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Abstract: We present here the results of studies of the synthesis and properties of donors and acceptors
based on triangular dehydrobenzo[12]annulene ([12]DBA) system as a π core. These studies were aimed
at controlling the supramolecular crystal structure. Toward this end, the tricyano[12]DBA 2 and
dodecafluoro[12]DBA (3) were synthesized as acceptors (A) and the tris(dialkylamino)[12]DBAs 4a-d as
donors (D), and their electronic properties were determined by electronic absorption spectroscopy and
electrochemical measurements. The main focus, though, was the formation of supramolecular structures
in crystals. These compounds form distinct packing patterns as a result of the different intermolecular
interactions. Tricyano[12]DBA 2 forms a two-dimensional (2D) sheet structure via hydrogen-bonding
interactions, whereas a tilted-stack structure was found for 3 because of the lack of significant intermolecular
interactions. Tris(dibutylamino)[12]DBA 4b exhibits a ladder-type 2D structure, probably because of van
der Waals interactions between the butyl groups. The most significant finding is that charge-transfer
interactions between donor 4a and acceptor 3 combined with their triangular molecular shapes and lateral
CH · · ·F hydrogen bonding result in the formation of a 2D rosette structure consisting of two different trimeric
(DAD- and ADA-type) sandwich structures with 1:2 and 2:1 A/D ratios, respectively.

Introduction

Engineering the self-assembly of π-conjugated molecules into
well-defined nanometer-scale structures by controlling inter-
molecular noncovalent interactions1 has led to major advances
in the production of novel materials, such as porous crystals
for gas storage,2 liquid-crystalline materials,3 and gel or sol
materials.4 The first step in achieving a highly ordered nano-
structure is to investigate the correlation of the molecular
features, such as directional intermolecular interactions origi-
nating from the functionality and electronic properties as well
as the intrinsic molecular shape, with the resulting topology of
the self-assembled architectures. Through the use of this

approach, numerous superstructures with unique topologies have
been constructed.1-6

Despite their ability to exhibit unique assemblies such as
hexagonal close packing, molecules with threefold symmetry
have not been fully investigated because of the limited number
of known compounds having π cores. Triphenylene derivatives
with tuned intermolecular forces and electronic properties show
various intriguing properties, such as formation of one-
dimensional (1D) columnar assembly,3,7 hole-transport proper-
ties in the column,8 and formation of charge-transfer complexes
with a triplet ground state.9 Formal expansion of the triphenylene
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conjugation with the trigonal shape by benzoannulation leads
to a nanographene system,10 but insertion of triple bonds leads
to dehydrobenzo[12]annulene ([12]DBA)11 and dehydrobenzo-
[18]annulene ([18]DBA),12 which consist of weakly antiaromatic
12-membered and aromatic 18-membered rings, respectively,
that are stabilized by the three fused aromatic rings.13 Contrary
to the triphenylene and [18]DBA14,15 systems, little has been
done with respect to systematic electronic modulation of the
[12]DBA π system,11d though [12]DBAs have currently become
subjects of interest in supramolecular chemistry involving
formation of liquid crystals,17 vesicles,18 and two-dimensional
(2D) molecular networks at solid-liquid interfaces.19 There-
fore, there is plenty of room to create novel materials util-
izing the assembly of appropriately functionalized triangular
[12]DBAs.

One of the intriguing molecular assemblies based on a C3-
symmetric trigonal molecular unit is a bimolecular rosette.

Whitesides and co-workers20 proposed the rosette structure
consisting of cyanuric acid and melamine and performed
pioneering work on the formation of supramolecular complexes
between derivatives of these compounds. Later on, Rao and co-
workers confirmed the formation of the 2D rosette structure in
a crystal prepared by a hydrothermal synthesis.21 Since then,
rosette units have been employed for the construction of many
supramolecular assemblies, such as a tubular assembly22 and a
monolayer on a surface.23

