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Abstract: The synthesis of a cyclohexa-2,7-(4,5-diaryl)anthrylene
ethynylene 1 was achieved for the first time by using 1,8-diaryl-3,6-
diborylanthracene and 1,8-diaryl-3,6-diiodoanthracene as key
synthetic intermediates. Macrocycle 1 possesses a planar
conformation of approximately Den symmetry, because of the triple
bond linker between the anthracene units at the 2,7-positions. It was
confirmed that macrocycle 1, bearing bulky substituents at the outer
peripheral positions, behaves as a monomeric form in solution without
n-stacking self-association. Macrocycle 1 has an inner cavity size that
allows specific inclusion of [9]cycloparaphenylene ([9]CPP), but not
[8]CPP or [10]CPP, through aromatic edge-to-face CH—n interaction.

Introduction

Arylene macrocycles and arylene ethynylene macrocycles
have attracted considerable attention in synthetic and physical
organic chemistries, supramolecular chemistry, and materials
science because of their unique structures and properties based
on cyclic fully n-conjugated systems with an inner cavity.l In
particular, cyclic meta-phenylene ethynylene hexamers®? and
cyclic 2,7-naphthylene ethynylene hexamers®! possess
approximately planar conformation and are expected to self-
assemble into cofacial n-stacked aggregates such as
nanofibers.['acde.2efl Anthracene derivatives function as a n-
electronic core in a range of useful building blocks for
optoelectronic applications such as fluorescent dyes, organic
electroluminescent devices,® two-photon absorption dyes,®!
emitters for triplet—triplet annihilation photon upconversion, and
organic semiconductors for organic field-effect transistors® and
supramolecular architectures.®! Therefore, the synthesis and
characterization of cyclohexa-2,7-anthrylene (1"’), cyclohexa-2,7-

Chart 1. Structures of 1, 1, 1", and 1"".

anthrylene ethynylene (1”), and their derivatives (Chart 1) would
bring new perspective to the chemistry of arylene macrocycles
and arylene ethynylene macrocycles directed to materials science
and supramolecular chemistry. Recently, Toyota and co-workers
reported the first synthesis of cyclohexa-2,7-anthrylene
derivatives and inclusion of Ceo in the cavity.['%""l We reported a
cyclic arylene ethynylene hexamer composed of alternating 2,7-
anthrylene ethynylene units and meta-phenylene ethynylene units
(1"""") that self-associates through cofacial n-stacking interactions
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Scheme 1. Synthetic Route of 1. Reagents and conditions: a) 3,5-(MeO)2CsH3sMgBr, NiClz(PPhsz)2,

THF-Et:N; i) i-PrsSiCCH, Pd(PPha)s

in solution and self-assembles into n-stacked nanofibers in a
drop-cast film.'2"3 However, the synthesis of 1” and its
derivatives, which are more extended n-conjugated aromatic
system than 1" and 1", is without precedent. As a part of our
aim to synthesize cyclohexa-2,7-anthrylene ethynylene
derivatives with the properties of self-assembled n-stacked
nanofibers, we initially planned to investigate the monomeric
properties of a cyclohexa-2,7-anthrylene ethynylene derivative
without n-stacking. Here, we report the synthesis and properties
of a soluble cyclohexa-2,7-(4,5-diaryl)anthrylene ethynylene 1
which behaves as a monomeric form in solution (Chart 1).
Macrocycle 1 features an inner cavity size that is suitable for the
specific inclusion of [9]cycloparaphenylene ([9]CPP), but not
[8]CPP or [10]CPP, through aromatic edge-to-face CH-=n
interaction.

