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Abstract: To create novel π-conjugated compounds, we constructed various molecular archi-
tectures from anthracene units and acetylene linkers. Several cyclic oligomers ranging from
dimers to dodecamers were synthesized by macrocyclization of acyclic precursors with
metal-catalyzed coupling reactions. The structures, dynamic behavior, and spectroscopic fea-
tures were greatly influenced by the number of anthracene units and the combination of
building units and linkers. Optically active and circular dichroism (CD)-active enantiomers
of some chiral cyclic oligomers were resolved by chiral high-performance liquid chromato -
graphy (HPLC). Conformational analysis of hexamers and higher oligomers was performed
with the aid of density functional theory (DFT) calculations. Acyclic oligomers underwent
reversible folding–unfolding processes via photochemical and thermal reactions. These
results suggest that transannular π–π interactions between anthracene units are important fac-
tors in controlling the structural and spectroscopic properties and functions of π-conjugated
compounds. The scope and perspectives of this molecular design are discussed on the basis
of previous studies.
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INTRODUCTION

In the chemistry of aromatic compounds, oligomeric structures consisting of simple repeating units are
fascinating motifs for the creation of new compounds. The merits of this molecular design are the acces-
sibility to a large number of compounds from simple building units as well as the ease of tuning elec-
tronic properties by structural modifications. As such compounds, arylene–ethynylene oligomers con-
sisting of arene units and acetylene linkers have been extensively studied by many chemists to explore
their structures, properties, and functions [1], and synthetic innovations have been made to form
arene–alkyne bonds by metal-catalyzed cross-coupling reactions [2]. Oligomers with phenylene units
are the most popular, and a variety of phenylene–ethynylene molecules have been designed by chang-
ing the number of building units, the modes and positions of connection, and other functionalizations
on the phenylene units [3]. Typical examples are the substructures of graphynes [4], shape-persistent
macrocycles [5], molecular machines [6], helical oligomers [7], and materials useful for organic devices
[8]. 

In order to construct novel aromatic architectures, we adopted anthracene units in the molecular
design of arylene–ethynylene oligomers for the following reasons. First, anthracene units have a rec-
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tangular-like shape and several combinations of connectivities. These features greatly increase the num-
ber of possible structures. Cyclic analogues of anthracene units are attractive molecules as cyclophynes,
namely, cyclophanes with alkyne linkers [9]. Second, anthracene units were used much less than
phenyl ene units or other simple aromatic units mainly because of limitations in the synthetic approaches
[10,11]. Fortunately, we had accumulated knowledge of the synthesis of various anthracene and acetyl -
ene derivatives from previous studies of aromatic compounds [12]. Third, the accumulation of an
anthracene unit, which in itself has unique UV and fluorescence spectra and photoreactivity, would pro-
duce interesting properties through the interactions between building units. Since we started this proj-
ect in 2002, we have constructed several cyclic oligomers consisting of anthracene units and investi-
gated their structures, dynamic behavior, spectroscopic properties, and reactivities as well as the
chiroptical properties of chiral analogues. These results have been reported in approximately 20 series
papers and reviews entitled “Chemistry of anthracene–acetylene oligomers” [13]. This paper summa-
rizes the results obtained from the aspect of nanoscale molecular architectures made from anthracene
units and acetylene linkers. After examining the features of the building units, we will introduce novel
anthracene–acetylene architectures in the order of cyclic tetramers, small cyclic oligomers, and larger
cyclic oligomers. A characteristic photoreaction of acyclic oligomers is also described.

BUILDING UNITS

An anthracene unit consists of three fused benzene rings that form a rectangular-like shape measuring
9.2 × 5.0 × 3.4 Å. There are several combinations to connect this building unit with two linkers, and the
typical connection modes are shown in Fig. 1. We mainly used the 1,8-substituted anthracene (1,8-A)
unit with a U-turn shape, in which two bonds extend on the same direction at a distance of ca. 0.50 nm
[14]. The 9,10-substituted anthracene (9,10-A) unit and the 1,5-substituted anthracene (1,5-A) unit have
linear and crank shapes, respectively, depending on the substitution positions. These units were also
incorporated into oligomeric structures to generate various architectures.

