
52 Russian Chemical Reviews, 5 6 (1), 1987

Translated from Uspekhi Khimii, 56, 95-127 (1987) U.D.C. 547.913.5

Pseudoazulenes as p-Isoelectronic Analogues of Azulene

Yu.N.Porshnev, V.A.Churkina, and M.I.Cherkashin

The principal methods of synthesis and the chemical and physicochemical properties of pseudoazulene are described. Attention
is concentrated on the latest studies which have not been taken into account in the published reviews. Certain aspects of the
uses of pseudoazu lene compounds are examined.
The bibliography includes 185 references.
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I. INTRODUCTION

Only individual terpenoid representatives of hydrogenated
pseudoazulenes of the cyclopentapyran series, such as 1-meth-
oxymyodesert-3-ene (I) which forms part of the structure of
Myoporum deserti (Myoporaceae) as the iridoid constituent
and has been found in plants growing in the moist regions of
Australia, have been discovered in nature. 1 The iridoid—
the glycoside (II)—present in Lanthana camara (Verbenaceae)
and detected in 150 plant species in Africa and tropical
America, has been identified:

C00"

H / >o—p—glucose
: Η
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Individual pseudoazulene systems are components in the
structures of alkaloids. Thus the alkaloids sempervirine and
alstonine contain the 2H-pyrido[3,4-b]indole (III) system,3"7

while the alkaloid cryptolepine has the structure (IV).8 The
hydrogenated indolizine system (V) is present in the mole-
cules of strychnine, securinine, and the Veratrum alkaloids
germine, cevine, and protoverine. The 1- and 3-alkylpu-
rines (VI) and (VII) are used as model substances which
participate in glycosylation reactions and whose reactivity is
equal to that of antibiotics and nucleic acids. 9 ' 1 0
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The advances in quantum chemistry regarding the creation
of the theory of aromaticity have promoted an intense develop-
ment during the last three decades of the chemistry of het-
erocarbonium aromatic systems, among which analogues of the

non-benzenoid aromatic azulene system, namely pseudoazu-
lenes, are of special interest. Formally, they can be obtained
by replacing a two-electron carbon—carbon double bond in
the aromatic system by the unshared electron pair of the het-
eroatom, whereupon the aromatic character of the system is
usually retained. 1 1 " 1 3 This principle of structural analogy,
which has been known for a long time in the benzene-thio-
phen-furan-pyrrole series, was first applied in 1957 by
Boyd11* and Mayer15 and later also by other workers 1 6 ' 1 7 to a
large group of heterocyclic compounds—pseudoazulenes, which
are ττ-isoelectronic analogues of azulene. The chemistry of
these systems has only just begun to develop despite the fact
that the fundamental studies by Robinson and co-workers1 1"1 3

were published in the first quarter of this century.
According to the above principle, numerous representatives

of pseudoazulene systems in which one, two, or three double
bonds have been replaced by heteroatoms can be formally
obtained from azulene:

Χ, Υ, Ζ = - Ο - , - S - , - N R - , - S e - , - T e - .

For the azazulenes (VIII) and (IX), polyazazulenes, and
heteroniaazulenes, the analogous "reactions" are also pos-
sible. 1 8 ' 1 9

The number of possible systems increases greatly when
different heteroatoms are used simultaneously. Dinuclear
condensed heterocyclic systems with a nitrogen atom common
to both rings, namely quinolizines, are also regarded as the
pseudoazulenes (V) and (X).

( V I I I )
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Table 1. Pseudoazulenes with one heteroatom in the six-membered ring.

1,2-Benzoazulene

4,5-Benzoazulene

1,2; 5,6-Dibenzoazulene*

1,2; 6,7-Dibenzoazulene

Pseudoazulene
Name

in I UP AC nomenclature |

10 ττ-Electron systems

14 π-Electron systems

(XVII)

(XVIII)

(XIX)

(XX)

(XXI)

(XXII)

(XXIII)

(XXIV)

(XXV)

(XXVI)

NR

ο
s

NR

NR

NR

Ο

S

NR

6H-indeno[2,l-6] pyridine

indeno[2,l-6] pyran

indeno [2,1-6] thiapy ran

5 H-indeno [ 1,2-6 ] py ridine

indeno [ 1,2-6] thiapyran

7H-indeno 12,1 < ] pyridine

4H-cyclopenta[6 ] quinoline

cyclopenta|6] chromene

cyclopenta|6] thiachromene

5 H-cyclopenta [ c ] quinoline

1,2-benzoazalene

1,2-benzoxalene

1,2-benzothialene

2,3-benzoazalene

2,3-benzothialene

1,2-benzoisoazalene

5,6-benzoazalene

5,6-benzoxalene

5,6-benzothialene

7-benzoisoaza!ene

18 ir-Electron systems

(XXV11)

(XXVIII)

(XXIX)

(XXX)

NR

NR

Ο

5H-indeno [1,2-6] quinoline

6H-indeno [2,1-6] quinoline

indeno[2,1-6] chromene

indeno[2,l-6] thiachromene

2,3; 5,6-dibenzoazalene

1,2; 5,6-dibenzoazalene

1,2; 5,6-dibenzoxalene

1,2; 5,6-dibenzothialene

Systems containing more than 18 π-electrons

Phenanthro[9,10-a]-6,7-benzoazulene*

(XXXI) NR 10H-dibenzo[4,5; 6,7]-indeno-
[2,1-6] quinoline

phenanthro [ 9,10-fl ] -5,6-
benzoazalcne

•Azulene systems having this structure are unknown.

Refs.
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5 4 3

azulene

7 ,

TTYV
4 3

4 3

(XI)

(XII)

(XHI)

(XIV)
(XV)

(XVI)

NR

Ο

S

NR
0

S

lH-pyrindine

cyclopentajb] pyran

cyclopenta[b] thiapyran

2H-pyrindine
cyclopenta[c] pyran

cyclopenta[c] thiapyran

azalene

oxalene

thialene

isoazalene
iso-oxalene

isothialene

[12, 13,51,
GO, 73]
[14, 51, 53,
102J
|15, 18, 34,
35, 1001

[36, 37, 62,
72,110]
[62]
[34—37.
61-64]

[101]

[1041

[34]

[59]

(55]

(66-68,116

[16, 19,
43—46]
[14, 16, 25,
57]
125, 28, 38]

[29]

(12, 13,27]

[28, 52, 74,
1031

[14, 26, 28,
57, 74. 77.
80,103—105]
[34, 49,111]

[24]

53

They constitute a large independent group of pseudoazu- The number of existing nitrogen-containing pseudoazulenes
lenes, whose chemistry has been described in a monograph . 2 0 is much greater than that of the sulphur- and oxygen-con-
A review has been devoted to the chemistry of the indolizines taining compounds; only one pseudoazulene system contain-
(V). 2 1 Almost all the pseudoazulene systems known at the ing selenium as the heteroatom is known.23 Systems containing
present time are represented in the review of Timpe and tellurium as well as systems with a four-membered ring are so
El'cov.22 far unknown, which can be explained by the instability of
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these products in the former case or the considerable angular
ring strain in the latter. The influence of the heteroatom on
the electronic structure, the electronic spectra, the stability,
and the reactivity has been most fully investigated for pseu-
doazulene systems in which the unshared electron pair of the
heteroatom replaces one double bond in the seven-membered
ring of azulene or benzoazulenes. For this reason, we shall
confine ourselves to the consideration of the systems pre-
sented in Table 1.

The [b]-series pseudoazulenes (XI)-(XIII) and the [c]-
series pseudoazulenes (XIV) and (XVI) are non-alternant
ΙΟπ-isoelectronic analogues of azulene. Compounds (XVII) to
(XXVI) are isoanalogues of the 14TT-electron systems of 1,2-,
5,6-, and 4,5-benzoazulenes. For the 18ττ-electron systems
(XXVII) and (XXX), azulenes with an analogous structure are
so far unknown and this is also true of the new pseudoazulene
system (XXXI) obtained in 1975.2k It was initially suggested
that pseudoazulenes containing a sulphur atom, an oxygen
atom, or an NR group be designated as thiaienes,1 5 oxalenes,25

and azalenes17 respectively. This nomenclature, based on
the type of heteroatom, is not always used although it effec-
tively explains the genetic relation with azulene. Specific
compounds are usually named in accordance with IUPAC rules,
the pyrindines (XI) and (XIV) constituting an exception. The
compounds listed in Table 1 are arranged in such a way that
the cyclopentane ring is placed on the right-hand side of the
main pseudoazulene system, while the heteroatom on the left-
hand side is placed in the lower half of the heterocycle. The
first carbon atom is located in the upper angle of the cyclo-
pentane component of the main system. The remaining atoms
are numbered clockwise, the heteroatom being numbered in
accordance with the general sequence. The above nomencla-
ture is most widely used and has already been adopted in a
series of well known publications. 1 '*'2 6~2 9

I I . METHODS OF SYNTHESIS OF PSEUDOAZULENES

The methods of synthesis of pseudoazulenes differ signifi-
cantly from those for azulenes, since its molecular skeleton is
obtained in different ways, depending on the required pseu-
doazulene system. The methods of synthesis can be com-
bined, for example, in accordance with the type of the last
stage leading to pseudoazulenes. A common stage of this
kind in the syntheses of both pseudoazulenes and azulenes is
the dehydration of saturated compounds.

