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Advances in the Chemistry of Azulene

V.B.Mochalin and Yu.N.Porshnev

The chief methods of preparation and the chemical properties of azulene hydrocarbons are described. Attention is paid
mainly to the most recent papers, not covered in previous reviews. Certain aspects of the application of azulene compeunds
are also considered. A list of 315 references is included.
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I. INTRODUCTION

Forty years have passed since Pfau and Plattner finally
established the structure of azulene hydrocarbons'. The
parent of this class of non-benzenoid aromatic compounds
is bicyclo[5,3,0]decapentaene, azulene (I). Azulene
hydrocarbons are present in various natural oils, where
they are formed by the dehydrogenation and dehydration of
bicyclic sesquiterpenoid alcohols. Specific names have
been retained for many azulene hydrocarbons isolated
from natural sources: guaiazulene (II) is 7-isopropyl-
1,4-dimethylazulene, obtained by dehydrogenating the oil
from the wood of Guaiacum officinale L., patchouli oil
from Pogostemnon patchouli, and eucalyptus oil from
Eucalyptus globulus; chamazulene (III) is present in
camomile oil from Matricaria camimilla L., oil of yarrow
Achillea nillejolun L., oil of wormwood Artemisiaabsin -
thiuv.n L., and certain other oils; lactaroviolin (IV) is an
aldehyde contained in edible fungi; and vetivazulene (V)
and zierazulene (VI) are dehydrogenation products of the
sesquiterpenoid ketones vetivone and zierone’. Azulene
hydrocarbons are also present in many other plant species,
but in extremely small amounts.
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Azulene and its simple homologues are deeply coloured
compounds of high boiling point, volatile in steam, which
dissolve in hydrocarbon solvents and crystallise well.

The simplest azulene hydrocarbons absorb light in the
range 550-650 nm.** They are stable in air up to 300~
350°C, and only above this temperature do they begin to
be converted into valence isomers of benzenoid structure,
naphthalene and its homologues®. Azulene compounds can
also undergo photoisomerisation®,

The unusual physical and chemical properties of
azulene hydrocarbons have long attracted the attention of
many investigators, but until the end of the 1950s these
compounds were extremely inaccessible, and only after the
development by Hafner and by Nozoe of effective methods
for the synthesis of azulenes did their widespread study
become possible. The most complete survey of the liter-
ature on the structure and the chemistry of azulenes
appeared in 1959 ® (translated into Russian in 1963 ?).
Subsequent reviews®” contained data only on individual
problems of the synthesis or the reactivity of azulenes.
Therefore the present Review, devoted to methods of
preparation, chemical properties, and prospects for the
application of azulene derivatives, covers mainly the liter-
ature from 1959 to 1975. The large number of publica-
tions that appeared during this period prevent the inclusion
of several aspects—(i) methods for the isolation, purifica-
tion, and identification of azulene compounds, (ii) the
physical and physicochemical characteristics of azulenes,
and (iii) the chemical properties and methods of prepara-
tion of heteroazulene compounds, in which one or more
methine groups have been replaced by heteroatoms®—which
all, without doubt, deserve special discussion.

II. METHODS OF PREPARATION OF AZULENE COM-
POUNDS

1. Methods involving Dehydrogenation

Dehydrogenation of bicyclic precursors of azulene
having the bicyclo[5,3,0]decane structure (VII) or of the
corresponding partly unsaturated compounds was histori-
cally the first (and for a long time the only) method for
obtaining azulene and its alkyl homologues. Both natural
oils containing sesquiterpenoid precursors and synthetic
bicyclic derivatives were used. Although guaiazulene,
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chamazulene, and vetivazulene have hitherto been obtained
mainly by the dehydrogenation of natural oils, substituted
bicyclo[5,3,0]decanes have rarely been used for preparing
other azulene derivatives owing to the complexity and the
multistage character of the process’. Azulenes have
been obtained by dehydrogenatlon not only of bicyclo[5,3,0]-
decane (VII) derivatives® but also of compounds of the
cyclodecane (IX), #'! decahydronaphthalene (VIII), 12
tetrahydrodicyclopentadiene (XI), '? and spiro[4, 5]decane

(X) '* series.
8 - ‘
(1X)

(vID ,\*“‘ 8
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However, the complexity of the preparation of most
such compounds, the formation of mixtures of isomeric
azulenes from substituted derivatives of (VIII)-(X), and—
the most important—the low yields (1-10%) at the dehydro-
genation stage have resulted in the extremely rare use of
these methods also. Such yields are greatly increased
when highly unsaturated hydrocarbons such as dihydro-
azulenes are used, so that “partial” dehydrogenation
remains an important method of preparation in the chemis-
try of azulenes. Dehydrogenation is sometimes employed
also to prove the structure of a sesquiterpene hydrocarbon.

Sulphur, selenium, 5-10% palladium on carbon, chlo-
ranil, and diphenyl disulphide are widely employed as
dehydrogenating agents. Dehydrogenation with sulphur
is accomplished on heating (200°C), with yields usually
not exceeding 10% '¥*® and only in isolated cases reaching
30-50%."%'" Acyl- and alkyl-azulenes may form thieno-
azulenes on dehydrogenation with sulphur'’"'?, The use
of selenium®* ™ or palladium®*~*° for liquid-phase dehydro-
genation requires higher temperatures (280-300°C), which
often leads to migration of hydrocarbon substituents or
even partial isomerisation of the azulene into the naphth-
alene system®®. Yields of azulenes are 1-10%. Catalytic
dehydrogenation in the gas phase over palladium on car-
bon, molybdenum sulphide, or other catalysts frequently
gives higher yields, but requires careful selection of
optimum conditions in each specific case®'®?", Little
information is available on the dehydrogenating action of
diphenyl disulphide; it has been successfully used for the
preparation of guaiazulene®,

Recently chloranil has been the hydrogenating agent
used most often®°"3%, Dehydrogenation occurs under very
mild conditions, but a high degree of unsaturation is
required in the compounds to be dehydrogenated.

The complexity of the directed preparation of hydro-
genated precursors of azulene and the low yields obtained
in their dehydrogenation have led to the development of
fundamentally new ways of obtaining azulene that avoid
dehydrogenation.

2. Cyclisation of Polymethinium Salts and Fulvenes

In 1955 Ziegler and Hafner®, and almost simultaneously
Rosler and K'c')nigas, reported a new synthesis of azulene
systems that eliminated the dehydrogenation stage. The
general principle consisted in obtaining fulvene (XIV) from
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cyclopentadiene (XII) and glutaconaldehyde (XIII) and
cyclising the product to azulene (I):

OHC—CH, OHE OHC N
O+ TN N CH, N
N A I «l ( )

— /
(X1 (X111 N— (XIV)

(I)
However, this form of the process has not yet been accom-
plished: in practice the relatively unstable glutacon-
aldehyde is replaced by a derivative, Zincke's aldehyde
(XV), which is converted into the fulvene (XVI). In the
presence of a base such as benzidine or trishydroxy-
ethylamine at 200-300°C this fulvene is cyclised to azulene,
which sublimes as it is formed:
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The high yield of azulene (up to 70%) makes this method
most promising for industrial application®

Azulenes substituted in the five-membered ring can be
obtained by the same method. Cyclisation of the fulvene
(XVII) obtained from methyleyclopentadiene gives 1-meth-
ylazulene (XVIII):*®
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However, the corresponding cyclisation of the phenylated
fulvene (XIX) yields 2-phenylazulene (XX):*’
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|
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Such a difference in the course of cyclisation is probably
due to both electronic and steric factors. A 62% yield of
azuleno[lg,z 3-cd]phenalene (XXII) has recently been
obtained® by cyclisation of the corresponding fulvene
(XXI1), with separation of the dihydro-derivative (XXIII)

as a byproduct:
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Azulenes substituted in the seven-membered ring can
be obtained by reaction between cyclopentadiene and
substituted Zincke aldehydes, but the cleavage of mono-
and poly-alkylated pyridines to the desired glutaconalde-
hyde derivatives presents certain difficulties®*. Since
pyrylium salts are cleaved considerably more readily by
amines, they may serve as convenient starting materials
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for obtaining several dlfflcultly accessible azulenes, e.g.
6-methoxyazulene (XXIV):*
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6(5)-Arylated azulenes (XXVIII) can be obtained from
2,6-dialkoxy-4(5)-aryl-A°-dihydropyrans (XXV) *° via the
N -methyl chlorides (XXVI) and fulvenes (XXVII):
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This method has been used to obtam 6-phenyl-, *' 6-thien-
2/-y1-,*® and 5-phenyl-azulenes*®.