Results and Discussion

Molecular Design and Synthesis of Macrocycle 1

Unsubstituted 1" would be insoluble in common organic
solvents. We have designed cyclohexa-2,7-(4,5-diaryl)anthrylene
ethynylenes as a soluble analogue of 1", wherein the diaryl
groups at the outer peripheral 4,5-positions of the anthracene unit
do not infill the inner cavity and are expected to assist
intermolecular cofacial n-stacking interaction of the macrocycle as
well as formation of the self-assembled n-stacked nanofibers,
suggested by CPK model consideration. On the other hand, to
inhibit self-association of cyclohexa-2,7-(4,5-diaryl)anthrylene
ethynylene through n-stacking, which would often make the
purification of compounds difficult,'™@ we chose 3,5-bis(2-
ethylhexyloxy)phenyl group as the bulky diaryl groups. The
synthesis of cyclohexa-2,7-{4,5-bis[3,5-bis(2-
ethylhexyloxy)phenylJ}anthrylene ethynylene (1) was achieved as
shown in Scheme 1. The key reactions for the synthesis of 1 are
the Ir-catalyzed regiospecific direct diborylation of 1,8-
diarylanthracene 3 to give 4, followed by the Cul-mediated
iododeboronation to give 5. The use of 10 bearing iodo groups at
both ends is essential for the synthesis of 1.

The Kumada—Tamao—Corriu cross-coupling reaction of 1,8-
dichloroanthracene 21! with 3,5-dimethoxyphenylmagnesium
bromide gave 3.'Y The Ir-catalyzed direct diborylation of 3

11: R = Si(i-Pr)3 (88%)

2

Ar”: X = Me,
Ar:X=H,
Ar: X = CH,CH(C,Hs)C4Hg
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occurred regiospecifically at the 3,6-positions of the anthracene
ring to give 1,8-diaryl-3,6-diborylanthracene 4 in 85% yield as a
key  synthetic  intermediate.'>'®  The  Cul-mediated
iododeboronation of 4 produced 1,8-diaryl-3,6-diiodoanthracene
5in 78% yield,[" whereas the reaction of 4 with Nal/chloramine-
T gave complex mixture.['® The demethylation of the methoxy
groups of 5 followed by alkylation of the OH groups of the resulting
6 gave 1,8-bis[3,5-bis(2-ethylhexyloxy)phenyl]-3,6-
diiodoanthracene 7 as another key synthetic intermediate. The
Sonogashira cross-coupling reaction of 7 with TMS-acetylene
followed by desilylation of the resulting 8 gave 1,8-diaryl-3,6-
diethynylanthracene 9. The Sonogashira cross-coupling reaction
of 9 with 6 equiv. of 7 gave triple-bond-linked linear anthracene
trimer 10 bearing iodo groups at both ends in 37% yield.[" The
Sonogashira cross-coupling reaction of 10 with TIPS-acetylene
followed by desilylation of the resulting 11 gave 12, bearing
ethynyl groups at both ends. Finally, the Sonogashira cross-
coupling reaction of 10 with equimolar amount of 12 under high
dilution conditions (0.5 mM each) produced macrocycle 1 in 30%
yield.?l The use of a combination of the linear anthrylene
ethynylene trimers 10 and 12 as coupling partners facilitates the
separation of 1 from the reaction mixture.l'® This coupling
strategy would also have potential for the systematic synthesis of
a variety of cyclohexa-2,7-(4,5-diaryl)anthrylene ethynylenes with
various symmetries by changing the aryl groups of 10 and 12.

The purification of 1 was carried out by short silica gel
chromatography followed by recycling preparative HPLC (Figure
S1). The structure of 1 was confirmed by 'H and *C NMR
spectroscopic (Figure S2) and MALDI-TOF-MS analyses (Figure
S4). The 'H NMR signal assignments of 1 were confirmed by 2D
NOESY analysis (Figure S3). In this coupling reaction, the
cyclododeca-2,7-(4,5-diaryl)anthrylene ethynylene or [2]catenane
of 1 was also isolated in 9.3% vyield as a side product (Figures
S5-7).

