Received: April 30, 2020 | Accepted: May 13, 2020 | Web Released: May 19, 2020

CL-200336

Diazadimethano|8]circulene: Synthesis, Structure, Properties,
and Isolation of Stable Radical Cation

Yusuke Matsuo, Takayuki Tanaka,* and Atsuhiro Osuka
Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

E-mail: taka@kuchem.kyoto-u.ac.jp

Hetero[8]circulenes have emerged as novel heteroatom-
doped polycyclic aromatic hydrocarbons whose properties
depend on the constituent aromatic units. Herein we report
a C-doped variant, diazadimethano[8]circulene 3, in which
two diphenylcyclopentadiene units are installed into the core
of [8]circulene that may prevent effective conjugation. The
structure of 3 has been revealed to have two longer C—C bonds
in the central eight-membered ring, while the absorption
and emission profiles are quite similar to those of tetraaza[8]-
circulene. Stable radical cation 3% was easily obtained by facile
oxidation of 3. X-ray diffraction analysis of 3% showed a slipped
dimer arrangement with negligible intermolecular interaction.
Interestingly, the lowest-energy absorption of 3* reaches around
2500 nm, while that of 3 is 447 nm.
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Hetero[8]circulene is a class of heteroatom-doped polycy-
clic aromatic hydrocarbons having a central eight-membered
ring.!-® Known repertoires of this class include tetraoxa[8]-
circulene,” tetrathia[8]circulene,’ tetraselena[8]circulene,* tetra-
aza[8]circulene,’ and their mixed-heteroatom-doped congeners
(Figure 12).° In addition to these, sulflower’ and related ana-
logues such as tetrasilatetrathia[8]circulene®® and tetragerma-
tetrathia[8]circulene®® have been reported, thereby expanding the
scope of the category. Naturally, increasing attention has been
focused on their unique properties and potentials for material
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Figure 1. a) Structures of hetero[8]circulenes, sulflower, and
related analogues. b) SyAr reaction by aniline and one-electron
oxidation to give tetraaza[8]circulene radical cation 1*. ¢) SyAr
reaction by diphenylmethane and one-electron oxidation to give
diazadimethano[8]circulene radical cation 3* (This work).

applications such as OLED?® and OFET.? Recently, we have
reported that the radical cation of tetrabenzotetraaza[8]circulene
1 is highly stable, allowing its isolation under ambient condi-
tions (Figure 1b).!° The radical cation 1% exhibited a far red-
shifted absorption band reaching 2000 nm. In conjunction with
an isolable radical cation of tetraoxa[8]circulene,?? the potential
of hetero[8]circulenes to generate their stable radical cations
may lead to novel optical and spin materials.

The synthesis of 1t was achieved by SyAr reaction of
diazadithia[8]circulene tetraoxide 2 with aniline derivatives
followed by one-electron oxidation with tris(4-bromophenyl)-
ammoniumyl hexachloroantimonate (Magic Blue).!! It occurred
to us that this protocol can be applied for synthesis of other
hetero[8]circulene analogues.®® Yorimitsu and co-workers report-
ed an interesting transformation from dibenzothiophene S,S-
dioxide to a series of spiro-substituted fluorene derivatives by
SNAr reaction.!? Motivated by this report, we examined the
synthesis of diazadimethano[§8]circulene 3 in which two diphe-
nylcyclopentadiene units are installed into the core of [8]circulene
that may lead to novel properties (Figure 1c). We herein show
the synthesis and properties of diazadimethano[8]circulene 3 and
isolation and characterization of its radical cation 3%.