Motivated by the possible formation of supramolecular
assemblies that reflect the unique C3-symmetric structure of the
[12]DBA core, we planned to prepare electronically tuned
[12]DBAs. Toward this end, we designed [12]DBAs substituted
with electron-donating groups (such as the tris(dialkyl-
amino)[12]DBAs 4a-d) or electron-withdrawing groups (such
as tricyano[12]DBA 2 and dodecafluoro[12]DBA 3) (Figure 1).
We expected that the supramolecular structures would be
affected by not only charge transfer but also specific intermo-
lecular interactions between the functional groups. Analysis of
the superstructures in crystals of 2, 3, and 4b revealed that they
form distinct packing structures: a perfect 2D sheet structure
for 2, a tilted-stack structure for 3, and a ladder-type 2D structure
for 4b, depending on the features of the functionalities.
Moreover, we found that a 1:1 charge-transfer complex between
3 and 4a formed a 2D triple-layered rosette structure consisting
of two different trimeric molecular sandwiches containing 3 and
4a in 2:1 and 1:2 ratios. The two trimers together with two
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Figure 1. Chemical structures of the parent molecule [12]DBA (1) and [12]DBAs functionalized with electron-withdrawing groups (the tricyano[12]DBA
2 and dodecafluoro[12]DBA 3) and with electron-donating groups (the tris(dialkylamino)[12]DBAs 4a-d and hexamethoxy[12]DBA 5).
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chloroform molecules constitute the repeating units, and they
align alternatingly in forming the triple-layered rosette structure.
To the best of our knowledge, this is the first example of the
formation of a 2D bimolecular rosette by triangular-shaped
molecules.

Results and Discussion

1. Molecular Design and Syntheses. To predict the effect
of the functional groups on the π-electron systems of the
[12]DBAs, density functional theory (DFT) calculations at
theB3LYP/6-31G*level for1,2,3,4a,5, thehexacyano[12]DBA
A, and the tris(N,N-dimethyltetrahydropyrazino)[12]DBA B
were performed, and the energy levels of their frontier
molecular orbitals (MOs) were computed. The HOMO-1,
HOMO, LUMO, and LUMO+1 levels are summarized in
Figure 2. Molecules A, 2, and 3 are acceptors; their HOMO
and LUMO levels, respectively, are located at -7.07 and
-4.19 eV for A, -6.29 and -3.20 eV for 2, and -6.20 and
-2.97 eV for 3. Not surprisingly, both levels of each acceptor
are lower than the corresponding levels of the parent 1 (-5.28
and -2.00 eV) as a result of the electron-accepting ability
of the substituents. In addition, as far as the MO levels are
concerned, it appears that cyano groups enhance the electron-
acceptability of the [12]DBA system more efficiently than
fluoro groups. On the other hand, the HOMO and LUMO
levels, respectively, of the donors 4a, B, and 5 (-4.35 and
-1.27 eV for 4a, and -3.73 and -0.98 eV for B, and -4.47
and -1.56 eV for 5) are higher than the corresponding levels

of 1, again as expected. Notably, introducing three amino
groups (as in 4a) enhances the electron-donating ability better
than introducing six methoxy groups (as in 5).

For comparison, the energy levels of the triphenylene
derivatives having the same functional groups were computed.
All of the triphenylene compounds possess lower HOMO and
higher LUMO energies (e.g., -5.82 and -0.93 eV for parent
triphenylene, -7.05 and -2.52 eV for the tricyanotriphenylene,
and -4.76 and -0.42 eV for the tris(dimethylamino)triph-
enylene; see Figure S1 in the Supporting Information) than the
corresponding [12]DBA derivatives as a result of the reduced
π conjugation.

Though the theoretical study predicted that the model
compounds A and B would be the most efficient acceptor and
donor, respectively, in view of obstacles that we met in the
synthesis of 2 (i.e., low solubility in common organic solvents)
and in our attempts to prepare a suitable precursor of B (i.e.,
via halogenation of N,N-dimethyltetrahydroquinoxaline by an
electrophilic substitution reaction), we decided to focus on 2
and 3 as acceptors and 4a-d as donors.

