
Radialenes
DOI: 10.1002/anie.200703123

Planar [6]Radialenes: Structure, Synthesis, and Aromaticity of
Benzotriselenophene and Benzotrithiophene**
Asit Patra, Yair H. Wijsboom, Linda J. W. Shimon, and Michael Bendikov*

Radialenes (e.g. [6]radialene, 1) are a relatively modern class
of alicyclic hydrocarbons in which all carbon atoms in the ring

are sp2 hybridized and there are as many exocy-
clic double bonds as possible.[1,2] The first radia-
lene, 7,8,9,10,11,12-hexamethyl[6]radialene, was
prepared by Hopff and Wick in 1961.[3] Radia-
lenes and their derivatives have been the subject
of significant theoretical and experimental inter-
est.[1,2, 4, 5] New approaches to the synthesis of
radialenes have been developed, and these struc-

tures have become important building blocks for organic
conductors and ferromagnets.[1,2,6] Radialenes are also of
considerable interest because of their exocyclic double bonds,
aromaticity, and conjugation.[1,2, 4a] The parent [3]-, [4]-, [5]-,
and [6]radialenes polymerize at room temperature and are
unstable in air; however, many stable derivatives are
known.[1,2] It has been found experimentally that [3]-[7] and
[4]radialenes[8] usually have a planar structure.[9] [5]Radia-
lenes, such as decamethyl[5]radialene, usually have a twisted-
envelope or half-chair conformation.[10] In contrast to [3]-,
[4]-, and [5]radialenes, [6]radialenes (of type 1) have a chair
conformation, according to both experimental and theoretical
studies.[1,2, 11] Perylene and triphenylene may not be consid-
ered as radialenes, because the p electrons are delocalized
over an aromatic sextet.[2] On the other hand, the condensed-
thiophene-fused compounds 2[12] and 3,[13] which are isoelec-
tronic with perylene, belong to the [6]radialene family.[2] To
the best of our knowledge, the only known example of a
planar [6]radialene is compound 2.[12]

Herein, we report the efficient
synthesis, X-ray crystal structures,
and characterization of previously
unknown benzo[1,2-c:3,4-c’:5,6-
c’’]triselenophene (5) and its
known[14] sulfur analogue,
benzo[1,2-c:3,4-c’:5,6-c’’]trithio-
phene (4). Two other important
compounds, the previously
unknown selenophene-fused [8]annulene 7 and its known
sulfur analogue 6[15] were also synthesized as side products.[16]

Both 4 and 5 are rare examples of planar [6]radialenes. They
display an unusual geometry, electronic structure, and lack of
aromaticity in the planar six-membered ring.

We prepared compound 4 in one step from commercially
available 3,4-dibromothiophene (Scheme 1).[17] The coupling
of 3,4-dibromothiophene with [Ni(cod)2] in the presence of
1,5-cyclooctadiene (cod) and the neutral ligand Ph3P in dry
acetonitrile produced compounds 4 and 6 in a 1:1 ratio

(Table 1).[17,18] Compounds 4 and 6 are white solids that are
moderately soluble in organic solvents, such as hexane,
CHCl3, and dichloromethane. The same products were
obtained, but in a different ratio, when 2,2’-bipyridyl was
used as the neutral ligand (Table 1). To prepare 5 and 7 (the
previously unknown selenium analogues of 4 and 6, respec-
tively), 3,4-dibromoselenophene[19] was treated similarly with

Scheme 1. Preparation of compounds 4–7 by nickel-catalyzed cyclo-
oligomerization. DMF= N,N-dimethylformamide.

Table 1: Yields of 4–7 from the reaction in Scheme 1.

