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A directly connected azabuckybowl dimer was synthesized via a palladium-catalysed C—H/C-Br coupling.
The electron-donating nature of the pyrrolic nitrogen atoms of the azabuckybowl enabled a strong
complexation with pristine Cgo. In the presence of two equivalents of Cgo, the azabuckybowl dimer formed
crystals with a 1: 2 stoichiometry. Conversely, in diluted solution, complexes with a 1: 1 stoichiometry of
the dimer and Cgp were detected predominantly, and these precipitated upon increasing the concentration
of Cep. Scanning electron microscopy images of the precipitate showed fibre-like aggregates, indicating
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Introduction

Supramolecular assembly is defined as higher-order aggregates
constructed from two or more components, in which the
molecules interact by non-covalent interactions such as
hydrogen bonding, metal coordination, or hydrophobic inter-
actions." As these interactions are much weaker than covalent
bonds, cleavage of the aggregates easily occurs by adjusting the
temperature or concentration, which regenerates the corre-
sponding monomers. Due to this flexibility, supramolecular
polymers are expected to act as stimulus-responsive materials.”
Among all the research in this field, supramolecular polymers
with fullerenes based on host-guest interactions have been
extensively studied in recent years (Fig. 1).*® Previous studies
have often employed molecular tweezers hosts to ensure strong
binding with Cg, derivatives. These strategies require a Cgo
dimer (type a; Fig. 1) or a functionalized Cg, bearing a binding
site (type b; Fig. 1). However, supramolecular polymerization
with pristine Cgo remains a challenge because two binding units
of the molecular tweezers would be needed to capture one Cg
molecule.” Consequently, stronger yet sterically less-demanding
host molecules are required.

Buckybowls are bowl-shaped m-conjugated molecules, for
which sumanenes and corannulenes are representative exam-
ples.®® Such curved polycyclic aromatic hydrocarbons have been
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analysis revealed that the precipitate consists of the dimer and Cgg ina 1: 1 ratio.

used for the recognition of fullerenes, given that the concave
surface of the former efficiently overlaps with the convex surface
of the latter.’ And it is exactly for this reason that extensive
research on assemblies of buckybowls with fullerenes has been
carried out.™ However, due to the poor electron-donating
nature of these buckybowls,'” their binding ability is usually
insufficient to construct large supramolecular assemblies.

Recently, the group of Nozaki and our own group have
independently succeeded in the synthesis of nitrogen-
embedded buckybowls such as penta-peri-pentabenzoazacor-
annulene 1 (Chart 1).** Due to the electron-donating nature of
the pyrrolic nitrogen atom, buckybowl 1 exhibited a large
association constant with Cg, in solution. The binding constant
of 1 was 3800 M ™" in 1,2-dichlorobenzene, which is a top-class
value reported for a bowl-shaped molecule. This result suggests
that 1 could be used as a new building block for supramolecular
assemblies with Cg.

Herein, we disclose the synthesis of buckybowl dimer 2 as
a host molecule for pristine Cgo. OWing to its two binding sites,

Fig. 1 Supramolecular polymerization of Cgq derivatives.
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one binding site for Cgg

two binding sites for Cgo

Chart1 Azabuckybowl 1 and linked azabuckybowl dimer 2.

dimer 2 was expected to form complexes with Cg, in either
al:1or1:2ratio. We discovered that 2 acts as a concentra-
tion-dependent fullerene host, showing drastic morphological
changes in the solid state depending on the number of Cg,
molecules that are contained within the structure. In partic-
ular, 1D-chain fibre aggregates consisting of 2 and Cg, were
obtained.

Results and discussion
Synthesis and characterization

In our previous work, 1 was synthesized via the Pd-mediated C-
H/C-Br coupling of tribrominated precursor 3 using an excess
of palladium(u) acetate and tricyclohexylphosphonium tetra-
fluoroborate. Interestingly, the use of catalytic amounts of these
reagents provided the linked azabuckybowl dimer 2 in 31%
yield (Scheme 1). The structure of 2 was characterized by NMR
spectroscopy and mass spectrometry. The parent mass ion peak
of 2 was observed at m/z = 1321.7303, which confirms its
dimeric structure. The '"H NMR spectrum of 2 exhibited five
singlet peaks in the aromatic region, consistent with
a symmetric structure for 2 (Fig. S1}). The downfield shifts of
the H? protons (Scheme 1) in 2 compared to those in 1 indicate
a deshielding effect by the second azabuckybowl unit. In addi-
tion, the *C NMR spectrum exhibited 18 peaks assignable to

Pd(OAc), (0.2 mol%)
[HPCys3][BF,] (0.4 mol%)
K2COj3 (8 equiv)

DMA
130 °C

31%

Scheme 1 Synthesis of directly linked azabuckybowl dimer 2.
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sp>-carbons, which suggests a conformation with C,, symmetry
(Fig. S27).