The [12]DBAs 2, 3, and 4a-d were synthesized by the
cyclotrimerization reactions of the corresponding o-ethynyliodo-
benzene derivatives under two different conditions, the
Sonogashira-Hagihara-type reaction for 2 and 3 and the
Stephens-Castro-type reaction for 4a-d, in view of the
threefold-symmetric nature of the target molecules and mini-
mization of the number of synthetic steps. Absorption and
fluorescence spectra of 2, 3, 4a, and 5 are qualitatively in accord
with the theoretical predictions for their MO levels. Details of
the syntheses of 2, 3, and 4a-d and electronic absorption and
emission spectra of 1-3, 4a-d, and 5 are provided in the
Supporting Information.

2. Electrochemical Measurements. Electrochemical measure-
ment is a powerful tool for investigating the electronic properties

(21) Ranganathan, A.; Pedireddi, V. R.; Rao, C. N. R. J. Am. Chem. Soc.
1999, 121, 1752–1753.

(22) Yagai, S.; Nakajima, T.; Kishikawa, K.; Kohmoto, S.; Karatsu, T.;
Kitamura, A. J. Am. Chem. Soc. 2005, 127, 11134–11139.

(23) Schönherr, H.; Paraschiv, V.; Zapotoczny, S.; Crego-Calama, M.;
Timmerman, P.; Frank, C. W.; Vancso, G. J.; Reinhoudt, D. N. Proc.
Natl. Acad. Sci. U.S.A. 2002, 99, 5024–5027.

Figure 2. HOMO-1, HOMO, LUMO, and LUMO+1 energy levels (eV) and the HOMO-LUMO gaps (eV) obtained from DFT calculations on the [12]DBAs
1-3, 4a, 5, A, and B at B3LYP/6-31G* level of theory.
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of π-conjugated molecules. The parent 1 showed two reversible
one-electron reduction waves in THF.24 Moreover, chemically
generated dianionic species were transformed into bisfulvalene
dianions.25 To evaluate the electronic properties of the new
acceptors 2 and 3 and donors 4a and 5, cyclic voltammetry
measurements were carried out (Table 1).

Parent 1 in CH2Cl2 displayed only one reversible one-electron
reduction wave, at E1/2 ) -2.21 V under our experimental
conditions. On the other hand, 2 in 1,1,2,2-tetrachloroethane
showed a reversible one-electron reduction wave at E1/2 )-1.70
V. The use of 1,1,2,2-tetrachloroethane instead of CH2Cl2 was
necessary because of the low solubility of 2. In 1,1,2,2-
tetrachloroethane, 3 also accepts an electron at the same potential
(E1/2 ) -1.70 V). No indications of further reduction or
oxidation were observed for either acceptor. The difference in
E1/2 values demonstrates the higher electron-accepting abilities
of 2 and 3 compared to 1, in qualitative agreement with the
LUMO levels estimated from the theoretical study (-2.00 eV
for 1, -2.97 eV for 3, and -3.20 eV for 2).26

In the case of 4a in CH2Cl2, an irreversible oxidation process
at Epa ) 0.30 V that was subsequently subjected to further
oxidations was observed. On the other hand, 5 in CH2Cl2 showed
a reversible one-electron oxidation wave at Epa ) 0.56 V and
an irreversible wave corresponding to further oxidation. Com-
parison of the first oxidation potentials of the [12]DBAs with
electron-donating groups indicates that the electron-donating
ability of 4a is stronger than that of 5, in agreement with the
order of the theoretically calculated HOMO levels (-4.47 eV
for 5 and -4.35 eV for 4a).

