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Out-of-plane deformation of the azulene ring in crystal structures
of simply substituted azulene derivatives
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Abstract—The crystal structures of 1,3-bis(4-bromophenyl)- and 1,3-di(2-thienyl)azulenes (5 and 6) were elucidated by X-ray analy-
sis. Two aryl groups connect to the azulenyl core with dihedral angles of 34.9–41.6� and the two aryl planes of the groups slant
against the azulene ring toward different ways in their crystal structures. It was also found that the azulene rings of 5 and 6 showed
a slight out-of-plane deformation in the way that the hydrogen atoms at the 4- and 8-positions are apart from the neighboring aryl
ortho-hydrogen atoms to fill in the vacant space made by the slanting aryl planes.
� 2006 Elsevier Ltd. All rights reserved.
Planarity of an aromatic ring can be interfered with cir-
cumstances around the ring, such as by bulky substitu-
ents attached at the ring as scrutinized in structural
analysis of substituted acenes,1 by bridging the ring with
another carbocycle as observed frequently in cyclo-
phanes,2 and also by molecular distortion as found in
helicenes.3 An extraordinary example was presented by
the crystal structure of 9,10,11,12,13,14,15,16-ocata-
phenyldibenzo[a,c]naphthacene (1), which has a twist
angle of 105� between the two benzene rings located at
the ends of the benzene array.4 Since there has long been
general interest in the relationship between distortion of
an aromatic ring and its aromaticity, organic chemists
have tried to force aromatic compounds and to know
how they could sustain their aromatic nature under such
circumstances. The results of those studies informed us
that aromatic molecules try to relieve the forced strain
in various fashions, such as by stretching of bonds,
deflections of substituents, and distortion or buckling
of the aromatic ring itself. Although numerous studies
of these kinds of deformations in benzenoid aromatics
have been reported, there have been only a few such
studies in non-benzenoid compounds, particularly in
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azulene derivatives.5 Itô and Fukazawa reported the
bending of the azulene ring along its long molecular axis
through the C2–C6 line in azulenophanes 2 and 3. On
the other hand, Hoppe et al. reported that the azulene
derivative 4 showed out-of-plane deformation along
the short molecular axis through the C4–C8 line.6 The
latter compound has many substituents around the azu-
lene ring and the Dreiding model study of 4 indicates
that steric hindrance between the substituents is severe
and rotation of the phenyl rings at the five-membered
ring was seriously restricted. Herein we report another
example of out-of-plane deformation of an azulene ring
along the short molecular axis in crystal structures of
1,3-bis(4-bromophenyl)- and 1,3-di(2-thienyl)azulenes
(5 and 6), which are simply substituted by the rotary aryl
groups at the peri positions of the azulene with slight
forced strain (Charts 1 and 2).

Eichen et al. recently reported the crystal structure of
1,3-di(2-pyrrolyl)azulene (7) in which the planes of the
two pyrrole rings are slightly tilted with a torsion angle
of 29.1� (C2–C1–C2 0–N1 0) and both N–H bonds point
to the same direction.7 In its crystal structure the azulene
ring is planar. On the other hand, the crystal struc-
tures of similar derivatives 5 and 6, synthesis of which
we had already reported,8,9 were quite different from
that of 7. Their single crystals were obtained by recrys-
tallization from dichloromethane–hexane for 5 and
from toluene–hexane for 6 and their analyzed crystal
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Figure 1. ORTEP drawings of 5.

Figure 2. ORTEP drawings of 6.

Table 1. Out-of-plane deformation of crystal structures of 5, 6, and 7

as shown by twist angles

Compound Twisted angles (in degree) for C1–C3

C3a–C8a C4–C8 C5–C7

5 3.16 7.27 9.69
6 1.39 4.80 6.56
7 0a 0a 0a

a Obtained from crystal data of 7 in Ref. 7.
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structures are shown as ORTEP drawings in Figures 1
and 2.10,11