Optical and electrochemical properties

Fig. 2 shows the UV-vis absorption and emission spectra of 1
and 2 in CH,Cl,. Compared to the spectrum of 1, the lowest-
energy band of 2 was red-shifted from 472 nm to 495 nm,
which indicates the presence of electronic communication
between the two azabuckybowl units through the covalent
bond. The emission band of 2 was observed at 517 nm with
a quantum yield of 0.17, which is almost identical to that of 1.
The electrochemical properties of 2 were investigated by cyclic
voltammetry (Fig. S3t), where 2 exhibited a lower oxidation
potential (0.18 V) than 1 (0.20 V), commensurate with higher
electron-donating properties for 2.

Titration experiments between 2 and Cgo

In order to examine the binding ability of 2 toward Cgp in
solution, we carried out titration experiments under diluted
conditions (¢ = 1.3 x 107> M) (Fig. 3). The titration was
conducted in 1,2-dichlorobenzene and monitored by UV-vis-NIR
absorption spectroscopy. Upon addition of a solution of Cg, to
a solution of 2, an absorption band around 800 nm appeared,
which is similar to the behaviour of 1. The Job's plot for the
absorbance at 800 nm indicated the predominant formation of
1:1 complexes in solution (Fig. S41). A nonlinear curve fitting
based on a 1 : 1 binding afforded an association constant of 7.8
x 10° M, which is higher than that of 1 (K, = 3.8 x 10° M™).
This result corroborates the superior electron-donating nature
of 2 relative to that of 1. It should also be noted that the binding
constant reached 1.0 x 10> M~ " in toluene (Fig. S5 and S67).
Such solvent-dependent association constants should probably
be attributed to the different solvophobicity of the fullerene in
each solvent.™

X-ray crystal structure and charge-carrier mobility

Fortunately, we obtained single co-crystals of 2 and Cg, that
were suitable for an X-ray diffraction analysis, which were
prepared by vapour diffusion of acetonitrile into a toluene

£/104M-1 cm-1

600 650 700 750

Wavelength/nm

Fig. 2 UV-vis absorption and emission spectra of 1 and 2 in CH,Cl,.
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+ 47 equiv of Cgg
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Fig. 3 UV-vis-NIR absorption spectra of a 1,2-dichlorobenzene
solution of 2 upon addition of 0—47 equiv. of Cgq.

solution of a mixture of 2 and Cg, (Fig. 4).* In these crystals, the
two azabuckybowl units face in opposite directions, reflected in
the tilt angle (50.1°) between the two buckybowl units around
the central bond. The Cg, molecules are coordinated to the
azabuckybowl units in a concave-convex fashion, resulting in
a 1:2 ratio in the crystal. Between the centroid of the pyrrole
ring to the closest surface of the Cg, molecules, distances of 3.28
and 3.29 A were measured. Such short distances indicate the
existence of strong electronic interactions between 2 and Cgq in
the solid state. The packing structure is shown in Fig. 4b.

Fig. 4 Molecular structure of 2-Cgg in the crystal: (a) side view and (b)
packing structure. Solvent molecules (toluene) have been omitted for
clarity. The thermal ellipsoids are scaled at 50% probability level.

This journal is © The Royal Society of Chemistry 2018
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Similar to 1-Cgp, 2 and the Cqo molecules present segregate
stacking (Fig. S71). The photo-induced transient conductivity of
2 and 2-Cgo was determined by flash-photolysis time-resolved
microwave conductivity (FP-TRMC) measurements.'® The
carrier mobility of the 2-Cg, crystals (2.0 x 10 *em*V ' 8™") is
approximately by one order of magnitude higher than that of 2
(Fig. S87). The carrier mobility of the 2-Cgq crystals was similar
to that of 1:-Cgy, indicating a similar charge-separation state
between Ceo and the azabuckybowl unit in the crystal.

Supramolecular assembly of 2 with Ce,

To uncover the different binding ratios of 2 with Cg, in solution
and the crystalline state, we carried out titration experiments in
toluene at 20 °C, which were monitored by "H NMR spectros-
copy (Fig. 5). With increasing amount of Cg, the spectral shape
of the signal peaks became broader and the peak intensities
decreased. Notably, a precipitate was formed in the presence of
1.0 equiv. or less of Cgo. This phenomenon was not observed in
the case of 1, for which a clear solution was obtained in the
presence of Cgo. To clarify this phenomenon, we performed
diffusion-ordered two-dimensional NMR spectroscopy (DOSY)
experiments.” The diffusion coefficient (D) determined for 2
(6.83 x 107 m? s ") decreased by 15% (5.80 x 10 ' m?s™ ") in
the presence of 0.5 equiv. of Cg. In contrast, a reduction of only
2% was observed in the case of 1 (Fig. S9t). This drop in the D
value of 2 indicates the formation of larger structures.