X Ligand Yield of 4 (X=S)
or 5 (X= Se) [%][a]

Yield of 6 (X= S)
or 7 (X= Se) [%][a]

S Ph3P 40 40
S 2,2’-bipyridyl 14 60
Se Ph3P 50 10
Se 2,2’-bipyridyl 30 5

[a] Yield of the isolated product.
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[Ni(cod)2] in the presence of 1,5-cyclooctadiene and a neutral
ligand (Ph3P or 2,2’-bipyridyl) in dry acetonitrile (Table 1).[17]

Unlike the sulfur analogues 4 and 6, the selenium compounds
5 and 7 are poorly soluble in common organic solvents.

Single crystals of 4 and 5 were grown by slow evaporation
of solutions of the compounds in chloroform at room
temperature. X-ray crystal structures of 4 and 5 are shown
in Figure 1, and structural data, both experimental and
calculated (at the B3LYP/6-31G(d) level), are given in
Table 2. The calculated bond lengths are very close to the
experimental values (within 0.01 ?); our discussion is based
on the experimental values, unless stated otherwise. Both 4
and 5 are practically planar: The average dihedral angle in the
central six-membered ring is only 2.28 for compound 4[20] and
3.08 for compound 5.[21] The calculated[17] optimized structures

of 4 and 5 are planar with D3h symmetry, as confirmed by
frequency analysis. Surprisingly, the bonds in the central six-
membered ring of both 4 and 5 are unusually long for
aromatic C�C bonds, with an average length of 1.451 ? in 4
and 1.457 ? in 5.[22] The C�C bonds in benzene are
significantly shorter at 1.40 ? in length. The exocyclic
double bonds[23] in 4 and 5 are relatively short, with lengths
of 1.371 and 1.363 ?, respectively. The lengths of all bonds
exocyclic to the six-membered ring fall within the range of C�
C bond lengths for double bonds. Thus, it is clear that 4 and 5
are members of the radialene family. Interestingly, in contrast
to their parent analogues, the [6]radialenes 4 and 5 have
planar backbones.

The X-ray crystal structures of both 4 and 5 show that the
molecules are well organized for good electron transport
(Figure 1). Two types of packing are observed: p–p stacking
and a herringbone pattern (Figure 1, bottom). The distances
between p–p-stacked molecules in 4 and 5 are 3.39 (average)
and 3.48 ?, respectively, and are thus similar to the equilib-
rium van der Waals distance of 3.4 ? between two sp2-
hybridized carbon atoms. For comparison, the interplanar
distance between tetracene units in rubrene (record high
mobility has been demonstrated for rubrene in organic field-
effect transistors)[24a] is about 3.7 ?.[24] The C···C distances
between the two molecules packed in herringbone fashion are
also short: 3.3 and 3.4 ? in crystals of 4 and 3.5 ? in crystals of
5. The angles between the two molecules packed in herring-
bone fashion are 73.3 and 85.48 for radialene 4 and 63.8 and
83.28 for radialene 5. The corresponding angles are 538 in
pentacene,[24a] approximately 628 in rubrene,[24b,c] and 53[25a]

and 638[25b] in a-sexithienyl.
The calculated values of the nucleus-independent chem-

ical shifts (NICS)[26] are close to zero for the central ring in
compounds 4 and 5 (Table 3).[27] Consequently, on the basis of
NICS criteria, this ring can be considered to be practically
non-aromatic. The long C�C bonds in the central ring of
compounds 4 and 5 also indicate a lack of aromaticity.[28]

Interestingly, the C(sp2)�C(sp2) bond length calculated for
benzene in the pure sigma state is 1.45 ?,[29] which is very
close to the C�C bond length found for the central ring of 4
and 5. A pure sigma state does not include any contribution
from p orbitals and is therefore absolutely non-aromatic. A
lack of aromaticity combined with the planarity of com-
pounds 4 and 5 is surprising, as all carbon atoms are sp2

hybridized. According to the NICS criteria, the heterocyclic
rings in compounds 4 and 5 maintain their aromaticity
(Table 3).[30]

Figure 1. X-ray crystal structures (top: ORTEP diagrams; bottom:
packing pattern) of compounds 4 (left; two molecules are shown in
the ORTEP diagram)[20] and 5 (right). See Table 2 for bond lengths and
bond angles. In both structures, stacking molecules are positioned on
the same translation axis (b axis for 4 and c axis for 5).