Acetylene linkers feature linear geometry that connects two units in a linear fashion. We have
adopted not only monoacetylene (short) linkers but also diacetylene (long) linkers, in which the dis-
tances between the terminal carbon atoms are ca. 4.2 and 6.8 Å, respectively (Fig. 2). These linkers are
not always rigid and suffer from bending deformations caused by molecular strain. Small deformations
within 10º (namely, bond angles of 170–180º) are rather usual and the bond angles can be 160º or even
smaller in highly strained alkynes [15]. The axes of these linkers are so long that the steric interactions
between the two terminal groups should be negligible for ordinary alkynes, resulting in facile rotation
about the axes. Nevertheless, the rotational barriers can be enhanced by very bulky substituents to some
extent [16]. The rotation about the acetylene linkers plays an important role in influencing the shape
and dynamic behavior of the anthracene–acetylene oligomers.

The efficient preparation of building units is essential to construct complicated oligomeric struc-
tures. In the present study, the key building units are 1,8-substituted anthracene derivatives with two
iodo groups, two ethynyl groups, and one iodo group and one ethynyl group, which can be prepared
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Fig. 1 Typical anthracene units with various connectivities.



from commercially available 1,8-dichloroanthraquinone in several steps. We reported an improved pro-
cedure for the synthesis of 1,8-diiodoanthracene [17], which was very helpful for the oligomer synthe-
sis. Unsymmetrically substituted anthracene derivatives, such as 1-ethynyl-8-iodoanthracenes and
monosilylated 1,8-diethynylanthracenes [18–20], are important units to control the reaction sites, and
these compounds can be prepared according to the strategies summarized in a recent timely review [3].
We occasionally introduced alkyl groups at the 10-position of anthracene units to improve solubility.
These 10-alkylated units can be prepared by alkylation of 9-anthrones, followed by dehydration.
Substituted units also play an important role in controlling the symmetry and stability of the oligomers,
and several compounds in this paper have 10-alkyl groups, such as butyl and octyl groups.

CYCLIC TETRAMERS

Fundamental cyclic tetramers

We first synthesized cyclic tetramer 1 with four 1,8-A units and four short linkers (Fig. 3) [18].
Tetrameric precursor 5 was prepared from 1,8-diethynylanthracene 2 and 1,8-diiodoanthracene 3 in sev-
eral steps (Fig. 4). The macrocyclization of this acyclic tetramer by Sonogashira coupling gave the
desired cyclic tetramer in 23 % yield as stable orange crystals. X-ray analysis revealed that this com-
pound had a diamond-prism structure of nearly D2 symmetry, where the interior angles of the diamond
were ca. 46º and 134º (Fig. 3). There are two pairs of parallel orientations of anthracene units, the inter-
facial distance (3.38 Å) of which is comparable to the sum of the van der Waals radii of two aromatic
carbons, as revealed by the CPK model. This value suggests the presence of π–π interactions between
the anthracene groups. The UV–vis spectrum of 1 showed absorption bands at 439 nm, and its fluores-
cence spectrum showed an intense and broad emission band at 461 nm (Φf 0.40). This emission con-
sisted of two components of decays with lifetimes τf of 2.4 and 14.7 ns. The presence of the long-lived
component can be explained by the intramolecular interactions of excited anthracene and ground-state
anthracene moieties as excimer formation.
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Fig. 2 Monoacetylene and diacetylene linkers in diphenyl derivatives.

Fig. 3 Cyclic tetramer 1 and its X-ray structures.



This architecture has only one degree of freedom at the acetylene linkers. One possible dynamic
process between the two diamond forms, which are enantiomers of each other, via the square form is
illustrated in Fig. 5. This process, called skeletal swing, was monitored by variable-temperature (VT)
1H NMR spectroscopy. The aromatic protons in 1 showed a symmetric signal pattern, one set of ABC
system, and two singlets, at room temperature. When the temperature was lowered, the ABC signals
became broad initially and then resharpened into two sets of ABC systems at –90 °C. This signal pat-
tern at low temperature was consistent with the diamond-prism structure without the skeletal swing
process. We determined the barrier to this dynamic process to be 38 kJ/mol by total line shape analy-
sis. This barrier seemed to be high for rotation about the acetylene axes, even though the molecule had
a cyclic framework [16]. The high barrier is attributable to the π–π interactions between the anthracene
units, which can stabilize the original state of the skeletal swing.