The macroscopic structure of the precipitate formed in the
presence of Cgo was investigated by scanning electron micros-
copy (SEM). For that purpose, samples were prepared by drop-
casting toluene solutions onto silicon wafers. Fig. 6 displays
the SEM images of 2 and 2 with 1.0 equiv. of Cgo. In the
precipitate, fibre-like structures were observed, while a film-like
morphology was observed for 2, similar to the case of 1 with Cg,
(Fig. S10t). These results indicate that 2 and Ce, assemble into

(a) (b)
2
9.0 GIQ 8'8 8.7 BI5 EIS 8'4 ppm 2 2 + CSO (1 0 equiv)
(c) Je )
é
0 @
+0.5 equiv of Cgy @ @ 3
b1
9'0 8‘.9 8'8 8‘7 8‘6 8'5 8‘.4 ppm 166 164 162 160 F2(ppm]
e N
) £
0@ :
+1.0 equiv of Cgo % e i
% %@ ]
9'0 8'9 8‘8 8‘7 8‘6 8'5

84 ppm 166 16a 162 | F2lppm)

Fig. 5 H NMR titration experiments of 2 in toluene-dsg. (a) 'H NMR
spectra of 2 (0.52 mM) with increasing amounts of Cgq, (b) photo-
graphs of samples of 2 and 2 + Cg, and (c) DOSY measurements of 2
and 2 + Cegp.
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(a)

Fig. 6 SEM images of (a) 2 and (b) 2 with 1.0 equiv. of Ceo.

a one-dimensional (1D) supramolecular structure. Based on
comparative experiments with 1, it can be concluded that the
dimeric structure plays an important role in the formation of
supramolecular assemblies.

The stoichiometric ratio between 2 and Cg, in the precipitate
was determined by variable-temperature 'H NMR measure-
ments in toluene-dg (Fig. 7). We conducted experiments at low
temperature to accelerate the assembly process. At —40 °C, the
broad spectrum of 2 in the presence of 0.5 equiv. of C¢, became
very similar to the spectrum of 2, which exhibited sharp peaks.
Using 1,1,2,2-tetrachloroethane as the internal standard
revealed that ~50% the original amount of 2 remained in
solution (Fig. S111). Consequently, we concluded that the
precipitate consists of 2 and Cg in a 1 : 1 ratio. Notably, peaks
in the aromatic region appeared upon addition of 2.0 equiv. of
Coo, and these are completely different from those observed for
2 (see also Fig. S127).

The composition of the fibres was further analysed by
MALDI-TOF mass spectrometry (Fig. 8). The spectrum exhibited
several intense peaks at regular intervals. The gaps between the
peaks correspond to the molecular weight of 2 or Cgo. The
largest observable peak was at M,, = 13 kDa, corresponding to
a 6 : 6 complex of 2 and Cg. In their entirety, the NMR, SEM,
and MS analyses allow the conclusion that the fibres consist of
a 1D chain-like assembly of 2 and Ce, in a 1 : 1 ratio.

To elucidate more structural details of the fibres, we per-
formed a powder X-ray diffraction (XRD) analysis (Fig. S137),
which exhibited two broad peaks at 20 = 2.44° (36.2 A) and 5.00°
(17.7 A). The spectral pattern of the fibres is thus inconsistent
with that of the single crystal of 2- Cgg, suggesting the formation
of a different packing structure. On the other hand, a powdered
sample of 2 showed weak and broad reflections at 20 = 4.94°
(17.9 A) and 6.18° (14.3 A), indicating the lack of structural
regularity in 2.

L

92 91 90 89 88 87 86 85 84ppm

+0.5 equiv of Cgg

N

T T T T T T T T 1
92 91 90 89 88 87 86 85 84ppm

+2.0 equiv of Cgo

r T T T T T T T 1 r T T T T T T T 1
92 91 90 89 88 87 86 85 84ppm 92 91 90 89 88 87 86 85 84ppm

+1.0 equiv of Cgo

Fig. 7 H NMR spectra of 2 and 2 + Cgp at —40 °C in toluene-ds.
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Fig. 8 MALDI-TOF MS spectrum of 2 with 1.0 equiv. of Cgg (matrix:
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malono-
nitrile; DCTB).

