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Abstract

Ab initio calculations at HF/6-31G** and B3LYP/6-31G** levels of theory for geometry optimization, and MP2/6-31G**//HF/6-31G** and
MP2/6-31G**//B3LYP/6-31G** for single point total energy calculations are reported for azulene and 16 quinones of azulene. Among azulo-
quinones, the 1,5-isomer is calculated to be having the most stable geometry; the 1,7- and 1,6-isomers are 2.78 and 27.36 kJ mol�1 less stable,
respectively.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Quinones constitute an important class of naturally occur-
ring compounds that are involved in many biological pro-
cesses. Quinones have important synthetic and industrial
applications such as dyes as well as antibiotics, antifungal,
and antitumor medicines. However, almost all of them be-
long to benzenoid compounds [1,2]. Among the non-benze-
noid aromatics, azulene has attracted considerable attraction
for many years [3]. Azulene is a non-alternant compound
with 10 p-electrons and has either a Cs or C2v symmetry de-
pending on the different carbon bonding. Quinones of azu-
lene are important class of non-benzenoid quinones in
which some of them have stable tropone and unstable cyclo-
pentadienone rings. The presence of these two annulenones
in many azulene quinones provides a basis for preliminary
predictions about properties of these novel compounds [1].
For ease of reference, abbreviated names rather than arbitrary
numbers will be used for the azuloquinones. Thus, for
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example, 1,2-azuloquinone will be referred to simply as
1,2-AQ (Fig. 1). Formally 11 classical azuloquinones, and
five meta-azuloquinones are possible (see Figs. 1 and 2).

1,2-AQ was synthesized as the first unsubstituted quinone
of azulene [4]. Subsequently 1,5- and 1,7-AQs were synthe-
sized as stable compounds [4,5]. Highly reactive 1,4- and
1,6-AQs were generated and trapped as DielseAlder adducts
[5]. 2,5-AQ isomers are highly reactive, and dimerise to stable
compounds [6]. Other azuloquinones have not been yet syn-
thesized or isolated as stable compounds [7].

Even though some of the AQs are not presently available
for more studies, it is possible to carry out ab initio calcu-
lations at the HartreeeFock and DFT levels, from which
many properties can be obtained with an accuracy that is
competitive with experiment [8e12]. Since the theoretical
results are free from intermolecular interactions, they
remain a valuable tool for a systematic study of structural
effects in simple organic molecules. This study was
undertaken to investigate the structural optimizations of
azuloquinones shown in Figs. 1 and 2. Although some the-
oretical studies have been reported for azuloquinones [1], in
order to compare experimental and theoretical results, we
studied classical and non-classical azuloquinones by ab
initio methods.
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Fig. 1. Azulene and 11 possible Kekule quinones of azulene.
2. Calculations

Semiemprical calculations were carried out using AM1
and MINDO 3 methods with MOPAC 7.0 program package
[13,14]. Energy minimum geometries were located by min-
imizing energy, with respect to all geometrical coordinates,
and without imposing any symmetry constrains. The AM1
results were used as input for the ab initio calculations,
which were carried out using Gaussian 98 [15] at the HF/
6-31G** and B3LYP/6-31G** levels of theory for geometry
optimization and MP2/6-31G**//HF/6-31G** and MP2/6-
31G**//B3LYP/6-31G** for a single point total energy
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Fig. 2. Five possible azulene quinones related to meta-benzoquinones (non-Kekule quinones).
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Fig. 3. HF/6-31G**//HF/6-31G** calculated bond lengths (in angstrom) and bond angles (in degree) for azulene and azulene quinones related to Kekule quinones.

All structures are planar.
calculation. Vibrational frequencies were calculated at
6-31G** level for all geometries, which were confirmed to
have zero imaginary frequency. The frequencies were scaled
by a factor of 0.9135 for HF and 0.9804 for B3LYP method
and used for computation of the zero-point vibrational ener-
gies [16e19].

3. Results and discussion

The results of ab initio calculations for azulene and azulo-
quinones (AQs) are shown in Figs. 3 and 4 and Tables 1 and 2.
According to these calculations, the 1,5-AQ is the most stable
isomer by all methods. The 1,7-AQ is 2.78 kJ mol�1 less
stable than 1,5-isomer. 1,6-AQ, which is 27.36 kJ mol�1 less stable
than 1,5-AQ, is predicted to be the third stable isomer.