Modified cyclic yetramers

We then modified the structure of fundamental cyclic tetramer 1 by introducing alkyl groups on the
anthracene units, incorporating long linkers, or using other anthracene units, such as 1,5-A and 9,10-A
units. These operations reduced the symmetry of cyclic structures, and the lack of improper rotation
symmetry produced chiral structures [13]. If the enantiomerization of chiral derivatives is sufficiently
slow on the laboratory time scale, the enantiomers can be resolved by conventional methods.

Cyclic tetramers with alkyl groups
Five possible structures could be drawn when 10-alkyl groups were introduced in part or all of the
anthracene units in 1. Among them, there were two kinds of structures, 6 [18] and 7 [19], for cyclic
tetramers with two alkyl groups (Fig. 6). These compounds were synthesized by a similar method to 1.
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Fig. 4 Synthesis of cyclic tetramer 1.

Fig. 5 Skeletal swing between enantiomeric diamond-prism forms via square form in 1.



Whereas 6 with two alkyl groups at 1,3-alternating anthracene units had a dynamic symmetry of C2v,
7 with two alkyl groups at 1,2-alternating anthracene units was C2 symmetric and chiral. The enantio -
mers of 7 could be resolved by chiral high-performance liquid chromatography (HPLC) (CHIRALCEL
OD) [21] and showed activities in optical rotation and circular dichroism (CD) spectra.

Cyclic tetramers with long linkers
Five possible structures with one to four long linker(s) could be drawn when long linkers were incor-
porated into 1 (Fig. 7). We have synthesized all of these compounds where the diacetylene connection
was constructed by Eglinton coupling or Pd-catalyzed oxidative coupling [22]. X-ray analysis of 9
afforded a diamond-prism structure of nearly D2 symmetry, where the long linkers occupied the acute
angle corners. The single crystal of 9 had a chiral space group, P212121, and underwent spontaneous
resolution. For chiral derivatives 8 and 11 as well as 9, their enantiomers were successfully resolved by
chiral HPLC (CHIRALPAK IA).

Cyclic tetramers with various anthracene units
The use of other substituted anthracene units considerably increased the number of possible structures.
We designed cyclic tetramer 13 with one 1,5-A unit and one 9,10-A unit for the construction of the chi-
ral architecture (Fig. 8) [23]. In the cyclic system, the 1,5-A unit worked as a crank moiety and its rota-
tion over the 9,10-A unit mimicked pedaling motion. We synthesized this compound by macrocycliza-
tion of a tetrameric precursor. The X-ray structure was C2 symmetric, and the 1,5-A and 9,10-A units
overlapped with each other at 3.7 Å, as shown in Fig. 8. The VT 1H NMR spectra of 13 suggested that
the pedaling motion was very slow on the NMR time scale even at 100 °C. Its enantiomers were sepa-
rated very well by chiral HPLC (CHIRALPAK IA). The easily and less easily eluted enantiomers gave
specific rotations [α]D of +800 and –830, respectively. The (+)-isomer was assignable to the M,M form,
namely, minus helicity about the two linkers connecting 1,5-A and 1,8-A units, according to the theo-
retical calculation of the CD spectrum by the TDDFT/B3LYP method (Fig. 8). An enantiopure sample

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 917–929, 2012

Anthracene molecular architectures 921

Fig. 6 Cyclic tetramers 6 and 7 with two alkyl groups and an enantiomeric pair of 7.

Fig. 7 Cyclic tetramers 8–12 with diacetylene linkers.



slowly racemized at 70 °C in octane and its barrier was determined to be ΔG≠ 114 kJ mol–1. The
 racemization occured via rotation of a 1,5-A unit about the two acetylene linkers. This barrier was very
high for the rotation about the acetylene axes. We also synthesized a cyclic tetramer with a 2,6-t-butyl-
1,8-naphthylene unit instead of the 1,5-A unit, and the pedaling was completely frozen in this deriva-
tive.

