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1 Introduction

This is a review of new or improved methods of construction of
aromatic heterocycles from acyclic precursors or by ring inter-
conversion that have been published in the primary literature
between March 1999 and February 2001. The ring systems
covered are mainly the more common monocyclic and bicyclic
aromatic heterocycles. There is increasing emphasis in recent
publications on methods that make use of supported reagents
or that employ techniques such as microwave irradiation in the
absence of solvents. Some of these methods have clear technical
advantages over older solution phase methods in terms of yield,
versatility, or environmental impact, but do not employ new
chemistry in the construction of the ring systems. The coverage
of these publications in this article is very selective since reviews
of such methods are available elsewhere.

A major new reference work, Science of Synthesis, will
eventually provide comprehensive coverage of the methods of
preparation of aromatic heterocycles. Two volumes have
appeared during the period under review, one covering mono-
cyclic five membered hetarenes with one heteroatom 1 and the
second, fused five membered hetarenes with one heteroatom.2

Palladium catalysed reactions are now ubiquitous in hetero-
cyclic chemistry and their applications have been described in a
new book.3

2 Furans and benzofurans

Fürstner has reviewed his catalysis based syntheses of furan
and pyrrole natural products.4 A versatile new synthesis of
polysubstituted furans from allenic ketones (Scheme 1)
results from their reaction with aryl bromides or iodides and
palladium(0) catalysed cyclisation.5 A related synthesis based
on the cyclisation of allenic ketones with allylic bromides has
been described; in these reactions a palladium() catalyst is
used.6 A palladium(0) catalysed synthesis of bifuranyls 1 from
iodoenones 2 may also involve allenic ketones as intermediates.7

In comparison with other transition metal catalysts gold()
chloride is highly effective for the cyclisation of propargyl
(prop-2-ynyl) and allenyl ketones to furans.8 Tetrasubstituted
furans have also been synthesised by the palladium() catalysed
exo cyclisation on to the triple bond of acetylenic alcohols 3
and full details of this work have been published.9,10 Further
examples of the synthesis of furans by intramolecular exo
cyclisation of enolate anions, through oxygen, on to triple
bonds have been described; these provide routes to 5-sub-
stituted furan-2-acetate esters 11 and to 2,5-disubstituted methyl
furan-3-carboxylates 4.12 The alkylation of β-keto esters and β-
ketonitriles by propargyl bromide followed by exo cyclisation
on to the triple bond produces 2-methyl-4,5-disubstituted
furans.13 Tri- and tetra-substituted furans can also be formed
from tert-butyl acetoacetate by a variant of the Feist–Benary
reaction in which C-alkylation by an α-haloketone is followed
by cyclisation in TFA.14 

A new route to 3,4-disubstituted and 2,3,4-trisubstituted
furans is based on the addition of Grignard reagents to
propargyl alcohols (Scheme 2).15 For example, 3-phenyl-4-vinyl-
furan was prepared in 72% yield from 3-phenylpropynol
and vinylmagnesium chloride. The methodology was extended
to the synthesis of tetrasubstituted furans by generating 1,3-
disubstituted propynols in situ. Another method that provides a
synthesis of furo[3,4-c]-fused heterocycles from propargylic
alcohols or propargylic amines is illustrated in Scheme 3.
Variations in the structures either of the propargylic com-
ponent or of the vinyl sulfone give a range of fused furan
derivatives.16 A new synthesis of symmetrical 3,3-bifurans is
based on the palladium() catalysed tandem dimerisation and
endo cyclisation of acetylenic ketones.17 A tandem reductive ring
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opening of epoxypropargylic esters followed by palladium()
catalysed cyclisation (Scheme 4) gives 2,3,5-trisubstituted
furans, generally in good yield.18

An efficient route to 3-trifluoroethylfurans is outlined in
Scheme 5.19 The iodoenol 5 was obtained from the corre-
sponding propargyl alcohol by reaction with sodium iodide in
acetic acid and the furan synthesis was completed by successive
coupling reactions and palladium() catalysed cyclisation.

Two new conversions of ynenones 6 to furans have been
reported, one involving the addition of tributylphosphine to
the triple bond followed by cyclisation to give an intermediate
ylide 7 which is intercepted by reaction with an aldehyde.20 The
second is the cyclisation of the sulfides 6 (R1 = MeS or PhS,
R2 = H) to furan dithioacetals 8 in HCl. This unusual reaction
is proposed to go through a series of ring closure and ring
opening steps.21 

2,3-Disubstituted furans have been synthesised from enones
by a sequence involving conjugate addition and interception of
the enolate anions (Scheme 6).22 A series of 2,3,5-trisubstituted
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furans was also prepared from enones in moderate to high yield
by the boron trifluoride catalysed addition of alkynyl boron-
ates, followed by cyclisation.23 Conjugate addition of cyclo-
hexyl isocyanide to DMAD in the presence of an aromatic
aldehyde gives the cyclohexylaminofuran diesters 9 in 54–68%
yield.24 2-Aminoalkylfurans have been formed in a similar way
starting from 2-acetylbenzoquinone and alkyl isocyanides.25

2-Methylthiofurans 10 are produced from ketones R1COCH2R
2

by a cyclisation reaction in which the key step is methyl-
sulfenylation of thioacetals by the reagent (MeS)Me2S

�BF4
�.26 

Trimethylsilylfurans 11 have been isolated in good yield as
the major products from the reaction of cis-2,3-bis(trimethyl-
silyl)cyclopropanone and keto phosphonium ylides.27 O-
Alkylation of α-cyanoketones under Mitsunobu conditions
provides intermediates that are converted by base into 3-amino-
furans: an example is shown in Scheme 7. The sequence can
be carried out as a one pot procedure.28 The condensation of
arylglyoxals with acetylacetone gives transient enones 12; these
intermediates are then converted into furans either by further
addition of acetylacetone or by cyclisation with conc. HCl. For
example, 3-acetyl-2-chloromethyl-5-phenylfuran 13 was formed
in high yield from phenylglyoxal under the latter conditions.29

A new route to 3-chlorofurans 14 starting from trichloro-
acetaldehyde and allylic alcohols has been described.30

3-Arylbenzofurans can be formed from α-aryloxyaceto-
phenones in solvent free conditions on a reusable clay support
and under microwave irradiation (Scheme 8).31 A new general
route to 3-arylbenzofurans, which can either be used in solution
or adapted to a solid support, is illustrated in Scheme 9.32

The palladium()–copper() catalysed coupling of 2-iodo-
phenol to the triple bond of chiral α-phenylpropargylamines
followed by cyclisation of the 2-alkynylphenols gives the
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corresponding 2-(α-phenylaminomethyl)benzofurans with little
loss of chirality.33 The cyclisation of 2-alkynylphenols to benzo-
furans can also be carried out using iodine (Scheme 10) and
this produces 2-substituted 3-iodobenzofurans which can then
be further substituted at C-3 by palladium coupling.34 A mech-
anistically related process, which leads to 2-alkylthio- and 2-
alkylselenobenzofurans in good yield, is shown in Scheme 11:
here the alkyne is generated in situ from a 1,2,3-thiadiazole
or a 1,2,3-selenadiazole.35 Carbonylative cyclisation under pal-
ladium catalysis leads directly to 2-substituted benzofuran-3-
carboxylates and the reaction has been used to prepare pre-
cursors to adenosine receptor antagonists.36 The yields in such
reactions can be poor if electron withdrawing substituents are
present on the benzene ring but a new catalyst system based
on palladium() iodide, thiourea and carbon tetrabromide has
been shown to be effective in such cases.37 2-Aryl-3-phenyl-
benzofurans have been prepared in high yield from 1,2-
dibromobenzenes and aryl benzyl ketones by coupling and
cyclisation with a palladium catalyst and caesium carbonate.38

