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ABSTRACT: The reversible formation of 0-bonds between organic radicals has been widely investigated. However, reports on the formation
of o-dimers from delocalized w-radical cations are scarce. Herein, we report the reversible o-dimerization behavior of a bowl-shaped n-radical
cation generated from a nitrogen-embedded buckybowl, both in the crystalline state and in solution. The detailed structure of the o-dimer in
the crystalline state was determined by a single-crystal X-ray diffraction analysis. The monomeric radical cation exists predominantly in solu-
tion at room temperature, while dimerization of the radical cations occurs through carbon—carbon o-bond formation upon reducing the tem-
perature. '"H NMR and optical spectroscopy measurements confirmed the formation of a o-dimer at low temperature. Comparative studies
with a similar yet planar n-conjugated system suggested that the curved structure of the bowl-shaped m-radical cation facilitates the o-
dimerization at one of the internal sp>~hybridized carbon atoms. This trend was also observed for the nucleophilic addition reaction of meth-
anol to the m-radical cations. The methoxylation reaction proceeded only for the curved n-radical cation. Theoretical calculations revealed
that the large relief of structural strain at the a-carbon atom during the dimerization or nucleophilic addition reactions accelerated the bond

formation at the internal carbon atom of the curved radical cation.

Introduction

Reversible o-bond formation and dissociation processes of or-
ganic radicals have attracted great attention in the fields of poly-
meric soft matter, self-healing, and mechanochromic materials."?
However, among these studies, examples for the reversible o-
dimerization of radical cations remain limited due to the coulombic
repulsion between the two positively charged species and/or the
instability of the monomeric radical cations. Furthermore, delocal-
ized m-conjugated radical cations usually form n-dimers both in
solution and the solid state.

A o-bonded dicationic dimer has been proposed as the key in-
termediate in oxidative C—C-bond-forming reactions such as the
electrochemical polymerization of thiophenes or pyrroles.* Howev-
er, direct observations of these dicationic species have remained
challenging on account of their generally short lifetimes. To date,
several research groups have succeeded in the observation of such
o-dimeric dications.’ For example, Effenberger and co-workers
have reported the oxidative dimerization of amino-substituted
benzene derivatives and elucidated the structure of the o-bonded
dicationic dimer by single-crystal X-ray diffraction analysis.“"e Merz
and co-workers have revealed that the interconversion between o-
dicationic species that consist of two bipyrroles and the corre-
sponding monomers proceeds reversibly in solution depending on
the temperature.’ Power and co-workers have demonstrated the o-
dimerization of persistent organic radical cations in the crystalline
state.”™ However, their low solubility hampered detailed studies in
solution. Therefore, examples for organic radical cations that gen-
erate o-bonded dimers both in the crystalline state and in solution
remain so far elusive.

Most reactions of n-conjugated molecules occur at the peripheral
positions rather than at the internal atoms. For instance, all reversi-
ble o-dimerization reactions of organic radical cations occur at their
peripheral carbon atoms. On the other hand, in the case of
nanocarbon materials such as fullerenes, carbon nanotubes, and
graphene, reactions can proceed at the internal sp* carbon atoms on
the surface.*” Recently, such a specific reactivity has also been re-
ported for bowl-shaped n-conjugated molecules.® While the reac-
tions of corannulene usually proceed at the peripheral sp® carbon
atoms, the addition of dihalocarbene to corannulene occurs at its
internal sp” carbon atom.* Petrukhina and co-workers succeeded in
the isolation and characterization of inner-substituted corannulene
arenium cations.®™ In 2008, Scott and Bronstein carried out theoret-
ical calculations, which suggested the relief of geometric strain
during addition reactions at internal sp® carbons is larger in bowl-
shaped molecules than in planar 7-systems.*™ However, no report
has experimentally demonstrated the effect of a curved n-structure
on the specific reactivity at the internal position through a compar-
ative study with a planar analogue.

