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Owing to their potential application as organic semiconduc-
tors, acenes that are larger than anthracene have been
attractive in providing promising motifs for the design and
synthesis of organic materials.[1] In contrast, the smaller
acenes, especially the smallest acene naphthalene, have been
relatively unexplored, despite their superior chemical stabil-
ity and intrinsic charge carrier transport ability. Unlike the
larger acenes, naphthalene is an air-stable compound, and was
among the first organic materials for which bipolar charge
carrier mobility was revealed by the time-of-flight method.[2]

The subsequent early studies on the conductance of naphtha-
lene led to the fundamental development of organic elec-
tronic materials.[3] However, naphthalene has been a material
of little practical merit, largely because the solid is thermally
labile; as can be seen through its use as the volatile ingredient
of mothballs. We envisaged that the macrocyclization of
naphthalene molecules through single-bond linkages would
be attractive for the design of organic electronic materials
without perturbing transparency, chemical stability, or intrin-
sic mobility.[4] Herein, we report the concise synthesis of the
cyclic aromatic hydrocarbons, [n]cyclo-2,7-naphthylenes
([n]CNAP), and their performance as bipolar carrier trans-
port materials in organic light-emitting diode (OLED)
devices. Pure hydrocarbon macrocycles without appended
functionalities such as heteroatoms and side chains have been
found to enhance thermal stability and bipolar carrier trans-
port ability.

A series of [n]CNAPs was synthesized by a nickel-
promoted coupling reaction of 2,7-dibromonaphthalene 1,[5]

and three major congeners (n = 5, 6, and 7) were isolated by
utilizing their stark differences in solubility. A solution of 1
was added dropwise to a solution of [Ni(cod)2], 1,5-cyclo-
octadiene, and 2,2’-bipyridine in a mixture of toluene and
DMF to give a mixture of [n]CNAP (Scheme 1). After

washing with hydrochloric acid, the toluene extracts from the
crude material were separated from the insoluble materials.
As shown in Figure S1 in the Supporting Information, analysis
with matrix-assisted laser desorption/ionization (MALDI)
mass spectra showed that the toluene extracts contained
[5]CNAP as a predominant compound, and the insoluble
materials contained a mixture of [n]CNAP (n = 6–12).[6]

Isolation of relatively soluble [5]CNAP was accomplished
by gel permeation chromatography to afford [5]CNAP in 1%
yield from 1 (Figure S1c). After screening various solvents, we
found that extraction of the insoluble materials with chloro-
form afforded [7]CNAP in 12 % yield after subsequent
recrystallization from o-dichlorobenzene (Figure S1e).
Finally, [6]CNAP was isolated in 24% yield after extraction
of the residue with 1-methylnaphthalene and subsequent
recrystallization from nitrobenzene (Figure S1d). Purity of
the isolated compounds was confirmed by HPLC, and
residual solvents were quantified by elemental analysis.
Considering the results of X-ray crystal structure analysis
(see below), we think that the persistent solvent molecules
may be captured in the macrocyclic opening of CNAP. The

Scheme 1. Synthesis and isolation of [n]CNAP. [a] Yield of isolated
product after subsequent purification by GPC. [b] Yield of isolated
product after subsequent purification by recrystallization from o-
dichlorobenzene. [c] Yield of isolated product after subsequent purifi-
cation by recrystallization from nitrobenzene. cod = 1,5-cyclooctadiene,
DMF= N,N-dimethylformamide.
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synthesis and isolation procedure was concise enough to allow
the gram-scale preparation of [6]CNAP. Other reactions, such
as Ullmann-type coupling,[7] also gave [n]CNAP as the
product; however the isolation of each compound was
hampered by severe contamination of linear oligomeric
naphthylenes.