The first reported synthesis of 4-chlorobenzofuran starts
from the dichlorophenylacetal 15. This is converted into the
corresponding mono-tert-butyl phenyl ether by heating
with sodium tert-butoxide and a palladium catalyst; acid
catalysed deprotection and ring closure then gives the benzo-
furan in 51% overall yield.39 The closure of the aryl benzyl
ethers 16 to the corresponding 2-arylbenzofurans can be
achieved in good yield by heating with the strong phosphazene
base 17.40 

Scheme 8
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A general route to 4-arylbenzofurans from 3-aryl-1-(tri-
methylsilyloxy)cyclohexenones and ethyl vinyl ether has been
described. The reaction sequence involves oxidative addition to
the silyl enol ether followed by ring closure and aromatisation;
overall yields are moderate (39–58%).41 Procedures for the
microwave assisted synthesis of benzofuran-2-carboxylic esters
under solvent free conditions 42 and for the preparation of 3-
arylbenzofurans using polymer supported reagents 43 have been
described. Both procedures enable the benzofurans to be
isolated in high yield.

A novel synthesis of furans from Fischer carbene complexes
was outlined in the previous review in this series. The method
has since been extended to the synthesis of benzofurans and
isobenzofurans. A synthesis of benzofurans from dienyl-
acetylenes is shown in Scheme 12 44 and a related synthesis from
enediynes has been described.45 In a more direct extension of
the furan synthesis the isobenzofuran 19 was generated
from the alkyne 18 and the same chromium carbene complex
and was intercepted by Diels–Alder cycloaddition.46 Several
other isobenzofurans were generated in the same way. 5,6-
Bis(trimethylsilyl)isobenzofuran has also been generated for the
first time, using Warrener’s established tetrazine methodology,
and has been efficiently intercepted by a variety of
dienophiles.47 

Phenanthro[2,3-c]furan 20 has been synthesised from 2-
bromo-3-methylphenanthrene. It is 15 times more reactive than
isobenzofuran in competitive cycloaddition reactions, and is
therefore described as the most reactive isolable diene so far
reported.48 Phenanthrofurans 21 have been prepared (45–70%)
from phenanthraquinone and alkyl vinyl ketones by a novel
Baylis–Hillman procedure with titanium() chloride as the
catalyst.49

3 Thiophenes and benzothiophenes

Thermal methods of synthesis of thiophenes and selenophenes
have been reviewed.50 The Gewald synthesis of tetrasubstituted
thiophenes has been carried out at room temperature by using
pyridine as a solvent. The method has been used for the parallel
synthesis of thiophenes.51 In an extension of the Gewald syn-
thesis, tetrasubstituted thiophenes 22 bearing an alkoxy group
at C-5 have been prepared in moderate yield from ethyl cyano-
acetate, an alkoxyacetone and sulfur with morpholine in etha-
nol.52 The thiophene 24 was prepared (63%) from the ester 23
and methyl mercaptoacetate with KOH in methanol. It was
then hydrolysed and decarboxylated to 4-hydroxy-2-trifluoro-
methylthiophene, an isostere of trifluoro-m-cresol.53 A related
route to 3-aminothiophene-2-carboxylic esters bearing a sul-
fone function at C-4 and a free 5-position has been described.54

A synthesis of 5-dialkylaminothiophene-2-carboxylic esters
from thioamides is illustrated in Scheme 13.55 Several closely
related methods for the synthesis of these thiophenes are
described. 3-Alkylamino-5-arylthiophenes have also been syn-
thesised by a new route, which is illustrated in Scheme 14 with
a phosphonic ester as an activated methylene component.
The method was generalised by using a wide range of other
activated methylene components, including nitromethane and
cyanoacetic acid.56 The palladium() catalysed exo cyclisation
of the thiol 25 to 2-pentyl-4-ethylthiophene 26 (89% yield) is an
example of a general method of thiophene synthesis from
allylic thiols of this type.57 Similarly, the allylic sulfide 27 and

Scheme 12
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related compounds have been converted into thiophenes under
acidic conditions; the yield of ethyl 5-methylthiophene-2-
acetate from the sulfide 27 was 84%.58 

The cyclisation of (3-methoxyphenylthio)acetophenones to
benzothiophenes shown in Scheme 15 is notable for the absence
of 2-arylbenzothiophenes as products since they are commonly
formed in other acid catalysed cyclisations.59 2-Mercapto-
benzaldehydes can be formed from the corresponding benz-
aldehydes by ortho lithiation and reaction with sulfur. These
are useful precursors to benzothiophenes bearing an electron
withdrawing group at C-2, as shown in Scheme 16.60 A route
to 2-phenyl-6-methoxybenzothiophene 29 (55%) from the
diazonium fluoroborate 28 involves its reaction with phenyl-

Scheme 13

Scheme 14

acetylene in the presence of iron() sulfate in DMSO (radical
forming conditions) and endo cyclisation of the alkynyl sulfide
so produced.61

4 Pyrroles

By analogy with the formation of 2-pentylthiophenes from
allylic sulfides such as 25, palladium catalysed exo cyclisation
of Z-enynes 30 leads to the formation of 2-pentylpyrroles. The
ring closure goes at room temperature when R3 = H, but other-
wise heating is required.62 As reported earlier, iodocyclisation
can also be used to construct the N–C bond. Knight and co-
workers have used their endo iodocyclisation to produce the
iodopyrrole 32 from the alkyne 31. The pyrrole was then con-
verted into the core structure of roseophilin by further radical
cyclisation.63 A Paal–Knorr synthesis has also been used to
construct the pyrrole ring in an asymmetric synthesis of
roseophilin.64 Simple Paal–Knorr reactions have been shown
to go efficiently under microwave irradiation and without the
need for an acid catalyst.65

A related reaction is the three component coupling of
enones, amines and nitroalkanes which leads to pentasub-
stituted pyrroles (Scheme 17) and this can also be carried out
under microwave irradiation on the surface of silica gel.66 The
overall conversion of 2,5-dialkylfurans to pyrroles shown in
Scheme 18 has some similar features in that key steps are con-
jugate addition of a nitroalkane and ring closure with a
primary amine.67 2,3-Dinitrobutadienes 33 are available from
3,4-dinitrothiophene and these compounds can be converted
into 3-nitro-2,5-diarylpyrroles 34 by reaction with a primary
amine followed by treatment with an acid catalyst and DDQ.68

The copper()–copper() catalysed addition of aromatic amines
to the conjugated diacetylenic sulfones 35 has been reported to
give the pyrroles 36 (47–63%).69 

Scheme 15
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Scheme 17
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Imines and enamines are components in several new reports
of pyrrole synthesis. The conjugate addition of alkyl 3-
aminocrotonates to trans-1,2-dibenzoylethylene results in the
formation of pyrroles with structure 37. When the reactions
were carried out in a ball mill without solvent the products were
obtained in quantitative yield.70 Addition of butyraldehyde N-
butylimine to β-nitrostyrene is catalysed by samarium() iso-
propoxide and the pyrrole 38 is isolated (63%); several similar
reactions are described.71 Addition reactions of cyclohexanone
N-benzylimine to nitroalkenes (without a catalyst) have also
been reported.72 1-Substituted 2,5-diarylpyrroles are isolated in
good yield from the reactions of acetophenone imines with
titanium() chloride and triethylamine. The reaction is pro-
posed to go by coupling of a titanium enamine complex
(Scheme 19).73 The azides 39 are produced by alkylation of
α-haloalkyl imines with 1-azido-2-iodoethane and they can be
converted into 2,3-disubstituted pyrroles 40 by successive reac-
tion with tin() chloride and sodium methoxide.74 An improved
route to 1,2-diarylpyrroles from N-allylbenzotriazole and N-
arylimines of aromatic aldehydes has been described: the
adducts 41 are isolated and cyclised under oxidative conditions
[copper() chloride and catalytic palladium() acetate] to give a
range of 1,2-diaryl pyrroles 42 in moderate to good yield.75

