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Radical cations and dications of m-conjugated oligomers and
polymers, such as poly(para-phenylene)s, poly(para-phenyl-
enevinylene)s, and poly(thiophene)s, play a pivotal role as
active constituents of charge-transporting layers in organic
electronics, such as organic light-emitting diodes, organic
semiconductors, organic solar cells, and single-molecule
wires.!! Their structure as well as the delocalization or
localization of charge and spin in a molecule have been the
subject of significant debate associated with the mechanism of
charge transport. Significant progress has been made in
isolating and characterizing n-radical cations and dications of
oligomers with well-defined structures; these are used as
models for polymers.”) For example, the radical cations of
poly(para-phenylene) oligomers were prepared and charac-
terized by Rathore and co-workers.”] They confirmed the
delocalization of the positive charge over all phenylene
moieties by size-dependent UV/Vis absorption spectroscopy
and X-ray crystallographic analysis of the quaterphenyl
derivative; from the alternation of the bond lengths and
a decrease in the dihedral angle of the two nearly coplanar
para-phenylene units, an increase in the quinoidal character
could be deduced. However, the structure is asymmetric, and
the positive charge is not evenly delocalized. Although they
attributed this asymmetric character to the existence of
a terminal structure, no definite experimental data were
obtained to confirm this hypothesis. Nevertheless, radical
cations of conjugated oligomers without terminal structures
should be appropriate models for infinite polymers. However,
no examples of such models have been reported to date.
Recently, significant progress has been made in the
synthesis of cycloparaphenylenes (CPPs), which are end-
free, cyclic versions of poly(para-phenylene)s.*”" These
studies also determined various unique physical properties

of CPPs, such as size-dependent photophysical proper-
ties*™**#1 and size-complementary host-guest complex for-
mation.**”) The redox properties are among the most
interesting characteristics of these compounds and suggest
that the resulting radical cations and/or dications should be
isolable in pure form.['”) However, several attempts to isolate
them under electrochemical conditions have been unsuccess-
ful. Herein, we report the isolation and characterization of the
persistent radical cation [S]CPP-" and the dication [8]CPP*",
which were generated by chemical oxidation of [8]CPP for the
first time (Scheme 1).

When [8]CPP (E,=0.59 V vs. Fe/Fe") was treated with
NOSbFg (1.0 equiv) in CH,Cl, at room temperature, the
reaction mixture immediately turned from pale greenish
yellow into intense orange. After removal of the solvent, the
resulting solid was collected by filtration and washed with

NOSbFg
(1.0 equiv)
CH,Cl,
RT, 5 min
(=NO)

[8]CPP"*SbFg
! [8]CPP
é (1.0 equiv)
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Scheme 1. Synthesis of the radical cation and dication of [8]CPP.
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a CH,Cl,/hexane solution (1:1, v/v) to afford [8]CPP*" SbF~
as a brown solid in 76 % yield. The salt was sensitive to air, but
stable under a nitrogen atmosphere at —30°C for more than
two weeks. The '"H NMR spectrum of the salt was silent,
which is consistent with the formation of a paramagnetic
species.

First, the radical cation was characterized by UV/Vis/NIR
spectroscopy in CH,Cl, (Figure 1a, —; NIR =near infra-
red); a large bathochromic shift relative to neutral [$]CPP!"!
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Figure 1. a) UV/Vis/NIR spectra of [8]CPP (—), [8]CPP*" SbF,~ (—)
and [8]CPP* (SbF ), (—) in CH,Cl, (1.0x10~* molL™"). Photo-
graphs of solutions of [8]CPP (left), [8]CPP** SbF;~ (center), and
[8]CPP** (SbF¢ "), (right) in CH,Cl, (1.0x10~* molL™") under ambient
light are also shown. b) UV/Vis/NIR spectra obtained by TD-DFT
calculations at the (U)B3LYP/6-31G(d) level of theory.

and characteristic broad absorption bands in the NIR region
(Amax = 1770 nm) that extended up to approximately 2300 nm
were observed. The shape of the absorption bands was
insensitive to the concentration (0.1x107*M-1.2x107*m;
Supporting Information, Figure S1), which suggests that the
radical cation exists in a monomeric form.”** Time-depen-
dent (TD) DFT calculations indicated that the absorption in
the NIR region at 1413 nm with an oscillator strength of f=
0.2608 is mainly due to a transition from the degenerate
HOMOs to the SOMO (Figure 1b, —).

