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Scmicmpirical CNDO/2 method was used in the study of 23 quasiaromatic azulene analogues 
containing a hydrogen bridge A· . H--D, where A and D denote 0, NH, or S. The values of the 
stabilization energy, interaction energy, and changes of Wiberg's indexes suggest that the stability 
of the studied compounds is caused by a strong hydrogen bond as well as by a strong delocaliza­
t ion of the n-electron system. Derivatives in which A and Dare 0 and NH are especially stable. 
Derivatives containing an oxo or thioxo group are preferred in tautomeric equilibriums. 

There are various experimental and theoretical criterions, according to which organic molecules 
are classified as aromatic. Some of them are fitted by compounds that are structurally rather 
different from benzene as an "aromatic standard". If the fragment C-C-C in an aromatic 
hydrocarbon is formally replaced by an intramolecular hydrogen bridge A-··H-D (where A 
denotes proton acceptor and D proton donor) and the compound preserves its aromatic pro­
perties, it is called quasiaromatic1 ,2. Such a system is iso-1!'-electronic with respect to the original 
hydrocarbon and the hydrogen bridge is a part of a delocalized 1!'-electron system. Properties 
typical for aromatic molecules are observed also with their quasiaromatic analogues : owing to de­
localization they are extraordinarily stable, they have a planar configuration, the bond lengths 
are equalized, electrophilic substitutions are pOSSible, etc.' . Many substances have a quasiaro­
matic character, e,g., porphyrine derivatives, some terpenoids, etc. 

Besides experimental findings, the quasiaromatic character was substantiated also by theo­
retical calculations. For certain quasi aromatic compounds, a theoretical index3 was calculated 
by the HMO method, evidencing their stability. Many of them obey the Huckel 4n + 2 rule 
extended to polycyclic systems4 . Based on nonempirical calculations, an assumption was made 
that the distance of bridge ileteroat0l11S and the presence of a conjugated system are of basic 
importance for the stabilization of the molecule by an intramolecular hydrogen bondS, If the 
latter is a part of a planar n-electron system, it is much stronger than an analogous intermole­
cular hydrogen bond6 . 

An example of a stable nonbenzenoid aromatic compound is azulene. Several types of quasi­
aromatic compounds can be formally derived from it (Scheme 1). Most widely known are the 
derivatives of group II, especially the oxygen derivative tropolone. Some of these compounds 
are both experimentally and theoretically well described7 • Some compounds of the group I 
were recently prepared and experimentally studiedS , Formally derived compounds of group III 
have not yet been described. 
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Group I Group II Group III 

SCHeME 1 

The object of the present work was to study theoretically the electronic structure, 
thermodynamic stability, and strength of the hydrogen bond of the quasiaromatic 
analogues of azulene given in Scheme 1 in dependence on the heteroatoms A and D. 
We considered derivatives in which A and D were 0, NH, and S. 

METHOD OF CALCULATION 

With respect to the object of our work and character of the studied compounds, we chose the 
quantum chemical semiempiricaJ CNDO/2 method9

,lO, which proved well in studies of systems 
with a hydrogen bond t 1. Geometric data obtained from X-ray analysis were used if avail­
able12 - 15. These were used to obtain a model geometry of compounds for which the experi­
mental data are lacking, or the data from related compounds were used 16. With sulphur-con­
taining molecules, d-orbitals were also involved in the calculations. The stabilization energy 
was defined as the difference between the total energy of the system without a hydrogen bridge 
and with it: 

In cases where D was oxygen and sulphur, the H atom in the bridge was rotated by 180u
• with 

an NHz group by 90° for steric reasons . Nishimoto and coworkers1 ? in their study of intra­
molecular hydrogen bonds analysed the individual biatomic energetical contributions. In our 
case, the interaction energy between atoms forming the hydrogen bond can be expressed as 

(1) 

The first term represents the resonance energy: 

EAii = 2P~H LP~vS~v f.l E A, v E H (2) 
11 
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The second one is the exchange energy: 

Emb 
= - trAH LP;v /1 E A, vE H 

~ 

and the last one is the Coulombic energy: 

The symbols have their usual meaning of the energetic terms of CNDO/2. 