The structures of all the isolated CNAP were established
by single-crystal X-ray analysis.[8] Suitable crystals were
obtained by crystallization induced by vapor diffusion of
acetonitrile or benzene into a solution of [5]- or [7]CNAP in
chloroform, respectively. X-ray quality crystals of [6]CNAP
were obtained from an anthracene melt.[9] However, we defer
any detailed discussion on the structure of [6]CNAP, because
of the insufficient quality of data from the crystals. As shown
in Figure 1, the cyclic arrays of naphthalene rings are large
enough to accommodate small molecules. Thus, the longest
distance between hydrogen atoms at the opening periphery
measures 0.7 nm for [5]CNAP, 0.9 nm for
[6]CNAP, and 1.1 nm for [7]CNAP. A mol-
ecule of acetonitrile or benzene was indeed
located in the opening of [5]- and [7]CNAP,
respectively. Although the macrocycles are
not perfectly planar resulting from axial
twists between the naphthyl units (Figure 1a
and S3), the overall structures retain a large
diameter-to-thickness ratio by adopting
mostly alternate twists to form macrocycles.
We also noticed that the naphthyl rings are
deformed in the planar structure. The aver-
age bend angles of the rings are 168 for
[5]CNAP and 58 for [7]CNAP (Fig-
ure S3).[6, 10] Calculations by the DFT
method at the B3LYP/6-31G(d,p) level qual-
itatively reproduced the average bend angles
(138 for [5]CNAP, 48 for [6]CNAP, and 38 for
[7]CNAP), and the theoretical analysis of
strain energy through hypothetical homodes-
motic reactions indicated that a larger strain
of 19 kcalmol�1 is forced on [5]CNAP (2 kcal
mol�1 and 3 kcalmol�1 for [6]- and [7]CNAP,
respectively). Such a strain on [5]CNAP may
have resulted in the low yield of the com-
pound and may have also affected the
thermal stability (see below). Note, however,
that the strain energy is much smaller than
that of tubular aromatic hydrocarbons,
[n]cycloparaphenylenes (ca.
> 30 kcalmol�1).[11,12]

In the crystal packing, CNAP maintains
ubiquitous contact motifs of acenes such as
the p-stack and CH-p contacts. As shown in
Figure 1b, the intermolecular contacts result
in unique columnar arrays of molecules.
Having a bowl-like structure, [5]CNAP mol-
ecules form dimeric pairs in the column and
are oriented nearly orthogonal with respect
to the stacking axis. The larger macrocycles,
on the other hand, have chair-like structures
and are uniformly tilt-aligned in the columns.

The largest [7]CNAP shows more frequent contacts between
the molecules in the different columns.

Optical and thermal analysis of CNAP revealed proper-
ties that are favorable for optoelectronic applications. The
UV/Vis spectra of CNAP in chloroform show the maximum
absorption band in the UV region (271, 277, and 279 nm for
[5]-, [6]-, and [7]CNAP, respectively), with broad tails reach-
ing up to 350 nm. Thus, preserving the characteristic absorp-
tion of naphthalene (Figure S4),[6] CNAPs are transparent in
the visible light region. Thermal analysis of CNAP solids by
differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) showed their highly resistant charac-
ters. An endothermic peak of phase transition was detected
by DSC for [5]CNAP at 380 8C but none were detected for [6]-
and [7]CNAP up to 400 8C. Analysis by TGA under nitrogen
showed that the persistent solvent molecules evaporate far
above their boiling points (ca. 350 8C) and that CNAP

Figure 1. Structures of [n]CNAP (n = 5, 6, 7) determined by X-ray crystallographic analysis.
a) Molecular structures with a representative geometry. To clarify the relative orientation
of the naphthyl rings, structures of CNAP are shown in the tube models with filled rings.
The solvent molecules in the opening are shown in ball-and-stick models (acetonitrile in
[5]CNAP and benzene in [7]CNAP). C gray, H white, N blue. b) Packing structures.
Molecules in neighboring columns are different colors. Solvent molecules and hydrogen
atoms are omitted for clarity.
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decomposes at 539, 638, and 603 8C for [5]-, [6]-, and
[7]CNAP, respectively (Td of < 5% weight loss). Although
[5]CNAP decomposes at a relatively lower temperature, most
likely as a result of the larger strain energy, their decom-
position temperatures are much higher than large acenes such
as pentacene (339 8C) and rival those of fullerenes bearing the
same numbers of carbon atoms and p-electrons
(ca. 600 8C).[13, 14] Furthermore, [6]- and [7]CNAP were also
oxidatively stable and decomposed at 522 8C, even in air.

Theoretical calculations showed that the large rigid
macrocyclic structures, albeit nonplanar, allow effective
distribution of charge and spin of radical ions.[4, 15] The
reorganization energies through the carrier transport for
[5]-, [6]-, and [7]CNAP were thus estimated as 88, 66, and
53 meV, respectively, for the hole transport and 132, 134, and
113 meV, respectively, for the electron transport (Table S5).
The results show that the CNAPs have a reorganization
energy that is much smaller than that of the parent
naphthalene (186 meV for hole and 261 meV for electron)
and an even smaller energy for the hole transport than that of
pentacene (100 meV for hole and 125 meV for electron).[16]

The analysis of the charge and spin distribution in radical ions
indicated that they are well-delocalized over the macrocyclic
structures (Figure S5 and S6). In addition, the calculations
revealed the pseudodegenerate frontier molecular orbitals
(Figure S7), which may allow effective overlapping of the
orbitals between neighboring molecules with various inter-
molecular contacts.

