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Abstract: Octulene, the higher homologue of kekulene and
septulene, was synthesized using the fold-in method. This new
hydrocarbon macrocycle contains a large 24-membered inner
circuit, which is peripherally fused to 24 benzene rings. Such an
arrangement produces considerable hyperbolic distortion of
the m-conjugated surface. The consequences of distortion in
octulene were explored using photophysical methods, which
revealed a reduced electronic band gap and greater flexibility
of the m system. Octulene contains a functional cavity with
a diameter larger than 5.5 A that is capable of efficiently
binding the chloride anion in a nonpolar solvent (K,=
2.2(4)x10°m™", 1% dichloromethane (DCM) in benzene).
The octulene—chloride interaction is stabilized by eight weak
C(sp?)H--Cl bonds, providing the first example of a hydro-
carbon-based anion receptor.

I n geometry, the feasibility of specific tessellations (tilings)
depends on the curvature of the underlying surface.'! The
chemically relevant hexagonal tiling (Figure 1B), which
provides a model of benzenoid ring fusion, fits on surfaces
with constant zero Gaussian curvature (x = 0), and notably on
the Euclidean plane (as in graphene and nanographenes®™)
and on the cylinder (as in carbon nanotubes). Fullerenes and
their fragments (buckybowls) are based on pentagonal tilings,
which are compatible with the spherical curvature (x > 0) of
these structures.”” Negative Gaussian curvature, much less
common among aromatic molecules, can be built around
seven-1? or eight-membered™*"! rings. Such systems can be
called “hyperbolic nanographenes” because the pertinent
ring fusion patterns can be found in hyperbolic tessellations.
For instance, the classic hyperbolic system, saddle-shaped
[7]circulene (1, Figure 1 A),”® may be viewed as a fragment of
so-called truncated order-7 triangular tiling (t{3,7},
Figure 1C).

Kekulene 2,9 the first coronoid hydrocarbon,” is the
smallest macrocyclic nanographene retaining planarity, and
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Kekulene
2(X=H)

Figure 1. A) Planar and hyperbolic aromatics discussed in the introduc-
tion. B) Hexagonal tiling found in graphene. C) Molecular framework
of [7]circulene embedded in the t{3,7} hyperbolic tiling. D) Planar tiling
based on the kekulene ring system. E) Hyperbolic tiling based on the
octulene ring system.

may be envisaged as the repeat unit of periodic “graphene
meshes” (for example, Figure 1 D). The sub-nanometer pore
of 2, similar to those investigated in graphene sheets,'® is of
potential relevance to organic electronics!'”! and gas separa-
tion.””! Kekulene is thus an interesting object for structural
elaboration, and its subunit-replaced,””"?? expanded,***! and
peripherally fused! analogues have recently been explored.
In particular, positively curved (bowl-shaped) analogues of 2
were created by replacement of selected benzene units with
five-membered rings.”"* In principle, homologation of
kekulene to enlarge its central ring should produce a
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hyperbolic distortion of the m system. However, in both
septulene™! and [4]chrysaorene,”” the excess curvature is
largely absorbed by valence angle deformations, leading to
essentially planar molecules. Molecular modeling shows that
the negative curvature should emerge in octulene (3, Fig-
ure 1 A), the next higher member of the kekulene-septulene
series, which has an estimated internal strain of approximately
30 kcalmol . In analogy to 1, infinite patterns based on the
octulene motif can only be constructed on a hyperbolic plane
(Figure 1E). Herein, we report the first synthesis of an
octulene derivative and describe its properties; notable
among these is the unexpected ability to bind chloride anions.

We attempted to synthesize octulene by using the fold-in
method, which involves inner stitching of macrocyclic pre-
cursors,”?!" and has been used with success to induce positive
curvature in various bowl- and belt-like systems.!"?>»! The
McMurry cyclooligomerization of a newly designed di-
aldehyde building block S4 produced a mixture of cyclic
and linear products from which cyclophanes 4a (16%), 5a
(11%), and 6a (7.4%), were isolated chromatographically
(Scheme 1). 6a was also prepared in higher yield (18 %) using
the previously developed Wittig-based strategy.”>?! The
three macrocyclic precursors 4a-6a were structurally charac-
terized in solution and in the solid state, as described in the
Supporting Information.

no fold-in product

4an=2 1)
5an=3 —f————>
6an=4

hexabutoxykekulene
2a (X = OBuU, 76%)

X =0Bu 1) hexabutoxyoctulene

3a (X = OBu, 75%)

Scheme 1. The fold-in synthesis of substituted kekulene and octulene
from the corresponding phenanthrenophanes. For clarity, the general-
ized structures for 4a—6a are drawn in an all-syn conformation.
Reagents and conditions, 1): Ni(1,5-cyclooctadiene),, 2,2"-bipyridyl,
N,N-dimethylformamide, 100°C.