Firstly, we prepared N,N’-dioctyl-tetrabenzodiazadithia[8]-
circulene 2 according to the reported procedures.'® We examined
SnAr reaction of 2 with diphenylmethyl anion that proceeded
smoothly in the presence of KHMDS in dioxane, affording tet-
rabenzodiazadimethano[§8]circulene 3 in 68% yield (Scheme 1).
High-resolution atmospheric-pressure-chemical-ionization time-
of-flight mass-spectrometry (HR-APCI-TOF-MS) revealed the
molecular ion peak of 3 at m/z= 1082.5485 (calcd for
CgoH7oN, = 1082.5534 [M]*). The 'HNMR spectrum in
CD,Cl, showed four peaks due to the benzo-segments at 8.62,
8.04, 7.52, and 7.31ppm and three peaks due to the phenyl
groups in the aromatic region. 3*C NMR of 3 in CDCl; showed a
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Scheme 1. Synthesis of diazadimethano[8]circulene 3 and its
radical cation 3%.
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Figure 2. X-ray crystal structures of 3. a) Top view, b) side
view, and c) selected bond-lengths. Thermal ellipsoids are
scaled to 50% probability level. Octyl groups and hydrogen
atoms are omitted for clarity.
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Figure 3. UV/vis absorption (solid) and fluorescence (dashed)
spectra of 3 in CH,Cl, (excited at 422 nm).

peak at 65.62 ppm which can be ascribed to the sp*-carbon in the
core (Figures S1, S2, and S4).

Single crystals of 3 were obtained by slow diffusion of
methanol to its dichloromethane solution. A half of the structure
has been revealed by X-ray diffraction (XRD) analysis with P1
space group.’*> Among the four C—C bonds constructing the
central cyclooctatetraene (COT), the C3—C4 bond is significantly
elongated (1.479(3)A) as compared with others (1.434(3)-
1.450(3) A) (Figure 2). On the other hand, C3-C3’ and C4-C4’
bonds are slightly shorter (1.387(3) and 1.388(3) A, respective-
ly), indicating that the contribution of [8]radialene-like con-
jugation becomes stronger due to the introduction of sp*-carbons
into the [8]circulene core.™

Figure 3 shows the UV/vis absorption and fluorescence
spectra of 3 in CH,Cl,. A sharp absorption band at 447 nm (& =
2.6 x 10*M~'em™") and its vibronic band at 422nm were
observed. Emission bands were observed at 456 and 483 nm as
clear mirror-imaged bands. These peaks are red-shifted as
compared with those of 1 probably due to the induction effect by
the inserted sp>-carbon (Figure S10). The absolute fluorescence
quantum yield of 3 was determined to be 43%. The fluorescence
lifetime of 3 was measured to be 0.43 and 4.4ns. The Stokes
shift is only 440 cm™!, indicating structural rigidity even in the
excited state. These optical properties are similar to those of 1.
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Figure 4. a) Cyclic voltammogram of 3 in CH,Cl, (scan rate:
0.05Vs~!; working electrode: Pt; reference electrode: Ag/
AgNO;; counter electrode: Pt wire; supporting electrolyte: 0.1 M
nBusNPF). b) Absorption spectral changes of 3 in CH,Cl, upon
titration with Magic Blue.

Cyclic voltammetry (CV) showed reversible oxidation
waves at 0.35 and 0.80 V against Fc/Fc*t in CH,Cl, (Figure 4a).
This suggests that one-electron oxidation is possible by Magic
Blue similarly to the case of 1 (Eyy; = 0.22 V).!! Then, titration
of 3 with Magic Blue was conducted to generate the corre-
sponding radical cation, namely 3*. Upon addition of the
oxidant, the absorption spectrum of 3 changed with clear
isosbestic points at 438 and 454nm (Figure 4b). Broad NIR
bands in the range of 1000-2500 nm were detected which are
more red-shifted as compared with 1%. The change was almost
saturated upon addition of about 1.2 equivalents of Magic Blue.

The radical cation was isolated in 91% yield after treating 3
with Magic Blue in dry CH,Cl, and purification by silica-gel
column chromatography and recrystallization under open air.
This radical cation (i.e. 3*t+SbCly~, hereafter referred to 3%) is
highly stable, and survived in dichloromethane solution even in
the presence of MeOH (Figure S14). The structure of 3* has
been revealed by XRD analysis to carry one counter anion
(Figure 5a).'* The MPD value of 3% is 0.42 A, being larger than
that of the neutral species 3 (0.12 A).!* The selected C—C bond
lengths of the central COT are listed in Figure 5, in which C3-
C4 and C7-C8 bonds are still longer (1.462(7) and 1.487(8) A,
respectively). In the packing structure, the closest molecules
exist as a slightly stacked dimeric form with an inter-planar dis-
tance of 3.460 A and an offset distance of 8.855A (Figure 5c).
These structural features are different from those of 1+ probably
due to the steric repulsion induced by the perpendicularly
arranged phenyl groups. The UV /vis/NIR absorption spectrum
of isolated 3* in CH,Cl, was almost identical to that of the
titrated spectrum (Figure S11).