Recently, Nozaki and co-wokers and our group have inde-
succeeded in the

pendently synthesis of penta-peri-
pentabenzoazacorannulene 1 as a buckybowl with a nitrogen atom
at its center” We found that oxidation of 1 with tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (BAHA) suc-
cessfully afforded the radical cation 1*[SbCls]™ due to its electron-
rich nature (Scheme 1). The persistent nature of this radical cation
has enabled a detailed investigation of its chemical properties.
Herein, we disclose the reversible 0-bond formation behavior of 1°*

at an internal sp’ carbon atom by crystallization or lowering the



temperature of its solution. We also experimentally demonstrate
the importance of the curved structure for the o-dimerization
through comparison with an analogous planar radical cation,
2*[SbCls]", which in contrast undergoes selective nt-dimerization.

crystallization
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cooling in solution

(1-1)2*[SbClg ],
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Scheme 1. Dimerization and dissociation behavior of 1'*[SbCls]~ and

(1-1)*[SbCls ..

Results and Discussion
o-Dimerization of the bowl-shaped radical cation.

To characterize the detailed structure of 1'*, we attempted to ob-
tain single crystals by vapor diffusion of hexane into a chloroben-
zene/diethyl ether solution of 1*[SbCls]". Contrary to our expecta-
tions, we obtained the crystal of o-dimer (1-1)**[SbCls ], wherein
two azabuckybowl units are connected by a covalent carbon-
carbon bond between the internal a-carbons of the central pyrrole
rings (Figure 1)."*"" The sum of the angles around the a-carbons
(326°/327°) clearly indicates a sp® hybridization. In addition, the
existence of two counter-anions in the unit cell indicates a dication-
ic nature of this dimer. The length of the central bridging bond
(1.641(5) A) is close to those of previously reported o-dimeric
dications (1.637(5) A),”™ but obviously longer than standard
C(sp®)-C(sp®) single bonds (1.54 A). As reported previously,
1"*[SbCls]" exists as a monomer in solution at room temperature,
and consequently, the dimerization of 1™ should be induced by
crystallization. In fact, dissolution of the crystal of the o-dimer in
CH.Cl, regenerated the monomeric radical cation 1'* (Figure S6).

Figure 1. X-ray crystal structure of (1-1)**[SbCls ].. (a) Top view and
(b) side view. Thermal ellipsoids are set at 50% probability, and all
hydrogen atoms, solvent molecules, and [SbCls]" ions have been omit-
ted for clarity.

The o-dimerization reaction was also observed in solution upon
lowering the temperature. Figure 2a shows the variable-
temperature (VT) 'H NMR spectra of 1'*[SbCls]” in CDCls. No
signal was observed at 25 °C, suggesting the predominant existence
of a paramagnetic species at room temperature. Broad peaks gradu-
ally appeared in the aromatic region with decreasing temperature.
These peaks finally became sharp at -55 °C, indicating the for-
mation of a diamagnetic species. Based on 'H-"H correlation spec-
troscopy (COSY) NMR measurements and the relative integral
values estimated by comparison with those of tris(4-
bromophenyl)amine, eight singlets, two doublets, and one triplet
were identified in the spectrum (Figure S7 and S8). These signals
were assigned to the peripheral protons of a penta-peri-
pentabenzoazacorannulene with low symmetry.
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Figure 2. Variable-temperature 'H NMR spectra of 1'*[SbCls]~ (2) on
cooling from 25 °C (top) to -5S °C (bottom) in CDCl; and (b) on
cooling from 25 °C (top) to -55 °C (middle) and heating from -55°C
to 25 °C (bottom) in CDCl.

We also measured the VT UV-vis-NIR absorption spectra of
1"*[SbCls]" in CH.CL, (Figure 3a). At room temperature, a charac-
teristic broad band in the near-infrared (NIR) region was observed,
which was assigned to the monomeric radical cation. In contrast,
the intensity of this NIR absorption band decreased at lower tem-
peratures, while new absorption bands at around 580 and 720 nm
appeared with isosbestic points. The disappearance of the NIR
absorption band suggests the formation of a o-dimer.*®' In addition,
the simulated absorption spectrum of the o-dimer (1-1)** calculat-
ed by a time-dependent (TD) DFT method is in good agreement
with the experimental spectrum (Figure S9). These spectroscopic
analyses suggest the formation of the o-dimer (1-1)** in solution
and in the crystalline state. Upon heating the once-cooled solution,
both 'H NMR and the absorption spectra were reverted to those
for the monomeric radical cation 1'* (Figure 2b and 3b). Thus, the