"H NMR Study of Macrocycle 1

The 'H NMR spectrum of macrocycle 1 shows a highly
symmetrical species (Figure 1c and Figure S2a). The chemical
shift of the 'H NMR signals ‘a’, ‘b’, and ‘c’, which arise from the
1(8)-, 3(6)-, and 9-positions of the anthracene unit of 1,
respectively, remained almost unchanged irrespective of the
concentration or solution temperature of 1 in CDCls (Figures S8



and S9); however, signal ‘d’ at the 10-position of the anthracene
unit was slightly shifted upfield upon increasing the solution
temperature, probably because of a reduction in the deshielding
effect of the diaryl groups at the 4,5-positions of the anthracene
unit based on their rotation. If an anthracene-containing
macrocycle with a planar conformation self-associates through
cofacial n-stacking interaction, the 'H NMR signals of the
anthracene unit would be expected to undergo an upfield shift
upon decreasing the solution temperature as well as increasing
the concentration of the macrocycle.['? However, this is not the
case for 1. These results indicate that 1 behaves as a monomeric
form in CDCIs without m-stacking self-association, because 1
possesses the bulky 3,5-bis(2-ethylhexyloxy)phenyl groups at the
outer peripheral 4,5-positions of the anthracene unit.
Fluorescence emission spectra of 1 under various concentrations
also support the conclusion that a monomeric form of 1 is present
in CH2Cl2 (Figure S14, see below).
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Figure 1. Comparison of '"H NMR spectra (400 MHz, CDCls, 298 K) of a) 10, b)
12, and c¢) 1 (1 mM). The signals marked “a—I” are assigned in Scheme 1.
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Figure 2. Ground-state optimized structures of a) cyclohexa-2,7-(4,5-
diphenyl)anthrylene ethynylene (1') as an analogue of 1, b) cyclohexa-2,7-
anthrylene ethynylene (1””), and c) cyclohexa-2,7-anthrylene (1) calculated at
the B3LYP-DG3/6-31G(d) level.

Model Calculation of Macrocycle 1

Figure 2 shows ground state (So) optimized structures of
cyclohexa-2,7-(4,5-diphenyl)anthrylene ethynylene (1’') as an
analogue of 1, cyclohexa-2,7-anthrylene ethynylene (1”), and
cyclohexa-2,7-anthrylene (1"") calculated at the B3LYP-DG3/6-
31G(d) level. In contrast to 1", with a nonplanar conformation of
approximately Ss symmetry,['%2Pl macrocycles 1’ and 1” possess
a planar conformation of approximately Dsn symmetry, because of
the triple bond linker between the anthracene units at the 2,7-
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positions. HOMO-LUMO diagrams of 1’, 1”, and 1’ are shown in
Figure S10. Both the HOMO and LUMO energy levels of 1" (-
5.10 and —-2.31 eV) were lower than those of 1"”” (=5.01 and —-2.11
eV) through extension of the rn-conjugation of 1" compared with
1"". The HOMO energy level of 1’ (—4.96 eV) was higher than
those of 1”” and 1", whereas the LUMO energy level of 1’ (-2.23
eV) was between those of 1" and 1"”. The HOMO-LUMO energy
gap decreased in the order 1" (2.90 eV) > 1" (2.79 eV) > 1’ (2.73
eV). The orbital lobes of the HOMO and LUMO of 1’ and 1" were
relatively distributed more on the inside than on the outside of the
cyclohexameric anthracene units compared with those of 1,
which were relatively distributed throughout the molecule (Figure
S10).