RESULTS AND DISCUSSION 

Thermodynamic Stability and Strength of the Hydrogen Bond 

33 

(3) 

(4) 

The studied systems are summarized in Fig. 1, where the symbols of individual groups 
correspond to Scheme 1. The relative values of the total energy are also given. It is 
seen that the compounds with a hydrogen bridgc in a five-membered ring (group II) 
are more stable than their isomers with a hydrogen bridge in a seven-membered 
ring (groups I and III) . This can be attributed to a higher rigidity of group 11 com­
pounds, whereas in the other groups only hydrogen bridge prevents rotation around 
simple bonds. In accord with expectation, the highest energy corresponds to group III 
compounds, which have an asymmetrical hydrogen bond in a seven-membered ring. 
Their instability is evidenced also by the fact that they have not been described 
as yet. Only compound HId has its total energy somewhat lower than the isomer ld. 

Tautomeric Equilibriums 

In cases where A and D are different atoms, the following tautomeric equilibriums 
can be considered with group 1 and II compounds: 

Based on the difference between the total energy of the corresponding tautomers, 
the energetically preferable tautomeric forms can be predicted. These difl'ercnces 
are given in Fig. 1, where the tautomeric pairs are joined with a line. The equi­
libriumlb ~ Ie is shifted to the amino-keto form Ie in accord with what was found 
from IR and NMR spectra8

. A comparatively small energetic difference could, 
however, make possible the existence of the imino-enol tautomer lb. In the equi­
libriums Ia ~ If and Jg ~ 111, the energetic difference is large. OUf calculations 
show uniquely in both cases the preference of the tautomer with a double bond 
on the S atom, i.e., thioxo-ellol form If and thioxo-amino form Ih. 
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In group II, the equilibrium IIb ~IIc is. shifted to the amino-keto form IIe and 
the equilibrium IIe ~ II! is shifted to the thioxo-enol form, whose existence was 
assumed also by Nozoe ls on the basis of physico-chcmical data. Similarly, in the 
equilibriumIIg ~ IIh the thioxo-amino tautomer IIIl appears energetically preferable, 
although the energetic difference is not so marked. The cxistence of this form is 
substantiated also by the results of measurement of UV, IR, and NMR spectra19 ,20. 

Tautomeric equilibriums in group III would be related to the existence of another 
group of azulene analogues: 

We studied only the equilibrium 

29.66 kJ mol- i 

The tautomer with an OH group on the nucleus is somewhat more preferable. The 
bonding of the heteroatom to the nucleus with a double bond would obviously cause 
large deformations of the valence angles and thus a lesser energetic stability. We did 

0<: 

kJlmot 

A ; 
0 ; 

Oenotatlon : (] 

S NH 0 
o NH S 

FIG. 1 

Relative Total Energies and Tautomeric 
Equilibriums 
-- Group [, ---- group fI, -. -.­

group f[[. 
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not study other derivatives of this type. Further we shall consider only energetically 
more preferable tautomers. 

An important characteristic of the stability of the studied systems is their stabiliza~ 
tion encrgy (Table I) . This is highest with group I compounds, which are stabilized 
by a strong hydrogen bond. The high stabilization energy as compared with values 
typical for the energy of the hydrogen bond is an evidence that the stabilization 
energy comprises besides the energy of the hydrogen bond also the delocalization 
energy due to the formation of a quasiaromatic cyclic system. It is seen that the 
stabi lization energy increases when nitrogen is present in the molecule. Within the 
individual groups, the highest stabilization energy corresponds to the derivative 
for which A and D denotes nitrogen. Group III is an exception. This value is distore.d 
because the model compound without the hydrogen bond has the NH 2 group rotated 
by 90°, which is energetically less favourable than rolation by 180° in the case of the 
OR and SH groups . We therefore made comparative calculations where also the OH 

