activated
v-AlLO; (2 g) was added to the mixture and the vial was sealed (ni-
trogen atmosphere). The condensation was carried out at 200-
250°C for the indicated time in the microwave. After completion
of the reaction Al,O; was extracted with hot toluene.
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Rational folding of nanographenes has
the potential to penetrate the barrier
between macro- and micro-worlds for
the engineering of carbon-based mate-
rials with functional molecular shapes.
This work reports that an alumina-medi-
ated C—F bond activation strategy is
able to tackle this challenge allowing
both the effective incorporation of non-
hexagonal rings and the formation of
helical structures leading to the folding
of nanographenes akin to origami.
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