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Abstract—Red crystals of 1,3-bis(trichloroacetyl)homoazulene (2), prepared by Friedel-Crafts acylation of homoazulene (1), have been
examined by X-ray diffraction. The 10 carbon—carbon bonds that make up the perimeter m-system of 2 average 1.402 A in length, with an
average deviation (absolute value) from this length of only 0.016 A. Thus, like benzene, this nonbenzenoid m-system exhibits bond length
convergence and thereby qualifies as ‘aromatic’ by the geometric criterion. The aromaticity of homoazulene (1) had previously been based on
its magnetic, thermodynamic and chemical properties. The crystal structure of 2 also reveals that the 1,5-bridge severely distorts the
[10]annulene m-system away from planarity and induces torsional angles as large as 42.2° at a bridgehead position. To the best of our
knowledge, dihedral angles this large have never before been observed in any other m-system that is still capable of supporting cyclic
delocalization of electrons. The ‘homoconjugation’ gap between the two bridgehead positions was found to be 2.254(5) A. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Homoazulene (1) is a nonbenzenoid aromatic hydrocarbon
that satisfies all the criteria for ‘aromaticity’ against which it
has been tested.” Like benzene, this bridged [10]annulene
supports an induced diamagnetic ring current when placed in
a strong, external magnetic field, and this behavior qualifies
the compound as ‘aromatic’ by the magnetic criterion. Thus,
in the "H NMR spectrum of 1,'" the hydrogens projecting
out from the perimeter are strongly deshielded and resonate
at abnormally low field (6 6.88-8.11 ppm, i.e. in the
‘aromatic’ region), whereas those on the methylene bridge
are strongly shielded and resonate at abnormally high field
(6 —0.67 to —1.18). Homoazulene also satisfies the thermo-
dynamic criterion for aromaticity; heats of hydrogenation
measurements’ reveal that the parent hydrocarbon enjoys an
‘aromatic stabilization’ that is ca 25% of that measured for
benzene, the benchmark for all aromatic compounds. Even
the chemistry of homoazulene (e.g. Eq. (l))4 resembles
that of benzene; a tendency toward preservation of cyclic
conjugation in the m-system favors electrophilic aromatic
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substitution in both cases.
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We are now pleased to report that homoazulene, in addition
to fulfilling the magnetic, thermodynamic and chemical
criteria for aromaticity, also satisfies the geometric criterion
for aromaticity, i.e. its w-system displays bond length
convergence, as opposed to bond alternation. In benzene,
the carbon—carbon bonds around the rim of the molecule are
all intermediate in length between those of normal sp”—sp”
double bonds and normal sp’—sp” single bonds, and the
same is true for the crystalline homoazulene derivative (2)
that we have examined by X-ray crystallography.

In addition to establishing the bond length convergence in
this conjugated cycle, the X-ray crystallographic analysis
reported here provides a quantitative assessment of the
degree to which the homoazulene m-system is twisted out
of planarity. A dihedral angle in the m-system of 42.2° is
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Figure 1. A view of 2 showing atomic numbering. The homoazulene ring
system has been numbered according to traditional azulene numbering,
rather than by the [UPAC convention. Ellipsoids enclose 30% probability.

seen at one of the bridgehead positions. To the best of our
knowledge, dihedral angles this large have never before
been observed in any other m-system that is still capable
of supporting cyclic delocalization of electrons.

2. Results

Fig. 1 shows a view of the X-ray structure of 2 with atomic
numbering. We have used traditional azulene numbering,
rather than the IUPAC convention. A side view of the
homoazulene core appears in Fig. 2, and the interatomic
distances, angles and torsion angles for the core are listed
in Table 1. As Fig. 2 reveals, the ten-membered ring is not
planar, but eight of the atoms lie nearly in a plane, with the
bridgehead atoms pulled out of the plane by the bridging
methylene group. Atoms C1, C2, C3, C4, C5, C6, C7 and C8
are coplanar within =0.041 A (rms deviation 0.054 A). The
bridgehead atoms C3A and C8A lie above the plane by
0.446(4) and 0.390(4) A respectively, and the substituent
atoms C10 and C12 lie below it by 0.580(5) and 0.266(5) A,
respectively. The degree of planarity may also be estimated
from the perimeter torsion angles in Table 1. The absolute
values |7| range from 4.9 to 26.2° for the angles about the
bonds in the plane, whereas the torsion angles at the bridge-
head atoms are all larger, ranging from 27.1 to 42.2°
(|7|=180— |7| for |7|>90°).

Figure 2. Side view of 2, approximately 90° away from the view in Fig. 1.
For clarity, the trichloroacetyl substituents have been omitted, except for
C10 and C12. C and H atoms are represented by circles of arbitrary radius.