1. Dehydrogenation of Saturated Precursors of Pseudo-
azulenes

Historically the first and for a long time the only method of
synthesis of azulene hydrocarbons was dehydrogenation of
bicyclic precursors with the bicyclo[5.3.0]decane structure
or the corresponding partly saturated compounds. 3 0" 3 3 The
dehydrogenation of more or less hydrogenated compounds,
already having the heterocyclic skeleton of pseudoazulenes,
is used only for sufficiently stable compounds. Numerous
thiaienes, of both [b]- and [c]-series, namely compounds
(XIII), (XVI), and (XIX), have been obtained in this way.

(XXXII) (ΧΠ1)
t

(ΧΧΧ1Π)

(XIV): X=NR
(XVI): X=S

(XXXVI) (XIX)

Hydrogenated sulphur-containing heterocycles, for example,
compounds (XXXII), (XXXIII), and (XXXV), or the open-
chain mercaptans (XXXIV) and (XXXVI),31* are dehydroge-
nated in the gas phase over Pd/C at 300-350 <>c.35-38

 T h e

overall yield depends on the dehydrogenation stage, which
frequently proceeds with a high (~30%) yield; it can also
amount to only a few per cent owing to the low activity of the
catalyst. 3 7 However, this method is still the best procedure
for the synthesis of not only thiaienes but also 2-phenylpy-
rindine (XIV).3 6 Other pseudoazulene systems, for example,
substituted 4/i-cyclopentaIb]quinoline (XXIIIa), can also be
conveniently obtained in this way,1 7 but the dehydrogenation
is carried out in boiling xylene for 10 h in an atmosphere of
nitrogen with the same catalyst and the yield is 53%.

CHS

(XXIIIa)

On dehydrogenation over Pd/C and also when the Cu2Cl2/C
catalysts are used at 300 °C or sulphide is used at 300 °C,
oxygen-containing precursors [for example, compound (XXXIII,
X = O)] give rise to only tarry products. 3 7

Azulene precursors are dehydrogenated under very mild
conditions by chloranil and for this reason, the latter is
widely used in the synthesis of azulenes containing substit-
uents unstable at high temperatures.39~**2 For effective dehy-
drogenation, it is essential that the precursor should already
possess a high degree of unsaturation. Chloranil has been
used extremely rarely for the synthesis of pseudoazulenes.25'35

The synthesis of the unsubstituted pseudoazulenes (XXIV)
and (XXV) from chromone and thiachromone respectively
using the dehydrogenation of compound (XXXVII, X = Ο or
S) by chloranil has been described,2 5 but the author did not
indicate the dehydrogenation conditions and the reaction
products were not isolated in a pure form:

/ \ x / \ /
(XXXVII) (XXIV) :X=O

(XXV):X=S

\SH
(XXXIV)

A number of workers observed the interaction of chloranil
with pseudoazulenes, for example, with 4A/-cyclopenta[b]quin-
oline (XXIII) and 5H-cyclopenta[c]quinoline (XXVI), the
latter being substituted by the chloranil residue in the 1-
and 3-positions.29'1*3'1*'*

Dehydro-compounds of the type of (XXXVIII) can be con-
verted into fully aromatic systems by the multistage elimina-
tion of hydrogen atoms in the saturated cyclopentane or
cyclopentene rings, or by the dehydrohalogenation of qua-
ternary salts, or by some other elimination reaction:
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The acid-catalysed elimination of water from the hydroxy-
derivative (XL, R1 = OH) proceeds especially effectively.'*5''16

It is then essential to maintain appropriate conditions exactly,
since pseudoazulenes can be decomposed by acid. An instance
of photochemical dehydrogenation is known.Zk

extent, which are converted by quaternisation and subse-
quent alkaline cleavage of the quaternary salts into nitrogen-
containing pseudoazulenes (XXVIIIa—c) in approximately 25%
yield:5 2

(XXVIIIa-c)

2. Condensation of Aromatic Aldehydes and Ketones

The method considered above is a general procedure for the
conversion of compounds already containing the pseudoazu-
lene skeleton into pseudoazulenes proper. Since new C-C
and C—X bonds can arise in condensation reactions, it is
always possible to select suitable initial compounds which give
rise to the pseudoazulene system; dehydrogenation is then
altogether unnecessary. The form of the initial compounds
can be specified by the required structure of the final prod-
uct. For example, the condensation of salicylaldehyde or
o-mercaptobenzaldehyde with aryl-substituted A2-cyclopen-
tenones in the presence of piperidinium acetate in benzene
yielded the arylsubstituted benzo[b]cyclopenta[e]pyrans {or
cyclopenta[b]chromenes} (XXIVa—c)11*'27'1*7 and the corre-
sponding thiapyrans {or cyclopenta[b]thiachromenes} (XXVa):28

Since o-aminobenzaldehyde is unstable, it is possible to use
its ethylene acetal, whose condensation with 3-phenyl- and
3,4-diphenyl-A2cyclopentenones in alcoholic solution of hydro-
chloric acid leads to the pseudoazulenes (XXIIIb, c) in good
yield (up to 80%):5 1 '5 3

;-Ph

/ \ N /

(XXIIIb, c)

y-Ph

- P h

S Π1

R3

(XXIVa-c):X = O
(XXVa):X=S

a:Ri=R3=H; R s=Ph |14, 47J
b: R»=R»=Ph; R»=H [27)
Ci-R^H; R !=R»=Ph |2fi]

This method is particularly convenient for the synthesis of
tetracyclic pseudoazulenes which are sometimes formed in a
yield up to 80%. Indeno [2,1-b ] chromene (XXIXa) and
indeno[2,l-b] thiachromenes (XXX, R = H) have been obtained
by condensing 2-indanone with salicylaldehyde and o-mercap-
tobenzaldehyde respectively . 2 8 ' l f 8 ' l f 9 The condensation of
substituted 2-indanones or 2-indanoneimines with salicylalde-
hyde leads to 5-substituted derivatives of indeno [2, l-b]chro-
mene

eVY-n a : R = H(Refs. 14,48)
(XXX):X=S [28 49] b · Κ - CH3 (Ret.5O)

c: R = 2-indanyl (Ref.50)
d: R = COOC2HS (Ref.50)
e: R = CN(Ref.28) .

However, nitrogen-containing pseudoazulenes cannot be
obtained in this way; the attempts to carry out the conden-
sation in a neutral or alkaline medium (alkali in alcohol or
piperidine in benzene) do not yield the final products directly.
The reaction of the ethylene acetal of o-aminobenzaldehyde
with phenyl-A2-cyclopentenones does not afford pseudoazu-
lenes under these conditions and it does not even give rise to
Claisen condensation products . 5 1 The condensation of 2-ind-
anone with o-aminobenzaldehyde, o-aminoacetophenone, or
o-aminobenzophenone in an acid medium results in the forma-
tion of compounds (XLIa—c), dehydrogenated to the optimum

3. Deprotonation of Pyridinium, Quinolinium, Pyrylium, and
Thiapyrylium Salts

The deprotonation of heteronium salts as a method of syn-
thesis of pseudoazulene systems is logically a continuation of
the previous subsection and is closely related to it in the syn-
thetic sense, because the majority of the intermediates and
salts based on them are obtained in this instance by condens-
ing aldehydes and aromatic (and also a, β-unsaturated) ketones.
The deprotonation of heteronium salts actually constitutes the
dehydrogenation stage, which completes the synthesis of the
pseudoazulene, but, since the number of final systems obtained
in this way is fairly large and the reaction itself does not pro-
ceed smoothly with all salts, we shall consider this stage in a
separate Section.