The fold-in reaction was attempted on all three cyclo-
phanes, which were subjected to the Ni’-mediated Yamamoto
homocoupling. The expected fold-in product of 4a (“tetru-
lene”) was not observed to form, as might be expected from
the extremely high internal strain of the target framework. In
contrast, Sa and 6a cleanly produced the respective coronoid
targets, kekulene 2a and octulene 3a, which were isolated
chromatographically in 76 % and 75 % yield, respectively. The
molecular formulae of both systems were confirmed using
high-resolution mass-spectrometric analyses.

In contrast to unsubstituted kekulene and septulene,
known for their extremely low solubility,'®*! 2a dissolves
readily in many organic solvents. A '"H NMR spectrum of 2a
recorded in CD,Cl, is consistent with the D3, symmetry of the
molecule, with a diagnostic low-field resonance of the inner
protons (9.90 ppm). On lowering the temperature (Support-
ing Information, Figure S11), the aromatic 'H signals of 2a
progressively broadened and shifted to higher field. When the
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sample was cooled from 300 to 220 K, the inner H signal
shifted from 9.90 to 9.53 ppm, with a concomitant linewidth
increase from approximately 7 to 170 Hz. Below 220K,
partial decoalescence was observed, but the spectrum was
insufficiently resolved to permit a more detailed analysis. The
dynamic behavior of the system, and the high-field relocations
of aromatic resonances, are consistent with the temperature
dependent m-stacking aggregation, which is however too fast
or insufficiently specific to yield a well-resolved dimer
spectrum.””! The feasibility of m-stacking was further demon-
strated in a single-crystal analysis of 2a, which revealed the
formation of infinite, slipped stacks in the solid state (Fig-
ure 2B; Supporting Information, Figure S8).The noticeable
twisting of the kekulene core in the crystal of 2a (0.20 A
mean-plane deviation) apparently serves to maximize inter-
molecular interactions at the center of the macrocycle.

The 'HNMR spectrum of octulene 3a is very similar to
that of 2a, confirming the homologous structures of these two
ring systems. However, temperature-dependent changes of
the aromatic signals are far less pronounced for octulene
(Supporting Information, Figure S11). At 220 K, the inner H
signal is relocated by only —0.02 ppm relative to its position at
300 K (10.10 ppm), with only a small increase in linewidth (2.5
to 6.5 Hz). This observation implies considerable suppression
of m-stacking in solution, in comparison with 2a, which is in
agreement with the presumed non-planar geometry of the
octulene core.

According to DFT calculations, unsubstituted 3 takes the
shape of a very deep saddle with a vertical extent of 9.2 A
(Figure 2C,D), and its geometry is insignificantly affected by
substitution with methoxy groups (3b, X = OMe; Supporting
Information). The formal eight-fold symmetry of 3, which
could be realized on a hyperbolic plane, is not attainable in
chemical reality. Because of the saddle distortion, the highest
possible point symmetry of 3 and 3a,b is D,;, which should
lead to diastereotopic differentiation of CH, signals in the
'"H NMR spectrum of the butyl-substituted 3a. The absence of
diastereotopicity in the experimental spectrum may result
from accidental isochrony of the corresponding methylene
protons, but it can also be caused by a rapid “roller coaster”
motion of the macrocycle, which would lead to dynamic
averaging of the diastereotopic CH, pair. In unsubstituted 3,
such a roller coaster shift is predicted to occur with ease, with
an estimated energy barrier of less than 1kcalmol™ (Sup-
porting Information, Figure S18).