SMALL CYCLIC OLIGOMERS

Cyclic oligomers with less than four 1,8-A units are trimers and dimers. Cyclic trimers are the smallest
analogues of cyclic oligomers with an odd number of units. As such, trimers show geometric mismatch
for the construction of cyclic structures, the molecules should suffer from bending strain. Meanwhile,
cyclic dimers are the smallest analogues of all cyclic oligomers. However, these structures with an even
number of units show geometric matching and are thus expected to be rigid. This structural feature is
applicable to the design of new types of stereoisomers with a dimeric framework.

Cyclic trimers

We synthesized two cyclic trimers 14 and 15b with different linkers (Fig. 9) [24]. Compound 14 with
three long linkers was obtained by macrocyclization in 34 % yield. The X-ray structure showed signif-
icant bending deformation at sp carbons, and the smallest angle was 166º. The framework was approx-
imately C2 symmetric, but the pseudo-rotation-like motion took place rapidly to result in D3h dynamic
symmetry. Trimer 15 with two short linkers and one long linker suffered from bending deformation
mainly at the linker moieties. The density functional theory (DFT) calculation of 15a suggested a sad-
dle-like rigid structure of Cs symmetry. The bending deformation of sp carbons in these trimers resulted
in the deshielding of carbon atoms in their 13C NMR spectra.
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Fig. 8 Pedaling process in cyclic tetramer 13 (a), its X-ray structure (b) and observed and calculated CD spectra of
enantiomers in CHCl3 (c).



Cyclic dimers

The structures of cyclic dimers 16–19 are shown in Fig. 10. Although compound 18a with two long
linkers was first reported in 1960 [25], its properties had not been investigated well because of its very
low solubility [26]. The cyclic structures of the other compounds are new ring systems.

Compound 16b was synthesized by Sonogashira coupling between 1,8-diethynylanthracene and
1,8-diiodoanthracene [27]. X-ray analysis revealed that the cyclic framework is planar even though the
nonbonding distance between the inner hydrogen atoms is only 2.2 Å. In monoanthraquinone deriva-
tive 17b, the inner carbonyl oxygen atom is significantly bent from the macrocyclic plane to avoid steric
hindrance. The molecules of 17b exist in dimeric pairs in the crystals and also undergo self-association
in solution although the association constant is not large. We conducted scanning tunneling microscopy
of octyloxy compound 17c and found an ordered liner pattern at the graphite–liquid interface [28].

We introduced an alkyl group to each anthracene unit at 9-position of 18 and 19. These intra -
annular alkyl groups should generate new types of stereoisomers owing to steric hindrance with the
rigid framework. When the alkyl group is an ethyl group or a longer group in 18, we can expect stereo -
isomers that differ in the direction of the tip of the alkyl group (Fig. 11) [29]. Such diastereomers,
namely, the syn and anti forms, were detected by 1H NMR measurement for 18b–d and separated at
room temperature for 18c,d. Kinetic measurements revealed that the barriers to isomerization are
greatly enhanced as the alkyl chain length is increased (ΔG≠ 18b: 56, 18c: 122, and 18d: >145 kJ/mol).
Compound 19b has one intraannular chain and different linkers, generating enantiomers that differ in
the direction of the tip of the ethyl group (Fig. 11) [30]. The enantiomers were successfully resolved by
chiral HPLC (CHIRALPAK IA) and no racemization was observed at high temperature
(ΔG≠ >125 kJ/mol). These results indicate that the ring systems of 18 and 19 are so rigid that threading
of the tips of intra annular alkyl groups into the central ring is strongly restricted to form isolable
stereoisomers.
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Fig. 9 Cyclic trimers 14 and 15 and X-ray structure of 14.

Fig. 10 Cyclic dimers 16–19.



LARGE CYCLIC OLIGOMERS

Recently, we synthesized cyclic oligomers with greater than four anthracene units by using synthetic
approaches similar to those mentioned above. The macrocyclization step generally becomes less effec-
tive as the ring size is enlarged because of the disadvantages caused by entropic factors. Nevertheless,
we obtained pentamers, hexamers, and larger oligomers in yields that were higher than those expected.
The structural and conformational analyses of large cyclic oligomers are vital subjects because of their
structural flexibility.