Eight of the bond distances around the perimeter of the
homoazulene core are typical of aromatic compounds
(1.378-1.404 A), while the other two, C1-C8A (1.435 A)
and C3-C3A (1.448 A) are significantly longer. The peri-
meter torsion angles |7| about the long bonds (35.1 and
42.2°) are the largest of the four bridgehead values.

Hydrogen atom positions were located geometrically but
then refined (with displacement parameters based on those
of their attached C atoms) since the C—C—C bond angles at
C5, C6, C7 and C8 are much larger than 120°, and that at C9
is much smaller than 109.5° (Table 1). All the perimeter H
atoms except H6 lie on the side of the 8-peripheral-atom
plane away from the bridge (Fig. 2).

That the two trichloroacetyl groups sit in different environ-
ments in the crystal can be seen in the anisotropic displace-
ment parameters (see Fig. 1) and in the intermolecular
contacts. Treatment of the molecule as a librating r1g1d
body with two attached rigid trichloromethyl groups’
leads to a torsional vibration amplitude of 3.5(7)° for Cl1,
CI2 and Cl3 about the C11-C10 axis and of 6.6(4)° for Cl4,
CI5 and CI6 about the C13-C12 axis. This analysis
increases C—C and C-O bond lengths by about 1 e.s.d.,
whereas C—Cl bond lengths increase by 2.5-3 e.s.d. for
Cl1, CI2 and CI3, and by 4-5 e.s.d. for Cl4, C15 and Cl6.

The most important intermolecular contacts appear to be
between chlorine atoms; Cl1, Cl2 and CI3 approach a
total of six neighboring CI atoms at distances from 3.61 to
3.95 A, Whilfi Cl4, CI15 and Cl6 make four such contacts,
3.32 to 3.84 A in length.

3. Discussion

In the crystal, the two trichloroacetyl groups of 2 are twisted
to different degrees with respect to the homoazulene core
(see Fig. 1) and this destroys the C,; symmetry expected for
the parent hydrocarbon. Nevertheless, the 10 carbon—
carbon bonds that make up the perimeter - system of 2
average 1.402 A in length (cf. benzene: 1.398 A) and,
despite the two relatively long bridgehead bonds mentioned
above, the average deviation (absolute value) from this
length is only 0.016 A. The average length of the bonds
around the m-system of 2 thus falls almost exactly halfway
between 1.345(12) and 1.455(11) A values found, respect-
ively, for the average lengths of the C=C and C—C seen in
X-ray structures of conjugated aliphatic hydrocarbons.’

The bridgehead carbon atoms of 2 are separated by
2.254(5) A, and this distance is not great enough to com-
pletely insulate one side of the m-system from the other. We
have previously reported experimental evidence for a
significant ‘homoconjugative’ interaction between the two
bridgehead p-orbitals of homoazulene derivatives,® a
property that justifies referring to this 1,5-methano[10]
annulene as ‘homoazulene.’

The absolute values of the dihedral angles defined by
successive 4-atom segments in the perimeter m-system of 2
vary from 4.9(10) to 42.2(5)° (see Table 1). It is remarkable
that electron delocalization is able to persist around a cyclic
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Table 1. Selected distances, angles and torsion angles in 2

Atom 1 Atom 2 Atom 3 Atom 4 Distance (A) 1-2 Angle (°) 1-2-3 Torsion angle 7 (°) 1-2-3-4
C1 C2 C3 C3A 1.403(5) 121.3(3) —13.1(5)"
Cc2 C3 C3A Cc4 1.402(5) 114.5(3) 137.8(4)*°
C3 C3A C4 C5 1.448(5) 129.9(4) —152.9(5)*°
C3A Cc4 C5 Cc6 1.379(5) 124.3(4) 18.4(9)*
C4 C5 C6 Cc7 1.391(6) 134.3(4) 12.2(11)*
C5 C6 C7 C8 1.378(6) 135.1(4) —4.9(10)*
C6 C7 C8 C8A 1.397(7) 133.6(4) —26.2(8)"
C7 C8 C8A Cl 1.404(6) 123.2(4) 152.6(4)*°
C8 C8A C1 Cc2 1.382(6) 131.0(4) —144.9(4)*°
C8A Cl Cc2 C3 1.435(5) 114.9(3) 15.8(5)*
C7 C8 C8A c9 —20.1(6)
Cl C8A c9 C3A 113.2(4) —67.14)
C8 C8A C9 C3A 115.5(4) 106.8(4)
C8A (o] C3A C4 1.485(6) 98.5(3) —102.4(4)
c9 C3A C3 Ci12 1.489(5) 111.7(3) 152.8(3)
C9 C3A C4 C5 117.9(4) 17.3(7)
C3A C8A Cl c2 2.254(5) 93.7(3) —-9.34)
Cc2 C3 C3A C8A 4.8(4)
C3 C3A C8A Cl 93.9(3) 2.6(3)
C10 Cl C8A C8 1.459(5) 119.8(3) 28.8(6)
Cl12 C3 C3A Cc4 1.452(5) 119.9(3) —36.5(6)
0Ol C10 Cl1 Cc2 1.209(4) 122.3(4) 170.2(4)
02 Cl12 C3 C3A 1.200(4) 123.1(4) 20.2(6)
Cl1 C10 C1 Cc2 1.551(5) 121.1(3) —10.0(5)
C13 Cl12 C3 Cc2 1.565(5) 120.2(3) 28.5(5)
Cl1 Cl1 C10 C1 1.765(4) 111.9(3) —52.0(4)
CI2 Cl1 C10 Cl 1.780(4) 108.6(2) 69.3(4)
CI3 Cl11 C10 Cl 1.756(4) 110.6(2) —172.7(3)
Cl6 Cl13 Cl12 C3 1.750(4) 111.5(3) 43.4(4)
Cl4 Cl13 Cl12 C3 1.763(4) 108.5(3) —77.4(4)
CI5 Cl13 Cl12 C3 1.752(4) 110.3(2) 164.6(3)