The potentials of the donor- and acceptor-substituted
[12]DBAs were also compared with those of common organic
donors and acceptors. Apparently, the electron-accepting
abilities of 2 and 3 are lower than those of fullerene C60,27

perylene diimide,28 perfluoropentacene,29 and tetracyano-
quinodimethane (TCNQ),30 whereas 4a exhibits a high

electron-donating ability comparable to those of triary-
lamine31 and tetrathiafulvalene.32

3. Crystal Structure Analyses. a. Packing Diagrams for
[12]DBAs. In general, crystal structures of planar aromatic
molecules (without functional groups) are classified into four
different types, as proposed by Desiraju and Gavezzotti:33

herringbone, sandwich herringbone, �, and γ. Crystal structures
are determined by (1) the balance between maximizing the
dispersion forces and minimizing repulsive forces and (2)
various intermolecular directional forces, such as hydrogen-
bonding interactions. Previously, two types of crystal structures
were reported for the [12]DBA derivatives. The parent 1 was
reported to show a herringbone structure, reflecting weak
intermolecular π-π interactions.34 Recently, Hisaki, Miyata,
and co-workers35 reported the perfect face-to-face 1D columnar
structure of a tricarboxy-substituted [12]DBA, which was
maintained by hydrogen-bonding interactions between the
carboxy groups and the dimethyl sulfoxide solvent molecules.
In order to clarify the effect of substituents on the packing
structure, single-crystal X-ray structural analyses of 2, 3, and
4b were undertaken. These molecules adopt characteristic
packing diagrams, including a perfect 2D sheet structure,
depending on the nature of the functional groups on the π
system.

b. Packing Diagram for Tricyano[12]DBA 2. Cyano substitu-
tion on an aromatic ring has been used for the construction of
superstructures by CN · · ·H hydrogen-bonding interactions.36

Not surprisingly, the molecules of compound 2 pack to form
2D sheets via hydrogen-bonding interactions between the
nitrogen atoms of the cyano groups on one molecule and
hydrogen atoms attached to the benzene rings of adjacent
molecules (Figure 3a,b). The N · · ·H distances range from 2.47
to 2.85 Å, corresponding to the typical CN · · ·H hydrogen-
bonding distance.36 Though there are no significant directional
intersheet interactions (Figure 3c), the average distance between
adjacent 2D sheets is 3.2 Å, which is shorter than the typical
π-π interaction distance.

c. Packing Diagram for Dodecafluoro[12]DBA 3. The analy-
sis of 3 showed a columnar packing structure in which each
molecule is tilted with respect to the main axis of the column
(Figure 4a,b). According to the Desiraju-Gavezzotti scheme,
this structure is classified as a � structure. In the molecular
column, one of the tetrafluorobenzene rings of 3 is aligned
face-to-face with the center of an adjacent [12]annulene ring,
while the other two tetrafluorobenzene rings do not overlap
with their top and bottom neighbors (Figure 4c). The observed
positional relationships of the adjacent molecules can be
ascribed to intermolecular electrostatic interactions.14b In fact,
natural-population analysis based on B3LYP/6-31G* calcula-
tions gave high partial positive charges (0.32 to 0.40) for
carbon atoms attached to the electronegative fluorine atoms
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W. J. Organometallics 1993, 12, 1266–1276.
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Table 1. Results of Cyclic Voltammetry Measurements on
[12]DBAsa

compound solvent E1/2(red) (V)b Epa(ox 1) (V)b Epa(ox 2) (V)b

1 CH2Cl2 -2.21 sd sd

2 C2H2Cl4 -1.70 sd sd

3 C2H2Cl4 -1.70 sd sd

4a CH2Cl2 se 0.30c 0.61c

5 CH2Cl2 se 0.56 1.00c

a Conditions: 0.55-1.0 mM solution with 0.10 M (n-Bu4N)(ClO4) as
the supporting electrolyte. b All of the potentials are given vs the
ferrocene/ferrocenium redox couple as an internal standard. c Irreversible
anodic peak. d Oxidation peaks were not observed e Reduction peaks
were not observed.
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but negative or very weakly positive charges (-0.14 to 0.03)
for carbons in the [12]annulene ring. Consequently, we
assume that electrostatic repulsions between tetrafluoroben-
zene rings and attractive forces between tetrafluorobenzene
and [12]annulene rings led to the formation of the tilted-
stack structure.

d. Packing Diagram for Tris(dibutylamino)[12]DBA 4b. The
analysis of 4b revealed a 2D sheet structure consisting of 1D
tapes (Figure 5a,b) in which the [12]DBA units roughly align
within the plane. The butyl groups occupy the spaces between
the π cores both within a plane and between planes, indicating
that van der Waals interactions play a major role in this packing
diagram. In regard to intersheet interactions, two of the benzene
rings of each 4b molecule show short distances (3.47 to 3.80
Å) with respect to rings of neighboring molecules (one above
and one below), as shown in Figure 5c.