Cyclic pentamers

We synthesized two types of pentamers, 20 with only one long linker [31] and 21 with five long link-
ers [32], by macrocyclization with Eglinton coupling (Fig. 12). Compound 20b with five octyl groups
was obtained in 60 % yield for the macrocyclization step. The DFT calculation of 20a gave an opti-
mized structure that was slightly twisted from the Cs symmetric structure, and some alkyne carbons had
bond angles smaller than 170º to overcome the geometric mismatch. In contrast, the calculation of 21a
gave a nearly C2 symmetric structure as the global minimum rather than a Cs symmetric structure. Very
recently, we obtained a small amount of 21b and its 1H NMR spectrum was symmetric even at low tem-
perature. This observation means that exchanges between all possible C2 conformations via the pseudo-
rotation-like process take place very rapidly on the NMR time scale.
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Fig. 11 Interconversion between stereoisomers of cyclic dimers 18 and 19 with intraannular alkyl group(s).

Fig. 12 Cyclic pentamers 20 and 21 and calculated structure of 20a at M05/3-21G level.



Cyclic hexamers and larger oligomers

On the basis of geometrical requirements, the frameworks of cyclic hexamers should be conformation-
ally flexible with no significant bending deformation. According to the linkage theory in mechanical
engineering, a linkage with six bars and six joints, equivalent to a hexamer, should have three degrees
of freedom. A hexagonal motif with 1,8-A units was recently proposed by Kissel et al. to realize a 2D
molecular network [33]. Larger cyclic oligomers are more flexible than hexamers and, for example,
octamers and dodecamers should have five and nine degrees of freedom, respectively. These macro-
cyclic compounds can become chiral by the structural modifications mentioned in the section on
tetramers.

Hexamer 22b with six short linkers and six octyl groups was synthesized by macrocyclization
(Fig. 13) [31]. Its 1H NMR spectrum is very simple: it has one set of ABC system and a singlet in the
aromatic region. DFT calculations of 22a gave a parallelogram conformation as the global minimum
and other possible conformations, such as triangle, rectangle, and hexagon, were less stable. When one
long linker was incorporated into the structure of 22, the structure became chiral. The enantiomers of
23b with six octyl groups were resolved by chiral HPLC (CHIRALPAK IA) [31]. Compound 24b with
two long linkers and two alkyl groups was also synthesized from a hexameric precursor [34]. DFT cal-
culations suggested that 23a and 24a also preferred to take parallelogram conformations. The confor-
mational preference is attributed to the transannular π–π interactions in the macrocyclic systems.

From the reaction mixture for the synthesis of 24b, we also isolated dodecamer 25b (92-mem-
bered ring) formed by dimerization followed by macrocyclization (Fig. 14). Although this architecture
had several degrees of freedom, we could perform the structural optimization of 25a at the M05/3-21G
level. The molecule tend to assume a highly folded conformation to maximize the π–π interactions.
Conformation X with three internal foldings was more stable by 24 kJ/mol than Y with four internal
foldings. VT 1H NMR measurements of 25b revealed that the conformational exchanges between X and
its topomers were fast at room temperature, but became slow at –80 °C. The mechanism of the dynamic
behavior was proposed on the basis of these experimental and theoretical data.
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Fig. 13 Cyclic hexamers 22–24 and calculated structure of 22a at M05/3-21G level.



Macrocyclization of acyclic trimer 26 with two 1,8-A units and one 1,5-A unit by Eglinton cou-
pling gave a series of cyclic oligomers, trimer 27, hexamer 28, nonamer 29, and dodecamer 30 in 3, 30,
15, and 14 % yields, respectively (Fig. 15) [35]. These cyclic oligomers are all chiral owing to the pres-
ence of 1,5-A units. X-ray analysis revealed that 28 has a flat figure-eight structure with close contact
between the two 1,5-A units. The macrocyclic framework of 29 is flat and bent rather than expanded
regardless of several degrees of freedom. The enantiomers of 27–29 could be resolved by chiral HPLC
(CHIRALPAK IC), and their specific rotation and CD spectra depended on the ring size (Fig. 16). None
of the enantiomers showed racemization at high temperature, indicating the high barrier to racemiza-
tion because of the destabilization of the transition state by steric hindrance.
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Fig. 14 Cyclic hexamers 25 and calculated structures of 25a at M05/3-21G level (circles represent positions of long
linkers).