The spin-density of 3% was calculated at the UB3LYP/6-
311G(d,p) level without the counter anion using the Gaussian 16
program package.'® The spin-density is well delocalized over the
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Figure 5. a) X-ray crystal structure of 3*. Bond lengths, MPD
value, inter-planar distance, and offset distance of 3% are shown.
Thermal ellipsoids are scaled to 50% probability level. Octyl
groups, solvent molecules, and hydrogen atoms are omitted for
clarity. b) Packing structure of 3*. Counter anions and solvent
molecules are omitted for clarity. c) Selected bond lengths.
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Figure 6. a) Spin-density distribution and b) selected values
of 3% calculated at the UB3LYP/6-311G(d,p) level (isovalue:
0.001). ¢) Observed (red circles) and simulated (black line) ¥T
values of 3*. Applied field: 0.5T.

circulene m-system except for the phenyl and octyl groups
(Figure 6a). The spin-density is the highest (+0.16) at the
cyclopentadiene moiety (C7’) while the density at the a-carbon
of the N-octyl substituted pyrrole (C6’) is low (—0.015)
(Figure 6b). The ESR spectrum of 3% in CH,Cl,/toluene
displayed a sharp signal (g =2.0040) at 110K (Figure S25).
The solid-state magnetic properties were investigated by temper-
ature-dependent magnetic susceptibility measurements with
SQUID for the polycrystalline sample of 3* (Figure 6¢). The
curve of xT plots were well-reproduced with the Curie—Weiss
model with fitting parameters (C, 6p) = (0.362 emuK mol™,

—25.9K), where C and 6p are Curie constant and Curie tem-
perature, respectively. This result indicates that each magnetic
moment exists almost independently with rather weak antiferro-
magnetic intramolecular interactions in the solid state, which is
consistent with the crystal packing structure of 3%.

The cyclic voltammetry of 3% was investigated, which was
almost consistent with the results of 3 (Figure S24). The electro-
chemical gap of 3* corresponds to 0.45¢V. In the absorption
spectrum of 3%, the lowest-energy band reaches 2500 nm. This
is somewhat surprising because tetraaza[8]circulene radical
cation 1% displayed the lowest-energy band up to 2000nm
despite 3% possessing less conjugative sp*-carbons in the core.
TD-DFT calculation for 3% well-reproduced the absorption
profile, in that the transitions at 1902 nm is mainly attributed to
the HOMO()—LUMO(P) transition (Figure S20). Indeed, the
orbital distribution in the frontier molecular orbitals of 37 is
similar to that of 1%, indicating the importance of [8]radialene-
like conjugation.® This tendency has retained even though the
C3—C4 and C7—-C8 bond lengths are elongated from 1.432(5) and
1.436(2) A in 1t to 1.462(7) and 1.487(8) A in 3+, respectively.

In summary, tetrabenzodiazadimethano[8]circulene 3 that
can be regarded as a “C-doped” hetero[8]circulene was syn-
thesized from tetrabenzodiazadithia[8]circulene tetra-oxide 2 via
SNAr reaction with diphenylmethyl anion. Diazadimethano[8]-
circulene 3 was easily oxidized to give highly stable radical
cation 3*. The structures of 3 and 3* were revealed by X-ray
analysis. The calculated spin-density of 3% was found to be
delocalized over the whole circulene n-system. Interestingly, the
absorption and emission spectra of 3 are both red-shifted and the
lowest-energy absorption band of 3% reaches around 2500 nm.
This implies that the optical features of 3 and 3% stem from its
[8]radialene-like conjugation. Further exploration of the hetero-
[8]circulenes and hetero[8]circulene variants are actively in
progress in our laboratory.
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