The generation of the radical cation was unambiguously
confirmed by electron spin resonance (ESR) spectroscopy.
The ESR spectrum of [8]CPP*SbF¢~ in CH,CIl, solution
(1.0x 1073 m) at 293 K showed a symmetrically split multiplet
with a 'H hyperfine coupling constant (hfcc) of 0.034 mT
(Figure 2, —). These results suggest that the spin was fully
delocalized over all of the CPP para-phenylene units. The
simulated spectrum (——) was calculated by assuming that
the 32 hydrogen atoms of [8]CPP are all equivalent and is

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Observed (—) and simulated (——) ESR spectra of
[8]CPP SbF,~ in CH,Cl, (1.0x107* m) at 293 K.

perfectly superimposable on the observed spectrum. The
g value was 2.0033, which is bigger than that of the free
electron (2.0023). This difference implies that CPP" has
a low-lying excited electronic state that is characterized by
a hole-promoted configuration.

The dication of [8]CPP, [8JCPP*" (SbF,"),, was isolated as
a red-purple solid in 91 % yield by treatment of [8]CPP with
an excess amount of NOSbF, (Scheme 1). The dication was
also stable under a nitrogen atmosphere at —30°C for more
than one month, but gradually decomposed on exposure to
air. As the dication is a closed-shell molecule, it was silent to
ESR, but showed a characteristic singlet resonance at
5.24 ppm in the "H NMR spectrum recorded in CD,Cl, at
room temperature, which corresponds to a large upfield shift
of the signal compared to that of neutral [8]CPP
(7.52 ppm)."Y Furthermore, the shape of the resonance of
the dication indicates that all phenylene units of the dication
are equivalent within the time scale of the NMR measure-
ment. Gauge-independent atomic orbital (GIAO) calcula-
tions also indicated an upfield shift of the resonances of
[8]CPP** (3.3 and 7.0 ppm) relative to those of neutral [SJCPP
(7.4 and 7.9 ppm).

The UV/Vis/NIR spectra of the dication in CH,CI,
showed two distinct absorptions bands at A, =1102 nm
and A,,,=528 nm; no absorption was observed in the NIR
region (Figure 1a, —).

TD-DFT calculations indicated that the longer-wave-
length absorption at 923 nm with f=0.4943 is due to the
transition from the degenerate HOMOs to the LUMO, and
that the shorter-wavelength absorption at 429 nm with f=
1.3496 corresponds to a transition from the HOMOs to the
LUMO +1 (Figure 1b, —). The insensitivity of the absorp-
tion bands to the concentration suggests that the dication also
exists in its monomeric form (Figure S2). The right choice of
oxidant was crucial to obtain the radical cation in a pure form.
For example, when [8]CPP was treated with SbCls
(1.5equiv),'® a mixture of [8]JCPP*SbCl,~ and
[8]CPP*" (SbCl, "), was formed. Although the resulting mix-
ture was ESR-active and gave a spectrum identical to the one
shown in Figure 2, the dication was the major component (ca.
95%), as determined by UV/Vis/NIR spectroscopy.