Photophysical and Electrochemical Properties of Macrocycle
1

The UV-vis absorption and fluorescence emission spectra of
cyclohexamer 1 (0.5 x 10° M) and linear anthrylene ethynylene
trimer 12 (1.0 x 10° M) in CH2Cl are shown in Figure 3, and their
spectral data are summarized in Table S1. The UV-vis absorption
maximum of 1 at Amax(abs) = 361 nm was almost the same as that
of 12 (Amax(abs) = 360 nm), whereas the peak molar absorption
coefficient of 1 was more than three times greater than that of 12.
The longest wavelength absorption maximum (shoulder peak) of
1 at Amax(abs) = 410 nm was redshifted by 11 nm relative to 12
(Amax(abs) = 399 nm), because of extension of the n-conjugation.
Based on the time-dependent density functional calculation of 1”,
detailed assignments of the absorption spectrum of 1 were
conducted, as shown in Figures S11-13 and Table S2. The
shoulder peak at 410 nm mainly originates from the symmetry-
allowed transitions from So to Sas. Although the electronic
transitions from So to Si-3 are symmetry-forbidden, they could
become weakly allowed transitions via vibronic couplings with the
symmetry-allowed transitions. The strongest band at 361 nm
corresponds to the symmetry-allowed transitions from So to Si4,
S12, S14, and S+s. Based on the UV-vis absorption Acutoff (448
nm)"! or the absorption onset (1 = 492 nm) of 1 in CH2Cly, the
optical HOMO-LUMO energy gap was estimated to be 2.77 or
2.52 eV, respectively. These values are in good agreement with
that obtained from the theoretical calculation of 1’ (2.73 eV).
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Figure 3. The UV-vis absorption spectra (solid lines) and fluorescence
emission spectra (dashed lines) of cyclohexamer 1 (0.50 x 10-% M, blue lines)
and linear anthrylene ethynylene trimer 12 (1.0 x 107 M, red lines) in CHzCl>.

The fluorescence emission maximum of 1 at Amax(em) = 484
nm was redshifted by 7 nm relative to 12 (Amax(em) = 477 nm)
(Figure 3). The absolute fluorescence quantum yields of 1 and 12



were @& = 0.52 and @& = 0.59, respectively. The shape and
Amax(em) of the fluorescence emission spectrum of 1 remained
almost unchanged in CH2Cl2 in the concentration range of 0.5 x
10° to 0.5 x 107 M (Figure S14). These results support the
conclusion that 1 behaves as a monomeric form in solution
without n-stacking self-association, as noted in the "H NMR study
described above. In contrast, the emission peak of 1 at Amax(em)
=484 nm observed in CH2Cl> completely disappeared in the drop-
cast film, and a new emission peak at Amax(em) = 538 nm with &
= 0.08 appeared (Figure S14). As 1 does not form rn-stacked
aggregates in solution due to the presence of bulky substituents,
the observed new emission is most likely assigned to an excitonic
emission.

Electrochemical analysis of macrocycle 1 was performed in a
0.1 M TBAPFs solution of THF (Figure S15). Cyclic voltammetry
(CV) of 1 exhibited one irreversible oxidation wave and two
pseudoreversible reduction waves. The oxidation and reduction
potentials were determined to be 0.77 V and —1.77 and -2.47 V
vs. the ferrocene/ferrocenium couple (Fc/Fc*) by differential pulse
voltammetry (DPV). These results suggest that the oxidized 1 is
not stable under the conditions used. The HOMO-LUMO energy
gap was estimated to be 2.54 eV from the first oxidation and
reduction potentials. This value is in good agreement with those
obtained from the UV-vis absorption Acut-off Or onset of 1 in CH2Cl2
(2.77 or 2.52 eV), as mentioned above.

Deshielding effect

N-7 Shielding effect
N=09:[9]CPP
N=8:[8]CPP Edge-to-face
N=10:[10]CPP CH-m interaction
QP Front view
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Figure 4. Association of macrocycle 1 with [9]CPP into [9]JCPP@1 through
aromatic edge-to-face CH-n interaction. Optimized structure of [9]CPP@1"”

calculated at the B3LYP-DG3/6-31G(d) level, wherein [9]CPP is shown in purple.