TABLE I 

Values of Stabjli24tion Energy. Interaction Energy and Dipole Moment 

Stabil. 
Interaction energyG 

Dip. mom.b 
Compound A D 

energy· D resonance exchange coulomb, LE 

Ia 0 0 89'29 -340'98 -49·17 -91'62 -481·77 2'077 (2-38)C 

Ie 0 NH 114'76 - 205·93 - 21'58 -66·03 -293'54 2·747 
Jd NH NH 152·92 -134'53 -13-68 -44-25 -192-46 3' 107 
11 0 46'33 - 60'81 - 4'79 -46'94 -112·54 4·384 
Ih NH 91·03 - 9'19 - 0·46 -2.6'75 - 36·40 6·032 
Ii S 17·14 - 6·96 - 0,38 - 6·15 - 13-49 5·648 

Ila 0 0 27·59 - 54'42 - 5·33 - 51·81 -111·56 4'138 ()'53)d 

Ilc 0 NH 65'41 - 22'57 - 1'52 -37·43 - 61·52 4'193 (3'78)d 

lId NH NH 102·45 - 76'43 - 6' 11 - 37·04 -119,58 1·950 (l'24)~ 
III S 0 56'11 - 20·15 - 1·32 -37·43 - 58'90 5-804 (4'36)" , 
JIll S NH 38-47 - 0·22 - 0'08 - 34,95 - 35·25 8·160 
IIi S s 21·64 - 15-97 - 3'99 - 4·39 - 24'35 6'810 

IlIa 0 0 36·76 -168·56 -16'89 - 39'22 -224'67 3·749 
lIib NH 0 43-69 - 228'95 - 23-98 - 30·20 - 283·13 5·017 
Ille 0 NH 90·72 - 91'97 - 8-71 -32'90 -139,58 3·534 
Illd NH NH· 89'10 -148·91 - 12'96 -25'15 -187'02 0'853 

a In kJ/mol. b Experimental values are given in parentheses (1 D = 3·336 _ 10 - 30 C m). C Ref. S. 
d Ref.n. 
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or SH group in the corresponding derivatives were rotated by 900
• Although we ob­

tained higher values for the stabilization energy, the highest one corresponded still 
to the derivative having nitrogen in place of A and D (ref. 21

) . Hence, we can con­
clude that in the case of 6-amino-l-fulvenecarbimine (fd) and 2-amino-2,4,6-cyclo­
heptatrieneimine (II d) and extraordinarily stable system is formed owing to delocaliza­
tion and a strong hydrogen bond. The lowest stabilization energy corresponds to deri­
vatives containing sulphur. 

The values of the double-center interaction energy (Table I) defined above give 
information about the strength of the hydrogen bond in the compounds under study. 
It is seen that all three its components contribute to the stabilization of the molecules. 
The interaction energy is high in cases where the proton donor is oxygen or nitrogen. 
Except for sulphur compounds, the resonance term is a dominant contribution to the 
interaction energy. Its smallest values are observed in group II . 

Electron Structure 

Considerable changes in the electron structure of molecules take place in forming 
a hydrogen bridge. Fig. 2 shows the changes in the Wiberg bonding indexes defined 
as the difference in the Wiberg indcx of the structure with a hydrogen bond and 
without it. It is seen that these indexes are larger for single bonds and smaller for 
double bonds. This is related to leveling the bond lengths during formation of a de­
localized system. Although the Wiberg indexes change most markedly near to the 
heteroatoms A and D, rather large changes occur also in the neighbouring circle, 
a further evidence that the whole molecule behaves as a delocalized quasiaromatic 
system. Larger changes take place when A and D are oxygen and l1itrogen. In com­
paring the compounds of groups I and II, it is seen that larger changes of Wiberg 
indexes occur in group .I , again an evidence that the strong hydrogen bond formed 
causes a relatively strong delocalization of n-eJectrons. Compounds of group fJI 
also obey in substance this trend, the changes being smaller 011 average. 