Salicylaldehyde undergoes the Claisen condensation with
phenyl-substituted A2-cyclopentenones of 1-indanone in alka-
line media with formation of the corresponding hydroxychal-
cones (XLII) or (XLIII),5 1· '5 5 which afford the benzopyrylium
salts (XLIVa—c) and (XLV) in a mixture of acetic and hydro-
chloric acids. However, whereas a solution of the salts
(XLIVa—c) gives rise to the pseudoazulenes (XXIVa—c) on
dilution with water, compound (XLV) decomposes on hydro-
lysis in the presence of sodium acetate : 5 5 " 5 7

(XXIVa-c)
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Chalcones and derivatives of phenyl-substituted A2-cyclo-
pentenones condense on treatment with FeCl3 in acetic anhy-
dride into the chloroferrates (XLVIa-d) in 35% yield. On
treatment with sodium acetate, both the chloroferrates and
perchlorates (XLIVa-d) give rise to cyclopenta[b]pyrans
(XXIIa-d) in high yields (up to 90%) i1*7'58'59

a: R= H. Ar

Ph, Ar'= ρ- CHS

(XLVU-r)

I^ , CIO"

r,-CMfit. Ar'= Ph:

The tetrachloroferrate (XLVI) has been obtained analogously
by the reaction of benzylidenacetophenone with 3-phenyl-
1-indanone (XLVII) (yield 48%) and was converted into the
perchlorate (XLVIII) by treatment with 70% perchloric acid.
The condensation of equimolar amounts of acetophenone with
2-benzylidene-3-phenyl-l-indanone gives rise to the chloro-
ferrate (XLVII) in only 20% yield:55

(XLVII): X = 0 , Y=FcCI4

(XLVIII): X = 0, Y=C10<

(XLIX): x = s , Υ = Γ.10<

(XXIa): X = S

On treatment with a 10% aqueous solution of Na2S and sub-
sequent addition of 20% perchloric acid, the perchlorate
(XLVIII) gives rise to the thiapyrylium salt (XLIX) (yield
93%), which is deprotonated with an aqueous alcoholic solution
of alkali and sodium acetate to form 2,4,5-triphenylindeno[l,
2-b]thiapyran (XXIa). Hot water also hydrolyses the salt
(XLIX) but more slowly.

On interaction with aniline, the perchlorate (XLVIII) is
converted into the N-phenylpyridinium salt (La) in 59% yield.
The deprotonation of the salt with aqueous-alcoholic alkali
affords l,2,4,5-tetraphenyl-l//-indeno[l,2-b]pyridine (XXa).
Treatment of the same perchlorate (XLVIII) with 30% aqueous
methylamine leads to a 55% yield of l-methyl-2,4,5-triphenyl-
lH-indeno[l,2-b]pyridine (XXb), which can be converted
into the substituted N-methylpyridinium perchlorate (Lb):

(XLVIII)

A C107

(La): R = Ph
(Lb): R = CH3

(XXa, b)

Whereas the heteronium salts of phenyl-substituted deriva-
tives of cyclopenta[b]chromene (XLIV), cyclopenta[b]pyran
(XLVI), indeno[l,2-b]thiapyran (XLIX), and indeno[l,2-b]-
pyridine (L) produce the corresponding pseudoazulenes on
hydrolysis with aqueous-alcoholic solutions of alkali or sodium
acetate, indeno [l,2-b]chromylium perchlorate (XLV) and
indeno[l,2-b]pyrylium perchlorate (XLVIII) only regenerate
the initial compounds under the same conditions, i.e. 3-phenyl-
2-salicylidene-l-indanone (XLIII) and 2-(3-oxo-l,3-diphenyl-
propylidene)-3-phenyl-l-indanone (LI) respectively.

The quaternary salts of nitrogen-containing pseudoazulenes
are obtained by the quaternisation of the corresponding het-
erocyclic bases with alkyl halides or tosylates in aprotic sol-
vents. «,«,si-53,6o D e s p i t e t h e tautomerism of the base (LII)
[the isomers (Llla—c) are possible], alkylation results in a
good yield of the quaternary salts (LIII) (the C-alkylation
products were detected only in trace amounts). Alkaline
deprotonation of the quaternary salts (LIII) leads to the
pseudoazulenes (LIV):

(LIHa) (LIIc)

(Llla) (LUIb)

(LIV)

Thus the majority of the pseudoazulene systems investigated
can be obtained by the deprotonation of the corresponding
heteronium salts, with the exception of systems of the [ c ] -
series. The deprotonation of certain salts takes place even
in the presence of water, while for others solutions of sodium
acetate or alkali are employed, depending on the basicity and
stability of the final products. The yields of the nitrogen-
containing pseudoazulenes are 60-80% and those of the oxy-
gen-analogues are about 90%.

The reactions involving the direct substitution of the het-
eroatoms in the pseudoazulene systems must also be considered,
since they permit the direct transition from, for example,
oxalenes to pyrindines:5 1 '5 3 '5 5 '6 1 '6 2

Ph
I

(XII)

Ph
I

- R 1 + R'NH,

Ph'

—Rl

(XI)
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After brief heating of compound (XII) with an excess of
aniline, benzylamine, or butylamine in dim ethylform amide
(DMF), 1-substituted-lH-pyrindines (XI) were obtained in
good yields. 5 1 " 5 3 If pyrylium perchlorates corresponding to
the pyrans (XII) are introduced into the reaction, then the
pyrans (XII) are formed as intermediates under the reaction
conditions. A decisive factor for the successful occurrence
of the reaction is evidently the high boiling point of DMF
since, on heating to the boiling point in 10% alcoholic solution
of ammonia, l f7'58 and also on heating in ethanol with amines,
compounds (XII) remain unchanged. Oxalenes, having an
oxygen atom linked directly to the aromatic ring, cannot be
converted in this way into nitrogen-containing pseudoazu-
lenes. The attempts to convert 5,6-benzoxalene (XXIV) into
4/i-cyclopenta[b]quinoline (XXIII) were unsuccessful (only
polymeric products of the condensation of the initial compound
were obtained 5 1 ' 5 5 ) .

4. Other Methods of Synthesis

Apart from those described above, there exist several more
methods of synthesis of pseudoazulenes. Although these are
not quite so common, they can be used successfully in certain
cases.

Analogously to the synthesis of the azulene by the Hafner
method, the cyclopentadienyl anion can be used to obtain
cyclopenta[c]thiapyran:63>61*

(xvi)

The yield of compound (XVI) is only 10%, but this method
actually consists of only a single stage. So far, it has been
the only procedure for the synthesis of 2/i-cyclopenta[d]-
pyridazine: 6 5

The synthesis of the 2H-indeno[2, l-c]pyridine derivative
(XXIIa) has been described: 6 6 " 6 8

CH3. Ph

The photochemical oxidative cyclisation of 1,2-diphenyl-
3//-cyclopenta[b]quinoline (LV) leads to the formation of a
new hexacyclic structure (LVI).21* Subsequent quaternisa-
tion with dimethyl sulphate and treatment with sodium acetate
afford the fully conjugated polycyclic system (LVIII)—10-
methyldibenzo[4,5,6,7]indeno[2,l-b]quinoline in 54% yield:

Ο R1

PhMgBr

(50%)

PPA = polyphosphoric acid.
(XXIb)

On treatment with HC1, oxepinopyridazine and oxepinopyr-
idine derivatives are capable of rearranging to the correspond-
ing pseudoazulenes— 5H-cyclopenta[d]pyridazine and 5H-cy-
clopenta [ c ] py ridine: 6 9

COOCH,
I-

ClljOCO
OOCH,

CR,OCO TI " COCH.

(LV11) (LVIII)

I I I . CHEMICAL PROPERTIES

The reactivity of pseudoazulenes has so far been inade-
quately investigated and information concerning the behaviour
of many systems in chemical reactions is totally lacking. Data
conerning the preferred reaction centres, obtained as a result
of quantum-chemical calculations, are examined below. The
examples of reactivity known at present are in the main con-
sistent with these theoretical data and indicate a rigorous
analogy with the properties of azulene. The enhanced elec-
tron density in the five-membered ring and the electron defi-
ciency of the atoms of the heterocycle are responsible for the
high reactivity of the former and the passivity of the latter
with respect to electrophiles. Like azulene, pseudoazulenes
readily form π-complexes with various π-acids: trinitroben-
zene, picric acid, etc.

The trinitrobenzene complexes are frequently used for the
purification, identification, and isolation of unstable pseudo-
azulenes, since such complexes readily decompose into their
components during chromatography on alumina. Trinitro-
benzenates are sometimes introduced into electrophilic sub-
stitution reactions,7 0 the insoluble trinitrobenzene being sub-
sequently readily removed.