Table 2: Measured and calculated[a] bond lengths and bond angles for 4
and 5. (The values for compound 2 are given for comparison.)

Bond lengths [K] Bond angles [8]
endo[b] exo[b] exocyclic

C=C[b]
endo[c] exo[c]

4[d] 1.439
(1.449)

1.463
(1.462)

1.371
(1.373)

112.0
(112.1)

128.0
(127.9)

5[d] 1.451
(1.453)

1.463
(1.466)

1.363
(1.370)

114.3
(114.0)

125.7
(126.0)

2[e] 1.440
(1.438)

1.452
(1.466)

1.368
(1.372)[f ]

112.3
(112.7)[f ]

135.4
(134.7)

[a] The bond lengths and bond angles calculated at the B3LYP/6-31G(d)
level are given in parenthesis. [b] An endo bond is a bond shared by the
six-membered ring and a five-membered ring, whereas an exo bond
connects two heterocyclic rings. An exocyclic C=C bond[23] is a bond
exocyclic to the six-membered ring. [c] An endo bond angle is a C-C-C
angle inside a heterocyclic ring, whereas the exo bond angles are the
angles outside the heterocyclic and central rings. [d] Average measured
values for three bonds or three bond angles are given. Measured values
are within 0.01 K or 18 of the average value. [e] Average measured values
from reference [12a]. [f ] Average values for two different endo bonds or
bond angles.

Table 3: NICS(0) and NICS(1) values[26] calculated at the B3LYP/6-
31G(d)//B3LYP/6-31G(d) level for the central and heterocyclic rings of
compounds 2, 4, and 5.

Central ring Heterocyclic rings
NICS(0) [ppm] NICS(1) [ppm] NICS(0) [ppm] NICS(1) [ppm]

4 1.9 �1.6 �12.2 �9.6
5 2.6 �1.2 �11.6 �9.3
2 3.7 0.2 �10.1 �7.7
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The endo bond angles in the thiophene and selenophene
rings of 4 and 5 are 112.0 and 114.38, respectively, and thus
significantly smaller than the 1208 required for ideal planar
[6]radialene. Therefore, a positive strain-induced bond local-
ization (SIBL) or Mills–Nixon effect[31] can be expected; that
is, the presence of long endo C�C bonds and short exo C�C
bonds. However, radialenes 4 and 5 show negative SIBL with
endo C�C bonds that are slightly shorter than exo C�C bonds
(Table 2). The aromaticity of the heterocyclic rings forces the
endo C�C bonds to become shorter than the C(sp2)�C(sp2)
bonds, which usually have a length of 1.49 ?[2,32] in [6]radi-
alenes.[22,33] As a result of the SIBL effect, the exoC�C bond is
shortened relative to the usual C(sp2)�C(sp2) bond length.[34]

The UV spectra of compounds 4–7 show strong absorp-
tion peaks at around 250–270 nm (Figure 2), which corre-
spond to absorption by thiophene and selenophene units.[35]

The strongest absorption peak observed for compound 4 (at
254 nm) is blue shifted by 23 nm (0.49 eV) relative to the
absorption of the parent thiophene (231 nm). A similar blue
shift of 17 nm (0.32 eV) was observed for compound 5
(266 nm) relative to the parent selenophene (249 nm).
These blue shifts result mostly from conjugation between
heterocyclic rings in compounds 4 and 5.[36]