The results of X-ray analysis substantiate the marked delocalization of electrons 
and the consequent changes in the bond lengths. In group I, delocalization causes 
leveling of the bond lengths , the a atoms in compound fa become equivalent with 
a c-o bond length12 of about 0·127 nm, similarly to compound Id, where the N 
atoms are nearly equivalent 1 

5. With the group II compounds, a leveling of the C- N 
bonds of 2-aminocyclohexaneimine takes place, where the N atoms are equivalcn t1 3 , 

whereas the a atoms in tropolone are not equivalent and also in the seven-numbered 
ring an alternation of the bonds is observed'. Other experimental data , such as the 
heat of combustion23 and NMR coupling constallts24 suggest a high stability oftropo­
lone. According to some authors 7 , this stability is due more to the strong hydrogeij 
bond than to n-delocalization . 
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FIG, 2 

Changes of Wiberg Bonding Indexes, Charge on Bridge Hydrogen and Total Charge in Carbon 
Ring 
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The acidity of the bridge hydrogen can serve also as a criterion of strength of the 
hydrogen bond. The calculated values of charge on this hydrogen are given in Fig. 2. 
The compounds of group I have more acidic H atom than the analogous compounds 
of group II. Available experimental data also lead to this conclusion: pKA = 6·92 
for tropolone25 and pKA = 4·5 for 6-hydroxy-l-fulvenecarbaldehyde8

• The posi­
tive charge OIl the H atom is most influenced by the electronegativity of the proton 
donor D, less by the electronegativity of the proton acceptor A. In Fig. 2 is shown 
also the total charge in the carbon ring of the individual derivatives. Compounds 
of group 1 have a negative charge in the five-membered ring, similarly to the five­
membered ring of azulene. The derivative 1d, where NH stays in place of A and D, 
has the highest charge. Sulphur-containing compounds have a much smaller charge. 
For comparison, the negative charge in the five-membered azulene ring is equal 
to -0,103. In group II, a positive charge is in the seven-numbered ring.'Its high 
values in comparison with aznlene ( + 0'137) are due to direct bonding of two electro­
negative atoms onto the carbon ring. The value of the charge in azulene is best 
approximated by the derivative in which NH stands for A and D. Compounds 
of the third group have a posi tive charge in the five-membered carbon ring, hence 
also tIns constant brings no evidence for their aromatic properties. 

The dipole moments of the studied compounds are given in Table 1. Their cal­
culated values are somewhat higher than the measured ones, except for compound I a. 
The agreement between them is, however, satisfactory. Dipole moments of group I 
compounds are generally lower than those for the second group. In comparison with 
the dipole moment of azulene26 (J.lexp = 3'34.10- 30 C. m), the values for com­
pounds la, Ie, ld, lId, and IIId are nearest. The low dipole moment of compound 
lId is conspicuous, an evidence for a marked delocalization of n-clectrOlls and equi­
valence of N-atoms in this system. An extraordinarily low dipole moment was found 
also for compound IIId. 

In all the studied systems, the lowest total energy corresponds to cycloheptatriene 
derivatives of group II. Compounds with a thio or oxo group ar,e preferred in tauto­
meric equilibriums, but imino derivatives are not. Fulvene derivatives of the first 
group have the highest interaction and stabilization energies, an evidence that the clos­
ing of the quasiaromatic cyclic system causes the formation of a strong hydrogen 
bond and setting free of a considerable delocalization energy. Also the changes 
of the Wiberg indexes, which are highest in the first group, substantiate the forma­
tion of an aromatic system. Group I compounds have also the most acidic bridge 
hydrogen, an evidence for a strong hydrogen bond. The strongest hydrogen bond 
is formed by oxygen-containing derivatives, whereas the presence of nitrogen makes 
possible a marked delocalization of n-electrons. The sulphur-containing compounds 
are much less stabilized, however it should be noted that we used a model geometry 
in their theory, which could influence the results . The negative charge in the five 
-membered ring of group I compounds and the positive charge in the seven-numbered 
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Quasiaromatic Analogues of Azulene 39 

ring in the group II compounds as well as their dipole moments are further evidences 
for the similarity of these derivatives to their carbon analogue, azuJene. 

The compounds of the third group are least stable from the point of view of the 
total energy. The positive charge in the five-membered ring also brings no evidence 
for the similarity with azu1ene. The stabilization and interaction energies are smaller 
than in group I but larger than with cycloheptatriene derivatives .of group II. The 
derivative IIId, where NH stands for A and D, has relatively the most favourable 
quantum chemical characteristics. 
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