Another method of obtaining substituted pentamethin-
ammonium salts—derivatives of glutaconaldehyde—is
based on condensation of a malonaldehyde derivative
(XXIX) or (XXX) with a carbonyl compound containing an
active methylene group®. The resulting amino-dienone
(XXXI) is converted into the pentamethinammonium salt
(XXXTII) by treatment with triethyloxonium tetrafluoro-
borate followed by dimethylamine. The subsequent action
of cyclopentadienylsodium forms the fulvene (XXXIII),
which when heated to 180-190°C is converted into the
azulene (XXXIV) substituted in the seven-membered ring
(yield 15-35%):
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The presence of bulky substituents R' and R? in the fulvene
(XXXIII) prevents formation of an azulene, probably owing
to hindrance to establishment of the cis -configuration
necessary for cyclisation. Application of this method to
acenaphthenone yields fused pentacyclic compounds of the
azuleno[4,5-aJacenaphthylene series (XXXV).*

The salt (XXXVI), containing a dimethylaminofulvene
group, became very valuable as initial compound for the
synthesis of polycyclic azulene hydrocarbons45'5°. 1t
reacts with derivatives of glutaconic or 4-phenylbut-3-
enoic acid in the presence of sodium methoxide to give
fulvenes (XXXVII) capable of cyclisation with high yields
into 5,7-disubstituted azulenes (XXXVIII):*

/N\/—N®(CHy),
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R, Ri=Ph, COOC,Hy, CN
Replacement in this reaction of derivatives of glutaconic
acid by isophorone, 2-methylchromone, acenaphthenone,
fluorene, benzofluorenes®, phenalene®’, and 1,2-dihydro-
5H -cyclopenta[c, d]phenalene® gave the corresponding
polycyclic azulenes (XXXIX)—-(XLVII).
Y

Y
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Jutz and Schweiger53 suggested a method of double
cyclisation of the pentamethinammonium salt (XLVIII) *
with the fulvene (XLIX) in the presence of sodium methox-
ide to give an approximately 5% yield of the extremely
difficultly accessible pyraceheptylene (L):
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Condensation of cyclopentadiene with the salt (LI) obviously
involves both formation of a fulvene and its subsequent
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double cyclisation with the further elimination of two mole-
cules of dimethylamine to give a 2.5% yield of benzo[a]-
pyraceheptylene (LII):**
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3. Syntheses from Pyridinium and Pyrylium Salts

The relationship between glutaconaldehyde and pyridine
enabled Hafner® to synthesise azulene (LII) by the con-
densation of substituted cyclopentadienes (LIV) with sub-
stituted pyridines (LV) followed by cyclisation and dehy-
drogenation at an elevated temperature:

fOSr &

(LIV) (LV) (1)
This method was used to obtain 1-, 4-, and 5-methyl-
azulenes, 4,8-dimethylazulene, 1-isopropylazulene,
1-diphenylmethylazulene, and also 1,2-benzazulene,

However, quaternary pyridinium and homologous salts

have been more widely used. For example, reaction
between N -methylpyridinium bromide (LVI) and methyl-
cyclopentadienylsodium in liquid ammonia enabled Ziegler
and Hafner to obtain the fulvene (LVII), which cyclised
thermally into 1-methylazulene in 55% yield®®

H, _ CHy
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CH, g
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,2,3-Triphenylazulene was obtamed similarly from
,2,3-triphenylcyclopentadiene®”,

Cyclopentadlenylsodlum reacts with quinolinium®® and
isoquinolinium®® salts to give low yields of respectively
4,5-benzazulene (LVII) and 5,6-benzazulene (LIX):

/\
D

( ) Br® \/ i ’/ \\
/\N " benzidine \/ /

(LvII)

N Ne v ST\
(8 22200 T
NN NS T

x- O (LIX)

1 CoHgONa
2. chloranil, 300° 7 R'
X

1
1

The syntheses are fairly complicated when used as methods
of preparation, and published yields are not always repro-
ducible.

Considerably better results are obtained by replacing
pyridinium by pyrylium salts. Hafner showed® that
several salts (LX) form with cyclopentadienylsodium even
at room temperature azulenes substituted in the seven-
membered ring, in yields that in individual cases are
nearly theoretical. The hypothetical intermediate prod-
ucts (LXI) and (LXII) could not be isolated. The alkyl
group in the cyclopentadiene appears at position 2 in the
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azulene (e.g. 2,4,6,8-tetramethylazulene (LXII: R =R'=
R? = R® = CH3) is formed):
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Various substituted azulenes—4,6,8-trimethyl, 4,8-dimeth-
yl-6-t-butyl, 4-methyl-6,8-diphenyl, 4,8-dimethyl-6-
phenyl, 6-methoxy-4,8-dimethyl, and several other
analogues—have been obtained by this reaction®, but it is
not universally applicable to the synthesis of substituted
azulenes. Thus 5,6,7,8-tetrahydro-4,10-dimethylbenz-
[flazulene (LXIV) was obtamed from the salt (LXV) in

only 3.3% yield®®:

N (/\\‘
7 l\\/l <\—/’ N VAV
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ciop N
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Unsubstituted pyrylium perchlorate® and 4-unsubstituted
2,6-dialkylpyrylium salts do not form azulenes when
treated with cyclopentadienylsodium. Nor can 2,4,6-tri-
phenylpyrylium and 4-phenyl-2,6-distyrylpyrylium per-
chlorates, as well as several other pyrylium salts, serve
as sources of azulenes. Clearly, unsubstituted pyrylium
salts on reaction with the cyclopentadienyl anion readily
undergo condensation involving the carbon atoms at posi-
tions 2, 4, and 6, with the formation of a large number of
unstable side-products. 2,4,6-Triarylated pyrylium salts
do not undergo cleavage by the cyclopentadienyl anion
under mild conditions, because of their stability due to
conjugation®,

Another interesting route to azulene compounds was
suggested in 1963 by Dimroth et al.® In this synthesis
both azulene rings are formed from a pyrylium salt. The
action of excess of methylenetriphenylphosphorane on a
pyrylium salt produces in a single stage a substituted
5-acylazulene (LXVI) in ~30% yield:
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' ' PhyP=CH, OO /C =PPhy | _, R“ "——R
S | R
BFY \l/ (vaﬁ
R -

Thus, despite certain limitations, the use of pyrylium
salts provides a most effective method for synthesising
azulenes, because of the acceptability of the initial com-
pounds, the mild reaction conditions, and the high yields.
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4. Tropones, Tropolones, and Heptafulvenes in the
Synthesis of Azulenes

Another method of formmg azulene compounds that has
been studied in detail® involves closure of a five-mem-
bered ring in compounds that already contain a cyclohepta-
triene system. One such process is the action of esters
containing an active methylene gro g on tropones substi-
tuted at the 2 position by halogen®~%, arenesulphonyl-

oxyl®®, or alkoxyl™ (LXVII)'
0 R NH, R OH
TCHIC00GyHy 0 I\CCHZR | '
R 2 2
(‘2H50\la c2115<)1\a R @ R
Bl
(LXIX) {(LXX)

(LXVID (vam

X =Cl Br, 0S0,Ar, OCH;, OC,H;; R =CN, COOC,H;, CgHy, C;H CO;
Rl = Alk, Ar; .R’= CN, COOC,H;

In the presence of sodium ethoxide substituted cyclohepta-
furanones (LXVIII) are readily formed, and are then con-
verted into azulenamines (LXIX). Application of a two-
fold excess of cyanoacetic ester enables good yields of
diethyl 2-aminoazulene-1,3-dicarboxylates (LXIX: R =
R? = COOC:H;) to be obtamed the use of malononitrile

gives the 1,3-dicyanoazulen-2-amine (LXIX: R = R? =CN).