Lithiated methoxyallenes have been used as a precursor to
2-aryl-3-methoxypyrroles. An example, in which N-tosylbenz-
aldimine is the electrophilic component, is shown in Scheme
20.76 Other 2-substituted and 2,5-disubstituted 3-methoxy-

Scheme 18

Scheme 19

pyrroles were obtained in a similar way. In an analogous series
of reactions, lithiated methoxyallene was reacted with benz-
aldehyde N,N-dialkylhydrazones to give dihydropyrroles 43.77

The N-morpholino derivatives were aromatised by MCPBA
oxidation, or by treatment with dilute HCl when an unusual
migration of the morpholino group to the 3-position occurred.
In another related piece of work the alkoxypyrrole 45 was
synthesised from the allene 44, methyl isothiocyanate and iodo-
methane. The corresponding 3-hydroxypyrrole was obtained
by hydrolysis of the acetal function.78 Similar routes to 2-
methylthio-5-methoxypyrroles have been described.79 2-Alkyl-
aminopyrroles have been isolated in moderate to good yield
from the reaction of isocyanides with conjugated iminium salts;
an example is shown in Scheme 21.80 

A new route to 1-(dimethylamino)pyrroles from alkyl ketone
N,N-dimethylhydrazones is shown in Scheme 22.81 A versatile
route to substituted 1-aminopyrroles is provided by nucleo-
philic addition reactions to conjugated vinylazo compounds.
Diphosphorylated 1-aminopyrroles 46 have been obtained in
this way from phosphorylated azoalkenes and cyclic enamines.82

Attanasi and co-workers have extended the range of 1-amino-
pyrroles that can be formed from activated methylene com-
pounds and vinylazo compounds derived from β-keto esters.
For example, pyrroles of general structures 47 83 and 48 84 have
been prepared. Compounds 47 were converted into the bicyclic
structures 49 by cyclisation, and pyrroles 48 reacted further
with the vinylazo compounds to give more complex 1-amino
derivatives. Ketoximes are also sources of pyrroles through the
Trofimov synthesis. Trofimov and co-workers have reviewed
examples of the reaction that lead to bipyrroles, furylpyrroles
and thienylpyrroles.85 The first use of propyne or allene (inter-
convertible under the reaction conditions) to give 2-methyl-
pyrroles in the Trofimov synthesis has been described.86 

A novel synthesis of substituted pyrrole-2-carboxylates from
ethyl isocyanoacetate and 1,3-dicarbonyl compounds under
rhodium carbonyl catalysis has been reported: an example of
its application is the formation of the fluoropyrrole 50 (40%).87

α-Carbanions derived from carbamates 51 undergo copper

Scheme 20
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catalysed conjugate addition to ynones and the intermediates
are converted into substituted pyrroles 52 after removal of the
Boc group.88

Applications of the Barton–Zard reaction and related
reactions of isocyanides continue to provide important routes
to 4-substituted and 3,4-disubstituted pyrrole-2-carboxylates.
The reaction has been used to prepare pyrrolostatin and some
analogues 89 and (�)-deoxypyrrololine (a potential biological
marker for the diagnosis of osteoporosis).90 One of the most
important applications of the reaction is the synthesis of
3,4-fused pyrroles from ethyl isocyanoacetate and relatively
unreactive nitro compounds such as 1-nitronaphthalene. It has
been shown that the yields in such reactions can be significantly
improved by using a phosphazene base instead of DBU.91,92

Other reported examples of the reaction include the addition
of ethyl cyanoacetate to 1,2-disubstituted-1-vinyl sulfones to
give a variety of ethyl pyrrole-2-carboxylates with electron-
withdrawing groups at the 4-position,93 syntheses of 4-formyl-
pyrrole-2-carboxylates,94 and routes to novel bipyrroles such as
53 and 54 by double condensation reactions.95

Scheme 22

A series of fluorinated pyrroles 56 has been obtained from
the cyclisation of the activated enamino diketones 55 derived
from secondary amino acids.96 The enamino esters 57 have
also been used as a source of a variety of 4-substituted
3-methylpyrrole-2-carboxylates.97 Arylchlorocarbenes derived
from diazirines react with conjugated imines to give conjugated
azomethine ylides; these intermediates are detectable in solu-
tion but undergo 1,5-dipolar cyclisation and elimination to
trisubstituted pyrroles, which are isolated in low to moderate
yield (Scheme 23).98,99

Azomethine ylides have also been generated from aromatic
imines and difluorocarbene. Both intermolecular 100 and intra-
molecular 101 dipolar cycloadditions of these intermediates to
acetylenes have been reported and the products, 2-fluoro-
pyrroles, have been isolated in moderate yield. An unusual
method of generation of an azomethine ylide is illustrated in
Scheme 24: reaction of DMF with copper() cyanide leads to
the production of an intermediate that can be intercepted by
activated dibromoalkenes.102 The major products are 2-cyano-
1-methylpyrroles. The cycloaddition reactions of azomethine
ylides derived from glycine N-arylimines with β-nitrostyrenes
provide good routes to 3,5-diarylpyrrole-2-carboxylic
acids 103,104 and other useful new examples of the synthesis of
3,4-disubstituted 2-arylpyrroles by cycloaddition to azomethine
ylides have been reported.105,106

In a modification of the Knorr pyrrole synthesis, Weinreb
amide derivatives have been used in place of the amino ketone
components in order to avoid self condensation reactions of
the amino ketones.107 The N-methoxymethyl function of the
amide can then be displaced by a range of other groups. Several
pyrroles have been isolated in moderate to good yield from
a two step reaction sequence (exemplified in Scheme 25) in
which ring formation is brought about by palladium catalysed
coupling.108 5-Aryl-3-aminopyrrole-2-carboxylates have also
been prepared in moderate yield by a two step sequence from
benzoylacetonitrile, as illustrated in Scheme 26; an ethoxy-
carbonyl group is lost in the cyclisation step.109

Scheme 23

Scheme 24

Scheme 25
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5 Indoles, indolizines and carbazoles

Gribble’s updating review of recent developments in indole
ring synthesis provides an excellent overview of the available
methods.110

A new version of the Fischer indole synthesis avoids the use
of an acid catalyst in the cyclisation step. Arylhydrazones are
first converted into N-trifluoroacetyl enehydrazines by reaction
with TFAA. These undergo the rearrangement and cyclisation
on mild heating and in some cases at room temperature; the
intermediate dihydropyrroles are aromatised at higher temper-
ature (Scheme 27). The trifluoroacetyl substituent predictably
increases the rate of the [3,3] sigmatropic rearrangement.111