Finally, the carrier transport performance of CNAP was
evaluated with the abundant compounds, [6]- and [7]CNAP,
in standard phosphorescent OLED devices with the following
configurations:[4, 17] ITO (indium tin oxide; 100 nm)/
PEDOT:PSS (poly(ethylenedioxy)thiophene:polystyrene
sulfonate; 20 nm)/HTL (hole transport layer, 20 nm)/
CBP:[Ir(ppy)3, 6%] (4,4’-N,N’-dicarbazole biphenyl:tris(2-
phenylpyridine)iridium; 40 nm)/BCP (bathocuproine,
10 nm)]/ETL (electron transport layer, 30 nm)/LiF (0.5 nm)/
Al (110 nm; see also Figure S8 and S9). The macrocycles are
both thermally stable and discrete molecular entity; thus they
can be deposited in HTL and/or ETL by vacuum deposition.
The performance of these macrocycles as carrier transport
materials were compared with devices with N,N’-diphenyl-
N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (a-NPD) for
HTL and with tris(8-hydroxyquinoline)aluminum (Alq3) for
ETL. The representative characteristics of the driving voltage
(DV) and the external quantum efficiency (EQE) were
compared as typical measures of injection efficiency and
transport ability of carriers (Table 1 and Figure S10). The
green phosphorescence from the guest iridium-emitter was
observed in all the devices, and the carrier transport by CNAP
was confirmed. The performance of CNAP devices B–E in
EQE was comparable or higher than the reference devices
with standard materials such as a-NPD or Alq3, and the
device E with [7]CNAP in ETL afforded the highest value of
13.2%. The increase in DV of CNAP devices is most likely a
result of the modest efficiency of the carrier injection to
CNAP layers, which may have resulted in the lower perfor-
mance of devices F and G. Importantly, this study adds a very
rare example of macrocyclic organic semiconductors to the

literature,[18, 19] and further studies including both experimen-
tal and theoretical investigations would be interesting to fully
understand the detailed electronic behavior of these unique
cyclic systems.

In summary, we have developed a concise method of the
synthesis for new macrocyclic aromatic hydrocarbons,
[n]CNAP, by a one-pot procedure from readily available
small acenes. The isolation of two abundant CNAPs was
successfully achieved without recourse to formidable chro-
matographic methods, which allowed the gram-scale prepa-
ration of [6]CNAP. The finding of bipolar electronic materials
from pure hydrocarbon macrocycles composed solely of sp2-
hybridized carbon atoms and hydrogen atoms shows the
viability of molecular design without introduction of pro-
found extension of p-conjugation or electronic tunings with
heteroatoms. The macrocyclic electronic materials that bear
oligomeric p-systems without any termini lie between small
molecules and polymers and may stimulate the experimental
and theoretical exploration of this series in materials. Devel-
opment of this series should be further facilitated by an ever-
increasing variety of aryl–aryl coupling reactions. The nano-
scale opening of the macrocycles composed of sp2-hybridized
carbon atoms in 25-, 30-, and 35-membered rings may also
serve as a structural model for porous graphenes,[20] and
unique properties such as permeability would be an important
subject for future studies. The fine electronic tunings of
CNAP through encapsulation of active components in the
opening or covalent modifications with substituents, for
example, is of great interest for the development of organic
semiconductors with specific properties and is currently under
investigations.

Received: February 22, 2011
Published online: April 26, 2011

.Keywords: arenes · macrocycles · oligomerization ·
organic semiconductors · thin films

[1] a) M. Bendikov, F. Wudl, D. F. Perepichka, Chem. Rev. 2004, 104,
4891 – 4945; b) J. E. Anthony, Chem. Rev. 2006, 106, 5028 – 5048;
c) J. E. Anthony, Angew. Chem. 2008, 120, 460 – 492; Angew.
Chem. Int. Ed. 2008, 47, 452 – 483.

[2] M. Silver, J. R. Rho, D. Olness, R. C. Jarnagin, J. Chem. Phys.
1963, 38, 3030 – 3031.

[3] a) W. Warta, N. Karl, Phys. Rev. B 1985, 32, 1172 – 1182; b) N.
Karl, Synth. Met. 2003, 133, 649 – 657.

Table 1: Device performance of OLED at a constant current density of
2.5 mAcm�2.