Low ylelds of the 2-hydroxy-derivatives (LXX: R = CN;

R? = COOC.H; or CN) are formed as secondary products
The nitrile and ester groups can be removed by hydrolysis
followed by decarboxylation®, and the amino-group
replaced by hydrogen by diazotisation with isopentyl nitrite
in aleohol in the presence of sulphuric acid®. These
reactions can be illustrated by the preparation of 1- and
2-phenylazulenes (LXXI) and (LXXII):
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|
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pn—l O P’ NN
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TN VA r —N;
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prco—( 9 cemcoocH, | N </> -C00H < >
N NECH.COOGH, , 1) hydrolysis N >~\.
f/ \! ( " 2) decarboxylation ( J
N
\/ \\/

(LXXII)-

Cycloheptafuranones (LXVII) can be converted into
azulenes by a different route—by cycloaddition with vinyl-
amines™ ™

I R R
N A
R‘——<\_/O R./\N<.’ R1—< _)__Rz
() ()
\\// V.
1,2-Propano-, 1,2, butano- and 1,2-pentano-azulenes,

indeno[z 1—a]azulene indeno-
have been

1~ and 2—phenylazulenes
[1,2-a]azulene, and their 3- -cyano-derivatives™
obtained in this way.
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Cycloheptafuranones (LXVII) are heptafulvene deriva-
tives. Heptafulvenes themselves are also able to undergo
cycloaddition with enamines. For example, the conden-
sation of 8-cyanoheptafulvene (LXXIIIa) with N -cyclo-
pentenylmorpholine leads to formation of the dihydro-
azulene derivative (LXXIV), whose dehydrogenation by
chloranil gives 3-cyano-1,2-propanoazulene (LXXV):"

CN Ny
o[ o o
/\\ NN 7 Y ‘\
DGt Ot
N AN NN o N \<
e ’ N
(LXXIIIa) (LXXIV) - (LXXV)

The 1,3-cycloadditioni of acetylenedicarboxylic esters
to heptafulvene and its derivatives leads to formation of
the five-membered ring of the dihydroazulene system,
whose dehydrogenation readily gives azulene derivatives.
Thus the heptafulvenes (LXXIIIa-d) have g1ven the
azulene-1,2-dicarboxylic ester (LXXVIb), ** as well as the
correspondmg 3-aldehyde (LXXVIc), the tricarboxylic
ester (LXXVId), ™ and the 3-cyano-derivative (LXXVIa):™

R

AN

I COOCH, R RI

N, |

NoC /——\\/\ N\
‘ I |l - I” >—coocH, M, /< | >—COOCH,
\ NS NN/ .
COOCH, COOCH, COOCH,

(LXXIII a-d) (LXXVI a-d)

R=CN (), H(b), CHO (c), COOC,H; (d)
Similarly, the heptafulvene derivative (LXXVII) yields
dimethyl 11-o0x0-1,8-propanoazulene~2,3-dicarboxylate
(LXVvII)

o
A
/ /
() = Lj
/J C o Va /\
E \“ + “l xylene; dehydogenauon \\ 2
(‘:OOCHa COOCHs

(LXXVII) (LXXVII)
which is then converted into the fully conjugated tricyclic
3-benz[c, d]azulenone system™.

The phosphoranes (LXXIX) are also able to undergo a
similar reaction with acetylenes containing electron-
accepting substituents, to form substituted azulenes (LXXX)
with simultaneous elimination of trialkyl- or triaryl-
phosphine oxides™

b B!
Hﬁ
z 2l
g R’

(LXXIX) (LXXX)

A, R= Alk, Ar; R'=H, Ak, Ar; Acyl;
R’ R®= CN, COOR .

Methods based on the use of troponoid compounds
readily yield azulene derivatives functionally substituted
in the five-membered ring, and thus a useful supplement
to preparations based on pyridinium, pyrylium, and
Zincke salts. Many 2-substituted azulene derivatives—
with chloro, iodo, amino, cyano, carboxy, methoxy,

T It would have been more correct to term this reaction
1,8 -cycloaddition, since it takes place at the ends of the
conjugated chain (in heptafulvene this chain comprises
eight atoms).
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hydrazino, or other functional group-—completely inacces-
sible by other routes, have been obtained from troponoid
compounds”. Tri- and tetra-cyclic azulenoid systems,
containing fused pyridine, pyridazine, pyrazole™ % and
thophen® rings, have been obtained similarly.

5. Cpyclisation of Acetylenic Compounds and Other
Methods

Formation of the azulene system from acetylenic com-
pounds was observed as early as 1948 by Reppe and his
coworkers®, who reported the appearance of small quan-
tities of azulene in the preparation of cyclo-octatetraene
from acetylene. Such processes usually involve active
species formed e.g. on cleavage of the benzene ring in
phenylacetylene and similar in structure to heptafulvene;
cycloaddition of such a species at the triple bond entails
closure of the five-membered ring of the azulene system.
The reactions are initiated photochemically, and some-
times can be accomplished also by means of certain

catalysts. An illustration is the conversion of phenyl-
acetylene into 1-phenylazulene (LXXXI: R = H):®
- 48
( N\—C=CR v Ph—C=C-R phﬂ//f\ ~R
2 —_——— + - —
N (or catalyst) ./C—:C—-R ,/ ’
Ay N
u
7 (LXXXD)
R=H, Ph -

Diphenylacetylene undergoes a similar reaction also in the
presence of 2,4-dinitrophenylsulphenyl chloride and
anhydrous aluminium chloride or bromide, to give an
approximately 25% yield of 1,2,3- trlphenylazulene (LXXXI:
R = CeHs). "™ The same reaction is effected also by
palladium chloride, with which diphenylacetylene forms
the complex compound 2C4H;C:CCg¢H,.PdCL,.C,H,OH.HC].%®
Cyclisation of acetylenes into azulenes can probably occur
by both radical and ionic mechanisms.

Diacetylenes (LXXXII) undergo an analogous reaction to
form mixtures of the structurally isomeric azulene hydro-
carbons (LXXXIII) and (LXXXIV): ®"%®

c=cr
C——C—-R R 4 \
c—cn + Re=cC
c—c—n
(LXXXIT) (Lxxxm) (LXXXIV)
R=H, CH,, Ph

Intramolecular cyclisation of 1,8-dimesitylethynylnaphtha-
lene (LXXXV) on ultraviolet 1rrad1at10n gives the poly-
cyclic azulene hydrocarbon (LXXXVI):®°

(LXXXVI) CH,

(LXXXV) CH,

In connection with the mechanism of such reactions it is
interesting that 1,2-diphenylethynylcyclohexene (LXXXVII)
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is converted by radiation into a hydrogenated azulene
derivative (LXXXVIII) ®®

b
o
7 C=C—Ph
sy =2
c
N, C=CPh

(LXXXVII) \ph (LXXXVIII)

dehydrogenation of which by chloranil yields the corre-
sponding azulene. Intramolecular cyclisation has been
employed to obtain polycyclic azulene derivatives (LXXXIX)
containing a silicon or sulphur atom in one of the fused
rings®

7N /T Ph
>2/ >=</\\\
/ “c=c—pt paci, X [
X = N N\
N C=C~Ph / N\ ‘ !
hN— N’
< > N4
N/ A4
(LXXXIX)

X=S0, Si (CHg)y .