The radical cation was also cleanly generated by the
reaction of one equivalent of neutral [8]CPP with either
[8]CPP** (SbF,™), or [8]CPP* (SbCly"),. The selective trans-
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formation was confirmed by UV/Vis/NIR spectroscopy by
observing the disappearance of the characteristic twin peaks
of the dication at 1102 and 528 nm and the appearance of the
NIR absorption of the radical cation (see the Supporting
Information). Two isosbestic points at 756 and 1258 nm were
observed in titration experiments by the incremental addition
of [8]CPP to a solution of [S]CPP>" (SbF;"), (Figure S5). This
result is also consistent with quantitative conversion of the
dication into the radical cation. Furthermore, the resulting
sample solution clearly showed the ESR signals that are
characteristic of the radical cation.

The structures and electronic configurations of [8]CPP**
and [8]CPP*" were estimated by DFT calculations at the
(U)B3LYP/6-31G(d) level of theory. Although five and three
local minima were located for [8]CPP-* and [8]CPP*",
respectively, only the most stable isomers are discussed here
because all isomers are structurally related rotational isomers
with respect to the phenylene units. The same arguments can
be applied to the other isomers (see the Supporting Informa-
tion).

The most stable isomers of [8]CPP" and [8]CPP*" possess
a point group symmetry close to Dy, The structures of the
radical cation and the dication preserved the concentric
circular shape of neutral CPP (see the Supporting Informa-
tion); these results are consistent with full delocalization of
spin and positive charge over all phenylene units. The
dihedral angles of the adjacent two para-phenylene units of
[8]CPP-" and [8]CPP*" were 23° and 14°, respectively, and
thus significantly smaller than that of neutral [8]CPP (30°;
Table 1). Small contraction (1.0-2.0%) of the C,,,,—C,,, and

Table 1: Calculated C—C bond lengths, dihedral angles, and Mulliken
spin densities and charges on the ipso and ortho carbon atoms of [8]CPP,
[8]CPP**, and [8]CPP** 1l

Parameter [8]CPP! [8jcpp- [8]CPP?!

Bond length! [A]:

CipsoCipso 1.4866  1.4716 1.4557

CipsoCortho 1.4075  1.4145 1.4229

Cortho™Cortho 1.3914 1.3847 1.3779

Dihedral angle! [°]:

Cunho_cipso_cipso_conha 30.80 22.70 14.00

Mulliken spin density (and chargel):

Cipso - (=) 0.0454 (0.102) - (0.107)

Conho - (=) 0.0109 (—0.185) - (—0.175)
- (=) 0.0072 (—0.163) - (—0.157)

[a] Calculated at the (U)B3LYP/6-31G* level of theory. [b] Data taken from
Ref. [6b]. [c] Average values.

Corno=Cono bonds and elongation of the C,,,,—C,,;, bonds
relative to those of the neutral compound were observed in
both cases. These changes suggest an increase in the quinoidal
contribution. The transition to the quinoidal form is more
significant for the dication, probably owing to the necessity to
delocalize two cationic charges over all phenylene units.

The equal distribution of spin and charges was further
supported by an analysis of the Mulliken charge and spin
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densities. In the radical cation, the spin density is more
localized on the ipso carbon atom, whilst the charge is more
equally distributed between the ipso and ortho carbon atoms.
Whereas spin density and charge of the ortho carbon atoms
were slightly different, they can be time-averaged during ESR
or NMR measurements (Table 2).

Table 2: C—C bond lengths and dihedral angles of [8]CPP** (SbCls™), and
[8]CPP in the solid state.

Parameter [8]CPP** (SbClg™), [8]CPPH!
Bond lengths® [A]:

CipsoCipso 1.450(9) 1.485(8)
CipseCortho 1.405(9) 1.401(4)
Cortno™Cortho 1.369(9) 1.382(8)

Dihedral angle® [°]:

Conho_c/'pso_cipso_conho 36(4)_66(5) 1.5 (3)v 240(3),

30.3(3), 41.4(7)

[a] Data taken from Ref. [4f]. [b] Average values.