Azuloquinones which contain a tropone ring and have no
cyclopentadienone system, namely, 1,5- and 1,7-AQs are the
most stable isomers. AQs which possess both tropone and cy-
clopentadienone rings, for example 1,4-, 1,6-, and 1,8-AQs,
are less stable than the 1,5-, and 1,7-isomers. Azuloquinones
containing cyclopentadienone but not tropone rings, namely,
2,4- and 2,6-AQs, are the least stable isomers among classi-
cal AQs (see Table 1). A part of the low stability of 1,2-AQ
is due to the dipole-repulsion of planar electron pairs
(Fig. 5).

Comparison of the results of geometry optimization by
AM1 and MINDO/3 methods with those of ab initio calcula-
tions indicated that MINDO/3 method is better than AM1 in
predicting the relative energies of azuloquinones (Tables 1
and 2).

As shown in Tables 1 and 2, the non-classical meta-azulo-
quinones are less stable than the classical isomers. Both HF
and DFT methods predict the triplet (T) electronic configura-
tions of the non-classical benzoquinones and pyridoquinones
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Fig. 4. HF/6-31G**//HF/6-31G** calculated bond lengths (in angstrom) and bond angles (in degree) for azulene quinones related to non-Kekule quinones. All

structures except 2,5-AQ (B) and 4,6-AQ (B) are planar.
to be more stable than the singlet (S) configurations, due to
higher multiplicity; however, predictions made by the MP2
methods for the triplet and singlet configurations are
reversed.

Energy minimization without any symmetry constrains of
non-classical AQs indicated that 2,5-AQ (S) and 4,6-AQ (S)
are not energy minimum, but collapse to highly strained cyclo-
propanone derivatives by CeC bond formation. These tricy-
clic cyclopropanones, namely, 2,5-AQ (B) and 4,6-AQ (B)
are less stable than 2,5-AQ (T) and 4,6-AQ (T), respectively
(Fig. 4 and Table 2).

Selected geometrical data for azulene and azuloquinones
are given in Figs. 3 and 4. Although many of AQs are pla-
nar, some of them are nonplanar. A major reason for nonpla-
narity is the relief of eclipsing that can occur with vicinal
carbonyl groups. Thus, dipole-repulsion of electron pairs
makes tropone ring of 2,4-, 4,5-, and 5,6-AQs to be signifi-
cantly nonplanar. The slight nonplanarity of the tropone ring
in 1,8-AQ relieves peri interactions between oxygens
(Fig. 5).

The C]O bond lengths in the meta-isomer of AQs are lon-
ger than those calculated for the classical isomers. Carbone
carbon double bonds in classical AQs are shorter than the
corresponding bonds in the non-classical meta-quinones.
These results indicate that some other resonance structures
may become important for meta-quinones as hybrid structures
for 1,3-AQ, as an example (Fig. 6).

In summary, ab initio calculations provide a picture of geom-
etries of azuloquinones from both structural and energetic points
of view. 1,5-AQ is the most stable isomer. 1,7-AQ and 1,6-AQ
are calculated to be 2.78 and 27.36 kJ mol�1 less stable than
1,5-isomer. The singlet configurations of non-classical meta-
azuloquinones are 37e230 kJ mol�1 less stable than the corre-
sponding triplet configurations. It would be interesting, of
course, to have direct structural data on all of the azuloquinones
for comparison with the results of the ab initio calculations.
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heses) for azulene and 11 azulene quinones (AQs)
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Calculated heats of formation (kJ mol�1), total and zero-point vibrational energies (Hartree) and relative energies (including zero-point energy, kJ mol�1, in parent

related to Kekule quinines

Feature Azulene 1,2-AQ 1,4-AQ 1,5-AQ 1,6-AQ 1,7-AQ 1,8-AQ 2,4-AQ 2,6-AQ

AM1 352.49 59.66

(2.42)

83.43

(26.19)

57.24

(0.00)

83.01

(25.77)

59.92

(2.68)