1. Basicity

The high basicity of azulene is responsible for the formation
of the azulenium salt (LIX) on treatment with concentrated
inorganic acids : 3 2 · 3 3 ' 7 1
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Pseudoazulenes give rise to analogous cations, but there is
in this instance a possibility of the formation of two tautomeric
forms (LXa, b), because the presence of the heteroatoms dis-
turbs the molecular symmetry. The choice between these
cations is of fundamental importance for the establishment of
the structure of the salts formed and their derivatives and
for the elucidation of the influence of the heteroatom on the
electron density of the atoms in the five-membered ring:

(LXa)

(LXb) (LXIb)

According to Anderson and Harrison,72 the [c]-series com-
pounds (X = S) can be protonated in both 1- and 3-positions,
but the latter pathway is preferred and for this reason the
cation (LXAa, X = S) is usually formed. In the [b]-series
compounds (X = Ο or NR) protonation takes place exclusively
in the 1-position. 5 1>5 7 '5 8 '7 3

XH NMR data for the pyrylium salts (LXII) have been com-
pared57 with the corresponding data for the salts (LXIII) and
(LXIV) and it was concluded, on the basis of the study of the
chemical shifts of the methylene protons (in solution in CF3.
.COOH) in these compounds, that the protonation of 2-phenyl-
cyclopenta[b]chromene (XXIVa) proceeds exclusively in the
1-position with formation of the cation (LXIIa):

(LXIIb)

(LXIII) (LXIV) \=y

The majority of pseudoazulenes are stronger bases than
azulenes. The pKa of the individual pseudoazulenes has
been reported in a review22 (the pKa of unsubstituted azulene
is 1.7). Phenyl-substituted l//-pyrindines (XI) andN-methyl-
cyclopenta[b]quinolines (XXIII) are protonated even by acetic
acid, i.e. their pKa exceeds 4.5.5 1

The basicities of azulenes and pseudoazulenes are usually
characterised by the partition coefficient K v:

3 2

* „ =
pseudoazulene concentration in an inert solvent
pseudoazulene concentration in aqueous acid

The partition coefficient Kv has been measured as a function
of the Hammett acidity function Ho of the aqueous layer. In
order to determine the basicity, it is necessary to select the

value of f/0 for which the coefficient Kv becomes unity. The
Hammett acidity function Ho (Kv = 1) has been measured
spectrophotometrically for certain pseudoazulenes containing
various heteroatoms.28 Nevertheless, we assume (in con-
formity with the data of Weiss and Schoenfeld71*) that the
basicities of these compounds can be determined from the
value of Ho only approximately owing to the different solu-
bilities in the organic solvents of the compounds being com-
pared. For this reason, the Ho (Kv = 1) values can be used
only to demonstrate approximately that nitrogen-containing
pseudoazulenes are much more basic than oxygen- or sulphur-
containing analogues and that the basicity of pseudoazulenes
is higher than that of azulenes.

Quantitative data for the reactivities of azulenes and pseu-
doazulenes in relation to electrophiles have been obtained by
measuring the rate of exchange of active hydrogen atoms (in
the 1- and 3-positions in both azulene and pseudoazulenes)
for deuterium in an acid medium.7lf The rate constant for
the exchange in azulenes is lower than in 2,3; 5,6-dibenz-
oxalene and N-methyl-2,3; 5,6-dibenzopyrindine. The authors
note that the rates of H—D substitution, measured in a dilute
solution of CH3COOD in CH3OD for these pseudoazulenes as
well as certain azulenes, correspond to the reactivities of
these compounds predicted by Borsdorf on the basis of the
π-electron densities calculated by the MO-LCAO method (see
Section IV).

2. Electrophilic Substitution Reactions

Electrophilic substitution in pseudoazulenes takes place
exclusively in the 1- and (or) 3-positions (in the five-mem-
bered ring), i.e. is completely analogous to the substitution
in azulenes. If both these positions in the five-membered
ring are free, then in the majority of cases mixtures of mono-
and di-substituted products are obtained and can be separa-
ted only by prolonged operations; the predicted preferred
sites to which the reactions are directed have not been dem-
onstrated in practice. In the majority of instances, the
reactions were carried out using compounds having individ-
ually only the 1- or 3-position free. Disubstituted products
have been mainly obtained for other compounds.

(a) Azo-coupling. Among inactivated aromatic benzenoid
compounds, there are only a few substances capable of enter-
ing into the azo-coupling reaction with diazonium salts, whereas
for azulenes this reaction is facilitated by the low localisation
energy for electrophilic attack in the l(3)-position. All the
azulenes investigated hitherto readily give rise to azo-dyes.33

The pseudoazulenes (XIa), (Xlla), (XVI), and (XXIIIb, c)
are smoothly coupled to benzene- and p-nitrobenzene-diazo-
nium fluoroborates in acetonitrile51 or in a dioxan-ethanol
mixture.58 Quaternary salts, for example (LXVIII), are
formed in the first stage and on treatment with a base (sodium
acetate) are converted into azo-eompounds in 70—90% yield:

,N=N—Ph

(LXV) from (XIa) (LXVI) from (Xlla) (LXVII) from (XVI)

N=NPh

(XXIIIc) (LXIX)
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Azo-dyes of the type (LXIX) have the azo-group in the
3-position, while in 2-phenylcyclopenta[b]quinoline (XXIIIb)
the azo-group can enter the 1- or 3-position. Indeed, two
structurally isomeric azo-dyes have been obtained on azo-
coupling, which has been demonstrated by thin-layer-chro-
matography (TLC); but the isomers could not be separated
by crystallisation.5 1

(b) Nitration. As a result of the sensitivity of pseudo-
azulenes to strong acids and oxidants, they cannot be nitra-
ted by the nitrating mixture, but nitration can be readily
achieved by treatment with Cu(NO3)2 in acetic anhydride or
with tetranitromethane in pyridine. 2 6 ' 3 3 ' 3 1 *' 5 0 ' 6 1 ' 7 2 ' 7 5 Only
mononitro-derivatives of pseudoazulenes are known; the
attempts to obtain dinitro-derivatives by treatment with an
excess of tetranitromethane in pyridine and also with copper
or silver nitrate in acetic anhydride were unsuccessful.72 The
synthesis of nitropseuduazulenes has been described: 3-nitro-
l,2,5,7-tetraphenylcyclopenta[b]pyran and 3-nitro-l,2;5,6-
dibenzoxalene as well as l(3)-nitrocyclopenta[c]thiapyran
(LXX).6 1 '7 2 It has been noted that the properties of the
product (LXX) preclude a choice between the structures of
the 1- and 3-substituted derivatives:

Cl

N O S

I

o r
 QS

\ / \ί*

N02

(LXX)

X

NO,
(l.XXIj

NO,

(LXXII)

On nitration with an excess of tetranitromethane in pyri-
dine, cyclopenta[b]thiapyran (XIII) affords two isomeric
products (LXXI) and (LXXII), whose structures have not
been determined unambiguously. However, it has been
established that the reaction of 2-phenylcyclopentachromene
(XXIVa) with C(NO2)i> in pyridine leads exclusively to the
1-nitro-derivative (LXXIII), while the 1,2-diphenylcyclo-
pentachromene is nitrated, as expected, in the 3-position:75

(LXXI11)

The 3-trans-styryl derivative of 1,2-diphenylcyclopenta-
chromene is capable of being nitrated at the α-carbon atom
of the styryl residue, i .e. in the position most remote from
the cyclopentachromene ring and at the same time conjugated
with it (the vinylogy principle),7 6 forming the nitrostyryl
derivative (LXXIV):

(LXXIV)

(c) Halogenation. The best halogenating agents for
azulenes33 and pseudoazulenes are N-halogenosuccinimides,
whose use makes it possible to obtain mono- and di-halogeno-
derivatives in high yields (up to 8 2%). 2 6 ' * ' 3 8 ' 5 0 ' 5 8 · 6 1 ' 7 2

Ph P h

>—Ph

(LXXVIIIa, b)
i i I,

(LXXV) (LXXVI a, b) (LXXVII)

/Vu,
dl ur

(LXXIX) (LXXX)
a:X=Cl
b:X=Br

The halogenation of pseudoazulenes without substituents
in the 1- and 3-positions yielded the disubstituted products
(LXXV),3" (LXXVia,b),61'72 and (LXXVII).38 The mono-
substituted pseudoazulenes (LXXVIIIa, b ) , 5 8 (LXXIX),* and
(LXXX)26'50 have also been obtained with the aid of N-halo-
genosuccinimides. The attempt to obtain the trichloro-
derivatives from cyclopenta[c]thiapyran (LXXVIa) leads
only to a polymeric material,72 while 1,3-dichloroazulene is
capable of being chlorinated by N-chlorosuccinimide with
formation of 1,3,5-trichloroazulene in 17% yield.7 7

(d) Acylation and formylation. It is known that azulenes
are acylated by carboxylic acid chlorides in the presence of
aluminium chloride, perchloric acid, or tin tetrachloride with
formation of 1-mono- and 1,3-di-acyl derivatives. The
reaction with (CF3CO)2O takes place almost quantitatively
without a catalyst. 3 3 Azulene has been acylated with the
chlorides or bromides of oxalic, malonic, and phenylacetic
acids.

However, none of these methods are very applicable to
pseudoazulenes owing to their greater basicity and lower
chemical stability. 1,3-Diacetylcyclopenta [c Jthiapyran
(LXXVic) has been obtained in only 9% yield by the acylation
of compound (XVI) with acetic anhydride in the presence of
SnCl, : 6 1 ' 7 1

cocn3

(LXXVIc)

CH 3 COC1I.