Substituted monoarylhydrazines suitable for use in the Fischer
synthesis can be difficult to obtain. A solution to the problem
has been found by converting benzophenone hydrazone
into the terminal arylhydrazones Ph2C��NNHAr by palladium
coupling; they are then deprotected under the conditions
of the Fischer synthesis.112 Another indole synthesis that can be
represented as a [3,3] sigmatropic rearrangement is the Bartoli
reaction. This is normally carried out with a nitroarene and
vinylmagnesium bromide but the reaction has been extended to
other vinylmagnesium halides. For example, the indole 58 was
isolated in 49% yield from the reaction of 2-nitrotoluene with
cyclopentenylmagnesium bromide.113 The thermal reaction of
1,2-diarylhydrazines with DMAD to give dimethyl indole-2,3-
dicarboxylates is a long known method that generally gives
indoles in low yield. It has been found that 1-(2-bromophenyl)-
2-phenylhydrazines give the indoles in much improved yield;
for example the indole 60 was isolated in 62% yield when the
hydrazine 59 was heated with DMAD in mesitylene. The
bromo substituent was then transformed into other functional
groups. The reaction presumably involves an enehydrazine
intermediate and so this may also go by a [3,3] sigmatropic shift
mechanism.114 

Scheme 26

Scheme 27

Palladium catalysed endo cyclisation of 2-ethynyltri-
fluoroacetanilides 61 followed by in situ alkylation leads to 2,3-
substituted indoles; for example, ethyl 2-phenylindole-3-acetate
62 was isolated (73%) after trapping of the intermediate derived
from the amide 61 (R = Ph) with ethyl iodoacetate.115 endo
Cyclisations of 2-ethynylanilines to 2-substituted indoles have
also been carried out using potassium tert-butoxide and other
strong bases in N-methylpyrrolidinone at room temperature.116

In a reaction that is analogous to the benzofuran synthesis
shown in Scheme 11, 5-(2-aminophenyl)-1,2,3-thiadiazole was
converted into 2-methylthioindole in high yield by reaction with
potassium tert-butoxide.35

Several new examples of the synthesis of indoles by the
reductive cyclisation of 2-nitrostyrenes have been described.
These provide routes to 2,3-disubstituted indoles,117 to 5,6-
dihydroxyindole,118 and to indoles with a bridging ring con-
necting C-3 and C-4.119 The related synthesis of indoles by
cyclisation of 2-azidostyrenes has been used as a route to
several 4,6-dinitroindoles.120,121 An attempt to prepare 7-sub-
stituted indole-2-carboxylates by the Reissert synthesis from the
2-nitroarylpyruvates 63 unexpectedly gave 3-hydroxydihydro-
quinolinones 64 as significant byproducts when the nitro group
was hydrogenated over platinum oxide; palladium on carbon is
therefore the preferred reducing agent.122 A useful route to
indole-4-carbaldehydes, which are otherwise difficult to obtain,
is the cleavage and recyclisation of isoquinolinium salts 65
(Scheme 28).123 Indole-4-carbaldehyde was prepared in 82%
yield by this route. 

The structures required for creation of the N–C2 bond of
indoles can be constructed by ortho nucleophilic substitution of
aromatic nitro compounds, followed by reduction of the nitro
group. The reaction between diaryliodonium fluorides and silyl
enol ethers, illustrated by a synthesis of tetrahydrocarbazole in
Scheme 29, is a new example of this approach.124 Vicarious
nucleophilic substitution (substitution of a hydrogen adjacent
to an aromatic nitro group) also provides a method of con-
structing suitable precursors and this method of preparing
indoles has been reviewed.125 Examples of nucleophilic sub-
stitution at a position adjacent to an amino group are also
reported and in these cases a reduction step is unnecessary.126–128

The synthesis of the indoleacetic ester 66, a precursor to
psilocin (Scheme 30), illustrates a related approach in which the
precursor is constructed by palladium coupling.129

Scheme 28

Scheme 29
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In a synthesis related to the Nenitzescu reaction, 3-
substituted 5-hydroxyindoles have been prepared from cyclo-
hexane-1,4-dione and 2-oxocarboxylic acids.130 The reaction
sequence is illustrated in Scheme 31 for 5-hydroxy-3-
methylindole. 5-Methoxy-1-tosylindole has been prepared
(76%) from 4-tosylaminoanisole and phenyl vinyl sulfide by
oxidative cyclisation.131

A further variant on methods for preparing indoles by pal-
ladium catalysed cyclisation is illustrated in Scheme 32. Here
the C2–C3 bond is created in the exo cyclisation of imines of
2-aminoarylacetylenes.132 The imines can be generated in situ
from the anilines and aldehydes. In a related process the tetra-
cyclic indoles 68 were produced from alkyl aryl acetylenes
and the 2-iodoaryl imine 67 in the presence of a palladium(0)
catalyst.133 A base induced cyclisation in which the C2–C3 bond
is made is shown in Scheme 33. The trifluoroacetyl group acts
as an activating group for the N-alkylation and it is lost after
cyclisation.134 

A powerful and versatile radical cyclisation method, first
described by Fukuyama and co-workers, is the reaction of
2-alkenylaryl isocyanides with tributyltin hydride. Several new

Scheme 30

Scheme 31

Scheme 32

Scheme 33

versions of the method have been published. Radical ring
closure of the cinnamic ester 69 followed by addition of iodine
gave the 2-iodoindole 70 in 91% yield, from which other
2-substituted indoles were prepared by palladium coupling.135

Tin-mediated cyclisation on to the triple bond of the trimethyl-
silylacetylene 71 produced the indole 72 in 82% yield and with
no endo cyclisation to a quinoline (Scheme 34).136,137 The reac-
tion was not so efficient with substituents other than trimethyl-
silyl. A related radical cyclisation with a thiol as a co-reagent
led to the formation of the 2-substituted indoles 73. Similar
cyclisation reactions with thioamides as precursors have been
used to produce 2,3-disubstituted indoles, as shown in Scheme
35. Following the reports, mentioned in the previous review,
that acetylenic ketinimines could be converted thermally into
benzo[b]carbazoles, similar thermal 138 and photochemical 139

cyclisations of diarylketinimines 74 to fused indoles 75 have
been described.  

The indole synthesis developed by Murphy and co-workers
in which the five membered ring is created by cyclisation of
aryl radicals on to vinyl halides has been extended by the use
of “clean” methods for the generation of the radicals. For
example, the diazonium salts 76 were cyclised to indoles 77
(44–83%) with sodium iodide as the reagent used to generate
the aryl radicals.140 The C3–C4 bond can also be constructed
by palladium catalysis, and an application to the synthesis of
trisubstituted indoles 78, which were isolated in high yield, is
shown in Scheme 36.141 Indoles that are unsubstituted in the five
membered ring have been synthesised by heating anilines and
triethanolammonium chloride with ruthenium() chloride,
triphenylphosphine and tin() chloride as catalysts.142 

Scheme 34

Scheme 35
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A few new methods of synthesis of indoles involve formation
of the N–C7a bond. Because of steric repulsion between the
methoxy substituents, the radical closure of the substituted
dihydroisoquinoline 79 goes on to the nitrogen of the imine
function instead of the usual cyclisation on to the adjacent aryl
ring. The fused indole 80 was isolated in 68% yield.143 Other
hindered derivatives also cyclise in the same way. The ring
closure has also been brought about by heating the substrates
with potassium carbonate in DMF.144 Ethyl 1-arylindole-2-
carboxylates 82 have been isolated in high yield from intra-
molecular palladium catalysed amination reactions of the
enamines 81.145 A versatile synthesis of 1-dimethylamino-
indoles by palladium catalysed intramolecular amination is
shown in Scheme 37.146 Indoles have also been synthesised in
moderate yield from 2- or 3-chlorostyrenes by base catalysed
amination followed by cyclisation through aryne inter-
mediates.147 Carbazole can be obtained in 66% yield from
diphenylamine by oxidation using oxygen and a palladium()
acetate catalyst.148  