98.21

(40.97)

115.22

(57.99)

122.55

(55.31)

MINDO 3 357.58 �17.05

(10.69)

�4.37

(23.37)

�27.74

(0.00)

�3.22

(24.52)

�22.91

(4.83)

�4.33

(23.41)

14.08

(41.82)

18.98

(46.72)

HF/6-31G** �383.2970 �531.8556

(38.74)

�531.8609

(24.37)

�531.87

(0.00)

�531.8579

(31.61)

�531.8683

(5.43)

�531.8496

(52.99)

�531.8438

(68.59)

�531.849

(45.95)

ZPE 0.1408 0.1424 0.1422 0.1424 0.1420 0.1424 0.1418 0.1420 0.1420

MP2/6-31G**//

HF/6-31G*

�384.6188 �533.4806

(32.44)

�533.4882

(12.50)

�533.4930

(0.00)

�533.4849

(21.18)

�533.4920

(2.68)

�533.4762

(44.12)

�533.4658

(71.36)

�533.469

(60.74)

B3LYP/6-31G** �385.8508 �535.0708

(27.90)

�535.0747

(18.21)

�535.0819

(0.00)

�535.0710

(27.36)

�535.0808

(2.78)

�535.0623

(49.52)

�535.0542

(71.20)

�535.058

(59.23)

ZPE 0.1434 0.1320 0.1318 0.1320 0.1315 0.1320 0.1313 0.1314 0.1314

MP2/6-31G**//

B3LYP/6-31G**

�384.6202 �533.4890

(31.11)

�533.4968

(10.73)

�533.5009

(0.00)

�533.4923

(22.40)

�533.5001

(1.92)

�533.4844

(43.13)

�533.4652

(93.54)

�533.478

(59.81)

Zero-point vibrational energy is scaled by a factor of 0.9135 for HF and 0.9804 for B3LYP methods to eliminate known errors in calculations.

Table 2

Calculated heats of formation (kJ mol�1), total and zero-point vibrational energies (Hartree) and relative energies (including zero-point energy, kJ mol�1, in paren

non-Kekule quinines

Feature 1,3-AQ 2,5-AQ 4,6-AQ 4,8-AQ

(S) (T) (S) (T) (B) (S) (T) (B) (S)

AM1 181.51

(124.27)

120.96

(63.72)

318.18

(260.94)

176.23

(112.99)

296.79

(212.55)

345.22

(287.98)

178.04

(120.80)

180.54

(123.30)

358.59

(301.35)

HF/6-31G** �531.8284

(107.02)

�531.8396

(63.00)

�531.7709

(254.44)

�531.8360

(70.32)

�531.7747

(249.43)

�531.7447

(320.42)

�531.8286

(88.65)

�531.8117

(153.55)

�531.754

(293.01)

ZPE 0.14108 0.1351 0.1396 0.1341 0.1405 0.1384 0.1336 0.1423 0.1378

MP2/6-31G**//

HF/6-31G*

�533.4697

(61.17)

�533.3343

(416.72)

�533.4219

(186.56)

�533.3645

(337.46)

�533.4108

(215.86)

�533.3738

(312.85)

�533.2756

(570.82)

�533.4490

(115.52)

�533.400

(242.34)

B3LYP/6-31G** �535.0612

(53.23)

�535.0120

(173.66)

�535.0154

(168.92)

�535.0326

(121.01)

�534.9966

(218.03)

�534.9886

(232.87)

�535.0182

(153.87)

�535.0300

(131.70)

�535.003

(196.45)

ZPE 0.1316 0.1282 0.1299 0.12873 0.1297 0.1277 0.1272 0.1302 0.1284

MP2/6-31G**//

B3LYP/6-31G**

�533.4749

(68.17)

�533.3782

(322.17)

�533.4316

(181.97)

�533.3668

(351.90)

�533.4185

(216.31)

�533.4006

(263.23)

�533.2842

(568.75)

�533.4560

(117.95)

�533.418

(215.50)

Zero-point vibrational energy is scaled by a factor of 0.9135 for HF and 0.9804 for B3LYP methods to eliminate known errors in calculations.
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Fig. 6. Resonance structures of 1,3-AQ.
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