Compound 4 has additional absorption peaks at 292–
318 nm, which apparently originate from interactions
between the heterocyclic rings through the central ring. In
compound 5, these absorptions are blue shifted to 307–
337 nm. These absorption bands are absent in the spectra of
compounds 6 and 7, probably owing to a lack of conjugation
between heterocyclic units through the central ring. The
calculated (TD-B3LYP/6-31G(d)) absorption peak for com-
pound 4 for the longest-wavelength transition is at 300 nm
and includes degenerate HOMO–LUMO and HOMO�1–
LUMO transitions.[37] This peak is absent in UV spectra of the
parent fragments, namely thiophene and selenophene mole-
cules. A frontier-orbital picture provides more insight into the
origin of the new absorption peak at around 320 nm for
compounds 4 and 5 (Figure 3). The HOMO�1 and HOMO
are degenerate. They can be considered as antibonding
combinations of the HOMO�1 and HOMO of thiophene
and thus result in antibonding orbital combinations at the

central six-membered ring.[38,39] In contrast, the LUMO can
be considered as a bonding combination of the LUMOs of
thiophene units. This interaction results in a bonding orbital
combination at the central six-membered ring (Figure 3).[40]

We studied the redox behavior of compounds 4–7 by cyclic
voltammetry (CV, see Figure S3 in the Supporting
Information).[17] No reduction peak was observed at poten-
tials of up to�2 V. All oxidation peaks are irreversible, which
might indicate the oligomerization of these molecules under
CV conditions. Radialenes 4 and 5 were oxidized at lower
potentials than the corresponding higher cyclooligomers 6
and 7 by about 0.2 V.[41]

In conclusion, we have studied a new family of planar non-
aromatic [6]radialenes both experimentally and theoretically
and developed a simple method for the synthesis of [6]radi-
alenes containing thiophene and selenophene units. X-ray
crystal-structure analysis showed unexpectedly that the
[6]radialenes 4 and 5 are completely planar. According to
both experimental and theoretical results, the average C�C
bond length in the six-membered rings of 4 and 5 is unusually
long, at around 1.44–1.46 ?. Despite their planarity and the
sp2 hybridization of all carbon atoms, the central six-
membered rings in 4 and 5 are non-aromatic. Compounds 4
and 5 have an unusual electronic structure and solid-state
packing, which involves a combination of p–p stacking and a
herringbone pattern. Therefore, important applications as
organic electronic materials are expected. We are currently
investigating the application of compounds 4 and 5 in organic
field-effect transistors.

Received: July 12, 2007
Revised: August 25, 2007
Published online: October 17, 2007

.Keywords: aromaticity · radialenes · selenium ·
structural properties · sulfur heterocycles

[1] G. Maas, H. Hopf in The Chemistry of Dienes and Polyenes,
Vol. 1 (Ed.: Z. Rappoport), Wiley, Chichester, 1997, chap. 21,
pp. 927 – 977.

[2] H. Hopf, G. Maas, Angew. Chem. 1992, 104, 953 – 977; Angew.
Chem. Int. Ed. Engl. 1992, 31, 931 – 954.

[3] H. Hopff, A. K. Wick, Helv. Chim. Acta 1961, 44, 380 – 386.
[4] a) C. Domene, P. W. Fowler, L. W. Jenneskens, E. Steiner, Chem.

Eur. J. 2007, 13, 269 – 276; b) K. Y. Chernichenko, V. V. Sumerin,
R. V. Shpanchenko, E. S. Balenkova, V. G. Nenajdenko, Angew.
Chem. 2006, 118, 7527 – 7530; Angew. Chem. Int. Ed. 2006, 45,
7367 – 7370.

Figure 2. UV/Vis absorption spectra of compounds 4–7.

Figure 3. HOMO�1 (left), HOMO (middle), and LUMO (right) of
compound 4 (at the B3LYP/6-31G(d) level).