(XXVIIId) (LXXXl):

5-Acetyl-N-methyl-1,2;5,6-dibenzoazalene (XXVIIId) has
been obtained by reaction with acetic anhydride without a
catalyst. K The Vilsmeier—Hack reaction is most often
employed to synthesise formyl derivatives.2 6·5 0 '5 2·5 8 Both
mono- and di-formylazulenes have been obtained from azu-
lenes by this method.33 The aldehyde (LXXVI) has been
obtained by formylating compound (Xllb) by the complex
POCI3.DMF with isolation of the intermediate phosphoro-
dichloridate [X = CH = N+(CH3)2.PO2C12] in a high yield.
The 1,3-dialdehyde has been obtained in 70% yield by heating
2-phenylcyclopentachromene with an excess of the Vilsmeier
reagent. 7 5 The thermal acylation of compound (XXIVa)
with malonic acid in the absence of solvents leads to the
1-acetyl derivative.7 8 Under mild conditions (treatment with
oxalyl bromide in CCU for many days at 20 °C), the pseudo-
azulenes (XIII), (XXVIII), and (XXIX) form substituted
glyoxylic acids, which are decarbonylated to the corre-
sponding carboxylic acids on heating to 70 oc, 7 9 , 8 0 it has
been shown2 6·5 2that a high basicity and ready hydrolytic
elimination of the formyl group on heating in the presence of
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inorganic acids are characteristic of pseudoazulene alde-
hydes. 26»sz 3-Formyldibenzoxalene in alcoholic solutions26

splits off the formyl group in the presence of POC13 and
affords the intensely green dioxalenylmethane derivative
(LXXXII) ( X m a x = 722 nm, lg ε = 4.42 in methanol).

The same compound can be obtained from dibenzoxalene
and 3-formyldibenzoxalene, analogously to the synthesis of
the diazulenylmethane dye obtained by condensing azulene
with 1,4-formylazulene.33 Pseudoazulene aldehydes can be
used for the synthesis of other derivatives, for example,
polyene derivatives. Thus a series of styrylpseudoazulenes
have been obtained by the Wittig reaction76 from mono- and
di-formylcyclopentachromenes. The virtually pure trans,
trans-isomer (LXXXIII) has been obtained by reaction with
cinnamylidenephosphorane, while the reaction with ben-
zylidenephosphorane produced the cis- and trems-isomers
(LXXXIVa.b) in proportions of approximately 1: 2. The
cis-isomer (LXXXIVa) is converted quantitatively into the
trans-isomer on treatment with catalytic amounts of I2 by
analogy with the isomerisation of cis-1-styrylazulene:81»82

L X X X I I I »

•TYV

- ΠΓ.ΗΟ *·

—Ph

/

v / = \

(LXXXIVa)

COCI·"·!

\

(LXXXIVb)

CHO

•Vh

Compound (LXXIVb) can undergo the electrophilic sub-
stitution reaction in the CH=CH-Ph side group (in the
ot-position in the styryl residue). The increased electron
density at the C(l) atom of the 2-phenylcyclo pentachromene
system affects the structural selectivity of the Wittig reaction
for the 1,3-dialdehyde, which reacts with one equivalent of
Ph3P=CHPh to produce the cis- and trans-3-styrylaldehydes
(LXXVa) and (LXXXVb):

CHU

—Ph
PhaP=CHPh

CHO CHO

>-Ph + - P h

CHO

(LXXXVa) (LXXXVb)

(e) Reactions with organic •π-acids. The reaction of
7,7,8,8-tetracyanoquinodimethane (TCQD) with azulenes
leads to the formation of products of the 1,6-addition to the
quinonoid bond system of TCQD as a result of the initial
one-electron oxidation of the donor by the acceptor,83

exactly as in the reaction of azulenes with tetracyano-
ethylene.*'85

Pseudoazulenes also readily form ττ-complexes with various
acids: trinitrobenzene, picric acid, etc.7'11·»27'32'33 The
complexes with trinitrobenzene are frequently used to purify,

identify, and isolate unstable pseudoazulenes; these com-
plexes readily decompose into their components in chromatog-
raphy.

The formation of l-(3,5,6-trichloro-l,4-benzoquinon-
2-yl)-3-benzoyl-4-methyl-4H-[b]quinindine in 64% yield
using chloranil as the dehydrogenating agent for quaternary
salts has been reported i1*3'1*

The following disubstituted derivatives were later obtained
on dehydrogenation of the quaternary salts of hydrogenated
pseudoazulenes: 29>||5.1|β

NCs/V CN

The high reactivity of the 1-position in compound (XXIVa)
enables it to participate in reactions involving addition to
organic π-acids, for example, to benzoquinone, chloranil,
and TCQD, with the ultimate formation of products resulting
from the substitution of hydrogen, chlorine, or a CN group.
However, the products (A) and (B) proved to be unstable
and could not be isolated in a pure state:86

3. Homolytic Substitution

The majority of radical substitution reactions have been
thoroughly investigated for azulene derivatives.31~33·87

Pseudoazulenes, which are no less reactive than azulenes,
should also enter into similar reactions, but the literature
data on this topic are extremely limited.22 It is known only
that radical species such as 2-benzothiazolylsulphenyl,
2-(o-chlorophenyl)-4,5-diphenylimidazolyl, and 2,6-diphenyl-
4/f-4-pyranyl, formed at elevated temperatures, react with
compound (XXIVa).88 When the latter is fused with 2,2-
dibenzothiazolyl disulphide (at 200 °C), l,3-di(benzothiazolyl-
thio)cyclopenta[b]chromene is formed in 12% yield; the for-
mation of the mono-substituted benzothiazolylthio-derivative
was not then observed, while in the reactions with azulene
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and 4,6,8-trimethylazulene, only the 1-substituted deriva-
tives were obtained:8 9

The thermal reaction of l,2-bis[2-(o-chlorophenyl)-4,5-
diphenylimidazolyl] with 2-phenylcyclopenta[b]chromene
leads to the formation of the 1-substituted derivative, as
in the reaction with azulene:9 0

The reaction of compound (XXIVb) with 2,6-diphenyl-
pyrylium perchlorate in boiling acetic anhydride leads to the
formation of 2,6-diphenyl-4-{l,2-diphenylcyclopenta[b]-3-
chromylia}pyrylium diperchlorate in 75% yield.9 1 It has
been suggested that the primary step in this reaction is the
one-electron oxidation of the substrate by the 2,6-diphenyl-
pyrylium cation, which leads to the formation of the extremely
reactive 1, 2-diphenylcyclopenta[b]chromenylium radical-
cation and the 2,6-diphenyl-4//-4-pyranyl radical, which
recombine to a doubly charged primary cation:

2C10

4. Nucleophilic Substitution

The effect of alkyl- and aryl-lithium has been investi-
gated on the pseudoazulene systems (XVIII), (XXIV) and
(XXIX).16'""5'"6 The hydrocarbon residue then attacks the
carbon atom located opposite to the heteroatom. Dihydro-
compounds, which can be again dehydrogenated to pseudo-
azulenes, are obtained by hydrolysing the intermediates.
Such reactions are characteristic of π-deficient heterocycles.
The system (XXIX), which is isoelectronic with azulene, can
be described as a hybrid of resonance structures—those of
the pyrylium cation (B) and the anion (A):

The limiting form (A) is responsible for the sensitivity of
dibenzoxalene (XXIX) to nucleophiles, which has been con-
formed by its reaction with phenyl-lithium, leading to 11-
phenyl-5,11-dihydrodibenzoxalene. Dibenzoxalene (XXIX)
is resistant to lithium malonate and maleic anhydride; the
attempts to replace the oxygen heteroatom by sulphur and
nitrogen proved unsuccessful.2 6 It is also known that only
one chlorine atom, located at the C(3) atom, in 1,3-dichloro-
cyclopenta[c]thiapyran is substituted by silver nitrite: 7 2

P h ' 0 NPh

An analogous reaction has been carried between 2,6-
diphenylpyrylium perchlorate and 6-heterylazulenes.92

Other organic compounds with an enhanced electron density
at, at least, one of the carbon atoms (NN-dimethylaniline93'*
and 1-methyl and 2-methyl-indoles95»96) or substances capable
of being readily oxidised to readily stable radical-cations
(ferrocene9 7) can also serve as substrates in this reaction.
An example of the transmission of the influence of the elec-
tron density to the non-benzenoid aromatic ring on the
reactivity of the conjugated side chain (vinylogy) is provided
by the reaction of 2-phenyl-l,3-distyrylcyclopentachromene
with sulphur, which leads to a new heterocyclic system:
6-phenyl-14-styrylbenzo[2' ,3' ]thiepino[4' ,5' ; 2,1 ]cyclopenta-
[bjchromene (LXXXVI) in 40% yield:7 6