The structure of [8]CPP*" was determined by single-
crystal X-ray crystallographic analysis, which was performed
on a crystal obtained by vapor diffusion of toluene into
a solution of [8]CPP*!(SbCl;"), in CH,Cl, over three days.
The crystal belongs to the tetragonal crystal system with
a space group of C2/m (Figure 3). The most striking structural

l{\}ﬂ/h—j B z}b\' {:4‘

Figure 3. ORTEP drawing of [8]CPP*" (SbCls"),. Thermal ellipsoids set
at the 50% probability level. One fourth of the entire structure
constitutes an asymmetric unit. Hydrogen atoms, solvent atoms, and
some disordered toluene molecules were omitted for clarity. Some
benzene rings and chlorine atoms on CPP and SbCl are disordered
over two equivalent positions, but only one of them is shown.
Antimony red, carbon black, chlorine green.

feature of [§]CPP*" is the coplanar arrangement of all para-
phenylene units to form a belt-like structure. The dihedral
angles of the neighboring para-phenylene units are in the
range of 3.6(4)-6.6(5)° and significantly smaller than those
observed for the neutral species (ca. 30.1° by calculation®
and 1.5(3)°, 24.0(3)°, 30.3(3)°, and 41.4(7)° by single-crystal
X-ray analysisi*). Furthermore, the C,,~C,, and
Corin—Comno bond lengths (1.450(9) and 1.369(9) A) were
shortened by 2.3 % and 0.9 %, respectively, relative to neutral
[8]CPP. The C,,,,—C,,, bond length (1.405(9) A) was slightly
elongated by 0.3%, compared with the neutral species
(Table 2). These results are also consistent with the occur-
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rence of bond alternation. The [8]CPP?" unit in the crystal
structure is highly symmetric and preserves a circular shape.
This structure also supports complete delocalization of the
cationic charge over all para-phenylene units. The counter
anion SbCl;~ was located at the exterior of [8]CPP*", whose
cavity was occupied by toluene molecules.

The X-ray structure was different from that of the most
stable conformer of [S§]CPP>" obtained by the calculations.
Furthermore, the dihedral angles of two adjacent para-
phenylene units were slightly different, although the bond
lengths were in good agreement with those of the calculated
structure. The differences are most likely due to the absence
of the counter ion in the calculation, but effects of crystal
packing may also contribute to some extent. In any case,
characteristic structural features are essentially the same in
the X-ray structure and its calculated variant.

The molecular arrangement of [8]CPP*" (SbCl, "), in the
crystal is shown in Figure 4. The CPP rings are tiled on an
ab plane with close packing and stacked with the central axes

Figure 4. a,b) Crystal packing of [8]CPP** (SbCls"),. View along the

a) a axis and the b) ¢ axis. c) Intermolecular aromatic-aromatic inter-
actions in the crystal of [8]CPP** (SbCl;™),. Antimony red, carbon blue,
chlorine green. For clarity, hydrogen atoms and solvent molecules were
omitted.

of the CPP rings aligned along the c axis to form a honey-
comb-shaped tubular structure (Figure 4a,b). The counter
anion SbClg~ occupies a void space that consists of two layers
of CPP sheets to form another layer of an anionic SbCls~
sheet. The nearest-neighbor intermolecular distance between
CPPs is 3.38(2) A (Figure 4c), which is slightly smaller than
the sum of the van der Waals radii of sp>-hybridized carbon
atoms.

In summary, the radical cation and dication of [8]CPP
were successfully synthesized by one- or two-electron chem-
ical oxidation of [8]CPP with NOSbF, or SbCls. They are
surprisingly stable, and in-depth analysis revealed that the
cationic charge and the spin are fully delocalized over all
para-phenylene units. Although many radical cations and
dications of m-conjugated oligomers have been isolated, this is
the first time that a monomeric radical cation and dication
have been isolated without steric protection. Further studies

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to elucidate the nature of the oxidized species, including their
chemical reactivities, are underway.
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