Communications

8816 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 8814 –8818

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& Take advantage of blue reference links &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

http://dx.doi.org/10.1002/ange.19921040804
http://dx.doi.org/10.1002/anie.199209313
http://dx.doi.org/10.1002/anie.199209313
http://dx.doi.org/10.1002/hlca.19610440206
http://dx.doi.org/10.1002/chem.200600507
http://dx.doi.org/10.1002/chem.200600507
http://dx.doi.org/10.1002/ange.200602190
http://dx.doi.org/10.1002/ange.200602190
http://dx.doi.org/10.1002/anie.200602190
http://dx.doi.org/10.1002/anie.200602190
http://www.angewandte.org


[5] a) M. B. Nielsen, M. Schreiber, Y. G. Baek, P. Seiler, S. Lecomte,
C. Boudon, R. R. Tykwinski, J.-P. Gisselbrecht, V. Gramlich, P. J.
Skinner, C. Bosshard, P. Gunter, M. Gross, F. Diederich, Chem.
Eur. J. 2001, 7, 3263 – 3280; b) A. Stanger, N. Ashkenazi, R.
Boese, D. BlKser, P. Stellberg, Chem. Eur. J. 1997, 3, 208 – 211;
c) M. Kaftory, M. Botoshansky, S. Hyoda, T. Watanabe, F. Toda,
J. Org. Chem. 1999, 64, 2287 – 2292; d) Y.-L. Zhao, Q. Liu, J.-P.
Zhang, Z.-Q. Liu, J. Org. Chem. 2005, 70, 6913 – 6917.

[6] T. HMpfner, P. G. Jones, B. Ahrens, I. Dix, L. Ernst, H. Hopf, Eur.
J. Org. Chem. 2003, 14, 2596 – 2611.

[7] H. Dietrich, Acta Crystallogr. Sect. B 1970, 26, 44 – 53.
[8] a) A. E. Learned, A. M. Arif, P. J. Stang, J. Org. Chem. 1988, 53,

3122 – 3123; b) S. Hashmi, K. Polborn, G. Szeimies, Chem. Ber.
1989, 122, 2399 – 2401.

[9] Puckered structures of [3]- and [4]radialenes are also known:
a) F. P. Van Remoortere, F. P. Boer, J. Am. Chem. Soc. 1970, 92,
3355 – 3360; b) M. Iyoda, H. Otani, M. Oda, Y. Kai, Y. Baba, N.
Kasai, J. Am. Chem. Soc. 1986, 108, 5371 – 5372; c) F. W. Nader,
C. D. Wacker, H. Irngartinger, U. Huber-Patz, R. Jahn, H.
Rodewald, Angew. Chem. 1985, 97, 877 – 878; Angew. Chem. Int.
Ed. Engl. 1985, 24, 852 – 853.

[10] M. Iyoda, H. Otani, M. Oda, Y. Kai, Y. Baba, N. Kasai, J. Chem.
Soc. Chem. Commun. 1986, 1794 – 1796.

[11] a) W. Marsh, J. D. Dunitz, Helv. Chim. Acta 1975, 58, 707 – 712;
b) T. Sugimoto, Y. Misaki, T. Kajita, Z. Yoshida, Y. Kai, N. Kasai,
J. Am. Chem. Soc. 1987, 109, 4106 – 4107; c) G. Wilke, Angew.
Chem. 1988, 100, 189 – 211; Angew. Chem. Int. Ed. Engl. 1988,
27, 185 – 206.

[12] a) Y. Kono, H. Miyamoto, Y. Aso, T. Otsubo, F. Ogura, T.
Tanaka, M. Sawada, Angew. Chem. 1989, 101, 1254 – 1255;
Angew. Chem. Int. Ed. Engl. 1989, 28, 1222 – 1224; b) T. Otsubo,
Y. Kono, N. Hozo, H. Miyamoto, Y. Aso, F. Ogura, T. Tanaka, M.
Sawada, Bull. Chem. Soc. Jpn. 1993, 66, 2033 – 2041.

[13] F. Wudl, R. C. Haddon, E. T. Zellers, F. B. Bramwell, J. Org.
Chem. 1979, 44, 2491 – 2493.

[14] H. Hart, M. Sasaoka, J. Am. Chem. Soc. 1978, 100, 4326 – 4327;
see also: M. K. Shepherd, J. Chem. Soc. Perkin Trans. 1 1988,
961 – 969.

[15] H. Irngartinger, U. Huber-Patz, H. Rodewald, Acta Crystallogr.
Sect. C 1985, 41, 1088 – 1089.