5. Other Reactions of Pseudoazulenes

Apart from the reaction described above, isothialene (XVI)
has been substituted by thiocyano-groups using thiocyanogen,
which led to 1,3-dithiocyanocyclopentatcJthiapyran.61'72 The
reaction with Cu(SCN)2 in acetonitrile yielded 1, 2-diphenyl-
3-thiocyanocyclopenta[b]chromene,98while that with Cu(SO2Ph)2

afforded benzenesulphonyl derivatives of 1,2-diphenyl- and
2-phenylcyclopentatb Jchromene.75

The alkylation of l,2,5,7-tetraphenylcyclopenta[b]pyran
with t-butyl chloride in the presence of aluminium chloride
has been carried out successfully.58 Inorganic acids and
phosphoryl chloride induced the dimerisation of dibenzoxa-
lene (XXIX) with formation of a dimer having the following
structure: 5 3



62 Russian Chemical Reviews, 56 (1), 1987

An instance of allylic rearrangement has been described in
relation to 4-phenyl-4H-cyclopenta[c]cinnoline.99 On being
refluxed in xylene, 3-bromo-4-phenyl-4/f-cyclopenta[c]-
cinnoline- 1-carboxylic acid (LXXXVIII) is decarboxylated
with a simultaneous rearrangement, leading to the formation
of the bromo-derivative (LXXXVIII):

COOH
I

11 X
Ν y

Ph B r

(LXXXVII)

Δ

xylene. -CO,

Λ

\ N /

Ph Ph Cl

(LXXXVIII) (LXXXIX)

In contrast to the bromoacid (LXXXVII), the corre-
sponding chloroacid is decarboxylated under the same condi-
tions without a rearrangement, forming the chloro-derivative
(LXXXIX). It is noteworthy that the decarboxylation of
the bromoacid (LXXXVII) leads only to the bromo-derivative
which can be obtained by brominating 4-phenyl-4f/-cyclo-
penta[c]cinnoline by N-bromosuccinamide.

The photosensitised pseudoazulene oxidation processes
have been examined.100 Polyarylcyclopenta[b]quinolines,
for example, compound (XXIIIc), 1-pyrindines (XI), and
cyclopenta[b]chromenes sensitise the formation of singlet
oxygen on irradiation in air in various solvents and are
oxidised by it to dioxetans, which readily decompose with
chemiluminescence. Dioxetans also generate xOz, as a
result of which the oxidation reactions undergo self-accelera-
tion :

Ph

CH3

(XXIHB)

/ \ N / \ .

CH3

(XC)

Ph oI /°\
/ \ Ο
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\
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The formation of the dioxetan having the structure (XC)
has been suggested. The thermal decomposition of the
dioxetan (XCI) leads to dihydroxy-compound (XCII):

Ph Η

(xci)
(XCIII)

The photodecolorisation is retarded in the presence of a
typical XO2 quenching agent—diazabicyclo-octane (XCIII),
or a chemical quenching agent—2,5-dimethylfuran, which
forms a peroxide. The quantum yields in the decomposition
of pseudoazulenes are approximately 2 χ 10"3.

IV. QUANTUM-CHEMICAL CALCULATIONS

The aromaticity of pseudoazulenes is determined by the
sextet of π-electrons in the heterocyclic ring, made up of
the single unshared electron pair of the heteroatom, located
in the ρ orbital axial in relation to the plane of the ring,
and four π-electrons of the double bonds. The aromatic
sextet of electrons in the five-membered ring is obtained as
a result of the possibility of polarisation in the direction
from the six-membered ring to the five-membered ring, the
conditions in both rings approaching those of an aromatic
sextet. For this reason the dipolar structure makes a
significant contribution to the electronic structure of pseudo-
azulenes. The azulene32 and pseudoazulene35'38 systems can
be represented by resonance hybrid structures, inter-
mediate between the Kekule* form (A) and the dipolar form(B).

The data for electron distribution obtained for pseudo-
azulenes by the LCAO-MO method in terms of the Hiickel
approximation 57>101~110 and by the Pariser—Parr—Pople (PPP)
method,98'101 the reactivity data, and the electronic absorp-
tion spectra indicate an azulene-like behaviour of representa-
tives of this class of non-benzenoid non-alternant aromatic
compounds. Despite the difficulties associated with the
allowance for the contribution by polar structures, the
electron deficiency in the six-membered ring and the excess
electron density in the five-membered ring have been cal-
culated for all the pseudoazulenes. It follows from the
molecular diagram for indolizine that a considerable positive
charge is localised on the nitrogen atom and that there is a
negative charge on all the carbon atoms except the C(8)
atom (six-membered ring). 1 1 2 Since different workers have
used different sets of parameters, the calculated electron
density distributions on the carbon atoms could not be com-
pared directly. The results yielded by the same set of
parameters for different systems lead to the following con-
clusions: the electron density on the carbon atoms decreases
from the nitrogen-containing pseudoazulenes to the oxygen-
containing compounds as a consequence of the greater
electronegativity of oxygen. In the [b]-series of pseudo-
azulenes the carbon atoms of the five-membered ring have a
higher electron density than for the [c]-series. The pres-
ence of a condensed aromatic ring in the 1,2-positions
increases the electron density in the five-membered ring,
while condensation in the 5,6-positions reduces it. The
distribution of electron density on the individual atoms of
the five-membered ring is as follows: the 1- and 3-positions
have an increased electron density compared with that in the
2-position. In the [b]-series the C(l) atom is more electron-
deficient than the C(3) atom,22»98 while in the [c]-series the
situation changes. In azulene, the 1- and 3-positions are
equivalent as a consequence of the symmetry of the molecule,
while the 2-position is much more electron-deficient as in
pseudoazulenes.32 The self-consistent field calculations for
the azulene molecule113'11'' yielded a somewhat different
picture. On average, the five-membered ring carries an
excess negative charge, as before, but, in contrast to the
result yielded by the simpler Hiickel MO method, the atom
in the 2-position carries a positive charge.
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Electrophilic substitution of non-condensed representatives
af pseudoazulenes (XI)-(XVI) is directed preferentially to
the 1- or 3-position. If both these positions are free, then
they can be attacked simultaneously. Attack by nucleophiles
should take place in the 7-position for representatives of the
[b]-series and in the 4-positions for the [c]-series. Radical
reactions are directed to the 5-position for the [b]-series,
while representatives of the [c]-series react in the 4-posi-
t ion. 1 0 8 Various preferred positions for electrophilic,
nucleophilic, and radical substitution reactions follow from
the localisation energies A r , the π-electron densities q r , or
the free valence indices Fr for the individual C atoms. The
reactivities of the C atoms of cyclopenta[b]pyran (XII) are
presented in Table 2.1 №

Table 2. Preferred mode of substitution in the oxalene
(XII)*.

Electrophilic
substitution

4

1
Η

-

Ir

3
1
2

Nucleophilic
substitution
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5
7
2

5
I

Radical sub-
stitution

5
1
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5
7
1

Electrophilic
substitution
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G
7
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Nucleophilic
substitution
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Ar

\
3
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Ir

2
1
3

Radical sub-
stitution
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3
2
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3
2
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*The reactivity diminishes on moving towards lower rows.

(Mil

It follows from the calculations of the electronic absorption
spectra by the Huckel MO method1 0 1,1 0 2.1 0\1 0 7 and the PPP
method98»111 that, analogously to azulenes, the long-wave-
length band in the range 500—700 nm corresponds to the
S° + S1 transition, while the band in the range 360-390 nm
corresponds to the S° •+ Sz transition. The absorption in
the short-wavelength part of the spectrum is determined by
complex transitions. The long-wavelength transition is
accompanied by charge transfer preferentially from the five-
membered ring to the six-membered heterocycle. Thus the
overall negative charge on the atoms of the five-membered
ring in 2-phenylcyclopentachromene is reversed on transition
to the first excited state (+0.096 against -0.374 in the ground
state), while that in the heterocycle diminishes appreciably
(to +0.008 against +0.315). The bonds in the rings become
to a large extent equalised. The comparatively low intensity
of the band can be accounted for by the small change in the
dipole moment of the transition (Δϋ =0.40 D). Theoretical
analysis of the long-wavelength electronic transition has
shown that it is determined mainly by the fulvene group,
which is a constituent fragment of the pseudoazulene mole-
cule. 9 8

It has been demonstrated theoretically52'111 that the influence
of the heteroatom on the absorption spectra of heterocyclic
pseudoazulenes is very insignificant. According to a
quantum-chemical calculation, the influence of substituents
on the energy of the long-wavelength transition is the same
as that for azulenes.1 0 8 A bathochromic or hypsochromic
shift of the long-wavelength band, induced by the intro-
duction of alkyl groups in different positions in the azulene
ring (the Plattner rule), is especially typical for azulenes.1 1 5

The influence of the methyl group in different positions in
cyclopenta[c]pyran has been calculated102 and it has been
shown that the Plattner rule should hold also for pseudo-
azulene systems. Inadequate experimental data make it
impossible to confirm this postulate.