Fig. 15 Chiral cyclic oligomers 27–30 consisting of 1,8-A and 1,5-A units and their precursor 26.

Fig. 16 CD spectra and specific rotations of enantiomers of 27–29 in CHCl3. Solid and broken lines show CD
curves of the easily eluted isomer and the less easily eluted isomer, respectively.



REACTIVITY OF OLIGOMERS

Acetylene units and triple bond moieties themselves are reactive toward many reagents under various
conditions. In order to examine the reactivities of respective units in the oligomeric system, we
attempted several reactions mainly with cyclic tetramer 1 [18]. However, the hydrogenation over Pd/C
did not proceed at all and photoirradiation gave a complicated mixture. One likely reason for these
unsuccessful results is the restricted motion of the reaction sites. Therefore, we carried out the photo -
reactions with acyclic oligomers [36]. When trimer 31 was irradiated with visible light, cycloaddition
product anti-32 was obtained in good yield (Fig. 17). X-ray analysis revealed that this product was
cyclized from zig-zag conformation and the central anthracene unit remained unreacted. Another pos-
sible product syn-32 from U-shaped conformation was not found. This photoproduct quantitatively
reverted to the original compound on heating at 180 °C. As for acyclic tetramer 33, we obtained only
one photoproduct 34 from the zig-zag conformation, which then reverted to 33 on heating. The
reversible folding–unfolding process between 33 and 34 is likened to a four-panel folding screen. 

CONCLUSION

A variety of molecular architectures were constructed from anthracene units and acetylene linkers by
changing the number of units, the connection sites, and the linker length. Cyclic oligomers ranging from
dimers to dodecamers have characteristic structural and spectroscopic properties depending on their
molecular design. Molecular flexibility and symmetry are important aspects that should be taken into
consideration in evaluating the nature of the cyclic oligomers. As regards flexible cyclic oligomers, the
molecules tend to take folded conformations to maximize the π–π interactions between anthracene
units. A high barrier to the skeletal swing in cyclic tetramer 1 is supporting evidence of the importance
of the attractive interactions. Chiral HPLC was found to be a powerful technique to resolve chiral cyclic
oligomers, allowing us to measure the chiroptical properties of new types of stereoisomers. We have not
yet explored well the reactivity of anthracene–acetylene oligomers. Further studies of the photoreaction
of cyclic oligomers to realize the photoswitching function are in progress. For further diversification of
the oligomer structures, the chain enlongation in acyclic and cyclic oligomers, the incorporation of
other arene units, and the introduction of functional side chains are our future plans.
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Fig. 17 Photoreaction of acyclic oligomers 31 and 33 and their thermal reverse reactions.



ACKNOWLEDGMENTS

This study was partly supported by Grants-in-Aid and matching fund subsidy for private universities
from the Ministry of Education, Culture, Sports, Science and Technology, Japan. The author thanks sev-
eral collaborators for their contributions whose names appear in the references. 

REFERENCES AND NOTES

1. (a) C. Weder (Ed.). Poly(arylene ethynylene)s, Springer, Heidelberg (2005); (b) M. Leclerc, J.-F.
Morin (Eds.). Design and Synthesis of Conjugated Polymers, Wiley-VCH, Weinheim (2010); (c)
B.-B. Ni, Q. Yan, Y. Ma, D. Zhao. Coord. Chem. Rev. 254, 954 (2010).

2. (a) K. Sonogashira. In Handbook of Organopalladium Chemistry for Organic Synthesis, Vol. 1,
E.-i. Negishi, A. de Meijere (Eds.), p. 493, John Wiley, New York (2002); (b) R. Chinchilla,
C. Nájera. Chem. Rev. 107, 874 (2007); (c) P. Simemsen, R. C. Livingston, F. Diederich. Angew.
Chem., Int. Ed. 39, 2632 (2000).