Steady-state absorption spectra of 2a and 3a are charac-
teristic of highly symmetrical cyclic aromatics, with near
forbidden lowest energy transitions (Figure 3). However, the
vibronic pattern of the main absorption is less clearly resolved
in 3a, suggesting a greater flexibility of the distorted octulene
ring. In line with this assumption, 3a yields a sharper and
more intense absorption at low temperatures (77 K in
2-methyltetrahydrofuran; Supporting Information, Fig-
ure S13). The effects of flexibility can also be inferred from
the fluorescence behavior of 3a. In comparison with 2a,
octulene exhibits a lower fluorescence quantum yield (3.6 %
vs. 5.2%), and a less clear vibronic structure in the emission
band. Accordingly, fluorescence decay times of 20.2 and
15.0 ns were measured for 2a and 3 a, respectively, by means
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Figure 2. A) Molecular structure of 2a determined in an X-ray crystallographic analysis. B) m-Stacked columns observed in the crystal structure of
2a. C,D) Gas-phase DFT geometry of the unsubstituted octulene 3. E,F) Gas-phase DFT geometry of the chloride adduct 3b-CI~ (level of theory:

®B97XD/6-31G(d,p)).
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Figure 3. Normalized absorption and emission spectra of 2a and 3a
(toluene, 300 K).

of time-correlated single-photon counting (TCSPC). While
the radiative rates determined for 2a and 3a were similar
(Supporting Information, Table S1), the observed difference
in non-radiative rates (4.7 vs. 6.4x10"s™! for 2a and 3a,
respectively) indicates that a more efficient non-radiative
channel is available for octulene, which may be tentatively
linked to the dynamic distortion of the chromophore. No fast
decay processes associated with vibrational dynamics were
observed in femtosecond-transient absorption measurements
(Supporting Information, Figure S15).

Femtosecond transient absorption anisotropy measure-
ments performed for 2a and 3a (fs-TAA; Supporting
Information, Figure S16) showed that, following an ultrafast
initial depolarization (<200 fs), the anisotropy was static
over the first 8 ps after excitation, with r, values of 0.07 and
0.06 for 2a and 3a, respectively. The subsequent decay was
monoexponential for both systems and was slower for
octulene (7,=500 ps for 3a vs. 350 ps for 2a). Both r, values
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are within the limit expected for disk-like molecules (7, <
0.1),” for which dephasing occurs between pairs of degen-
erate, orthogonally polarized states. The smaller r, value
observed for 3a likely originates from structural distortions of
the octulene core. TCSPC fluorescence anisotropy data
obtained for 3a and 2a indicate similar rotational diffusion
rates (7,=510 ps and 350 ps, respectively; Supporting Infor-
mation, Figure S17).

Magnetic and structural aromaticity indices (Supporting
Information, Figures S19-S21) confirm the benzenoid char-
acter of i conjugation in 3. Specifically, they provide evidence
for the preferential localization of Clar sextets in the linearly
fused benzene rings, previously observed in kekulene and
septulene. The red shifts in the absorption and emission
spectra indicate a reduction of the electronic band gap of 3a
relative to that of 2a (Figure 3). Such a change is confirmed
by electrochemistry data and TD-DFT calculations (Support-
ing Information). The decrease of Kohn-Sham band gaps
(3.56, 3.43, and 3.23 eV for 2, septulene, and 3, respectively),
caused principally by the destabilization of the HOMO, is
faster than might be expected in a series of homologous
systems (typically obeying the 1/n relationship®'). The
smaller than expected band gap of 3 may indicate a contribu-
ting influence of the hyperbolic distortion, similar to the effect
observed in distorted porphyrin chromophores for
example.["!

The large cavity of octulene is surrounded by eight
C(sp*)—H bonds pointing approximately towards its center,
and we envisioned that it might act as a receptor for small
guests. Neutral anion receptors based on CH donorst!l are
inherently weakly coordinating, and they typically contain
highly polarized subunits (for example, CF bonds,*”
acetals,® triazoles® or cyanostilbenes™') that enhance
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anion binding. In comparison with the triazole-based receptor
described by Li and Flood (LF),* octulene features much
lower electrostatic potential (ESP) on the inner hydrogens
(Table 1). Nevertheless, the central cavity has similar dimen-
sions in the two systems, and the completely fused octulene
macrocycle was expected to provide a more rigid binding
environment.

Table 1: Binding data for octulene.