V. PHYSICOCHEMICAL PROPERTIES

1. Stability

Pseudoazulenes are in most cases deeply coloured, crys-
talline, weakly basic compounds, which dissolve in aqueous
solutions of strong acids with loss of the characteristic
colour and are reprecipitated unchanged on dilution with
water or aqueous bases and can thus be extracted from
organic solvents. In terms of their colour, basicity, and
resistance to alkalis, they resemble azulene. In contrast to
the majority of azulenes, numerous pseudoazulenes are
unstable. Simple unsubstituted representatives of certain
systems cannot be isolated in a pure form at all. Phenyl
substituents stabilise the system and polyaryl-substituted
compounds can be stored for a long time at room temperature
without appreciable decomposition. Thus Ν-methyl deriva-
tives of unsubstituted 1-pyrindine,Μ cyclopenta[b]quino-
line,1*5'116 and indeno[l,2-b]-pyridine2 7 are unstable, while
1-phenyl and l,2-diphenyl-cyclopenta[b]quinolines as well
as the tri- and tetra-phenyl derivatives of 1-pyrindine are
comparatively stable.5 1 Substitution by even one strong
electron-accepting substituent is sufficient to achieve the
complete stabilisation of the unstable systems. "Picrylation"
has an especially powerful stabilising effect.116 The stability
decreases very markedly on passing from sulphur- and
nitrogen-containing systems to the oxygen analogues; thus
cyclopentathiapyran and 2H-pyrindine were synthesised a
long time ago,36»37 while cyclopentapyran is still unknown.
The [c]-series pseudoazulene systems are more stable than
compounds of the [b]-series. Cyclopenta[b]thiapyran has
been isolated in the form of an extremely unstable blue oil;15

in contrast to this, cyclopentatcjthiapyran1*3 is a fairly stable
crystalline substance. Under the influence of atmospheric
oxygen and light, many pseudoazulenes decompose very
rapidly. Solutions in non-polar solvents are preserved for
a long time, while in polar solvents, especially in methanol,
decomposition is observed over a period of 4-5 h . a The
stability of pseudoazulenes in relation to bases makes it pos-
sible to chromatograph them on alumina.

2. Electronic Absorption Spectra

There is no doubt that the long-wavelength absorption,
observed for azulene in the region of approximately 600 nm,
is most characteristic for the identification of the compounds
considered. Only an indirect comparison of the spectra
of pseudoazulenes with those of carbocyclic analogues is
possible, since the corresponding polyphenylazulenes and
certain polycyclic condensed systems are so far unknown,
while many pseudoazulene systems without substituents are
unstable. The electronic spectra of 1,2-, 4,5-, and
5,6-benzoazulenes have been compared with those of unsub-
stituted azulenes.1 1 7"1 2 5 Since azulenes phenyl-substituted
in the seven-membered ring have the same absorption spec-
trum as unsubstituted azulenes,1 2 6 '1 2 7 El'tsov et al. a com-
pared the spectra of pyrindines with those of 2-phenyl-
azulene.1 2 8 The comparison showed that the long-wavelength
band in the spectra of non-condensed 1-pyrindines has
undergone a hypsochromic shift by 60—70 nm compared with
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the spectra of azulene. Substituents at the nitrogen atom
have little influence on the long-wavelength transition and
hardly affect the short-wavelength transitions. Pyrindines
absorb in approximately the same part of the spectrum as
the corresponding oxygen analogues. The influence of
phenyl substituents on the direction and magnitude of the
shifts of the absorption maxima16'27'28»118»57 is approximately
the same as for azulene. The phenyl group in the 1- or
3-position in cyclopenta[b]quinoline induces a 22 nm batho-
chromic shift (there is a 26 nm shift in the spectrum of
azulene1 2 8). In the oxygen analogue—2-phenylcyclopenta-
[b Jchromene—the successive introduction of phenyl sub-
stituents into the five-membered ring leads to a bathochromic
shift of the long-wavelength band by 42 nm for one phenyl
group (the calculated shift is thus 28.2 nm) and by 60 nm for
two such groups. The trans-styryl group in the 1-position
induces a +80 nm shift, while that in the 3-position induces
a 60 nm shift. Two trans-styryl groups cause a "red" shift
by 140 nm without an appreciable change in the oscillator
strength. 9 8 Electron-accepting substituents in the five-
membered ring of 4H-indeno[2,l-b]quinoline cause a
hypsochromic shift of the absorption by 30-35 nm, while
in the spectrum of the oxygen analogue the shift is by only
5—10 nm. 5 2 The introduction of electron-accepting sub-
stituents in the 3-position in l,2-diphenylcyclopenta[b]-
chromene results in a hypsochromic shift of the long-
wavelength band by approximately 30 nm with an increase
of the oscillator strength by a factor of 1.5. The same
substituents in the 1-position induce a 10—30 nm bathochromic
shift and an increase of the oscillator strength of the band
by a factor of 4—δ,98 in contrast to azulene, where a hypso-
chromic shift is observed exclusively.31

The emission spectra of azulene are known to be unusual :

1 2 9-1 3 2

the fluorescence of azulene and its derivatives corresponds
to a very rare S 2 -> S° type of transition. Such anomalous
luminescence is probably a consequence of the marked splitt-
ing of the S2 and S1 levels and a greater mutual approach
of the S1 and S° levels than for other aromatic systems. It
has been found51»53 that the luminescence of pseudoazulenes
is just as anomalous as for azulenes. The quantum yields
are 10"1*—10~5 against 10~2 for azulene.1 3 0 As for azulene,
the authors did not observe phosphorescence in pseudo-
azulenes. The structure of the electronic spectra and the
luminescence properties of 1,2-benzoxalene derivatives have
been examined.1*

3. Infrared, 1H NMR, and Mass Spectra

Virtually no systematic studies of the IR, XH NMR, and
mass spectra of pseudoazulenes are described in the litera-
ture. These data are usually given in the experimental
parts of synthetic studies.

The IR spectra of substituted pseudoazulenes contain only
insignificant characteristic bands corresponding to the normal
absorption of aromatic rings. For example, the spectra of
indeno[2,1-b]benzopyrans in the range 1560—1660 cm"1 have
four bands due to the vibrations of the aromatic ring and the
C=C stretching vibrations and the moderately intense band
at 1230 cm"1 has been attributed to the v(C=O) deformation
vibrations of the - C = C - O group. 2 6 The vibration frequen-
cies of the substituents in the five-membered ring in both
azulene and pseudoazulenes are appreciably reduced.3 1 '5 8 '1 3^'1 3 5

If the system contains the CN, CHO, or COCH3 groups in
the five-membered ring, then the latter, being substituents
of the second kind, promote the polarisation of the system
with formation of the structure (B). The v(C=O) vibration
frequencies in the aldehydes (1611 cm"1) and ketones
(1598 cm"1) derived from indeno[2,l,b]quinoline (XXVIII)

are reduced compared with the frequencies in the similar
derivatives of indeno[2,l-b]benzopyran (XXIX) (1631 cm"1

in the aldehydes and 1625 cm"1 in the ketones), 1 0 3 which can
be explained by the smaller electronegativity of the nitrogen
atom compared with the oxygen atom, which promotes the
formation of a polar structure. In the IR spectrum of
l,3-diacetylcyclopenta[c]thiapyran the stretching vibrations
at the carbonyl group appear at 1629 cm"1, i .e. at longer
wavelengths than the corresponding vibrations of the car-
bonyl group in 1,2-diacetylazulene, observed at 1638 cm"1. 7l

The dependence of the v(C=O) vibration frequency on the
position of the CO group in azulene has been indicated.1 3 6

The authors note that the spectra of 1-phenylacetyl- and
2-phenylacetyl-azulenes contain the absorption bands due
to the carbonyl group at 1640 and 1675 cm"1 respectively.
In the spectra of 1-carbonyl-containing pseudoazulenes of
the cyclopenta[i)]chromene series there is a possibility of
the overlap of the frequencies of the aromatic C=C and
C=O bonds. The possibility of using the integral intensities
of the vibration bands of the bonds and 13C NMR to demon-
strate the presence of carbonyl groups has been examined.137

13C NMR spectrum of l,3-diformyl-2-phenylcyclopenta[b]-
chromene in CDC13 shows two signals with chemical shifts δ
of 186.61 and 183.77 p .p .m. , corresponding to the carbon
atoms of the two formyl groups, and also the signals of the
phenyl substituent in the region of 77.25 p.p.m. and the
remaining carbon atoms at 118.27-138.86 p.p.m. A con-
siderable up field shift of the 13C resonance signal of the
C=O group compared with acetophenone (196.9), benz-
aldehyde (190.7), and acetone (204.1) has been noted. 1 3 8

It follows from the comparative analysis of the shifts δ of
the CHO groups in the 13C NMR spectra, the v(C=O) fre-
quencies, and the integral intensities of the absorption
bands due to the stretching vibrations of the C=O groups
in the IR spectra that the CHO groups in the 1- and 3-posi-
tions in azulene and cyclopenta[b]chromene are strongly
polarised, which is comparable to the polarisation of the
C=O group in benzotropones.1 3 9 The 13C NMR spectra of
unsubstituted azulene and mono- and poly-methylazulenes
have been published.1<l0 The chemical shifts of the methyl
groups in different positions in the azulene ring are in the
range δ = 12.6-28.5 p .p .m. , while the shifts for the Ci-C 1 0

atoms are in the range δ = 116-146.9 p.p.m.