Inclusion of [9]CPP in Macrocycle 1

[n]Cycloparaphenylenes ([nJCPP: n = the number of p-
phenylene units) have attracted considerable attention in physical
organic chemistry and materials science because each [n]CPP
represents a corresponding armchair carbon nanotube
((n,n)CNT) segment.['*9il Size-selective inclusion of [n]CPP in a
host molecule is an important subject in relation to complexation,
solubilization, and separation of CNT.['%22 We found that
macrocycle 1 has an inner cavity with a size that is suitable for
specific inclusion of [9]CPP, but not [8]CPP or [10]CPP,* to form
a 1:1 inclusion complex [9]CPP@1 through aromatic edge-to-face

WILEY-VCH

CH-r interaction (Figure 4).['%° 241 This is the first example for the
inclusion of [n]CPP in a host molecule through aromatic edge-to-
face CH-nr interaction.”® The inner cavity size of 1’ is 15.16 A
including van der Waals (vdW) radius of hydrogen atoms
(interatomic distance of diagonal two hydrogen atoms at the 9-
position = 17.34 A), calculated at the B3LYP-DG3/6-31G(d) level,
whereas external diameters of [8]CPP, [9]CPP, and [10]CPP
including vdW radius of carbon atoms are 14.53, 15.89, and 17.27
A, respectively.?>?° Thus, the inner cavity size of 1 fits the
external diameter of [9]CPP, although the latter is slightly larger
than the former. In a molecular model of [9]CPP@1”, the
geometry of [9]CPP in the cavity of 1” is inclined at ca. 11° angle
with respect to the cavity mean plane of 1" and the shape of 1” is
somewhat rolling to ease the tightness of the inclusion.

a)

8 ao= [91cPP
—0.1342 AS=

o.zoej
L N2 As= \
c) Ao= A= \ ¢ -0.2087 [9]CPP
d 20,0403 —0.2941 AS=
) )
d
) [9]CPPl

9.0 8.0
Jd/ppm

Figure 5. Association behavior of macrocycle 1 with [9JCPP monitored by 'H
NMR (400 MHz, CDCls, 298 K): a) 1 alone (2.00 mM), b) a mixture of [1] = 2.00
mM and [[9]CPP] = 2.21 mM, c) a mixture of [1] = 2.00 mM and [[9]CPP] = 4.23
mM, and d) [[9]CPP] = 2.00 mM. The signals marked “a—d” are assigned in
Figure 4. The chemical shift change (bsa) of the signal of 1 (or [9]CPP) relative
to the chemical shift (Siee) of the signal of free 1 (or free [9]CPP) is defined as
AS = Sobsd — Jiree- Asterisk is the satellite signal of the residual CHCls.

Figure 5 shows the '"H NMR spectra recorded upon the
association of macrocycle 1 with [9]CPP in CDCI; at 298 K,
wherein the chemical shift change (wsd) of the signal of 1 (or
[9]CPP) relative to the chemical shift (diee) of the signal of free 1
(or free [9]CPP) is defined as AS = dobsd — dree. The 'H NMR signals
of the complex of 1 with [9]CPP ([9]CPP@1) and those of free 1
and free [9]CPP were observed as averaged signals, respectively.
Under the conditions of [1] = 2.00 mM and [[9]CPP] = 2.21 mM
(Figure 5b), the signals ‘a’, ‘b’, ‘c’, and ‘d’ at the respective 1(8)-,
3(6)-, 9-, and 10-positions of the anthracene unit of 1 were shifted
upfield by 0.1342, 0.0238, 0.1843, and 0.0256 ppm, respectively,
relative to those of free 1, due to the shielding effect of the n-face
of [9]CPP, whereas the signal of [9]CPP was shifted downfield by
0.2062 ppm relative to that of free [9]CPP, owing to the
deshielding effect of the n-edge of 1. Under the conditions of [1]
=2.00 mM and [[9]CPP] = 4.23 mM (Figure 5c), the signals ‘a’, ‘b’,
‘c’, and ‘d’ of 1 were shifted further upfield by 0.2087, 0.0371,
0.2941, and 0.0403 ppm, respectively, relative to those of free 1,
due to the increase of the complexation ratio of 1 with [9]CPP,
whereas the signal of [9]CPP was shifted less downfield by
0.1757 ppm relative to that of free [9]CPP, owing to the addition
of excess amount of [9]CPP relative to 1. Upon complexation of 1
with [9]CPP, much larger upfield shifts of the signals ‘a’ and ‘c’ at
the inner position of 1 relative to upfield shifts of signals ‘b’ and ‘d’