Device HTL ETL DV[a] [V] EQE[b] [%]

A a-NPD Alq3 6.6 10.7
B [6]CNAP Alq3 7.5 12.6
C [7]CNAP Alq3 8.0 12.7
D a-NPD [6]CNAP 6.4 10.5
E a-NPD [7]CNAP 8.5 13.2
F [6]CNAP [6]CNAP 11.6 7.9
G [7]CNAP [7]CNAP 12.1 9.5

[a] Driving voltage. [b] External quantum efficiency.

Angewandte
Chemie

5437Angew. Chem. 2011, 123, 5435 –5438 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/cr030666m
http://dx.doi.org/10.1021/cr030666m
http://dx.doi.org/10.1021/cr050966z
http://dx.doi.org/10.1002/ange.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1063/1.1733639
http://dx.doi.org/10.1063/1.1733639
http://dx.doi.org/10.1103/PhysRevB.32.1172
http://dx.doi.org/10.1016/S0379-6779(02)00398-3
http://www.angewandte.de


[4] W. Nakanishi, S. Hitosugi, A. Piskareva, Y. Shimada, H. Taka, H.
Kita, H. Isobe, Angew. Chem. 2010, 122, 7397 – 7400; Angew.
Chem. Int. Ed. 2010, 49, 7239 – 7242.

[5] a) M. Uchino, A. Yamamoto, S. Ikeda, J. Organomet. Chem.
1970, 24, C63 – C64; b) M. F. Semmelhack, P. Helquist, L. D.
Jones, L. Keller, L. Mendelson, L. S. Ryono, J. G. Smith, R. D.
Stauffer, J. Am. Chem. Soc. 1981, 103, 6460 – 6471; c) W. Pisula,
M. Kastler, C. Yang, V. Enkelmann, K. M�llen, Chem. Asian J.
2007, 2, 51 – 56.

[6] See the Supporting Information.
[7] a) W. S. Rapson, R. G. Shuttleworth, J. N. van Niekerk, J. Chem.

Soc. 1943, 326 – 327; b) H. A. Staab, F. Binnig, Tetrahedron Lett.
1964, 5, 319 – 321; c) H. A. Staab, H. Br�unling, Tetrahedron
Lett. 1965, 6, 45 – 49.

[8] CCDC 813215 ([5]CNAP), 813216 ([6]CNAP), and 813217
([7]CNAP) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

[9] T. Miyahara, M. Shimizu, J. Cryst. Growth 2001, 229, 553 – 557.
[10] G. J. Bodwell, J. J. Fleming, D. O. Miller, Tetrahedron 2001, 57,

3577 – 3585.
[11] Y. Segawa, H. Omachi, K. Itami, Org. Lett. 2010, 12, 2262 – 2265.
[12] a) R. Jasti, J. Bhattacharjee, J. B. Neaton, C. R. Bertozzi, J. Am.

Chem. Soc. 2008, 130, 17646 – 17647; b) H. Takaba, H. Omachi,
Y. Yamamoto, J. Bouffard, K. Itami, Angew. Chem. 2009, 121,
6228 – 6232; Angew. Chem. Int. Ed. 2009, 48, 6112 – 6116; c) S.
Yamago, Y. Watanabe, T. Iwamoto, Angew. Chem. 2010, 122,
769 – 771; Angew. Chem. Int. Ed. 2010, 49, 757 – 759.

[13] J. A. Merlo, C. R. Newman, C. P. Gerlach, T. W. Kelley, D. V.
Muyres, S. E. Fritz, M. F. Toney, C. D. Frisbie, J. Am. Chem. Soc.
2005, 127, 3997 – 4009.

[14] a) H. S. Chen, A. R. Kortan, R. C. Haddon, D. A. Fleming, J.
Phys. Chem. 1992, 96, 1016 – 1018; b) M. Wohlers, A. Bauer, T.
R�hle, F. Neitzel, H. Werner, R. Schl�gl, Fullerene Sci. Technol.
1997, 5, 49 – 83.

[15] a) V. Coropceanu, J. Cornil, D. A. da Silva Filho, Y. Olivier, R.
Silbey, J. L. Br�das, Chem. Rev. 2007, 107, 926 – 952; b) J. L.
Br�das, D. Beljonne, V. Coropceanu, J. Cornil, Chem. Rev. 2004,
104, 4971 – 5003.

[16] V. Coropceanu, M. Malagoli, D. A. da Silva Filho, N. E. Gruhn,
T. G. Bill, J.-L. Br�das, Phys. Rev. Lett. 2002, 89, 275503.