The XH NMR spectrum of azulene 1<α>1Ιώ agrees well with its
structure. The XH NMR spectrum of cyclopenta[c]thiapyran
has been interpreted. 6 1 The spectra of its methyl deriva-
tives were examined by Radeglia and Wagner6*1 and those of
the 1-pyrindine system were considered by Anastassion and
Reichmanis.143 The protons in the 1-, 2-, and 3-positions
in azulene are not shielded to the same extent as the corre-
sponding protons in cyclopenta[c]thiapyran. It follows from
this that the polar structure of pseudoazulenes has a stronger
influence on the distribution of electron density in the ground
state. 6 1 The different degrees of shielding of the individual
protons in the pseudoazulene nuclei, which should be
expected on the basis of calculated data as a consequence
of the differences in electron density, do indeed follow from
the λΗ NMR spectra of these compounds, for example, cyclo-
pentatblquinoline.29'1*3"116 In the XH NMR spectra of cyclo-
penta[b]pyrylium salts obtained by protonating cyclopenta-
[b]pyran (XII), cyclopenta[b]chromene (XXIV), and
indeno[2,l-b]chromene (XXIX) by HClOi», the signal of
the methylene group appears in the range δ = 4.48—4.77 p.p.m.
(in CF3COOH). 57 In the spectrum of the protonated form
of 4,6,8-trimethylazulene (in 96% H2SO4), the signal of the
C(1)H2 methylene group is observed at 3.56 p.p.m. The
strong deshielding influence of the electron-accepting groups
PhSO2> CH3CO, and CF3CO in the 1-position [the substituted
C(l) atom of the trimethylazulene system is protonated]
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causes a downfield shift of the C(l)-H signal (5.85, 5.40,
and 4.80 p.p.m. respectively). 1¥t'11*5~11*9 2-Alkyl derivatives
of 6-, and 7-, and 8-ethoxycarbonylindolizines are protonated
at the C(3) atom, the protons of the methylene group formed
in this process being manifested by a signal at 5.28 p.p.m.
with an intensity equivalent to two proton units. The
presence of the CHO, NO2, and COCH3 substituents in the
3-position (in contrast to the 4,6,8-trimethylazulene mole-
cule) alters the centre subjected to protonation, which is
directed in this instance to the oxygen atom of the sub-
stituent. 1 5 0- 1 5 3

There are no literature data on the mass spectra of
pseudoazulenes containing one heteroatom, although the
mass spectra of compounds with several heteroatoms confirm
the aromatic character of pseudoazulenes.23>76'154'155 As for
other aromatic compounds, the principal peak is identical
with that of the molecular ions; the spectra contain numerous
doubly charged ions; there is a small number of low-intensity
fragment peaks.

4. The Dipole Moment

Since the five-membered ring is enriched in electrons,
the azulene molecule has a dipole moment, the five-membered
ring being the negative end of the dipole. The dipole
moment of azulene (6.9 D) has been calculated from the
electron densities and C—C bond orders; direct measurement
yielded 1.04 + 0.05 D. 1 5 6 The theoretical value calculated
in terms of the simple MO-LCAO approximation differs very
markedly from the above value. However, improved cal-
culations have shown that the charge distribution in azulene
is more uniform and the dipole moment is therefore appre-
ciably smaller than the value predicted by the simple MO
theory. For example, application of the MO method with
allowance for configuration interaction led to 1.88 D. 1 5 7 The
value closest to the experimental dipole moment (1.33 D) 1 5 8

has been obtained by the self-consistent field calculation
using variable electronegativities. Improved methods of
calculation have shown that the π-electron density at the
2-atom is less than unity, while at the 5- and 7-atoms the
densities are more than unity, as a result of which the dipole
moment is appreciably reduced.

Pseudoazulenes should possess a dipole moment greater
than that of azulene. The measured dipole moment of
5-methyl-5H-indeno[2,l-b]quinoline is 2.35 D and that of
1,2; 5,6-dibenzoxalene is 2.02 D. The substituents in
pseudoazulenes have a striking influence, which exceeds the
normal values. When electron-accepting substituents (CN,
CHO, and COOC2H5) are introduced into the five-membered
ring of 1, 2;5,6-dibenzoxalene, the dipole moment increases
much more than might have been expected on the basis of the
group moments of the substituents. 1 0 3 This can be explained
by the considerable contribution of the polar structure (B).
This contribution is greater the more electronegative the
substituent and the greater the polarisability of the pseudo-
azulene. The dipole moment and the polarisability of azulene
in the ground state as well as in the first and second excited
states have been examined.159

V I . BIOLOGICAL ACTIVITY AND PRACTICAL APPLICATIONS
OF PSEUDOAZULENES

Like azulene derivatives, pseudoazulenes have a distinct
biological activity. Certain alkylindolizines have a phys-
iological activity analogous to convulsing poisons and induce
the paralysis of the muscular and respiratory activity.1 6 0

The Mannich bases obtained from 2-phenyl and 1, 2-diphenyl-
indolizines have a depressing influence on the central
nervous system.161"166 Derivatives of indolizine-1-acetic
acid have been patented as analgesic and anti-inflammatory
agents.167»168 2-Furylindolizines exhibit an antimicrobial
activity,1 6 9 while 6-methyl-7-(2,4,5-trimethylbenzyl)-2-
phenylindolizine shows growth regulating activity.1 7 0 '1 7 1 The
influence of 6//-pyrrolo[3,2-f]indolizines172~17*on the cardio-
vascular system, arterial pressure, and pulse has been
investigated; the application of the hydrochloride of
2-ethoxycarbonyl-4-isobutyl-3,6,7,8-tetramethyl-6/i-pyrrolo-
[3, 2-f]indolizine as an antiarrhythmic agent, 1 7 5 whose effect
is several times greater than that of other antiarrhythmic
agents such as quinidine and novocainamide, has been
patented. Certain pseudoazulenes exhibit an antitumour
activity. 176~179 The carcinogenic activity of condensed poly-
cyclic pseudoazulenes containing the nitrogen and sulphur
heteroatoms has been studied. Dibenzo[3,4,5,6]thiapyrano-
[4, 3-b ]indolenine (XCIV) exhibited the maximum carcino-
genic activity:1 8 0

(XCIV)

It has been established that 2-arylindolizines possess no
carcinogenic activity.1 8 1 Liquid crystal derivatives of
azulene have been obtained recently. 1 8 2 2,6-Diphenyl-4H-4-
{3H-1, 2-diphenylbenzo[b ]cyclopenta[e ]-3-pyrania }pyrylium
perchlorate (XCV) has been proposed as a sensitiser of
photoconductivity in order to extend the range of the spectral
sensitivity of electrophotographic materials to 800 nm:1 8 3

Sulphonamide derivatives of hydrogenated pseudoazulenes
of the (XCVI) and (XCVII) types with the following sub-
stituents have been patented as herbicidal preparations:181*
R=H,Me, MeO, Hal, NO2, CF 3, COOAlk, SO2Alk, OSO2R,
CF3CH2O3S, or MeN(OMe)SO2; R1 = H,Hal, Alk, or MeO;
R2 = H, Hal, Alk, AlkO, NO2, COOAlk, or AlkS ; R 3 = H ,
Me, MeO, Cl, or EtO; n = l o r 2 ; X = ( C H 2 ) n o r O ; X1 =
NHC(Z)NH; Ζ =O or S.

(XCVI) (XCVII)

Polymers containing the 1, 2, 4-triazolo[ 1, 3-a]pyrimidinyl
group have been patented as stabilisers of photographic
silver halide materials:1 8 5
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The most promising trend in this field comprises studies
on the biological activity and photochemical properties of
compounds of the class considered.
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