Another method of obtammg1 azulene derivatives—from
aryleyclopropenylium salts®~>—also involves expanding
Ph Ph LHPh
ﬁ Ih(’HNg Ph
Ph: -Ph
Ph

the ring of a phenyl substituent:
h Ph
23]
Ph
g

A further synthetic approach to azulenes involving
intramolecular cycloaddition is based on rearrangement
of a phenylated bicyclo[1, 19§0]butane (XC) initiated by a
transition-metal carbonyl™:

Ph Ph

CH,

M"h g
Ph

(XC)

Like heptafulvenes (§II, 4) aminovinylfulvenes (XCny
are able to undergo cycloaddition with acetylenedicarboxy-
lic esters, to give azulene-4,5-dicarboxylic esters
(XCI): ¢

oo A
< o > — _/COOCH;
i +1 A [
N éooea, S’ \CoocH,
R/ \R (Xc
(XC1)

6-Styrylfulvene (XCIII) undergoes diene synthesis with
methyl propiolate to form an adduct (XCIV) that rearranges
into a mixture of phenyldihydroazulenecarboxylic esters;
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the latter are readily dehydrogenated by chloranil, form-
ing a mixture of methyl 1-phenylazulene-4(8)-carboxylates
(XCV). When heated the fulvene (XCIII) isomerises into
phenyldihydropentalene (XCVI); cycloaddition of the
propiolic ester produces the cyclobutene derivative
(XCvI), which on dehydrogenation is converted into the
individual methyl 1-phenylazulene-4-carboxylate (XCVIII)?®

L + ‘l: 2chloranl’l* Ph
—COOCH;
coocnJ
(XCI11D (XCIV) COOCH; (XCv)
l‘o COOCH,
_ Ph
chioranil

O (00CH,

(XCVIID

Ph HC=C—COOCH;
et O et it
“H

(XCVD

(xcvin

This mechanism is supported by the well known methods
of convertmg the substituted pentalenes (XCIX) * and
(C) 8 into the corresponding azulenes (CI) and (CII) by the
action of acetylenedicarboxylic ester:

Ph Ph COOCH, Ph Ph Ph
/'\/)\ (': ‘ /I
4
ph—¢ | p—Ph | - Ph— ¢ ) \ —COOCH,
N/ N\Y ('3 \I \'-—=/
Ph Ph COOCH, Ph Ph \boocua
(XCIX) (cn ~
N (CHg), COOCH; (CHa)zN < <’ />
CHL00C —L
S AT et
A CH,00C d L .
N7 \coocH,
N(CHy),  COOCHs N (CHy), >

L. ~ CoocH,
€ i}

The cyclic analogue of styrylfulvene, 6-phenyl-5-aza-
azulene (CIII) also undergoes cycloaddition with acetylenic
compounds . when both possible adducts (CIV) and (CV)
are formed; these eliminate hydrocyanic acid or benzo-
nitrile to give a mixture of the corresponding azulene
derivatives (CVI) and (CVII):

Rl 52 R\ R!
ST IE IR e
CIV,
D | O (2 ) N {cvy)
Na R "
Fh ‘ -PhCN
(cup / Q 5 g OO
R'=R’=Ph Ph
(cV) cvin

Cycloaddition of dialkylaminofulvenes (CVIII) to coumalic

esters (CIX) gives the adducts (CX) and (CXI), which are
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aromatised into azulenes (CXII) with elimination of carbon
dioxide and the d1a1kylamme

X -
o[
" . /C00R
< = | —
0" R
N R
1 cX
[{'%449] (CIX) (CX) R HOOR!
X
-0, ~HX 0
R <2
R COOR' @
(cxi) R ‘R
L cxp COOR |

X=NCH), N » N 0 NO 0OAc;

R=H, CHy; R'zCH,, CpHy

Syntheses of azulene compounds based on cycloaddition
have been actively studied during recent years, and their
possibilities are probably far from exhausted.

A few other methods of obtaining azulene compounds
have been described which, although of no great synthetic
value, provide a good illustration of the stability of the
aromatic azulene system. Thus 1,6:8,13-ethanediylidene-
[14]annulene (CXIII) is converted in high yield into dicyclo-
hepta[c,d:g,h]pentalene (CXIV), a novel non-benzenoid
isomer of pyrene'®

[Ph;,C] BF 50°
(‘H;CN
(CXII1) ’

(CX1V), 70%

When the propellane (CXV) is exposed to ultraviolet radia-
tion, N-methylazulene-1,8-dicarboximide (CXVI) is
formed in 4% yield together with other compounr.is1 2,

CO
e
0

(cxV) (€CXVI), 4%

Cobalticinium hexafluorophosphate (CXVII) forms azulene
in low yields when treated with bases'®*:

Oll,
Co® x——>

(CXVIN

Parham and Reiff'® studied the possibility of obtaining
azulene compounds from indenylsodium by the addition of
dichlorocarbene; they found the course of the reaction to
be ambiguous, giving 5-chloroazulene (CXVIII) in only
about 0.5% vyield:

=

(cXVvIID)
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Syntheses of azulene compounds by closure of a five-
membered ring in aldehydes or acetals of the cyclohepta-
triene series (CXIX) and (CXX) have also been reported'®.
Low yields of 1,2-benzazulene (CXXI) and 2-phenylazulene
(XX) have been obtained by this method; in the latter case
the intermediate dihydro-derivative was dehydrogenated
by means of chloranil:

CHO — o)

IN—7 TN\ /N
l “ ‘ H ’ ,ph e I Ph
AN /N _snct, \ VAV a4 NN ]
) ( J Genson \# ' //\
A N_/
N_—” \I/ 7 snCly ¢
(CXIX) (CXXI) benzene: chloranil l
N/ N\
(CXX) \ Y
(XX)

Another method of condensation of aldehydes involves
closure of the seven-membered ring of the azulene sys-
tem*®, Borrowed from the chemistry of tropones, it
converts the substituted cyclopentadiene dialdehyde (CXXII)
into the agulenequinonemethide (CXXIII), which can then
be transformed into the azulene derivative (CXXIV):

Ph Ph
CHO /
NS N
(CHYy N—CH={ ] EX S:o = (CHy)y N—CH={ \( =0 -
7 \CHO \} N \=—<
h Ph
(CXX1I) (€XXi
Ph _Ph
®.pr© ® AN 2 AN
_ELOISBES oty R=cH—¢” ) —-ORt —NoH 0HC~</>/ okt
N N\ N4 \==< .
\pPh Ph
(CXX1V)

The methods described in this Section have been used
to synthesise various azulenoid polycyclic compounds
containin§ 3-T fused rings, not only carboxylic azulenoid
systems'®®™'?" put also fused heterocyclic azulene com-
pounds containing nitrogen'?®~**
oxygen'"! as heteroatom.

It must be noted in conclusion that no universal method
is yet available for the synthesis of substituted azulene
hydrocarbons. Many of the above processes cannot be
used to prepare azulene and its homologues, both because
of the inaccessibility of the initial compounds and because
of the low yields. The search for effective new syntheses
of azulenes is therefore still continuing at the present
time.