at the outer position of 1 clearly indicate that the inner cavity of 1
includes [9]CPP through aromatic edge-to-face CH—r interaction
(Figure 4). The 'H NMR signals of [9]CPP@1, free 1, and free
[9]1CPP were not independently observed even at 223 K (Figure
S16), indicating that the exchange of [9]CPP in and out of 1 is fast
on the NMR time scale and that the geometry of [9]CPP included
in the cavity of 1 is observed as an averaged form even at 223 K.

Upon mixing 1 with [8]CPP or [10]CPP, the chemical shifts of
all species remained unchanged (Figures S17 and S18),
indicating no association of 1 with these compounds. Thus,
macrocycle 1 includes [9]CPP in the inner cavity in a size-specific
manner.

The association constants (Ka) of macrocycle 1 with [9]CPP
to form a 1:1 inclusion complex [9]CPP@1 in CDCls at 298-323
K were determined based on 'H NMR titrations monitoring the A5
values of the signals ‘a’ and ‘c’ of 1 (1.00 mM constant) as a
function of the concentrations of [9]CPP (0-8.00 mM) at each
temperature (Figure 6 and Figure S19) and the nonlinear least-
square fitting analyses of the titration data (Figures S20-22). The
results indicate the formation of a 1:1 complex of 1 with [9]CPP,
and the Ka value at 298 K was estimated to be 360 + 7 M~ for the
signal ‘@’ (Ka = 350 = 6 M~ for the signal ‘c’).”® The
thermodynamic parameters for the association of macrocycle 1
with [9]CPP in CDCls were estimated to be AH = —4.24 kcal mol™’
and AS = —2.52 cal mol~' K~ for the signal ‘a’ (AH = —3.99 kcal
mol~ and AS = —1.79 cal mol~' K" for the signal ‘c’), indicating an
enthalpically driven association (Figure S23). Thus, aromatic
edge-to-face CH-r interaction serves as an attractive force for the
formation of [9JCPP@1.1'% 24! The unfavorable entropy term
arises from the decreased number of particles and the decreased
molecular freedom by the complex formation from two
independent 1 and [9]CPP.
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Figure 6. '"H NMR spectra (400 MHz) of the titration for the association of
macrocycle 1 (1.00 mM constant) with [9]CPP (0-8.00 mM) in CDCls at 298 K.
The signals marked “a, ¢, and d” are assigned in Figure 4.

Conclusion

We have achieved the first synthesis of cyclohexa-2,7-(4,5-
diaryl)anthrylene ethynylene 1. Macrocycle 1, with bulky
substituents at the outer peripheral positions, behaves as a
monomeric form in solution without n-stacking self-association.
Macrocycle 1 has an inner cavity size that specifically includes
[9]1CPP, but not [8]CPP or [10]CPP, through aromatic edge-to-
face CH-r interaction. Macrocycle 1 has potential as an agent for
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solubilization, separation, and purification of CNT by formation of
a pseudo-polyrotaxane.l'3e- 22 A study for the systematic synthesis
of various cyclohexa-2,7-(4,5-diaryl)anthrylene ethynylene
derivatives directed to self-assembled n-stacked nanofibers and
functional materials, by changing the aryl groups of 10 and 12, is
a next subject in our laboratory.
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Extended n-conjugated macrocycle: The synthesis of a cyclohexa-2,7-anthrylene ethynylene derivative was achieved for the first
time. This macrocycle possesses a planar conformation and an inner cavity that includes [9]cycloparaphenylene through aromatic
edge-to-face CH-r interaction.