Both the bromophenyl and thienyl rings attached at the
1- and 3-positions connect to the azulenyl core with aver-
age dihedral angles of 35.9� and 38.3�, respectively.12 As
seen in the figures, the two phenyl rings of 5 slant to dif-
ferent ways and so do the two thienyl rings of 6. The two
sulfur atoms of 6 sit at the side of the 2-position of the
azulene ring, causing its greater dipole moment. Surpris-
ingly, the two seven-membered rings of the azulene moi-
eties of 5 and 6 show out-of-plane deformation, which
is best realized in side views of the ORTEP drawings.
Table 1 indicates the deformations with the twist angles13

of the C3a–C8a, C4–C8, and C5–C7 lines against the
C1–C3 line. Figure 3 shows deviations of the seven-
membered ring carbons from the plane of C1–C2–C3.
In the figure, plus values mean that the carbons are in
front of the plane and minus values at the back side of
the plane when readers look toward the page. The car-
bon atoms at 6 0 in 5 and at 3 0 in 6 are in front of the
plane and the carbons at 600 in 5 and at 300 in 6 are at
the back side of the plane there. Thus, the hydrogen
atoms at the 4- and 8-positions of 5 should be located
apart from the neighboring H6 0 and H600 hydrogen
atoms and those of 6 from the H3 0 and H300 hydrogen
atoms to fill in an opened space made by the slanting
aryl planes.14

Density functional theory (DFT) calculations15 at the
B3LYP/6-31G(d) level predict several possible conform-
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Figure 3. Deviation (Å) from the C1–C2–C3 plane in the crystal
structures of 5 and 6.

Table 2. Out-of-plane deformation of calculated conformers of 6, 7,
and 8 as shown by twist angles

Compound Twisted angles (in degree) for C1–C3

C3a–C8a C4–C8 C5–C7

6A 1.641 5.612 7.730
6B 1.098 4.151 5.680
6C 0.077 0.163 0.227
6D 0.038 0.163 0.081
7A 1.406 4.853 6.719
7B 1.886 6.042 8.201
7C 0.001 0.001 0.002
7D 0.026 0.011 0.020
8A 1.034 4.684 6.440
8C 0.801 0.781 0.786
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ers for 6, 7 and 1,3-dipehylazuelene (8), instead of 5;
there are four (6A, 6B, 6C, and 6D) for 6, four (7A,
7B, 7C, and 7D) for 7, and two (8A and 8C) for 8
(Fig. 4).16 The conformers A and B have the aryl substit-
uents slanting in different ways and the conformers C
and D have the aryl substituents slanting in the same
way. Among them, the conformers observed in the crys-
tal state for 5 and 6 are the most stable, but not for 7.
Table 2 lists the twist angles13 showing the out-of-plane
deformation for the conformers. The optimized con-
formers A and B show clear out-of-plane deformation
of their azulene rings, while the conformers C and D
Figure 4. Optimized conformers (Chem3D output) of 6, 7, and 8. Hydrogen
nitrogen in blue.
show negligible twist angles and can be thought to have
almost planar azulene rings; results of the calculations
support the experimental data not only on the deforma-
tion of 5 and 6 but also on the planarity in the crystal
structure of 7.17 Therefore, it is best assumed that the
conformers A and B make the vacant space, to where
the H4 and H8 hydrogen atoms are able to spread their
bond, up and down against their mean azulene plane.
The phenyl- and thienyl groups can rotate around their
affixing C–C single bonds in either solution or gas phase
at ambient temperature, because the rotational barriers
s are omitted. Carbon atoms are shown in gray, sulfur in yellow, and
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of 1-phenyl- and 1-(2-thienyl)azulenes are estimated to
be less than 6 kcal/mol by DFT calculations.18,19 Thus,
one may imagine that the molecules can evade the defor-
mation by rotating the aryl rings. However, the calcula-
tions predict that the molecules can relieve the strain by
slight out-of-plane deformation for themselves. In other
words, we have now become aware that an azulene ring
can basically tolerate such a slight out-of-plane defor-
mation and thus deform even under such circumstances.

In summary, we have elucidated the crystal structures of
simply substituted azulene derivatives 5 and 6 and dis-
closed another example of the out-of-plane deformation
along its short molecular axis. In spite of the inconsider-
able forced strain, these molecules relieve the strain by
out-of-plane deformation for themselves. We have also
demonstrated that DFT calculations predict the defor-
mation of 1,3-diarylazulenes approximately depending
on their conformations, supporting the experimentals.20
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