dimerization and dissociation are reversible in solution depending
on temperatures. According to the optical experiments, the ther-
modynamic parameters of this dimerization process were deter-
mined to be AH = -11.1 kcal mol ! and AS = -30.2 cal K"' mol ' by
means of a van’t Hoff plot (Figure $10). We also performed VT
ESR measurements in CH.CL. (Figure 4). The signal derived from
1"* completely disappeared at —85 °C. Based on these experiments,
the thermodynamic parameters were estimated to be AH = -11.8
kcal mol" and AS = -28.5 cal K™' mol’}, i.e., they are similar to
those determined by optical measurements (Figure S11). The AH
value for this system is higher than that of previously reported o-
dimeric dications.”* Furthermore, the dimerizations of alkylated
Ceo radicals exhibit much smaller AH values (up to -35.5 kcal mol”
')."> The crystal of o-dimer easily dissociates to regenerate the cor-
responding monomers in solution, consisting with the relatively
high AH value of 1"".
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Figure 3. Variable-temperature UV-vis-NIR absorption spectra of

1"*[SbCls]” in CH2CL (a) on cooling and (b) on heating the once-
cooled solution. The inset shows the change of the solution color.
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Figure 4. Variable-temperature ESR spectra of 1'*[SbCls]~ in CH,CL.

n-Dimerization of an analogous planar radical cation.

In contrast to the behavior of the present bowl-shaped st-radical
cation 1", delocalized m-radical cations often form =w-dimers in
solution.”” We envisioned that the bowl-shaped structure of 1'*
contributes to the formation of a o-bond at an internal position. To
elucidate the effect of bowl shape on the o-dimerization, we pre-
pared the analogous planar molecule 2 (Scheme 2). The structure
of 2 is, except for one less carbon-carbon bond, identical to that of
1. The detailed structure of 2 was unambiguously elucidated by a
single-crystal X-ray diffraction analysis. In the crystal, four inde-
pendent molecules are arranged to form a 1D columnar n-stack
(Figure S12)." Deviations from the mean plane formed by the 35
core atoms are 0.077 A, 0.125 A, 0.135 A, and 0.154 A, which cor-
roborate the presence of a highly planar structure.

With the planar analogue 2 in hand, we conducted comparison
experiments. The oxidation of 2 with 1 equiv of BAHA resulted in
the disappearance of its 'H NMR signals under concomitant emer-
gence of NIR bands in the UV-vis-NIR absorption spectrum (Fig-
ure S13 and S14). The formation of a paramagnetic species was
confirmed by ESR measurements in CH.Cl. solution, which
showed a distinct peak at g = 2.003 (Figure S15). The simulated
UV-vis-NIR absorption spectrum of 2°* by TD-DFT calculations at
the B3LYP/6-31G(d) level of theory was consistent with the exper-
imental results, supporting the formation of 2** (Figure S16). For-
tunately, we obtained the X-ray crystal structure of 2", which re-
vealed that the radical cation structure remains nearly planar (Fig-
ure 5)."* The mean plane deviation became 0.131 A, which is al-
most identical to the averaged deviation value for 2 (0.123 A). Fur-
thermore, in the crystal, two molecules of 2" were found to be
stacked in a face-to-face manner. The presence of 2 equiv of the
counter anion [SbCls]™ in one unit cell confirmed the dicationic
character of this dimer. The closest interplanar distance (3.14 (1)
A), which is a typical value for n-dimers, was observed between the
two a-carbon atoms of the central pyrrole rings."**'® Such a shorter
distance than the sum of the van der Waals radii of two C(sp>) at-
oms (3.40 A) indicates the presence of strong attractive interac-
tions between these two paramagnetic species.'”
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Figure 5. X-ray crystal structure of (2-2)**[SbCls J.. (a) Top view and
(b) packing structure. Thermal ellipsoids set at S0% probability; all
hydrogen atoms and solvent molecules have been omitted for clarity.

The dimerization behavior of 2** in solution was investigated. In
the VT 'H NMR measurements, two broad peaks were observed in
the aromatic region at —80 °C, indicating the existence of a diamag-
netic species (Figure 6). These changes were also monitored by VT
ESR spectroscopy. The intensity of the single peak at g = 2.003
corresponding to 2'* gradually weakened at low temperatures (Fig-
ure S17). In contrast to the case of 1'%, the signal was still observed
at -85 °C. The structure of the resulting product was finally deter-

mined by the VT UV-vis-NIR absorption analysis of 2"* (Figure 7a).