Fig. 9 shows the UV-vis-NIR absorption of 2 and its inclusion
complexes in the solid state. In contrast to 2, the 2-Cg crystal
exhibits a broad absorption band around 850 nm, which was
characterized as a charge transfer (CT) band. The fibre aggre-
gates also exhibit an NIR absorption band, indicating similar
concave-convex binding between 2 and Cg, in the structure.
However, the intensity of this band was higher for the fibre than
for the crystal, suggesting different packing structures for these
two samples.

Two binding modes are possible for the association of 1 with
Ceo- One is a 1:1 concave—convex complex and the other one
involves the formation of a 1:2 sandwich-type complex. We
anticipated that these two binding modes should result in
different UV-vis-NIR absorption features in the solid state.
Fortunately, by changing the solvents used for recrystallization
from methanol/toluene to hexane/chloroform, a 2 : 1 complex
of 1 and Ce, was obtained.*® The single-crystal X-ray diffraction
analysis of the complex unambiguously revealed a sandwich-
type structure, in which two azabuckybowl molecules coopera-
tively capture a C4, molecule by concave-convex interactions
(Fig. 10). In addition, we recorded the solid-state UV-vis-NIR

— 2
— 2+ CGO Crystal
[0}
© = 2 + Cg fiber
©
2
o
17}
kel
<<
0 T T T 1 T T 1 al
300 400 500 600 700 800 900 1000 1100

Wavelength/nm

Fig. 9 Solid-state UV-vis-NIR absorption spectra of 2, 2 + Cgg crystal,
and 2 + Cgq fibre (spectra were normalized at 300 nm).

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Molecular structure of 1,-Cgq in the crystal: (a) side view and
(b) packing structure. The thermal ellipsoids are scaled at 50% prob-
ability level.

absorption spectra of the crystals for both 1 : 1 and 2 : 1 binding
modes (Fig. 11). Both 1:1 and 2:1 complexes exhibit CT
absorption bands around 850 nm. Notably, the absorption
intensity at this wavelength is higher for the 2 : 1 complex than
for the 1:1 complex. The theoretical calculations by the TD-
DFT method also support these experimental results. The
simulated absorption bands assigned to the CT transitions are
significantly large in the 2 : 1 complex as compared to that in
the 1 :1 complex (Fig. S147). Such an enhancement of the CT
band was also observed in the absorption spectrum of 2 + Cgo.
This spectral similarity strongly indicates a sandwich-type
binding mode in the 2-Cg fibres.

Plausible structures and mechanism of supramolecular
assembly

Scheme 2 illustrates the plausible association mechanism of 2
with Cg,. In the initial binding step, a 1 : 1 complex between 2
and Cg, should be formed. Binding to the second C4, molecule
would be weaker due to the reduced electron-donating ability
of the other azabuckybowl unit after binding the first electron-
deficient Cgo.** Consequently, the 1:1 complex is obtained
predominant in dilution. The 1:1 complexes interact with
each other under more concentrated conditions to form fibres
by sandwich-type binding, which are insoluble in organic
solvents. We optimized the structure of the 1D chain-like
arrangement using PM6 semi-empirical calculations
(Fig. S151). The calculated interplanar spacing (17.8 A) is in

— ]
== 1 + Cgg cCrystal (1:1)
= 1 + Cg Crystal (2:1)

Absorbance

0 T T T T T T
300 400 500 600 700 800 900

T 1
1000 1100

Wavelength/nm

Fig. 11 Solid state UV-vis-NIR absorption spectra of 1, 1-Cgo, and
1,-Cgo (spectra were normalized at 300 nm).
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1 equiv

crystal (1:2)

precipitate (1:1)

Scheme 2 Plausible association mechanism for 2 in the presence of
increasing amounts of Cgq (tert-butyl groups are omitted for clarity).

good agreement with the XRD results (17.7 A). Further addi-
tion of Cg, to the fibres induces cleavage of the polymer chain
to form soluble fragments, as detected by 'H NMR
spectroscopy.

Conclusions

In summary, we have synthesized a directly linked azabuck-
ybowl dimer from a tribrominated monomeric precursor. The
dimer exhibits strong 1 : 1 complexation with Cg, in solution.
Segregated stacks of 2 and Cg, were observed in the crystalline
state, suggesting efficient photo-excited charge-carrier mobility.
Under concentrated conditions, 2 and Cg, form 1D chain
supramolecular assemblies with a fibrous structure. The
present results demonstrate that an electron-donating bowl-
shaped m-conjugated molecule can serve as a binding motif
for pristine Cg, for the construction of supramolecular assem-
blies based on strong donor-acceptor interactions.
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