Scheme 36

Scheme 37

Indolizines 84 that are unsubstituted at C3 are produced
in good yield from pyridinium salts 83 and activated alkenes
by 1,3-dipolar addition followed by in situ oxidation with
manganese() oxide.149 Indolizine-3-carboxamides have been
synthesised in a similar way.150 Indolizines have also been
obtained by 1,3-dipolar addition reactions of pyridinium ylides
bearing a stabilising benzotriazole substituent on the carb-
anionic carbon 151 and by condensation reactions between 2-
alkylpyridines and the carbonyl group of 1-benzotriazol-1-yl-3-
chloroacetone 85.152

6 Oxazoles, benzoxazoles, thiazoles and benzothiazoles

Tosylmethyl isocyanide (TosMIC) is an attractive reagent for
the preparation of 2-unsubstituted oxazoles because of its
stability and ready availability. A polymer supported version of
the reagent has been used to prepare 5-aryloxazoles from
aromatic aldehydes and an amidine base; this allows simple
workup and the isolation of the oxazoles in good yield.153 An
alternative procedure is to use a resin supported quaternary
ammonium hydroxide base, which also provides a simplified
workup procedure.154 The reaction of TosMIC with acetic
anhydride gives 5-methyl-4-tosyloxazole 86. Reaction with two
equivalents of BuLi allows selective substitution of the methyl
group by electrophiles. Since the tosyl group can then be
removed reductively this provides a route to a variety of
5-substituted oxazoles 87 that avoids the use of methyl iso-
cyanide.155 In a similar way, ethyl isocyanoacetate has been used
in a three step synthesis of the parent ring system. The isocyano
ester is used with formic acid and carbonylbis(imidazole) in a
literature synthesis of ethyl oxazole-4-carboxylate and this is
then hydrolysed and decarboxylated.156

Cyclodehydration procedures provide another important
general route to oxazoles. The Burgess reagent, in combination
with microwave irradiation, is effective for the cyclisation of
2-acylamino ketones. The method has been adapted to the syn-
thesis of 2-monosubstituted oxazoles (Scheme 38) by in situ
oxidation of acylaminoethanols using TEMPO (tetramethyl-
piperidine-1-oxyl) as a catalyst, followed by cyclodehydra-
tion.157 In effect this extends the classical Robinson–Gabriel
oxazole synthesis to 2-acylaminoaldehydes. Cyclodehydration
and oxidation steps have been carried out in the reverse order in
a high yielding route to 2,5-disubstituted oxazole-4-carboxy-
lates.158

An unusual route to 5-dialkylaminooxazoles is illustrated
in Scheme 39: attack of azide on the ketone carbonyl group of
a β-keto amide is followed by a Schmidt rearrangement and
ring closure.159 3-Aryl-2-dialkylaminooxazolium salts 89 have
been synthesised from imidoyl dichlorides 88 and α-(arylamino)-
acetophenones by reaction with perchloric acid.160 

Scheme 38

Scheme 39
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Indium() chloride has been used to promote the formation
of oxazoles from diazomethyl ketones and nitriles.161 Silyl
substituted diazo esters 90 react with nitriles under rhodium
catalysis to give the oxazoles 91, from which the triethylsilyl
group can either be removed or replaced by iodide. Further
substituents can then be introduced at C-4 by coupling reac-
tions.162 A direct synthesis of 4-aryl-2-phenyloxazoles from aryl
ketones and benzonitrile with mercury() tosylate and under
microwave irradiation has been described.163

The reaction of the trifluoromethyl ketimines 92 with
LiHMDS leads to 2-phenylbenzoxazoles in good yield.164 2-
Substituted benzoxazoles are also formed in high yield from the
acid catalysed ring closure of acylamino esters 93. The major
products have the 2-substituent derived from the acyl group
of the amide and the minor components, the ester substituent.
It is likely that the amide participates as a neighbouring group
to assist the hydrolysis of the ester.165

A one pot, multicomponent thiazole synthesis is illustrated in
Scheme 40. Ring closure is probably preceded by intramolecular
acyl transfer, as shown.166 A one pot method for the synthesis of
2-alkylamino-4-arylthiazoles 94 from α-bromoacetophenones,
sodium thiocyanate, and alkylamines provides a route to the
products in moderate to good yield from a wide range of
amines, including α-amino esters.167 In a related synthesis of
2-arylamino-4-methylthiazoles from thioureas the use of α-
bromoacetone was avoided by the use of acetone in the presence
of HBr and DMSO.168 The bromination of ketones using
polymer supported reagents also proved highly effective.169 A
route to 2-arylselenazoles 95 is the reaction of aryl seleno-
amides with α-haloketones. This route has been improved by
using the reagent 96 for the in situ α-tosyloxylation of ketones
as an alternative to the use of haloketones.170 2-Phenylamino-
thiazoles 98 have previously been prepared from the thiourea
derivatives 97 and α-haloketones but the range of such com-
pounds has been limited to hydrogen, alkyl and aryl sub-
stituents (R1) at C-4. A new route to the precursors 97 from
amidines and phenyl isothiocyanate has widened the scope
of the method.171 The selenourea derivatives 99 are inter-
mediates in a new, mechanistically related synthesis of 2-
aminoselenazoles and these intermediates have been con-
structed from diarylimidoyl chlorides, potassium selenocyanate
and amines.172 

A route to 5-arylaminothiazoles from aryl isothiocyanates,
illustrated in Scheme 41, makes use of the anion stabilising
property of the benzotriazolyl (Bt) substituent.173 A Claisen
rearrangement is implicated in the efficient thermal conversion
of 1,2,4-triazoles into thiazoles shown in Scheme 42.174 

A one pot synthesis of 2-aminobenzothiazoles 101 in high
yield from 3-alkylanilines 100 makes use of sodium thiocyanate
and bromine as an oxidant.175 2-Aminothiophenol is a standard

starting material for the synthesis of the parent benzothiazole
or 2-substituted derivatives. The formation of benzothiazole
using formaldehyde and an oxidant is achieved in high yield
with scandium() triflate as a catalyst.176 2-Arylbenzothiazoles
have been formed from the reaction of 2-aminothiophenol with
dibenzyl disulfides in DMF.177

7 Isoxazoles, isothiazoles and fused analogues

A new and simple route to isoxazol-3-ols is illustrated in
Scheme 43 for 5-methyloxazol-3-ol; other 5-alkyl derivatives
were synthesised in good yield by the same method.178 The use
of the Meldrum’s acid derivative solves the problem of regio-
selectivity in the nucleophilic addition of hydroxylamine deriv-
atives. An alternative strategy is to use β-oxothionoesters, which
react with hydroxylamine at the thiocarbonyl group and give
5-substituted 3-alkoxyisoxazoles after cyclisation.179 In a route

Scheme 40

Scheme 41

Scheme 42
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to protected amino acids bearing an isoxazole function the
acetylenic ketone 102 was reacted with hydroxylamine under
different conditions. Hydroxylamine hydrochloride alone, when
heated in ethanol with the acetylene, gave exclusively the 3-
substituted isoxazole 103 in 62% yield, whereas in the presence
of pyridine the major product was the regioisomer 104.180

The unpredictable regioselectivity of such reactions is illus-
trated by the exclusive formation of isoxazole-5-carboxylic
acids by conjugate addition of hydroxylamine to the enones 105
in acidic conditions followed by hydrolysis of the trichloro-
methyl group 181 and the contrasting selective attack on the
carbonyl group of the enone 106 in a basic medium, leading to
the formation of the isoxazole 107.182 There are further
examples of the formation of isoxazoles by conjugate addition
of hydroxylamine to enaminocarbonyl compounds: 4,5-
diarylisoxazoles 183 and 5-methylisoxazole-3,4-dicarboxylic acid
derivatives 184 have been synthesised in good yield by this
method. A standard alternative approach to isoxazoles is the
cycloaddition of nitrile oxides to acetylenes, but here also
the control of regiochemistry can be a problem. Methyl (4-
nitrophenyloxy)acrylate has been shown to be an alternative to
methyl propiolate in 1,3-dipolar additions of aromatic nitrile
oxides and it reverses the predominant regioselectivity of the
acetylene addition, giving 3-arylisoxazole-4-carboxylic esters
(43–96%).185 

