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An antiaromatic homoHPHAC monocation unexpectedly forms a
slipped n-stacked structure in solution and the solid state, repre-
senting a rare example of an antiaromatic n-dimer. In acetone-dg at
298 K, the association constant is 5.5 x 102 M~ (AH = —22.0 kI mol *,
AS = —22.5 3 K™ mol ™), with dimerization accompanied by attenua-
tion of antiaromatic destabilization.

Planar aromatic molecules with 4n + 2 7 electrons typically
assemble through m-n stacking interactions; however, repul-
sion between filled n orbitals generally enforces an offset
geometry rather than ideal face-to-face stacking.' ® In contrast,
open-shell n-conjugated systems such as neutral radicals and
radical cations can form face-to-face n-dimers, driven by favour-
able interactions between singly occupied molecular orbitals
(SOMOs).””** Beyond open-shell species, antiaromatic molecules
possessing 4n m electrons have attracted increasing interest.
Theoretical studies have predicted that face-to-face stacking of
such molecules can alleviate intrinsic antiaromaticity through
intermolecular orbital interactions, leading to so-called stacked
aromaticity.”>™” Nevertheless, antiaromatic molecules are gener-
ally expected to avoid planarity and close intermolecular contacts,
instead alleviating their destabilization through symmetry-
lowering distortions, bond-length alternation, or chemical trans-
formations. As a result, the experimental realization of planar and
stable antiaromatic systems capable of exhibiting stacked aroma-
ticity remains highly challenging.

To date, norcorrole derivatives constitute one of the few experi-
mentally validated examples that satisfy this concept (Fig. 1a)."*>!
Shinokubo and co-workers demonstrated that covalently linked
norcorrole dimers, cyclophanes, and electron-deficient norcorroles
exhibit pronounced reductions in antiaromaticity and distinct
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aromatic characteristics compared with their monomeric
counterparts.’®?' Despite these seminal studies, examples of
stacked antiaromatic systems remain scarce, and the scope of
molecular frameworks capable of such behaviour is still largely
unexplored.

In our previous work, we reported antiaromatic n-extended
HPHAC monocation, homoHPHAC 1, which can be reversibly
oxidized to an aromatic trication (Fig. 1b).>*>* Notably, 1a is
stable even without meso substitution, in sharp contrast to
norcorroles.'®***® Although the phenyl-substituted analogue
1b was structurally characterised by X-ray diffraction, steric
congestion imposed by peripheral substituents induced a
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Fig.1 (a) Chemical structures of stacked norcorroles, (b) previously
reported cationic homoHPHACs 1a,b and (c) n-stacked dimerization of
antiaromatic homoHPHAC monocation 3 studied in this work.
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curved geometry which, together with the influence of the
peripheral ethyl groups, precluded effective intermolecular
interactions. We therefore envisioned that reducing steric
hindrance at the pyrrolic termini would enable controlled
stacking®*® of closed-shell antiaromatic monocations, allow-
ing stabilization through alleviation of antiaromaticity to over-
come electrostatic repulsion. Herein, we report the synthesis
and structural characterization of a meso- and the adjacent
pyrrole-unsubstituted homoHPHAC monocation 3 (Fig. 1c) and
demonstrate that it forms a n-stacked dimer in both solution
and the solid state, accompanied by attenuation of its intrinsic
antiaromatic destabilization.

Synthesis of homoHPHAC monocation 3 is shown in
Scheme 1. DEHPB bearing a pyrrole unit without B-substitution
was synthesized according to the reported procedure.”® Treat-
ment of DEHPB with 6.6 equivalents of DDQ at room temperature
for 2 days afforded the partially cyclised product 2 (secoHPHAC).
The structure of 2 was confirmed by "H NMR spectroscopy and
high-resolution LDI-TOF mass spectrometry (see the SI). The
preferential formation of secoHPHAC via selective cyclisation is
presumably attributable to the facile generation of a radical
cation intermediate during the Scholl reaction.”® Subsequently,
2 was reacted with a Vilsmeier reagent prepared from DMF and
POCl;, following a procedure analogous to that reported
previously.?” After aqueous work-up with KPF, the desired homo-
HPHAC monocation 3 was obtained. Compound 3 is sufficiently
stable to allow purification by alumina column chromatography,
and its structure was determined by 'H and >C NMR spectro-
scopy, high-resolution LDI-TOF mass spectrometry and single-
crystal X-ray diffraction analysis.