[16] Other thiophene-fused [8]annulenes have been suggested as
possible single-molecule electromechanical actuators; see: M. J.
Marsella, R. J. Reid, S. Estassi, L.-S. Wang, J. Am. Chem. Soc.
2002, 124, 12507 – 12510.

[17] See the Supporting Information for details.
[18] The coupling reaction of 3,4-dibromothiophene with [Ni(cod)2]

was previously reported to produce 6 as the sole product: Z.-H.
Zhou, T. Yamamoto, J. Organomet. Chem. 1991, 414, 119 – 127.

[19] 3,4-Dibromoselenophene was prepared from selenophene by
tetrabromination with bromine and acetic acid in CHCl3
followed by selective debromination at the 2- and 5-positions
with nBuLi (2 equiv) in ether: R. Ketcham, A.-B. Hoernfeldt, S.
Gronowitz, J. Org. Chem. 1984, 49, 1117 – 1119.

[20] The unit cell of compound 4 consists of two very similar
independent molecules. Average values for these two molecules
are used in the discussion.

[21] The X-ray crystal structure of structurally similar tripheny-
leno[1,12-bcd:4,5-b’c’d’:8,9-b’’c’’d’’]trithiophene has been
reported: K. Imamura, K. Takimiya, Y. Aso, T. Otsubo, Chem.
Commun. 1999, 1859 – 1860. However, this molecule has a bowl-
shaped structure (in contrast to the planar structure of 4) and
does not belong to the radialene family owing to electron
delocalization in the three peripheral phenyl rings.

[22] Similar elongation of the C�C bonds in the central six-
membered ring as a result of the aromaticity of the peripheral
rings was observed for tris(tricarbonylironcyclobutadieno)ben-

zene: A. Stanger, N. Ashkenazi, R. Boese, J. Org. Chem. 1998,
63, 247 – 253.

[23] More accurately, these bonds should be called semicyclic double
bonds; however, exocyclic is the term more often used in this
context.

[24] a) M. Bendikov, F. Wudl, D. F. Perepichka,Chem. Rev. 2004, 104,
4891 – 4945; b) I. Bulgarovskaya, V. Vozzhennikov, S. Aleksan-
drov, V. BelNskii, Latv. PSR Zinat. Akad. Vestis Kim. Ser. 1983, 4,
53; c) O. D. Jurchescu, A. Meetsma, T. T. M. Palstra, Acta
Crystallogr. Sect. B 2006, 62, 330 – 334.

[25] a) T. Siegrist, R. M. Fleming, R. C. Haddon, R. A. Laudise, A. J.
Lovinger, H. E. Katz, P. Bridenbaugh, D. D. Davis, J. Mater. Res.
1995, 10, 2170 – 2173; b) G. Horowitz, B. Bachet, A. Yassar, P.
Lang, F. Demanze, J.-L. Fave, F. Garnier, Chem. Mater. 1995, 7,
1337 – 1341.

[26] a) P. von R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao,
N. J. R. van E. Hommes, J. Am. Chem. Soc. 1996, 118, 6317 –
6318; b) Z. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta,
P. von R. Schleyer, Chem. Rev. 2005, 105, 3842 – 3888; c) how-
ever, NICS values can not be used as a single criterion for
aromaticity; see: A. Stanger, J. Org. Chem. 2006, 71, 883 – 893,
and references therein.

[27] For comparison, the NICS(0) and NICS(1) values calculated for
benzene at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level are d =

�9.7 and �11.2 ppm, respectively.
[28] Furthermore, comparison of the X-ray structure of compound 4

with that of compound 6[15] revealed that the bond lengths in the
central ring are similar for the two compounds. Thus, the lengths
of the exo C�C bonds are 1.469 ? in 6 and 1.463 ? in 4, and the
lengths of the endo C�C bonds are 1.436 ? in 6 and 1.439 ? in 4.
As aromaticity and antiaromaticity effects are irrelevant with
respect to the central ring in 6, which is not planar, the central
ring in compound 4 must also be non-aromatic, in accordance
with the NICS results.