Redundant values omitted.
* Perimeter torsion angles in the m-system.
® Bridgehead torsion angles.

w-system that suffers from such severe twisting. Compari-
sons with the isomeric 1,6-methano[10]annulene (3) and
with the anti-dimethano[14]annulene (4) are instructive.

R

3 4

The largest dihedral angle in the perimeter mw-system of 3
(35.6°)’ is also seen at the bridgehead position, but the twist-
ing is less severe than that present in 2. This bridged
[10]annulene, like homoazulene, also satisfies the magnetic,
thermodynamic, chemical and geometric criteria for aroma-
ticity.>'"!" Several substituted derivatives of 3 have some-
what more twisted m-systems than the parent hydrocarbon;
however, all but one show less bond length convergence
around the perimeter than either 2 or 3, and none is as
drastically twisted as 2.2

In contrast to the situation in these bridged [10]annulenes,
the largest dihedral twist in the perimeter mw-system of 4
(75.1°, R=COOMe)'""* falls beyond what is necessary to
break the cycle of conjugation. There is no detectable
aromatic character associated with 4."*'* The bonds alter-
nate in length between short and long around the perimeter,
and there is no ring current reflected in the '"H NMR spec-
trum of the compound. Apparently, a dihedral twist of 75.1°

causes too great a misalignment of p-orbitals to preserve any
significant m-bonding.

Our experimental results for 2 show that aromatic -
systems can tolerate dihedral twists in excess of 42° without
losing their aromaticity. How much more dihedral twist an
aromatic m-system can tolerate before the effects of cyclic
conjugation are lost remains an open question.

4. Experimental

A sample of 1,3-bis(trichloroacetyl)homoazulene (2),
prepared as indicated in Eq. (1),* was recrystallized from
hexane to give dark red needles (mp 161-162°C) which
proved on inspection to be bundles of thin plates. An
apparently single plate was studied in 1988, with MoK«
radiation. The crystals belong to the monoclinic system
with B near 90°, and many pairs of reflections (h k [ and h
k —l or h —k I) were examined to verify crystal symmetry.
The structure was solved by direct methods in space group
P2,/n, Z=4. The intensities at room temperature were weak,
but data collected at low temperature, though more intense,
gave indications that the crystal was not single or that the
structure was disordered. Nevertheless, refinement was
carried out to convergence. We now report the structure
based on new data collected at room temperature on a
very thin plate, about 0.001 mm thick, using a Bruker
SMART 1K CCD.' The crystals had been stable over the
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Table 2. Crystal data
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298 K, 1988 128 K, 1988 298 K, this work
a (/§) 5.943(3) 5.875(3) 5.9322(12)
b (A) 14.767(8) 14.561(7) 14.751(3)
c(A) 19.812(11) 19.652(9) 19.877(4)
B 89.815(14) 90.041(12) 90.120(4)
V (A% 1738.8(17) 1681.0(13) 1739.4(6)
Crystal size (mm?®) 0.05%0.26x0.36 0.05%0.26x0.36 0.001x0.30x0.45
0 max(®) 22.55 32.49 28.29
Reflns (unique) 2287 4024 4151
Reflns (I>20(1)) 1028 1962 1891
Refined parameters 208 208 232
R(F), (I>20(D) 0.084 0.088 0.047
WR(F?) R 0.279 0.279 0.136
Apmax (€ A7) 0.33 0.67 0.34
ApPmin (€ A73) —0.42 -0.72 -0.27

intervening years, and the structure is essentially the same as

that
sis i

determined earlier. However, the precision of the analy-
s much improved and there is no indication of disorder.

Crystal data and refinement parameters for the three
analyses are presented in Table 2. The Crystallographic
Information File (CIF) has been deposited at the Cambridge
Crystallographic Data Centre under the compound name
8,10-bis(trichloroacetyl)bicyclo[5.3.1]undeca-1,3,5,7,9-
pentaene (ID CCDC 153029).

We
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