135~140

, sulphur , or

III. CHEMICAL PROPERTIES OF AZULENE COMPOUNDS

1. Structure and Reactivity of Azulene

The chemistry of azulene compounds has been intensively
developed mainly during the past two decades; certain
theoretical views on the reactivity of the azulene system
have been elaborated in parallel with or even preceding
the synthetic investigations. In spite of the difficulties
involved in assessing the contribution of golar structures,
even the simplest LCAO-MO calculations**? ™% showed high
electronegativity of the five-membered ring and a deficiency
of electrons on the atoms of the seven-membered ring.
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The charges ¢qr, localisation energies Ay, and free valency
indices Fy calculated by the Hiickel method are

2.362 0.420

0.480
0.149

0.482

0.429

+0.130 2.930 2.198 2.559 0.454
a 48 49 A Fe

-0.047 2.362 2.362

-0.173 1.924 2.600 2.262

-0.027

+0.145 2.554 1.929 2.240

+0.014 2.341 2.341 2.341

The calculated results lead to several conclusions: (i) the
liability to electrophilic attack should decrease either in
the sequence of carbon atoms 1(3) > 2 > 5(7) > 6 > 4(8)
according to the charges, or in the sequence 1(3) > 5(7) >
2 > 4(8) > 6 according to the localisation energies; (ii) the
reactivity towards nucleophilic attack should diminish in
the sequence of carbon atoms 4(8) > 6 > 5(7) > 2 > 1(3);
and (iii) homolytic reactions should take place at carbon
atoms 4(8) '** or 1(3).'°® As will be shown later, the results
of synthetic investigations exhibit in the main good agree-
ment with these theoretical ideas.

2. Electrophilic Substitution

A consequence of the high electron density on the carbon
atoms forming the five-membered ring is that the aromatic
azulene system is highly reactive towards various electro-
philic reagents. Azulene and its derivatives readily form
7 complexes with various electron-deficient compounds —
trinitrobenzene, trinitrotoluene, picric acid®'®, tetra-
cyanoquinodimethane'®®, tetracyanoethylene’®®'*”, and
several other similar compounds'**—and trinitrobenzene
complexes are often used for the isolation, purification,
and identification of azulenes, since they readily break
down into their components when chromatographed on
aluminium oxide. Complexes of azulenes with metal car-
bonyls have also been described®®~*%,

(a) Reactions of azulenes with acids

The strongly basic character of azulenes leads to the
formation of azulenium salts (CXXV) on treatment with
mineral acids'®™%;

OFRO
N H
U@ =

(CXXV)

The ability of azulene and its derivatives to dissolve
with salt formation in 60% sulphuric and 85% phosphoric
acids' is used in several cases to isolate azulene com-
pounds, since dilution of the acid solution with water leads
to hydrolysis of the salt with separation of the initial
azulene. Salts can be formed by azulenes also withaprotic
acids'®®, which leads in several cases to the appearance of
secondary products when Friedel-Crafts catalysts are
used.

The active hydrogen atoms at positions 1 and 3 exchange
readily for deuterium'®”'®, whereas the remaining hydro-
gen atoms exchange only under severe conditions'®®,
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(6) Nitration, nitrosation, and azo-coupling

Because of the sensitivity of the ring system to strong
acids, azulene and its homologues cannot be nitrated with
a nitrating mixture. However, the nitration of unsubsti-
tuted azulene can be easily accomplished by means of
acetyl'’™  copper!”, or urea!'’ nitrate. The use of tetra-
nitromethane in pyridine is especially convenient'™, With
urea nitrate azulene gives both 1-mono-.and 1,3-di-nitro-
derivatives, whereas with tetranitromethane only 5-nitro-
azulene is formed. Azulene derivatives containing
isopropyl and t-butyl substituents at positions 1 and 3 are
nitrated at position 5 in ~25% yield®.

Azulene is nitrosated at position 1 by mtrosyl perchlo-
rate to give the unstable 1-nitrosoazulene'™. The corre-
sponding nitroso-derivative of 4,6,8- trlmethylazulene
obtainable in high yield, is cons1derably more stable.
Nozoe et al.'™ effected the nitrosation of ethyl 2-amino-
azulene-1-carboxylate with isopentyl nitrite with formation
of ethyl 2-amino-3-nitrosoazulene-1-carboxylate.

1(3)-Unsubstituted azulene derivatives are able to
undergo azo-coupling with such weak electrophiles as
diazonium salts to give high yields of azo-dyes
(CXXVI):IH, 176=-179

Rt R

)\ //l\
RL< } R }-N:M-m

7N ¢ 7N
e, T

—
\\I// \\\\l//
R R
(CXXVI)

These dyes are readily reduced to azulenammes”g’m.

Azulene reacts also with phenyl cyanate'®

N N\ _N=CH—
7 \—A/NCH OPh

N
| “ PhO—C=N l |
PR il B

(c) Halogenation

The best halogenating agents for obtaining 1(3)-mono-
and 1,3-di-halogenated azulenes are N -chlorosuccin-
1m1de‘82 184 N -bromosuccinimide'®*™*%5 and N -iodosuccin-
imide'®, whlch give high yields. Chlorinating agents
producing good results are t-butyl hypochlorlte 18 phos-
phorus pentachlorldem’186 phosphoryl chloride$ and
copper(II) chloride*®’; sulphur monochloride in the pres-
sence of aluminium chloride also has a chlorinating
action'”™, Azulene compounds can be brominated also by
means of dioxan dibromide'®®, phosphorus pentabromide'®’,
phosphoryl bronude, pyridinium bromide—-perbromide,
cyanogen bromide'®®, and copper(Il) bromide’®’. 1,3-Di-
bromoazulene can be obtained also by the hypobromination
of 1,3-diacetylazulene'™. Unusually, dialkyl 2-hydroxy-
and 2-amino-azulene-1,3-dicarboxylates (CXXVII) are
brominated at the 6 position*®®'%°

OH (NH,) OH (NH,)
/)\\ V/\\
EtOO-’_",—\\_/—COO.:f I:QOOC—\_//—COOFA
7N 7 N\
| J Bry ' J
A A

N \\'/
(CXXVID) Br
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1,3-Dichloroazulene can be chlorinated by N -chloro-
Succ1n1m1de at gosmon 5 to give a 17% yield of 1,3;5-tri-
chloroazulene® 2-Chlorinated azulenes have been
obtained by dlazotlsing diethyl 2-aminoazulene-1,3-dicar-
boxylates in the presence of hydrochloric acid'®

r\llH, Cl
pooc—¢ /l\\ :
—< _ )—COOEt E00C—{ _ »~—COOEt

is0-CgH, ,ONO, HC!
20T D, T

()

6-Chloro-derivatives have been obtained from the corre-
sponding azulen-6-ols'®*

A complex of iodine chloride in dioxan'®® and iodine in
the presence of copper acetate'®” have been used to obtain
1(3)-mono- and 1,3-di-iodoazulenes. Another method is
exchange substltutlon of acetoxymercuric groups by treat-
ment with iodine*®

CH,COOHg— <__\<\—HgOCOCH3 1~</_\/\—1
Va 1, 7

L) L)

N/ N

1(3)- Halogenoazulenes form normal organomagnesium
derivatives® and are able to exchange their halogen for the
thiocyanato- or cyano-group when heated with the copper or
silver salts'®®, Nucleophilic exchange of the halogen has
been studied in 6-chloroazulenes*®® and 2-chloroazulenes'®,

(d) Sulphonation, thiocyanation, and other reactions

Azulene is sulphonated by a solution of sulphuric acid in
acetic anhydride or by dioxan—sulphur trioxide to the
1,3-disulphonic acid'®”*®, 1-Monosulpho-derivatives of
azulene and its homologues have been obtained by sulphona-
tion with copper sulphate in acetic anhydride'® and with
dioxan—sulphur trioxide'®. The action of copper benzene-
sulphinate on azulene glves the azulenyl phenyl sulphone
(CXXVIII) and the corresponding 1,3-disulphone (CXXIX); '
methanesulphonyl chlorlde reacts w1th azulene to form
azulenyl methyl sulphone'®; and copper thiocyanate gives
good yields of 1- cyanatoazulene (CXXX) and 1,3-dithio-
cyanatoazulene (CXXXI), **® which had been obtamed earlier
from azulene and th1ocyamogen1 8