The absorption bands in the UV-vis region remained almost un-
changed at low temperatures. On the other hand, a new absorption
band appeared at ~1300 nm. According to reported n-dimerization
reactions, the appearance of a NIR absorption band at low temper-
atures strongly suggests the formation of a n-dimer. TD-DFT calcu-
lations on the n-dimer (1-1)*" also supported the observed spectral
changes (Figure S18). The new absorption band at ~1300 nm was
mostly attributed to the transition from the HOMO-1 to the
LUMO of the n-dimer. Regarding the HOMO-1, bonding interac-
tions were found between the two units of 2" (Figure $19). Con-
sequently, the appearance of this band suggests the formation of a
n-dimer. According to Figure 7b, the dimerization of 2** proceeds
reversibly in solution depending on temperatures. The thermody-
namic parameters were determined to be AH = -5.8 kcal mol ' and
AS =-11.0 cal K™ mol™ by ESR measurements (Figure S20). The
AH value is much smaller than that for the o-dimerization of 1°*.
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Figure 6. Variable-temperature '"H NMR spectra of 2"*[SbCls]™ in
CD:Clat (a) 25°C, (b) -40°C, and (c) -80 °C.
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Figure 7. Variable-temperature UV-vis-NIR absorption spectra of
2*[SbCls]” in CH,ClL (a) on cooling and (b) on heating the once-
cooled solution.

Nucleophilic additions to the bowl-shaped radical cations.

The specific reactivity at the internal carbon atom of 1" is also
reflected in its reaction with nucleophiles. In the presence of an
excess of methanol, 1" was converted into methoxylated
(1.OMe)* in 99% yield, whereas no reaction occurred in the case
of 2* (Figure S21). In the 'H NMR spectrum of (1.0Me)* in
CDCl;, eight singlets, two doublets, and one triplet were observed
in the aromatic region, consistent with a structure of lower sym-
metry. The X-ray crystal structure of (1eOMe)* revealed that the
methoxy group was introduced selectively at the a-carbon atom of
the central pyrrole ring (Figure 8)."® The length of the C1-O1
bond (1.417(3) A) is consistent with a standard C-O single bond
(1.43 A), while the C2-C3 bond length (1.359(4) A) suggests
double bond character. In addition, the N1-C4 bond (1.337(3) A)
is longer than typical C-N double bonds (1.28 A), but shorter than
C-N single bonds (1.47 A). Accordingly, (1sOMe)" presents a
large contribution of the resonance structures depicted in Figure 8c.
Interestingly, only 1 equiv of BAHA was required to complete the
generation of (1eOMe)* from 1. This addition reaction should be
initiated by the nucleophilic attack of methanol to the a-carbon
atom of the central pyrrole ring (Scheme 3)." A subsequent depro-
tonation would result in the formation of neutral radical (1.OMe)".
Considering that the hexachloroantimonate ion can serve as an
oxidant, (1eOMe)" may be oxidized to afford (1.0Me)*.** The
change of oxidizing agent from BAHA to Ag[PFs], where the hex-
afluorophosphate ion has no oxidizing ability, resulted in a decrease
of the yield to 63% (Figure S22). Figure 9 shows the UV-vis ab-
sorption spectrum of (1eOMe)* in CH.Cl, which exhibits two
characteristic absorption bands in the visible region. The spectral
similarity between (1eOMe)* and o-dimer (1-1)** demonstrates
the resemblance of the electronic structures of these two cationic
species.



Figure 8. X-ray crystal structure of (1eOMe)*[SbCls]~. (a) Top view
and (b) side view. Thermal ellipsoids set at 50% probability; all hydro-
gen atoms, the [SbCls] ion, and solvent molecules have been omitted
for clarity; selected bond lengths [A]: N1-C1 1.487(3), C1-C2
1.499(4), C2-C3 1.359(4), C3-C4 1.412(4), C4-N1 1.337(3), C1-
011.417(3).

Scheme 3. Proposed reaction mechanism for the methoxylation of

1-*[SbCls]".
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Figure 9. UV-vis absorption spectra of 1 and (1.OMe)*[SbCls]" in
CH:CL.