The conversion of 2,5-disubstituted furans into isothiazoles
(Scheme 44) has previously been carried out with trithiazyl
chloride as the reagent. A much simpler procedure has been
described that makes use of a mixture of ethyl carbamate,
thionyl chloride and pyridine in boiling benzene; this probably
generates the reactive thiazyl chloride, NSCl, in situ.186

3-Aminobenzisoxazoles 109 have been synthesised in high
yield by the reaction of polymer bound oximes with 2-fluoro-
benzonitriles with displacement of fluoride. The O-2-cyanoaryl
oximes 108 are then cleaved to the hydroxylamines and cyclised
using TFA.187 New reductive procedures have been described
that convert 2-nitrobenzaldehydes and ketones efficiently into
anthranils 110 (R = H or alkyl).188, 189 

Scheme 43

Scheme 44

8 Imidazoles and benzimidazoles

As with other five-membered heterocycles, TosMIC and other
isocyanides are key reagents for the preparation of imidazoles
unsubstituted at the 2-position, and several new examples have
been described. The addition of aromatic amines to ethyl gly-
oxylate in methanol followed by reaction with TosMIC pro-
vides a route to 1-arylimidazole-5-carboxylates (Scheme 45).190

The related reaction of ethyl glyoxylate or glyoxylic acid with
primary amines or ammonia and aryl substituted TosMIC
reagents 111 is a versatile method for the synthesis of 1,4-
and 4,5-disubstituted imidazoles, and for substituted ethyl
imidazole-5-carboxylates.191 α-Cyano-α-isocyanoalkanoate
esters 112 react with alcohols and potassium carbonate to give
4-alkoxyimidazoles 113 in good yield by loss of the alkoxy-
carbonyl function and addition of the alcohol to the cyano
group.192 

A synthesis of chiral 2-substituted 4-alkylaminoimidazoles
is illustrated in Scheme 46.193 The ketoaldehyde precursors were
obtained from the corresponding diazocarbonyl compounds
by oxidation with dimethyldioxirane. A similar synthesis of
tri- and tetrasubstituted imidazoles from 1,2-diketones under
microwave irradiation has been reported.194 A related method
was also used to prepare 1-hydroxy-4-trifluoromethylimid-
azoles 115 from the oximes 114, aldehydes and ammonium
acetate.195

The imidazole aldehyde 117, a key intermediate for the syn-
thesis of the angiotensin II antagonist Losartan, has been
obtained by Vilsmeier formylation of the imidazolinone 116.
Compound 116 was produced by the reaction of glycine ethyl
ester with ethyl pentanimidate at �10 �C.196 Oxidation of imid-
azolines to imidazoles can be difficult, but in a new synthesis of
2-arylimidazoles from ethanediamines the intermediate 4,5-
dihydroimidazoles were dehydrogenated in situ by heating with
DMSO or by the action of palladium in boiling toluene.197  

Scheme 45

Scheme 46
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The 4-dimethylamino-2-azadienes 118 were converted into
new imidazole-4-carboxylic acid derivatives by heating with
hydrazines or amines in the absence of a solvent (Scheme 47).198

Three methods for the synthesis of imidazoles from 2-azido-
alkylcarbonyl compounds have been described. Ethyl 2-azido-
3-phenylpropionate is converted into the transient guanidine
derivatives 119 by successive reaction with triphenylphosphine,
tosyl isocyanate and a primary amine. Ring closure followed
by functional group manipulation gives the 1,4-disubstituted
2-aminoimidazoles 120 in good yield.199 3-Azidoacetyl-1-
benzylindole is converted into the ketoamides 121 (55–60%) by
reaction with methyldiphenylphosphine and acid chlorides.
These are converted into imidazoles 122 (55–60%) by reaction
with ammonium acetate under microwave irradiation.200 This
reaction sequence provided a short and simple synthesis of
the antifungal agent nortopsentin D. Cathodic reduction of
phenacyl azides gave the 2,5-disubstituted imidazoles 124 in
good yield, probably through dimerisation of transient imines
123.201 A general synthesis of 2-aryl-4,5-dicyanoimidazoles 126
is provided by DDQ oxidation of the amidoximes 125.202 Base
catalysed ring contraction of sulfur containing heterocycles,
with extrusion of sulfur, provides a route to several hetero-
aromatic ring systems. An example is the ring contraction of
thiadiazines 127 to imidazoles 128 upon heating with sodium
ethoxide.203

Methods for preparing 2-substituted benzimidazoles in good
yield from o-phenylenediamine derivatives on solid supports
have been described.204,205 2-Aminobenzimidazoles 130 were
synthesised from the alkoxyguanidines 129 by vicarious nucleo-
philic substitution with potassium tert-butoxide as the base.
Nucleophilic attack takes place mainly ortho to the nitro
substituent, leading to the benzimidazoles 130 as the major
products.206

9 Pyrazoles and indazoles

A general synthesis of 3,4,5-trisubstituted pyrazoles, illustrated
in Scheme 48, is based on the regioselective preparation and in
situ cyclisation of unsaturated ketone tosylhydrazones.207 The
reactions can be carried out as a one pot procedure and yields
are 17–88%. Phosphonylhydrazones have also been converted
into 4-phosphonylpyrazoles by the Vilsmeier reagent.208 The
cyclisation route to pyrroles illustrated in Scheme 23 has been

Scheme 47

extended to the synthesis of tetraphenylpyrazole derivatives 132
(74–83%) from the vinylazo compound 131 and arylchloro-
diazirines.209 A related method in which the pyrazole ring
system is constructed from a transient vinylazo compound
and a one carbon fragment is illustrated in Scheme 49.210 An
analogous route to 5-aminoisoxazoles was reported earlier. 

The conjugate addition of N-acylhydrazines to enaminones
133 followed by cyclisation on to the carbonyl function gave

Scheme 48

Scheme 49
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1-acylpyrazoles 134 in good overall yield.211 The addition of
hydrazine or phenylhydrazine to the cyclic enaminone 135
results in opening of the ring followed by closure to the
pyrazoles 136 (92–93%).212 Similarly, the chiral amino acid
derivatives 138 were formed in good yield from the enaminones
137 and monosubstituted hydrazines.213 Several other new
syntheses of pyrazoles bearing a chiral amino acid side chain
have been reported, all based on the reaction of hydrazines
with conjugated acetylenic ketones.180,214–216 The synthesis of
pyrazole-4-carboxylic acids by the conjugate addition of aryl-
hydrazines to polymer bound enones has also been described.217

4-Fluoropyrazoles have been obtained from 2,3-difluoro-α,β-
unsaturated carbonyl compounds;218,219 an example is the syn-
thesis of 4-fluoro-3-hydroxypyrazoles 140 (75–80%) from
the difluoroacrylate esters 139 and hydrazine hydrate.218 5-
Fluoropyrazole-4-carboxylates 142 were isolated in moderate
yield from the reaction of methyl 3-methoxy-2-(trifluoromethyl)-
acrylates with arylhydrazines and potassium carbonate.220 The
mechanism involves cyclisation of the intermediate unsaturated
hydrazine 141 with double elimination of HF. Trichloroacetyl-
hydrazones 143 derived from aromatic aldehydes react with
β-ketoesters and sodium carbonate to give pyrazole-4-
carboxylates 144 in good yield.221 