4. Formation of Charge-Transfer Complexes between
[12]DBAs. In general, for small π systems without π-π
interactions significant enough to form a stacked structure,
two interactions can be used to achieve a face-to-face packing
pattern: quadrupole-quadrupole interactions between a per-
fluorobenzene ring and a benzene ring and charge-transfer

interactions between a donor and an acceptor.37 Unusual
properties of perfluoroaromatic compounds were discovered
five decades ago in a study of the formation of a crystal from
a mixture of perfluorobenzene and benzene.38 The formation
of an alternating, perfectly face-to-face packing structure has
been ascribed to favorable quadrupole-quadrupole interac-
tions and reduction of unfavorable electrostatic repulsions.39

This type of interaction has been successfully used for the
construction of not only superstructures in crystals but also
supramolecules.40 The other important interaction is the
charge-transfer interaction. The simplest charge-transfer
complex was discovered four decades ago in a study of a
mixture of perfluorobenzene and N,N-dimethylaniline;41 this
complex adopts a slightly displaced parallel-packing mode
in crystals.42 In both cases, the donor and acceptor molecules
favor the formation of 1D columnar structures with alternat-
ing alignment. On the basis of these precedents, we examined
the formation of cocrystals between dodecafluoro[12]DBA
3 and parent [12]DBA 1 and of charge-transfer complexes
between the donor 4a and the acceptors 2 and 3.43 However,
in a systematic investigation of the mixtures, we obtained
cocrystals only for 4a and 3; slow evaporation of the solvent
from a mixture of 3 and 4a in CHCl3 formed red-colored
crystals suitable for X-ray analysis. Nevertheless, single-
crystal X-ray structural analysis turned out to be challenging
because of the exotic packing diagram. However, in the unit
cell, there are two different trimers: trimer A consists of one
molecule of 3 and two molecules of 4a (acceptor/donor ratio
of 1:2), and trimer B contains two molecules of 3 and one
molecule of 4a (acceptor/donor ratio of 2:1) (Figure 6a). The
unit cell also contains two chloroform molecules (Figure 6b)
and overall is very large (V ) 6721 Å3).

Each [12]DBA adopts displaced parallel packing, with one
C-C bond of one benzene ring located above the center of
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donor 4a with common acceptors such as TCNQ. However, treatment
of 4a with TCNQ afforded the covalently bonded products 6a and 6b
via [2 + 2] cycloaddition followed by electrocyclic ring opening.
Similar reactions were employed by Diederich and co-workers44 to
prepare compounds containing charge-transfer chromophores.

,
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Figure 3. Single-crystal X-ray analysis of 2. (a) ORTEP diagram (50%
probability level). (b) Packing structure. The red lines connecting nitrogen
atoms (blue) and hydrogen atoms (white) highlight the CN · · ·H hydrogen-
bonding interactions. (c) Positional relationship between the molecular
sheets. Molecules forming the upper layer are drawn darker than those in
the lower layer.

Figure 4. Single-crystal X-ray analysis of 3. (a) ORTEP diagram (50%
probability level). (b) Packing structure. (c) Positional relationship between
adjacent molecules in a molecular column. The upper molecules are drawn
darker than the lower molecules.
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the adjacent ring, instead of a perfect sandwich configuration.
This geometry is similar to that observed for the charge-
transfer complex of perfluorobenzene and N,N-dimethyl-
aniline.42 In addition, a theoretical study has indicated that

the stable form of that charge-transfer complex is a slightly
displaced parallel-packing mode.45 Thus, the observed struc-
ture in trimers A and B can be regarded as arising from the
typical packing pattern for the charge-transfer complex of

Figure 5. Single-crystal X-ray analysis of 4b. (a) ORTEP diagram (50% probability level). (b) Packing structure. (c) Positional relationships of the adjacent
molecules between molecular sheets. The upper molecules are drawn darker than the lower molecules. The red squares highlight the position of short
interring distances.