Origin of the distinct reactivity of the bowl-shaped radical
cation

For bowl-shaped m-conjugated molecules such as corannulene
and sumanene, the pyramidalization strain mainly concentrates on
the internal sp® carbon atoms rather than in the peripheral re-

gion.””* Consequently, the major driving force for the chemical
reaction at internal positions should be a large relief of strain. We
carried out DFT calculations of the electronic and geometric struc-
tures of 1" and 2" at the B3LYP/6-31G(d) level of theory (Figure
10). For both radical cations, the spin density is mostly located on
the a-carbon atom of the central pyrrole ring. The spin density at
this position is almost the same for both radical cations, indicating
that their electronic character is not the origin of their different
reactivity. We also estimated the m-orbital axis vector (POAV)
angles, which indicate the degree of curvature.”® As expected, 1'*
exhibits a relatively large POAV angle at its internal a-carbon atom
(Bex = 6.6°). On the other hand, 2" exhibits a planar structure,
which results in a significantly smaller POAV angle (0. = 0.5°). In
the o-dimer (1-1)** and the methoxylated product (1.OMe)*, the
POAYV angles of the newly formed sp® carbon atoms are close to the
ideal sp® geometry (6o = 20.0° and 21.5° respectively) (Figure
$23), which means that the geometric strain at these positions has
been successfully relieved. On the other hand, the POAV angles of
the other sp® carbon atoms in the central pyrrole ring became
slightly smaller than those of 1"*. Thus, the dimerization and meth-
oxylation leads to an additional relief of the pyramidalization strain
at the remaining sp” carbon atoms.

Finally, we carried out DFT calculations of the homodesmotic
reaction shown in Scheme 4 in order to estimate the relative energy
balance during the course of the methoxylation. The addition reac-
tion of 1'* was determined to be by 15.2 kcal mol™ energetically
more favorable than that of 2% (Table S2). These results clearly
indicate that the release of strain is higher in 1** than in 2", thus
accelerating the bond formation at the internal position of 1*. In
contrast, the addition reaction of 2'* increases the geometric strain
at the newly formed sp® carbon atom and the neighboring atoms.

@ spin density: 0.2045 () spin density: 0.2038

6, = 96.6°
1+ 65=98.7°
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Figure 10. POAYV angles and spin-density distribution of (a) 1'* and
(b) 2, calculated at the B3LYP/6-31G(d) level of theory; tert-butyl
substituents were replaced by hydrogen atoms.
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Scheme 4. Energy for the homodesmotic reaction, calculated at the
B3LYP/6-31G(d) level of theory; tert-butyl substituents were replaced
by hydrogen atoms.

Conclusion

We have investigated the unique dimerization behavior of a radi-
cal cation with a bowl-shaped structure. In the crystalline state, 1°*
affords a o-dimeric dication, where bond formation occurs between
the internal a-carbon atoms of the central pyrrole rings. Different
from many other organic radical cations, 1" exhibits reversible
temperature-dependent o-dimerization behavior in solution. The
formation of the o-dimer is dominant at low temperatures, suggest-
ing that the dimer is thermodynamically more stable than the mon-
omer. In sharp contrast, planar radical cation 2" furnishes selec-
tively a n-dimer both in the crystalline state and in solution. A dif-
ferent reactivity for 1" and 2'* was also observed with respect to
their nucleophilic addition reaction with methanol. The bowl-
shaped radical cation 1" reacted with methanol to form an a-
methoxylated product, while no changes were observed in the case
of the planar radical cation 2**. The bowl-shaped structure is advan-
tageous for bond formation at the internal curved surface due to the
resulting large relief of the pyramidalization strain. On the other
hand, the addition reaction to the internal sp’ carbon atoms of the
planar 7-system is energetically unfavorable due to the conversion
of a trigonal planar sp* carbon atom into a tetrahedral sp® carbon
atom, which increases the geometric strain. These hypotheses were
supported by theoretical calculations. The reactivity of 1" is analo-
gous to the chemistry of aza[60]fullerene radical CsoN', which
forms a o-dimer (CssN). and reacts with nucleophiles at the car-
bon atoms adjacent to the nitrogen atom.* This fact promises that
1 should be a good model for aza[60]fullerene. Our research offers
new insights into the molecular design of advanced materials by
exploiting the reversible o-dimerization behavior of organic radical
cations.
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