Single crystals of 3 suitable for X-ray crystallographic analy-
sis were obtained as the SbF,  salt by vapour diffusion using
chloroform as a good solvent and toluene as a poor solvent. X-
ray diffraction analysis revealed the absence of solvent mole-
cules in the crystal lattice and confirmed that 3 exists as a meso-
unsubstituted monocationic species (Fig. 2a and b). Owing to
the absence of two ethyl substituents adjacent to the meso
position, 3 adopts a highly planar structure, in contrast to the
curved conformation observed for 1b. Notably, analysis of the

Et Et
Et Z/ \S Et
= N =
Et—\_N N_/ " Et DpbDQ
Et—/ N r@ CH,CI,
= N = 46%
Et S\ /Z
Et Et
DEHPB

1. DMF, POCl; Et
2. KPFg aq.

1,2-dichloroethane Et
55%

Scheme 1 Synthesis of secoHPHAC 2 and 3.
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Fig. 2 Crystal structures of 3. (a) Top and side views, (b) top view of -
stacked dimer and (c) packing structure. For clarity, the disordered com-
ponents with minor occupancy are omitted.

packing structure showed that, despite its monocationic nat-
ure, 3 forms a m-stacked dimer, with an average interplanar
distance of 3.33 A and a shortest intermolecular atom-atom
distance of 3.28 A (Fig. 2b and c). The stacking geometry
corresponds to a slip-stacked arrangement in which the meso
positions of the two molecules are oriented in opposite direc-
tions. In addition, CH-r interactions were identified between
neighbouring dimers. It has been reported that in n-stacked
dimers of norcorroles, which are intrinsically antiaromatic, the
antiaromatic character of the monomer is attenuated and, in
some cases, aromatic character emerges.'®>!
(anti)aromaticity of 3, harmonic oscillator model of aromaticity
(HOMA) values based on bond-length equalisation were calcu-
lated. For the macrocyclic conjugated framework highlighted
by the thick red bonds in Fig. 1c and Scheme 1, a HOMA value
of 0.74 was obtained for 3, which is significantly higher than
that of 1b (0.67) and the optimised structure of the methyl-
substituted analogue 3-Me (0.70) (Fig. S8). A similar trend of
bond-length equalization upon dimerization has been reported
in previous studies on stacked norcorroles.

To further elucidate the solution-state behaviour of 3 as the
PFs~ salt, concentration-dependent 'H NMR measurements
were performed (Fig. 3a and b). Upon increasing the concen-
tration of 3 in acetone-ds, pronounced downfield shifts were
observed for the meso proton and the two pyrrolic B protons
(0.69 mM — 5.19 mM; meso-H: 0 = 3.92 — 4.24 ppm; f1-H: =
5.17 — 5.51 ppm; B2-H: 6 = 4.88 — 5.42 ppm). In contrast,
among the ethyl substituent signals, only the H1-H4 reso-
nances exhibited comparable downfield shifts, whereas the
remaining ethyl signals showed little or no change (Fig. S3b).

To evaluate the
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Fig. 3 (a) and (b) Concentration-dependent *H NMR spectra of 3 in
acetone-dg at 298 K, shown in different spectral regions. Signal assign-
ments were made on the basis of NOESY spectroscopy. (c) Temperature-
dependent *H NMR spectra of 3 in acetone- dg ([3] = 0.69 mM), recorded
between 243 and 313 K.

Such concentration-dependent behaviour was not observed
for the previously reported 1a; instead, only upfield signals
were detected (meso-H: 6 = 3.64 ppm; CH,: 6 = 1.42-1.60 and
1.69 ppm; CH3: § = 0.60-0.69 and 0.78 ppm).>* In light of the
single-crystal structural analysis of 3, the meso and pyrrolic B
protons and ethyl groups exhibiting downfield shifts are
located above the m-surface of the opposing antiaromatic
homoHPHAC framework. Collectively, these results indicate
that, even in solution, slip-stacked dimers analogous to those
observed in the solid state are formed under high-concentration
conditions.

On the basis of the crystal structure and NMR analyses,
homoHPHAC 3 was assumed to form a dimer in solution, and
the association constant in acetone-dg at 298 K was determined
by nonlinear regression analysis to be (5.5 + 0.21) x 10> M ™"
(AGaes = —15.6 k] mol™'), using the meso-proton signal for
fitting (Fig. S4a). Notably, despite being a monocationic spe-
cies, this value is comparable to the reported association
constant of pentafluorophenyl-substituted norcorrole (6.0 x
10> M ™" in CDCl;).>" When evaluated in the more polar solvent
DMSO-ds, a slightly smaller value of (4.8 + 0.24) x 10> M~ "
(AGaes = —15.3 k] mol ") was obtained (Fig. S3f and S4e). This
solvent-dependent decrease in association strength is plausibly
attributed to the high polarity of 3, reflecting its monocationic
nature. Subsequently, variable-temperature "H NMR measure-
ments of 3 were performed (Fig. 3c; [3] = 0.69 mM). In acetone-
de, decreasing the temperature resulted in pronounced down-
field shifts of the meso proton and the two pyrrolic f protons.
This behaviour indicates that the monomer-dimer association
equilibrium observed in the concentration-dependent experiments
is similarly modulated by temperature. To evaluate the thermo-
dynamic parameters governing this equilibrium, association con-
stants were determined at different temperatures (Table S4 and
Fig. S4a-d). Analysis of these data using a van’t Hoff plot
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afforded AH = —22.0 k] mol™* and AS = —22.5 ] K mol™*
(Fig. S5 and Table S5). The negative values of AH and AS indicate
that dimer formation is enthalpically favourable but entropically
unfavourable, consistent with general association processes.
These results demonstrate that dimerization of 3 is strongly
driven by enthalpic contributions.