Figure 6. Single-crystal X-ray analysis of the charge-transfer complex 4a ·3. (a) ORTEP diagrams (50% probability level) of layered trimers A and B. (b)
Unit cell structure. The pink-colored atoms are chlorine atoms of chloroform. (c) Columnar structure in the unit cell b direction, consisting of four units of
trimer B. (d) Structure in the unit cell b direction, consisting of two units of trimer A and four molecules of chloroform. (e) Positional relationship between
adjacent molecules of 3 in the b direction. The upper molecule is drawn darker than the lower one. (f) Triple-layered rosette structure in the crystal. The
color gradation shades the upper molecules darker than the lower molecules. (g, h) Partial structures within the molecular sheet. The red lines highlight
places where short CH · · ·F contacts were observed.
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perfluorobenzene and dimethylaniline. However, the cocrystal
of 3 and 4a consists of 1:2 and 2:1 rather than 1:1 complexes,
even though the net ratio of 3 to 4a is 1:1. The formation of
the sandwich trimers may be ascribed to their height, which
provides sufficient space to accommodate the two chloroform
molecules occupying the void formed as a result of the
difference in the bulkiness of the substituents of 3 and 4a
(Figure 6b). As a result, one of the trimers, B, forms a
columnar assembly along the unit cell b direction (Figure
6c). At the contact between the trimer units, the orientation
of the adjacent 3 molecules is antiparallel in order to avoid
the electrostatic repulsion between fluorinated rings and to
maximize close-packing (Figure 6e). On the other hand,
trimer A does not form a 1D column in the b direction; two
chloroform molecules occupy the space between the trimers
(Figure 6d). The absence of columnar assembly can be
ascribed to the unfavorable interactions between the donor
4a molecules that would arise at the contacts between trimer
A units.

More significantly, all of the trimers align in the ac plane to
form a 2D rosette pattern (Figure 6f). The formation of this
particular packing structure is attributed not only to the triangular
shapes of 3 and 4a, which are favorable for packing them into
a 2D hexagonal pattern, but also to the side-by-side intermo-
lecular interactions between adjacent triangular cores. Indeed,
relatively short interatomic distances are found between the
fluorine atoms of 3 and the hydrogen atoms of 4a; the average
CH · · ·F distances are 2.49, 2.82, and 2.73 Å, respectively, for
contacts (i), (ii), and (iii) shown in Figure 6g,h. In particular,
the average distance for (i) is shorter than the sum of the van
der Waals radii of the two nuclei (2.56 Å),46indicating the
existence of a favorable CH · · ·F interaction.47Therefore, the 2D
rosette structure consisting of the two types of trimers is formed
by (1) intermolecular charge-transfer interactions between the
donor 4a and the acceptor 3 along the b direction and (2) the
favorable packing geometry due to the triangular shapes together
with lateral CH · · ·F hydrogen bonding. To our knowledge, this
unique structural feature has not been reported previously.

Summary

In summary, donors and acceptors based on [12]DBA,
namely, the donors tricyano[12]DBA 2 and perfluoro[12]DBA
3 and the tris(dialkylamino)[12]DBA acceptors 4a-d, were
synthesized and their electronic properties characterized by
electronic absorption and emission spectra and redox mea-

surements. The crystal structures of 2, 3, and 4b were
determined by single-crystal X-ray analyses, which revealed
the formation of distinct packing patterns, such as the perfect
2D sheet structure of 2 arising from intraplane CN · · ·H
interactions. In addition, in crystals of the charge-transfer
complex 3 · 4a, the combination of charge-transfer interac-
tions, the characteristic triangular molecular shapes, and
intermolecular CH · · · F interactions results in the formation
of a 2D bimolecular rosette structure using two different
molecular trimers as building blocks. The present study
provides some new insights regarding methods for controlling
the spatial arrangement of π-conjugated molecules, which
is crucial for optoelectronic applications.
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