AN
7 - 7N Y \
NCS D SCN Nes—{ ) <
VAN VAR
+ ‘_Cu(SCN). ( Cu(SO,Ph).
L J L ’ CH3CN CH,CN
N\ N
(CXXXI) (CXXX)
N FaN
Pnso,—¢ > Phs0,—¢ >~SO,Ph
7\
- U
N NV
(CXXVIII) (CXXIX)

At low temperatures azulene reacts with thionyl chloride
to form diazulenyl sulphoxide (CXXXII), which on oxidation
with sodlum periodate is converted into diazulenyl sul-
phone'®:

AN

O Oy

IGESEREe

\\\/ \\/ 4 \\‘\//
(CXXXII)
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An unusual reaction takes place when the 1,3-disulphonic
acid is treated with excess of thionyl chloride, for 3-chlo-
rosulphinylazulene-1-sulphonyl chloride (CXXXIII) is
formed'®:

c1o.s../\\—soc|
>__/
N

o= )

N/ N/
(CXXXI1I)

Azulene and its derivatives readily give the 1-sulphides
(CXXXIV) and the corresponding 1,3 -bis-sulphides (CXXXV)

on interaction with arenesulphenyl chlorides'™!7 %187,
/\\ »?f\ //’/\\
\-< \_<——-SAr ArS——>- <--—-SAr
R—r J-R wsci_ R } J—R . R—I J—R )
Y Y Y
R R R
(CXXXIV) (CRXXV)

At -78°C sulphur dichloride acts on azulene to give diazu-
lenyl sulphide (CXXXVI):*®

7 N ¢ N—5—

7 §_/ ;&2

( JE K] (.

N N/ NS
(CXXXVI)

(e) Organoelementary azulene derivatives

Azulene is readily mercurated by mercury(II) chloride
to form azulene-1,3-dimercuric dichloride (CXXXVII):'®

2\ AN 4
XHg—{ _ >—HeX §_> ¢ _>—MCN
7N ’
‘L J HgX | ‘ Cu(MCN).Al
\\/ \\/ \\\/
{CXXXVID) CXXXvin

X=Cl, OCOCH,; M=Se, Te

Mercury acetate is equally effective'®. Monomercurated
derivatives can also be obtained by varying the proportions
of the reactants. The chloromercuri-derivatives are
converted quantitatively into halogeno- or thiocyanato-
derivatives by the action of copper(Il) chloride, bromide,
or thiocyanate'®®. Copper selenocyanate and tellurocya-
nate give good yields of the corresponding seleno- and
telluro-cyanatoazulenes (CXXXVIID.'*” The organosilicon
azulene derivative

gf_\),suc.uo,

9

N\
N/
(CXXXIX)

was synthesised indirectly, not by direct substitution®®.

(f) Alkylation

Alkylation of azulene and its homologues under the
conditions of Friedel-Crafts reaction takes place at posi-
tions 1 and 3, but such reactions give by no means high
yields owing to the great sensitivity of azulenes to cata-
lysts'®®!%. for example, benzy! chloride forms 1-benzyl-
azulene in only 5.6% yield'®. Alkyl halides give still
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poorer results?®® 2,  However, compounds capable of

forming stable carbonium ions-~such as triphenyl chloro-
methane®®, tropylium bromide®®, 3-bromo-4-phenyl-
cyclobutene-1,2-dione*®, and 3,3-dichloro-1,2-diphenyl-
cyclopropene’*®—readily alkylate azulene at positions 1
and 3. Good results have been obtained by the action of
picryl chloride and p -chloronitrobenzene on azulene
hydrocarbons'®®; the condensation of azulene with penta-
acetylbromoglucose has been described®”,

AN AN
y N 7 \
5~ 5
a2 ® — _
R—. ]—R R'X or Q‘XG_’ R I J' R
\/ \l/
R R
X=Cl, Br,CN;
R=H, CH;
o Ph P |
N Sl T No— N -No
Ri=PhCH,, PiiC, [ >— | ﬂ /\<I l
N i
o/ Ph \1/
NO,
/.,,,,\ VAYAN /'\/}
—< Ncopt, | ' “ N
e A VARENVAN \/\‘/\Coph
éOPh
! CN
VA VAN [ —_— cN
\ CN) C=C , SadT =
[m |( l (Nl C=¢ o — <
NN
copn

Di- and tri-phenylmethanols, their ethers or esters,
or arylated ethylenes capable of forming stable carbonium
ions have been used as alkylating agents®*¥?°® instead of
alkyl halides. Tropylium and triphenylmethyl perchlo-
rates are also effective alkylating agents'™?°°, 1-Ethyl-
4,6,8-trimethylazulene has been obtained by alkylating
4,6,8-trimethylazulene with triethyloxonium tetrafluoro-
borate'™, but such a reaction could not be accomplished
with unsubstituted azulene'®. Yields of 40-60% have
recently been obtained in the heteroarylation of azulene
and its homologues with N -acylated pyridinium, quinolin-
ium, isoquinolinium, and acridinium salts?'?!, The 7
complexes of azulene hydrocarbons with tetracyanoethylene
and tetracyanoquinodimethane are converted into the 1-tri-
cyanovinyl derivatives with the elimination of hydrogen
cyanide'*s™*7,

(g) Reactions with carbonyl compounds

In the presence of various mineral and organic acids
azulene hydrocarbons condense with aromatjc!®2!2-2!3,
heterocgclicz”’z“”m’m, aliphatic®®*%2% polyene?®?* and

3
azulene®'#*'%?22 g1dehydes, ketones®*®?*® and several
dicarbonyl compounds®®?,

*22_  The resulting mesomeric
cations (CXL) can easily be reduced to the corresponding
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1-alkylazulenes (CXLI), >**??° and are converted by bases

into compounds of type (CXLII):***
l %
—R C—R
\R‘ NﬂY
(cxm
(CXLII)

7
o ‘so CHRR'
LR = Alk, A 7
ally
Y =O0H, CN, OCH,, N<
S UNg? (CXLD)

This reaction has been used to obtain azulenoid polymethine
dyes®¥%',  saltlike dyes of the diazulenylmethane series
have been obtained by the interaction of azulene and
1-formylazulene®4,215,218:222,  gngd g triazulenylmethane dye
(CXLII) is produced by condensmg azulene with orthocar-

bonic ester in acid medium®*:
c(On (
'—‘) \ X >
() @
< ( NG m)

Azulene hydrocarbons contammg a 2-methyl group can

O—':ﬂ

be condensed with benzaldehyde to form 2-styrylazulenes?®,

CHs cH=citen
AN N
7 7 \
NC §_ < NC >__ )
4 PhCHO
| 7w |
NS Y

Enols alkylate azulene and its homologues in acid media
with the elimination of water and the formation of vinyl
derivatives (CXLIV):**?

R
/7\\ ///\\ |
. - —R?
<_/ ® .’ CH=C—R
N : 7N
r J HO—CH=C—R* | I “
N\ N/
\\\/ N/
(CXL1V)
R=:H, CN, NO,, Ph, CHO; R'=COCH,;, COPh

() Aminomethylation

Chloromethylation and hydroxymethylation of azulene
and guaiazulene by means of formaldehyde yield only
products of diazulenylmethane structure®® or of further
condensation (CXLV), ?*" not the corresponding chloro-
methyl or hydroxymethyl derivatives:

888518

(CXLV)

However, the use of mild aminomethylating agents, such
as aminomethanols??”?* and methylenebisdialkylamines®?,
made it possible to accomplish the Mannich reaction.
Azulene is aminomethylated at positions 1 and 3 to give
the unstable dialkylaminomethyl derivatives (CXLVI) and
(CXLVII); with methyl iodide these form the more stable
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quaternary salts, which can be reduced by sodium tetra-
hydroborate to methylazulenes:

7\ N AN
R.NCH,—7

7 N\ 7 N\ 7N
>_/ — N CH,NR, al TN CH.NR,
I/ N < N—CH,OH 7\ RN
L “ unu_(CH,),NCH,N(CH,), - ( l + l ]
NS N\ N
(©XLVI) (CXEVID
AN AN
{ —CH, N (CHyg - 19 "
N RN
f u NaBH, ] J
N AN

Reactions of these salts with alkali-metal phenoxides and
cyanides have been described, as well as several other
transformations of aminomethyl derivatives'3"?228230-232

(¢) 1,2-Addition

Azulenes do not undergo diene condensation, but are
able to add to active d1enoph11es-—acetylenecarboxyhc and

azo-dicarboxylic esters®®, maleic anhydride®**** benzo-

233,234 ’

quinone 1,2-naphthaquinone'® —with the formation
of 1,2-addition products: e.g.
Sy O™,
/ “\CO/ 7 ‘ O
() e
N/ N
N/ v

The product (CXLVIII) formed initially by the addition of
benzoquinone to azulene may be oxidised by excess of
the former reactant to the substituted quinone (CXLIX):

OH o
N /\ | AN I

N N N\ Va S
¢ > < U >
j L J N/ +I J %
A bu ANV

(CXLIX)

Azulene adds also to phenyl isocyanate to form azulene-
1-carboxyanilide'®

235

A

/‘N(\

(CXLVIID)

(j) Acylation

Azulene isacylated by chlorides and anhydrides of car-
boxylic acids inthe presence of aluminium chloride' ™%,
perchloric acid®™®, or tin tetrachloride'™ with the forma-
tion of 1-mono- and 1,3-di-acy1 derivatives (CL) and (CLI):

/>—c0Rl R‘CO—<
J—R (RICO10 or RICOCI \J —R I/
AICl, or SnCl, 4
N Y N
R R R
(L) (L)
With trifluoroacetic anhydride the reaction goes almost
quantitatively in the absence of a catalyst®*¥**", Acylation
has been achieved with oxalyl>*~2*° malony1**""**?, and
phenylacetyl®** chlorides or bromides. Under the condi-
tions of the Friedel-Crafts reaction carbonyl chloride
forms diazulenyl ketones®®. Guaiazulene may be formyl-
ated under the conditions of the Gattermann reaction®*
In all the above cases acylation occurs at positions 1 and/or
3, at which the greatest electron density is concentrated;
when these are occupied, position 5 becomes acylated.
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Substituents already present at the former positions—
chloro'®2*3 isopropyl'”®, t-butyl'™—often exchange
simultaneously for an acyl group. 1-and 3-Acetyl grou
may in turn be displaced by other electrophlhc reagents' ™
e.g. when heated with alcohols in acid media®

The Vilsmeier -Haack reaction is mostly used at the
present time to obtain acyl and especially formyl deriva-
tives of azulene hydrocarbons. Many diverse 1(3)-formyl
derivatives of azulene have been prepared by this
method®?°¥24572%°  The corresponding 1,3-dialdehydes
(CLII) have also been obtained in good yields, and appli-
cation of the reaction to unsaturated amino-aldehydes

’

yields vinylogues of 1-formylazulene (CLII):'* "%
N
¢ - (en=ch,cHo
R~ R PBN(CHy)—(CH=CH), CHO
L ﬂ “ POCI,
\\/
R
(CLii)
AN 7™\,
/ N o onc—¢5—CHO
N_/ \—/ /
T )
POC‘: N y4
AN \\\./ \\1/
R R

(cLy
R=H, CH n=1, 2 .

Treatment of 1,3-dialkylated azulenes with a complex of
dimethylformamide and phosphoryl chloride gives a mix-
ture of the 2-, 5-, and 7-formyl derivatives (CLIV)—
(CLVI) together w1th the product (CLVII) of replacement
of an alkyl by a formyl group'

& VAN //\\ 1
R—{ >R R <—cx-10 R—>_ <-»R
DMF 7
(] == () « ()~
N N N7 NeHo
(CLVII) (CLV)
CHO
AN /‘\\ .
—R1 — ]
R _>—R' R { )R
7
WOERS
oHC” N/ N/
(CLVD (CL1V)
R, R1=CH;, iSO'C:aHh t CIHD

At a high temperature the formylating complex is able to
displace the bromine atoms in 1,3-dibromoazulene®!
(see below).

Azulene can be formylated also by means of orthoformic
ester in acid media®?. Aldehydes have been obtained also
by oxidising 1-dialkylaminomethylazulenes®*® and 1-methyl-
azulene®® with potassium permanganate. Treatment of
azulene hydrocarbons with acylating complexes obtained
from dimethylamides of acetic'®'?7**®  chloroacetic®®,
oxalic®®®, benzoic'?”?*) and several other acids have been
used to prepare the corresponding 1(3)-acylazulenes (CL):

AN ZaN

D 4 —
o~ Py
7 N\ 7 N
L e
POCI,

\\\ ‘// \\\\\/
R R

(CL)

R=H, CHy; R'=CH,, CH,Cl, CON (CHy)., CH,

Azulene aldehydes and ketones are used as initial
compounds for obtaining various classes of derivatives
containing the azulene ring system®'!07!10s!16-11851205127,13ls
1325254 259

Dlsplacement of substituents at positions 1 and 3 in the
ring system is met quite often in the chemistry of azulene
compounds and occurs readily under conditions of electro-
philic attack. This phenomenon especially often accom-
panies formylation'"**** and acylatlon’"’”"’z“, although it
has been observed also during halogenation'®®, nitrosa-
tion'™, and azo-coupling'™, Groups that give stable
carbonium cations are very easily replaced. Thus the
ease of substitution of alkyl groups increases on passing
from methyl to isopropyl, t-butyl, and then to triphenyl-
methyl and cycloheptatrienyl. Either one or both groups
at positions 1 and 3 may undergo substitution. Not only
alkyl groups but also the acetyl group'™ and halogens®**2%
may be replaced.

3. Nucleophilic Substitution

Considerably less study has been made of nucleophilic
than of electrophilic substitution in azulene compounds.
As LCAO-MO calculations have predicted, nucleophilic
attack takes place at carbon atoms 4(8) and 6. Thus
azulene reacts with organolithium compounds to give addi-
tion products (CLVIII), which on hydrolysis yield colour-
less dihydroazulene derivatives (CLIX), whose dehydro-
genation by chloranil produces 4-substituted azulenes®” *:

@ ulo ‘"z
L on

(CLIX)

@oN
O ’3 H

(CIVIU)

in whichR = CHa, (CH3)3C, CsH5, 1-C10H7, CsHscHz,
2-C4HsS, 2-C;H4N, or 2-C;H4NCH.. 4,8-Disubstituted
azulenes can be obtained similarly. It is interesting that
diethyl azulene-1,3-dicarboxylate reacts with aliphatic and
aromatic organomagnesium compounds without involve~
ment of the ester groups, to form after hydrolysis and
dehydrogenation a mixture of 4-, 6-, and 2-substituted
azulenes (CLX)~(CLXID), *2¢ and in only one case has the
product of interaction between an organomagnesium com-
pound and an ethoxycarbonyl group (CLXTII) been detected:

AN N\
EtOOC—<_/>—COOEt EtOOC— ( )-coost
7\
7 1) RMgXs r I —R +
l 2) HeO: 3) —H,
A \
(4
(CLX)
R
o}
AN e g | )
Et00C—{  »—COOEt Etooc—\_/—cocm Et00C— ——-C-—CHS
7 N\ VAR \’
O BT () B L
\\l/ N/ ( J
R
(CLX1) (CLX1) (CLXIID)
R=Alk, Ar
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An ethynyl group is readily introduced into the azulene
ring system by the action of lithium acetylenide in liquid
ammonia on 2-chloroazulenecarboxylic esters®®

C1

PN PN N
F.tOOC—§_'2——COOEt Et00C—{ )—coost EtOOC-—< >-coost
) e (7
J NH, (liq.) 1§ ) \
\\/ N/ \'/
C=CH
41% 39%

Here, too, ethoxycarbonyl groups are unaffected, though
their electron-accepting effect activates the azulene
system to nucleophilic attack: unsubstituted azulene does
not undergo such a reaction with acetylenides. The
presence of halogen at position 2 makes it possible to
eliminate the dehydrogenation stage, since the aromatic
azulene structure is regenerated, by dehydrochlorination
under the influence of ammonia, from the intermediate
dihydro-derivatives formed by addition.