3. N. M. Jenny, M. Mayor, T. R. Eaton. Eur. J. Org. Chem. 4965 (2011).
4. (a) E. L. Spitler, C. A. Johnson II, M. M. Haley. Chem. Rev. 106, 5344 (2006); (b) K. Tahara,

T. Yoshimura, M. Sonoda, Y. Tobe, R. V. Williams. J. Org. Chem. 72, 1437 (2007).
5. (a) T. Kawase. Synlett 2609 (2007); (b) W. Zhang, J. S. Moore. Angew. Chem., Int. Ed. 45, 4416

(2006); (c) Y. Tobe, N. Utsumi, K. Kawabata, A. Nagano, K. Adachi, S. Araki, M. Sonoda,
K. Hirose, K. Naemura. J. Am. Chem. Soc. 124, 5350 (2002); (d) S. Höger. Chem.—Eur. J. 10,
1320 (2004).

6. (a) V. Balzani, M. Benturi, A. Credi. Molecular Devices and Machines, Wiley-VCH, Weinheim
(2003); (b) Y. Shirai, J.-F. Morin, T. Sasaki, J. M. Guerrero, J. M. Tour. Chem. Soc. Rev. 35, 1043
(2006); (c) T. C. Bedard, J. S. Moore. J. Am. Chem. Soc. 117, 10662 (1995).

7. (a) Y. Zhao, J. S. Moore. In Foldamers: Structure, Properties, and Applications, S. Hecht, I. Huc
(Eds.), Chap. 3, Wiley-VCH, Weinheim (2007); (b) M. M. Slutsky, J. S. Phillip, G. N. Tew. New
J. Chem. 32, 670 (2008).

8. (a) S. W. Thomas III, G. D. Joly, T. M. Swager. Chem. Rev. 107, 1339 (2007); (b) M. Leclerc,
J.-F. Morin (Eds.). Design and Synthesis of Conjugated Polymers, Chap. 5, Wiley-VCH,
Weinheim (2010); (c) U. H. F. Bunz. Macromol. Rapid Commun. 30, 772 (2009).

9. Y. Tobe, M. Sonoda. In Modern Cyclophane Chemistry, R. Gleiter, H. Hopf (Eds.), Chap 1,
Wiley-VCH, Weinheim (2004).

10. Recent examples of oligomers with anthracene units: (a) S. Chen, Q. Yan, T. Li, D. Zhao. Org.
Lett. 12, 4784 (2010); (b) K. Miki, M. Fujita, Y. Inoue, Y. Senda, T. Kowada, K. Ohe. J. Org.
Chem. 75, 3537 (2010); (c) A. Dell’Aquila, F. Marinelli, J. Tey, P. Keg, Y.-M. Lam, O. L.
Kapitanchuk, P. Mastrorilli, C. F. Nobile, P. Cosma, A. Marchenko, D. Fichou, S. G. Mhaisalkar,
G. P. Suranna, L. Torsi. J. Mater. Chem. 18, 786 (2008).

11. Selected examples of oligomers with other aromatic units: (a) J. G. Rodriguez, J. L. Tejedor. J.
Org. Chem. 67, 7631 (2002); (b) G. Venkataramana, P. Dongare, L. N. Dawe, D. W. Thompson,
Y. Zhao, G. J. Bodwell. Org. Lett. 13, 2240 (2011); (c) D. Lehnherr, R. R. Tykwinski. Aust. J.
Chem. 64, 919 (2011).

12. (a) T. Makino, S. Toyota. Bull. Chem. Soc. Jpn. 78, 917 (2005); (b) S. Toyota, T. Yamamori,
T. Makino. Tetrahedron 57, 3521 (2001); (c) S. Toyota, T. Nakagawa, M. Kotani, M. Ōki,
H. Uekusa, Y. Ohashi. Tetrahedron 58, 10345 (2002).

13. For a review, see: S. Toyota. Chem. Lett. 40, 12 (2011).
14. Examples of applications of 1,8-A linkers. (a) H. E. Katz. J. Org. Chem. 54, 2179 (1989); (b)

L. Flamigni, A. M. Talarico, B. Ventura, R. Rein, N. Solladié. Chem.—Eur. J. 12, 701 (2006).

S. TOYOTA

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 917–929, 2012

928



15. (a) R. Gleiter, R. Merger. In Modern Acetylene Chemistry, P. J. Stang, F. Diederich (Eds.), Chap.
8, VCH, Weinheim (1995); (b) S. Eisler, R. McDonald, G. R. Loppnow, R. R. Tykwinski. J. Am.
Chem. Soc. 122, 6917 (2000).