To examine the concentration dependence of the oxida-
tion potentials, cyclic voltammetry (CV) measurements of 3
were performed at different concentrations (Fig. S9). In
dichloromethane, CV measurements at concentrations of
4.0 and 0.2 mM revealed first and second oxidation potentials
of E°' = —0.08 Vand E>? =0.27 V (4.0 mM) and E®" = —0.10 V
and E°® = 0.23 V (0.2 mM), respectively, indicating no
discernible concentration dependence. These values are
essentially identical to those reported for 1a (E°*' = —0.11 V
and E®? = 0.21 V at 1.0 mM). This lack of concentration
dependence is most likely due to the high concentration of
supporting electrolyte present in solution ([TBAPFs] = 100 mM).
Notably, however, no appreciable concentration-dependent
spectral changes were observed in the absorption spectra of
3 in both dichloromethane and acetone even in the absence of
supporting electrolyte, including at higher concentrations up
to 3.0 mM (Fig. S10b). The absorption spectra exhibit a broad
and weak absorption band in the range of 1000-1750 nm,
similar to that observed for 1b, which is characteristic of anti-
aromatic molecules with narrow HOMO-LUMO gaps (Fig. S10a).
These results suggest that, in contrast to "H NMR spectroscopy,
absorption spectroscopy is insufficiently sensitive to detect the
monomer-dimer equilibrium of 3 in solution under the present
conditions.

In contrast, the solid-state absorption spectrum displays a
distinct and broad absorption band in the shorter-wavelength
region of 900-1500 nm (Fig. S10c). To gain insight into the
origin of these spectral features, time-dependent density func-
tional theory (TD-DFT) calculations were performed using
monomeric and dimeric geometries extracted from the single-
crystal structure. The calculated HOMO-LUMO transition for
the monomer appears at 1574 nm with an oscillator strength
(f) of 0.0277, whereas for the dimer this transition is hypso-
chromically shifted to 1461 nm and exhibits a markedly
increased oscillator strength (f= 0.0681). These computational
trends are in good agreement with the experimental absorption
features observed in the solid state (Fig. S12b). Furthermore,
molecular orbital energy analyses were carried out using DFT
calculations. In the dimeric structure, the HOMO and
HOMO-1, as well as the LUMO and LUMO-1, become quasi-
degenerate, with both sets of orbitals stabilized relative to the
corresponding orbitals of the monomer (Fig. Silc). Such
stabilization of frontier molecular orbitals upon dimerization
is a characteristic feature theoretically predicted for antiaro-
matic systems™®™” and has been documented for stacked
norcorroles and related n-dimeric architectures.'®>' Consistent
with these precedents, the present results suggest that inter-
molecular orbital interactions facilitate dimer formation of 3
and induce electronic reorganization, which contributes to
attenuation of antiaromatic destabilization.
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monomer dimer

Fig. 4 ACID plots of 3. (a) Monomer and (b) dimer (isovalue = 0.03). The
magnetic field is applied perpendicular to the molecular plane and points
out of the page. Red arrows indicate the paratropic (counterclockwise)
ring current.

Finally, to gain insight into changes in antiaromatic char-
acter upon dimerization, nucleus-independent chemical shift
(NICS)*° and anisotropy and anisotropy of the induced current
density (ACID)*" calculations were performed. In the dimeric
structure, small but discernible decreases in the NICS(+ 1)
values were observed at both the outside NICS(1) and the inside
NICS(—1) positions relative to those of the monomer, with a
tendency toward a larger decrease at the inside position (Table
S13). Consistent with these observations, comparison of the
ACID plots reveals a modest reduction in the magnetic
response upon dimerization (Fig. 4). In both the monomeric
and dimeric forms, a counterclockwise paratropic ring current
extending over the entire macrocyclic framework is observed,
consistent with antiaromatic character; however, the density of
the current vectors is lower in the dimer than in the monomer.
Taken together, these results likely suggest that formation of
even a slip-stacked m-stacked dimer is associated with partial
attenuation of the intrinsic antiaromatic character of 3.

In this study, we investigated the association behaviour and
accompanying electronic structural changes of the antiaro-
matic homoHPHAC 3 in both solution and the solid state.
Despite its cationic nature, 3 forms a slipped n-stacked dimer
through n—n interactions, as evidenced by a bond-length equal-
ization, stabilization of the frontier molecular orbitals, and
small but discernible changes in magnetic aromaticity indices,
including slightly reduced NICS values and a reduced paratro-
pic current density in the ACID analysis. At present, however,
the detailed mechanism by which dimerization leads to such
electronic reorganization remains unclear. Further in-depth
theoretical investigations will therefore be required to clarify
the origin of these effects. Such studies are expected to provide
deeper insight into the fundamental principles governing n-
dimer formation and electronic modulation in antiaromatic
systems.
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