New examples of pyrazole synthesis by 1,3-dipolar addition
have been described. A series of 3-bromopyrazoles has been
synthesised (40–70%) by 1,3-dipolar addition reactions of the
transient nitrile imide 145.222 Thermal rearrangement of the
nitrosamine 146 produced the transient azomethine imide 147.
This and related 1,3-dipoles were intercepted by reaction with

activated acetylenes; for example, ethyl propiolate gave ethyl
1-methylpyrazole-3-carboxylate 148 (83%).223 Other examples
of 1,3-dipolar addition include the reaction of the nitrile imides
149 with arenesulfonylallenes 224 and the interception of the
cyclic azomethine imides 150 by DMAD.203 The reaction of 1,3-
diphenylnitrilimine with the enaminones 151 takes place not by
dipolar addition but by a two step mechanism starting with
nucleophilic addition to the enone and leading to 4-substituted
5-aryl-1,3-diphenylpyrazoles.225

The reaction of the phosphazene 152 with DMAD and
related acetylenes led to 5-methoxypyrazoles, probably by way
of [2 � 2] addition and rearrangement (Scheme 50).226 Thermal
rearrangement and decomposition of tetrazolo[1,5-a]pyrid-
azine 153 at 110–120 �C gave 1-cyanopyrazole in good yield;
other 1-cyanopyrazoles were isolated from the thermolysis of
substituted tetrazolopyridazines.227 The modified Vilsmeier
reagent 154 was used as a partner in reactions with ketone
N-propylimines and hydrazine that led to the formation of
pyrazoles; for example, 4,5,6,7-tetrahydroindazole was formed
in 66% yield in a reaction with cyclohexanone N-propylimine
155.228 

1H-Indazoles 157 have been isolated in 41–91% yield from
the reaction of 2-mesyloxyaryl ketones 156 and monoalkyl-
hydrazines in boiling xylene.229 Two new routes to 2-aryl-2H-
indazoles 160 have been reported; one a palladium catalysed
intramolecular amination reaction of the hydrazines 158
(52–58% yield) 230 and the other, a reaction between the
phosphonium salt 159 and aryl isocyanates (Scheme 51).231

The second process is a mechanistic challenge.

10 Oxadiazoles and thiadiazoles

The cyclisation of O-acylamidoximes 161 to 1,2,4-oxadiazoles
162 usually requires the use of a strong base or heating.
Tetrabutylammonium fluoride has been found to be an effective
catalyst for the transformation at room temperature.232 A new
procedure for the synthesis of the precursors 161 directly from
carboxylic acids and amidoximes has been described.233 New

Scheme 50

Scheme 51
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and mild procedures have also been used for the cyclodehydra-
tion of 1,2-diacylhydrazines 163 to 1,3,4-oxadiazoles 164.
Triflic anhydride at �10 to 0 �C 234 and a polymer supported
Burgess reagent with microwave irradiation 235 both produce the
oxadiazoles in greater than 70% yield. Symmetrically sub-
stituted 2,5-diaryl-1,3,4-oxadiazoles can be formed directly
from aromatic carboxylic acids and hydrazine by reaction in a
mixture of orthophosphoric acid, phosphorus pentoxide and
phosphorus oxychloride.236 Two other cyclodehydration pro-
cedures that produce 1,2,5-oxadiazole derivatives are the
conversions of oximes 165 into oxadiazole 2-oxides 166 and of
bis(oximes) 167 into oxadiazoles 168. The cyclodehydration of
compounds 165 has been reported before but the use of acidic
alumina in acetonitrile at 60 �C is an improved method, giving
the products 166 in 75–93% yield.237 The dehydration of the
bis(oximes) 167 was carried out by absorbing them on to silica
gel and heating the material at 150 �C.238 

A full description of the preparation of 5-cyano-1,2,4-thiadi-
azole 4-oxides from amidoximes and Appel’s salt has appeared.
The reaction (Scheme 52) gives the N-oxides in modest yield,
the best precursors being the acylated amidoximes 169.239 3-
Aminoisoxazoles 170 behave as cyclic amidines and react with
Appel’s salt followed by base treatment to give the thiadiazoles
171 in good yield.240 5-Substituted tetrazoles react with Appel’s
salt to give the isolable intermediates 172 (56–95%) and these
are converted into 5-cyano-1,3,4-thiadiazoles 173 in 72–99%
yield by reaction with triphenylphosphine.241 3,5-Diaryl-1,2,4-
thiadiazoles can be produced from thiobenzamides in high yield
by self-condensation in acidic DMSO. A mechanistic investi-
gation has led to the conclusion that thiobenzamide S-oxides
are probably the key intermediates.242 The same conversion has
also been reported with an α-bromosulfone reagent.243 A range
of 4-substituted 3-acyl- and 3-alkoxycarbonyl-1,2,5-thiadiazoles
were isolated in moderate yield from the reaction of primary
enaminones and β-enamino esters with tetrasulfur tetranitride–
antimony pentachloride complex in toluene at 100 �C.244 

11 Triazoles and tetrazoles

A direct conversion of aromatic nitriles into 4-amino-3,5-diaryl-
1,2,4-triazoles has been reported. The reaction takes place
cleanly under microwave irradiation (Scheme 53).245 The
oxidative cyclisation of the amidrazones 174 to 1-aryl-3-phenyl-

Scheme 52

1,2,4-triazoles has been improved by the use of silver carbonate
as a mild oxidising agent.246 The salts 175, which were prepared
from arylhydrazones of trifluoromethyl ketones by successive
α-chlorination with tert-butyl hypochlorite and ionisation
with antimony pentachloride, react with nitriles R2CN to give
triazolium salts 176 in high yield.247 Related syntheses of 2-
trifluoromethyl-1,2,4-triazoles from trifluoroacetone ethoxy-
carbonylhydrazone have been reported.248 

Methods for the synthesis of N-unsubstituted tetrazoles have
been reviewed.249 Variations on the principal method, the reac-
tion of nitriles with azides, continue to be reported. An efficient
palladium catalysed conversion of aryl bromides into the corre-
sponding nitriles using zinc cyanide is followed by a microwave
promoted addition of sodium azide. This gives 5-aryltetrazoles
in good overall yield.250 Some 5-vinyltetrazoles were made in
the same way. Trialkyltin azides are superior to alkyl azides
in their reactivity towards unactivated nitriles and have the
advantages that either further substitution reactions can be
carried out on the products or the tin substituent can be
removed by treatment with HCl.251 One new aspect of this
chemistry is a fluorous synthesis of tetrazoles 177 which can
be purified by liquid–liquid extraction, thus providing pure
products even from incomplete reactions.252 2-Allylated 5-
substituted tetrazoles 179 have been prepared in 39–97% yield
from malononitrile derivatives 178, allylic acetates and tri-
methylsilyl azide in the presence of a palladium(0) catalyst.253

A synthesis of 1-substituted 5-aminotetrazoles, in which
the key step is a mercury() promoted attack of azide ion on
thioureas, is illustrated in Scheme 54. This route has provided a
series of new tetrazoles in good yield.254

12 Pyrones, coumarins and chromones

As with many heterocycles, metal catalysed cyclisation reac-
tions feature prominently among new methods of synthesis of
these ring systems. A synthesis of 2-pyrones that is of this type