16. S. Toyota. Chem. Rev. 110, 5398 (2010).
17. M. Goichi, K. Segawa, S. Suzuki, S. Toyota. Synthesis 2116 (2005).
18. (a) S. Toyota, M. Goichi, M. Kotani. Angew. Chem., Int. Ed. 43, 2248 (2004); (b) S. Toyota,

M. Goichi, M. Kotani, M. Takezaki. Bull. Chem. Soc. Jpn. 78, 2214 (2005).
19. S. Toyota, S. Suzuki, M. Goichi. Chem.—Eur. J. 12, 2482 (2006).
20. P. Kissel, F. Weibel, L. Federer, J. Sakamoto, A. D. Schlüter. Synlett 1793 (2008).
21. All chiral HPLC columns mentioned in this article were products of Daicel Chemical Industries

with registered trademarks.
22. (a) S. Toyota, H. Miyahara, M. Goichi, S. Yamasaki, T. Iwanaga. Bull. Chem. Soc. Jpn. 82, 931

(2009); (b) M. Goichi, S. Yamasaki, H. Miyahara, K. Wakamatsu, H. Akashi, S. Toyota. Chem.
Lett. 36, 404 (2007); (c) M. Goichi, S. Toyota. Chem. Lett. 35, 684 (2006).

23. (a) T. Ishikawa, T. Shimasaki, H. Akashi, T. Iwanaga, S. Toyota, M. Yamasaki. Bull. Chem. Soc.
Jpn. 83, 220 (2010); (b) T. Ishikawa, T. Shimasaki, H. Akashi, S. Toyota. Org. Lett. 10, 417
(2008).

24. (a) S. Toyota, H. Miyahara, M. Goichi, K. Wakamatsu, T. Iwanaga. Bull. Chem. Soc. Jpn. 81,
1147 (2008); (b) M. Goichi, H. Miyahara, S. Toyota. Chem. Lett. 35, 920 (2006).

25. S. Akiyama, S. Misumi, M. Nakagawa. Bull. Chem. Soc. Jpn. 33, 1293 (1960).
26. Recent reports on derivatives of 16 as electronic devices: (a) W. Zhao, Q. Tang, H. S. Chan, J. Xu,

K. Y. Lo, Q. Miao. Chem. Commun. 4324 (2008); (b) J. M. W. Chan, J. R. Tischler, S. E. Kooi,
V. Bulović, T. M. Swager. J. Am. Chem. Soc. 131, 5659 (2009).

27. S. Toyota, M. Kurokawa, M. Araki, K. Nakamura, T. Iwanaga. Org. Lett. 9, 3655 (2007).
28. T. Iwanaga, K. Miyamoto, K. Tahara, K. Inukai, S. Okuhata, Y. Tobe, S. Toyota. Chem.—Asian

J. In press. <http://dx.doi.org/10.1002/asia.201101000>
29. S. Toyota, H. Onishi, Y. Kawai, T. Morimoto, H. Miyahara, T. Iwanaga, K. Wakamatsu. Org. Lett.

11, 321 (2009).
30. S. Toyota, H. Onishi, K. Wakamatsu, T. Iwanaga. Chem. Lett. 38, 350 (2009).
31. S. Toyota, T. Kawakami, R. Shinnishi, R. Sugiki, S. Suzuki, T. Iwanaga. Org. Biomol. Chem. 8,

4997 (2010).
32. S. Toyota, M. Yoshikawa, S. Imigi, K. Wakamatsu, T. Iwanaga. Unpublished results.
33. P. Kissel, J. van Heijst, R. Enning, A. Stemmer, A. D. Schlüter, J. Sakamoto. Org. Lett. 12, 2778

(2010).
34. S. Toyota, H. Harada, H. Miyahara, T. Kawakami, K. Wakamatsu, T. Iwanaga. Bull. Chem. Soc.

Jpn. 84, 829 (2011).
35. T. Ishikawa, T. Iwanaga, S. Toyota, M. Yamasaki. Bull. Chem. Soc. Jpn. 84, 729 (2011).
36. S. Toyota, M. Kuga, A. Takatsu, M. Goichi, T. Iwanaga. Chem. Commun. 1323 (2008).

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 917–929, 2012

Anthracene molecular architectures 929