[17] Highly Efficient OLEDs with Phosphorescent Materials (Ed.: H.
Yersin), Wiley-VCH, Weinheim, 2008.

[18] a) Y. Shirota, H. Kageyama, Chem. Rev. 2007, 107, 953 – 1010;
b) A. R. Murphy, J. M. J. Fr�chet, Chem. Rev. 2007, 107, 1066 –
1096; c) Electronic Materials: The Oligomer Approach (Eds.: K.
M�llen, G. Wegner), Wiley-VCH, Weinheim, 1998.

[19] a) H. Xu, G. Yu, W. Xu, Y. Xu, G. Cui, D. Zhang, Y. Liu, D. Zhu,
Langmuir 2005, 21, 5391 – 5395; b) Y. Song, C. a. Di, W. Xu, Y.
Liu, D. Zhang, D. Zhu, J. Mater. Chem. 2007, 17, 4483 – 4491.

[20] a) A. Hashimoto, H. Yorimitsu, K. Ajima, K. Suenaga, H. Isobe,
J. Miyawaki, M. Yudasaka, S. Iijima, E. Nakamura, Proc. Natl.
Acad. Sci. USA 2004, 101, 8527 – 8530; b) M. Koshino, N. Solin,
T. Tanaka, H. Isobe, E. Nakamura, Nat. Nanotechnol. 2008, 3,
595 – 597; c) M. Bieri, M. Treier, J. Cai, K. A�t-Mansour, P.
Ruffieux, O. Gr�ning, P. Gr�ning, M. Kastler, R. Rieger, X.
Feng, K. M�llen, R. Fasel, Chem. Commun. 2009, 6919 – 6921;
d) T. Nelson, B. Zhang, O. V. Prezhdo, Nano Lett. 2010, 10,
3237 – 3242; e) A. Du, Z. Zhu, S. C. Smith, J. Am. Chem. Soc.
2010, 132, 2876 – 2877.

Zuschriften

5438 www.angewandte.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 5435 –5438

http://dx.doi.org/10.1002/ange.201002432
http://dx.doi.org/10.1002/anie.201002432
http://dx.doi.org/10.1002/anie.201002432
http://dx.doi.org/10.1016/S0022-328X(00)84475-7
http://dx.doi.org/10.1016/S0022-328X(00)84475-7
http://dx.doi.org/10.1021/ja00411a034
http://dx.doi.org/10.1002/asia.200600338
http://dx.doi.org/10.1002/asia.200600338
http://dx.doi.org/10.1039/jr9430000326
http://dx.doi.org/10.1039/jr9430000326
http://dx.doi.org/10.1016/0040-4039(64)80020-4
http://dx.doi.org/10.1016/0040-4039(64)80020-4
http://dx.doi.org/10.1016/S0040-4039(00)89926-8
http://dx.doi.org/10.1016/S0040-4039(00)89926-8
http://dx.doi.org/10.1016/S0022-0248(01)01227-1
http://dx.doi.org/10.1016/S0022-0248(01)01227-1
http://dx.doi.org/10.1016/S0022-0248(01)01227-1
http://dx.doi.org/10.1016/S0040-4020(01)00245-9
http://dx.doi.org/10.1016/S0040-4020(01)00245-9
http://dx.doi.org/10.1021/ol1006168
http://dx.doi.org/10.1021/ja807126u
http://dx.doi.org/10.1021/ja807126u
http://dx.doi.org/10.1002/ange.200902617
http://dx.doi.org/10.1002/ange.200902617
http://dx.doi.org/10.1002/anie.200902617
http://dx.doi.org/10.1021/ja044078h
http://dx.doi.org/10.1021/ja044078h
http://dx.doi.org/10.1021/j100182a003
http://dx.doi.org/10.1021/j100182a003
http://dx.doi.org/10.1021/cr050140x
http://dx.doi.org/10.1021/cr050143+
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/la050106d
http://dx.doi.org/10.1039/b708887f
http://dx.doi.org/10.1073/pnas.0400596101
http://dx.doi.org/10.1073/pnas.0400596101
http://dx.doi.org/10.1038/nnano.2008.263
http://dx.doi.org/10.1038/nnano.2008.263
http://dx.doi.org/10.1039/b915190g
http://dx.doi.org/10.1021/nl9035934
http://dx.doi.org/10.1021/nl9035934
http://dx.doi.org/10.1021/ja100156d
http://dx.doi.org/10.1021/ja100156d
http://www.angewandte.de