Parameter 3 3a/3bl LF

H--H diameter [A]®! 5.53-5.89  5.55-5.89 5.54-5.84
ESP [kcal/mol]® 24 23 41-55

Cl binding energy®™? —34.9 —345 —60.3

H---H with bound CI"[A]®)  5.43-5.62  5.43-5.61 5.22-5.91
Distortion energy® 1.55 1.98 2.38

K, (CI7) [m"]@ 2.2(4)x1011  1.3(3)x 10
DCM binding energy®*! —9.46 —9.45 —10.45

[a] Binding constants for 3a, other data for 3b. [b] ®B97XD/6-31G(d,p)
in vacuo; [c] electrostatic potential on inner hydrogen atoms (0.002 a.u.
density isosurface). [d] Counterpoise-corrected. [e] Binding constants for
CI=. [f] 1% CD,Cl, in C¢D,, 280 K. [g] CH,Cl,, 298 K, as in ref.[34].

Initial anion binding experiments, monitored using
'"H NMR spectroscopy, showed downfield relocations of the
inner CH signal when solutions of octulene 3a in CD,Cl, were
treated with a large excess of tetrabutylammonium salts
(TBAX; X=F, Cl, Br, I, CN). Reference experiments
performed for kekulene 2a showed no effect, indicating that
the change seen for 3a may indeed reflect anion binding in the
cavity. This hypothesis was further supported by the anion
dependence of the effect observed for octulene. The strongest
interaction was observed with the chloride anion, which was
therefore selected for subsequent study. Remarkably, it was
found that the binding was significantly enhanced in benzene
solutions. A titration performed in CcDs, containing 1%
CD,(l, to solubilize TBACI, showed separate resonances for
inner protons of 3a and 3a-Cl- (10.20 and 12.10 ppm,
respectively; Figure 4), indicative of slow anion exchange.
The large high-field shift observed for the 3a-Cl~ complex is
a characteristic feature of the bound state of CH-based anion
receptors.* Because of smaller absolute shift differences, the
outer protons yielded dynamically averaged signals. Fitting
the chloride-induced shift changes with the 1:1 binding model
yielded an association constant K,=2.4(2)x10*mM . The
proposed binding stoichiometry was verified by a 'H NMR
continuous variation (Job) experiment.

Deviations of the binding isotherms from the 1:1 model
may be attributed to the formation of a tight ion pair with the
TBA cation, with a stoichiometry [3a-CI"][TBA™], which is
expected to be stabilized in a nonpolar solvent medium.”!
The formation of such an ion pair can be inferred from the
high-field relocations of TBA signals (ca. —0.6 ppm relative to
free TBACI), observed at low TBACI:3a molar ratios. Such
a shift is consistent with the location of TBA" in the
deshielding zone of the octulene ring system, that is, above
or below the aromatic surface. In the course of the titration,
the TBA shifts increased gradually, indicating rapid exchange
between the octulene-bound ion pair and the bulk TBA
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Figure 4. Changes in the "H NMR spectrum of 3a during titration with
tetrabutylammonium chloride (TBACI, 600 MHz, 280 K, 0.14 mm 3 a,
1% CD,Cl, in C4Dy).

cation. The binding equilibria can be further complicated by
the formation of higher aggregates of TBACI, analogous to
those observed in chloroform.*”! Such assemblies are likely to
persist in benzene solution and may even be involved in
binding to octulene at higher salt concentrations.

The excellent fit of the chloride ion in the octulene cavity
was confirmed by DFT calculations (Figure 2E,F, Table 1),
which yielded a gas-phase binding energy of —34.5 kcalmol ™
for 3b-Cl". The cavity is predicted to undergo a slight
contraction upon anion binding, with a corresponding
distortion energy of only approximately 2 kcalmol™'. The
apparent K, for chloride binding determined in nearly pure
benzene indicates that the preorganized cavity in 3a can
effectively compete for CI- with a solvent that provides
a chemically similar environment for the anions (multiple
C(sp*)H bonds, ESP(H) ca. 18 kcalmol '). The much weaker
binding in DCM (by ca. 4 orders of magnitude) can be
attributed, not only to the potentially stronger anion solva-
tion, but also, to the ability of a DCM molecule to fill the
cavity in 3a. The binding energy calculated for 3b-DCM
(Table 1) is lower than for 3b-Cl™ but nevertheless indicates
that DCM binding may compete at bulk solvent
concentrations.

Octulene, the first reported coronoid ring system with
a distinct hyperbolic distortion, demonstrates the efficacy of
the fold-in method in the synthesis of negatively curved
aromatics. More surprisingly, octulene reveals the possibility
of using hydrocarbon macrocycles as anion receptors, offering
new insight into the thermodynamics of anion binding in
nonpolar environments. Efforts to create further receptor
molecules based on this principle are currently underway.
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