[29] P. C. Hiberty, D. Danovich, A. Shurki, S. Shaik, J. Am. Chem.
Soc. 1995, 117, 7760 – 7768; therein, the pure sigma state is called
a quasiclassical state.

[30] The NICS(0) and NICS(1) values calculated at the B3LYP/6-
31G(d)//B3LYP/6-31G(d) level for the parent thiophene (d =

�13.5 and �10.5 ppm, respectively) are only slightly more
negative than those for the thiophene rings in compound 4. The
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Ed. Engl. 1994, 33, 1721 – 1723.
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[34] The Julg parameter[34a] may be used to estimate aromaticity on
the basis of bond-length alternation.[34b] For the central rings of
compounds 4 and 5, the Julg parameter is in the range 0.98–1.00,
that is, close to 1, and corresponds to nearly complete bond-
length equalization. This result may suggest aromaticity of the
central six-membered ring. However, this equalization is a
consequence of a small negative SIBL and can not be used as
evidence for the aromaticity of compounds 4 and 5. a) B.
Goldfuss, P. von R. Schleyer, F. Hampel, Organometallics 1996,
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Rademacher, C. Heinemann, S. Jansch, K. Kowski, M. E.
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[36] Part of the blue shift results from the substitution of hydrogen
atoms for carbon atoms at the 3- and 4-positions of the
heterocycles. Indeed, the absorption calculated at the TD-
B3LYP/6-31G(d) level for 3,4-dimethylthiophene (213.6 nm) is
blue shifted by 0.12 eV relative to the calculated absorption for
thiophene (209.2 nm). Thus, we can estimate a conjugation of
0.37 eV between thiophene rings in 4 on the basis of the UV
spectra.

[37] The second calculated observable transition for compound 4 is at
256 nm. For compound 5, the corresponding calculated absorp-
tions are at 319 and 268 nm. The calculated intensity (oscillator
strength) of the second transition in 4 is 4.7 times stronger than
that of the first transition, whereas for 5 the calculated intensity
of the second transition is 3.7 times stronger than that of the first
transition. These results are in excellent agreement with the data
in Figure 2.

[38] The antibonding combination contributes to the long exo C�C
bonds in compounds 4 and 5.

[39] The X-ray crystal structure of a charge-transfer complex of 4
with tetrafluorotetracyanoquinonedimethane (TCNQF4),
42TCNQF4, has been reported: T. Sugano, T. Hashida, A.
Kobayashi, H. Kobayashi, M. Kinoshita, Bull. Chem. Soc. Jpn.
1988, 61, 2303. In agreement with Figure 3, the transfer of half an

electron from compound 4 to TCNQF4 results in an elongation
of the endo and exo C�C bonds in compound 4, whereas the
exocyclic C=C bonds remain practically unchanged. The endo,
exo, and exocyclic C�C bonds in 42TCNQF4 have an average
length of 1.427, 1.451, and 1.368 ?, respectively, and are thus
0.012, 0.012, and 0.003 ? shorter than the corresponding bonds
in 4.

[40] Compounds 4 and 5 can also be considered to have annulene
character. The additional UVabsorption at around 320 nm might
be attributable to a contribution from an annulene-type
structure. Unfortunately, we are unable to estimate such a
contribution. Alternatively, compounds 4 and 5 can be described
as weakly coupled thiophene and selenophene rings, respec-
tively. Support for this interpretation can be found in the UV/Vis
spectra, the NICS values, and the X-ray crystallographic data.
However, both 4 and 5 obey the well-accepted definition of
radialenes.[1,2]

[41] The trends observed in the HOMO energies calculated for
compounds 4–7 are similar to those observed in the oxidation
potentials measured for these compounds; similar trends are
observed in the calculated HOMO–LUMO gaps to those
observed in the UV absorption of these compounds.[17]
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