Metal derivatives of alkylated azulenes have been
obtained by the action of the sodium derivative of N -meth-
ylaniline or of butyl -lithium on 4- or 6-methylated
azulenes®"¥

N N
_7 Ne N_.7
CH,— \J’—CH' Ph«)ll—-CH.(C.H,LI) N CH._( N —CH,Na'(Li)
S N/
CH, du,
(CLXIV)

The organometallic derivatives (CLXIV) undergo the usual
reactions with alkyl halides, carbon dioxide, and carbonyl
compounds, forming various 4-substituted azulene deriva-
tiveg' % 120/844:262-265" " A/ 1ene 15 aminated at position 4

in low yield by sodamide'®. Various nucleophilic reac-
tions involving exchange of halogen in halogenated azulenes
have been studied'®®?% 262,

4, Radical Substitution

Calculated localisation energies suggest that radical
reactions should occur at position 4 in azulene com-
pounds®®®, but the difference in energy of localisation at
positions 1 and 4 is insignificant, and almost all known
radical reactions take place at the 1-carbon atom. Such
reactions, which have been studied with the alkylation of
guaiazulene by diazomethane and diazoacetic ester as

example®”, yield the corresponding substitution products:
AN\
CH.—<J’\> CHy— <— )—R
- Ve
/[ TCH‘ _CHN, ot NiCHCOOB! _, TC"" .
CH.\ —Ns CH, A\
@, /CH W CH.>CH \/

R=CH,, CH,COOEt

A 15% yield of 1-phenylazulene has been obtained®'® by the
action of nitrosoacetanilide on azulene. The radical
benzylation of azulene’™ gives a mixture of the 1- and
2-isomers, the latter probably formed by secondary
migration of the benzyl group under the severe reaction
conditions (see below). Of preparative interest is the
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photoalkyoxycarbonylation of azulene®™ to give a 52% yield
of ethyl azulene-1-carboxylate:

’\ A/\—OOOC,H.

( J ca, SO by,

A high yield of the azo-dye (CLXV) is obtained by the
action of p—diazoquinone on azulene during exposure to
ultraviolet radiation®”

(CLXV)

Several thermal reactions of azulene derivatives result-
ing in modification of 1-substituents are probably also
radical in character. Thus the Schiff base (CLXVI) when
heated is converted into a mixlture of 1-methylazulene and
azulene in 36% and 24% yield respectively”"‘

ZaN
\ ) / Z N\
¢ ~CH=N—Ph < —n, ¢
03 =00
N N N
(CLXVI)

1-Styrylazulene is transformed in high yield into 1-a -meth-
ylbenzylazulene (CLXVII):*”

7N s\, Ph 7
YA Y 7 \ /
Pl N _CH\CH
< . <
J ., f ”
\\\»/ \\\ 4
(CLXVIY), 70%

Azulenylvinyl phenyl ketone (CLXVIII) undergoes analogous
rearrangement®™:

o
N {

2 NN\ \ .
<_) Ph Q_ —CH——cl‘I Ph
jl P I ] &H, b

N\
v N
(CLXVII) 30%

Reduction of the rearranged products is a consequence of
partial decomposition of the azulene compounds. Although
the yields in these processes are not always high, such
reactions enable several difficultly accessible azulene
derivatives to be obtained.

On irradiation 1-nitroazulene exchanges its nitro-group
for a cyano- or a methoxy-group’’”?", a reaction of
especial interest for obtaining the difficultly accessible
1-methoxyazulene. It is quite likely that the migration of
various groups from 1 to the 2 position in the azulene ring
system has a radical mechanism.

5. Migration of Substituents

The most common specific migration of groups is the
conversion of 1- into 2-substituted azulenes, first observed
by Plattner®™; it hasnowbeen studied on severalexamples,
and provides a route to 2-substituted azulenes, which are
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extremely difficult to obtain by other methods, although
the yield is often diminished by secondary processes due
to the high temperature of conversion. Dehydrogenation
of guaiene with selenium at 300°C yields not only guai-
azulene (II) but also the isomeric (CLXIX):?7%28

CH,
|
N 7 PN
—7 N _7 N\ 7 N\
M= M= _p Ny~
T e [ ™ ()
300° )
CH, CH CH,
N/ S N erp” N\ 7 NN S
C N H
w/C Y " N/ x,” N/
(CLXIX)

Isopropyl*®?, t-butyl*®®, phenyl®®, acetyl'®?®****® penzoyl*®,
and formyl**® groups migrate in this way. Ease of migra-
tion increases on passing from methyl to t-butyl*®®,

This isomerisation is promoted by substituents at
positions 4 and 8. Thus 1-formylazulene does not isomer-
ise into the 2-aldehyde, whereas 1-formyl-4,6,8-tri-
methylazulene is converted into the 2-formyl derivative in
16% yield®*?®7, The reaction may be accompanied by
exchange of the migrating group for hydrogen®®® and by
intermolecular alkylation. A case of the simultaneous

migration of two substituents is known®®®:

COCH,
|
ZaN AN /\\
cﬂr< )-cocnx CH,,—<_} cmco-(_ )—CHs
7N, ( \\'CH:; + ( }“Cﬂa
CH
CH, N CHz\ Va4 ENPEEPAN
Neg Y SCH” ™/ C N
cHY CH” v CH,” b cty”

IV. PRACTICAL APPLICATIONS OF AZULENE COM-
POUNDS

Two main trends in the practical application of azulene
derivatives have developed during recent years: the first
is based on the broad spectrum of biological activity
exhibited by azulenes and has led to the production of
various medicinal preparations; the second exploits the
peculiar electronic structure of azulene hydrocarbons,
which enables these compounds to be used as dyes, optical
sensitisers, and perhaps photosemiconductors. Many
plants that are natural sources of azulene compounds have
long been employed in folk and official medicine. A broad
study of natural and synthetic azulenes has established
that many of them possess high bacteriostatic?®2%° anti-
inflammatory®*® ™%, antipyretic™'*%'® sedative'*,2%72%
antiallergic, antasthmatic®®™°%, and several other types
of activity. During recent years preparations possessing
antineoplastic activity have been based on azulene com-
pounds™*? 179204 30% 504 - q1though no statistical data on their
application have appeared. The high anti-inflammatory
activity of several agulene compounds has led to their
widespread introduction as components of toothpastes,
creams, and several other cosmetic materijals®®. For
this purpose methods have been developed for producing
stable emulsions and water-soluble formulations®%,
Azulene analogues of known medicinal preparations have
been synthesised®”**®, The influence of azulene com-
pounds on several enzyme systems was studied®” in
order to elucidate the mechanism of their biological action.
The carcinogenic effect of several fused polycyclic azulenes
has been examined® ",
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The ability of azulene derivatives to absorb in the
visible led to an intensive study of azulene analogues of
triphenylmethane'®” and polymethine®*25% 32 gyes, including
those based on azulenylthiazole®®*, Photoconduction by
azulene crystals has been studied®®., Certain substituted
heterocyclic azulenes are used as stabilisers for poly-
mers®*, The use of azulene in analytical chemistry has
been reported™®.

In assessing the practical utilisation of azulenes we
must emphasise that research on their application was held
back for a long time by the absence of effective methods
of synthesis, which have been developed only during the
past two decades®, However, the results already avail-
able suggest that great prospects lie before this class of
non-benzenoid aromatic compounds.
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