Scheme 53

Scheme 54
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is shown in Scheme 55.255 Further examples of the synthesis of
pyrones and isocoumarins by the combination of β-halogeno-
α,β-unsaturated and aromatic esters with alkynes have been
reported. For example, methyl (Z )-3-iodoacrylate combined
with oct-4-yne in the presence of a nickel catalyst and zinc
chloride to give the pyrone 180 in 53% yield 256 and details of
Larock’s palladium catalysed synthesis of pyrones and isocou-
marins by this method have been published.257 The cyclisation
of 2-ethynylphenylcarboxylic acids 181 under silver() or
palladium() catalysis is predominantly an endo process, giving
isocoumarins 182 as the major products.258,259 However a
combined cyclisation and alkylation reaction of the acids
under palladium catalysis gave alkylidenephthalides as the
major products as a result of exo attack on the triple bond.260 A
nickel() cyanide catalysed synthesis of 5-cyano-4,6-dimethyl-
2-pyrone (86%) from propargyl bromide, CO and potassium
cyanide in aqueous base has been reported 261 and 4,6-dimethyl-
2-pyrone has been obtained in high yield from mesityl oxide
and CO2 under pressure in the presence of a diethylzinc–N-
methylaniline complex.262 

Coumarins and chromones have also been synthesised by
palladium coupling methods. The reaction of internal alkynes
with 2-iodophenols and carbon monoxide produces 3,4-disub-
stituted coumarins (Scheme 56).263 Symmetrically substituted
alkynes are preferable since some unsymmetrical alkynes give
both possible isomers. 4-Substituted coumarins have also been
synthesised in good yield by palladium catalysed cyclisation
of aryl esters of acetylenic acids.264 This is also a route to
2-quinolones from the corresponding aryl amides 229, as
illustrated in Section 14. In contrast, palladium catalysed
carbonylative cyclisation of 2-iodophenols or (better) 2-iodo-
phenyl acetates 183 with monosubstituted alkynes leads to
2-substituted chromones. With arylacetylenes as the reaction
partners this represents an efficient and versatile route to
flavones 184.265 Another synthesis of 2-substituted chromones
is based on the cyclisation of the ethynyl ketones 185, which
were obtained in good yield from the corresponding acid
chlorides and monosubstituted acetylenes under copper and
palladium catalysis. The cyclisation step was carried out by
heating the ketones 185 with diethylamine and it gave the
chromones in 54–96% yield. This step probably involves con-
jugate addition of diethylamine to the triple bond before
cyclisation, thus avoiding the possible alternative exo attack on
the triple bond.266

A new synthesis of 5,6-disubstituted 4-hydroxy-2-pyrones
187 is based on the Meldrum’s acid derivatives 186. When
heated in toluene these compounds fragment, with elimination

Scheme 55

Scheme 56

of CO2 and acetone, to transient acylketenes which then cyclise
to the pyrones.267 Several protected 5-hydroxypyrones 188 were
obtained in good yield from cyclobutenedione derivatives by
nucleophilic attack of silylated cyanohydrins.268 

The synthesis of coumarins from phenols and β-ketoesters
or propiolic acid under solvent free conditions, and especially
with assistance from microwave irradiation, has been reported
to provide an improvement over conventional solution phase
methods.269,270 Two practicable syntheses of 4-hydroxycoumarin
start from aspirin and involve the condensation of its acid
chloride with the anions from either diethyl malonate or ethyl
acetoacetate.271 3-Arylcoumarins have been prepared in high
yield from salicylaldehydes and arylacetonitriles with an anion
exchange resin as the catalyst.272 A route to 2-substituted
chromones starts from salicylic acids, the key step being an
intramolecular Wittig reaction of the transient phosphonium
ylide 189.273 The C2–C3 bond is more commonly formed by an
intramoleculer aldol reaction and this approach has been used
in a new synthesis of the 2-substituted polyhydroxyisoflavones
190 in which unprotected precursors are used.274 New non-
oxidative cyclisation reactions in which the O–aryl bond is
created have been described for the chromone esters 191 275 and
for flavonols 192.276 The ketene dithioacetals 193, which are
generated from the corresponding 2-hydroxyacetophenones,
CS2 and iodomethane, cyclise to 2-methylthiochromones 194 in
high yield.277 

Benzochromones such as 196 were produced from aryl
benzyl ethers 195 by tin mediated radical cyclisation followed
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by oxidation to introduce the carbonyl group; they could not be
synthesised directly by radical cyclisation of the diaryl esters
corresponding to 195 because the esters adopt the incorrect
conformation.278 A new synthesis of isocoumarins, illustrated
in Scheme 57, is based on the rearrangement of indenone
epoxides under flash pyrolytic conditions.279

13 Pyridines

Review articles relevant to this section have been published
on the synthesis of pyridones from vinyl isocyanates 280 and
on the use of α,β-unsaturated N,N-dimethylhydrazones as 1-
azadienes.281 A spectacular application of the latter method is
to a one step synthesis of polycyclic bipyridines, as illustrated
by the assembly of the bipyridine 198 in 68% yield by heating
the diyne 197 in xylene.282 Intramolecular Diels–Alder reac-
tions of O-acyloximes 199 have also been used in pyridine
synthesis.283 

Nucleophilic 2-azadienes 200 are also good dienophiles. They
can be generated in situ and react with DMAD to give 2-
pyridones 201 (24–64%). They also add to activated nitriles
to give pyrimidones.284 1,4-Diaryl-2-azabutadienes undergo
analogous cycloaddition reactions with acetylenic esters.285

Several other pyridines have been synthesised by Diels–Alder
reactions of acyclic or cyclic 2-azadienes. These include
pyridine-3,5-dicarboxylic esters 202,286 2,6-dichloropyridines
203,287 and the pentasubstituted pyridine 204.288 This was syn-
thesised from triethyl 1,2,4-triazine-3,5,6-tricarboxylate as a
part of a total synthesis of an aza anthraquinone, phomazarin.
Further examples of the LEGO system of constructing
oligopyridines by cycloaddition reactions of 1,2,4-triazines to
tributylstannylacetylene have also been published.289,290 The
cycloaddition reactions of isomünchnones provide a good
route to a variety of highly substituted 2-pyridones. An
example is shown in Scheme 58 291 and several others have been
described.292,293 The cycloaddition of mesoionic thiazolium 4-

Scheme 57

oxides 205 to methyl propiolate and other activated acetylenes
might lead either to pyridones 206 (by loss of sulfur from the
intermediate cycloadduct) or to thiophenes (by loss of an aryl
isocyanate from the intermediate). The pyridones are the major
or exclusive products and the reasons for the selectivity have
been discussed.294 

New syntheses of pyridines (and of isoquinolines) based on
palladium coupling and cyclisation have been reported. The
imines 207 (X = Br or I) are coupled with terminal alkynes in
the presence of a palladium() and copper() catalyst and the
ring synthesis is completed by heating the product residue in
DMF with copper() iodide, giving compounds 208 in high
yield.295 A related palladium catalysed coupling of imines of
this type with terminal allenes has been described.296 Cyclis-
ation reactions of a variety of azatrienes generated by other
methods have also been used to produce pyridines.297–299 An
example is the spontaneous cyclisation of the N-trimethylsilyl-
imine 209, which was generated in situ from the corresponding
aldehyde. This gives a dihydropyridine which, after oxidation by
DDQ, is converted into the pyridine 210.300

Vinylamidinium salts 211 have proved to be useful reagents
for the synthesis of a number of 3-substituted 5-aryl- and 5,6-
diarylpyridines. A reaction sequence with benzyl ketones as
reaction partners is shown in Scheme 59.301,302 For example, 3-
chloro-5-phenylpyridine was formed in 80% yield with phenyl-
acetaldehyde and the salt 211 (R1 = Cl) as reagents. Salts
bearing several other substituents R1 have also been used.
With hydroxylamine in place of ammonia, pyridine N-oxides
are produced.303 A variety of other methods can be used to
assemble 1,5-dicarbonyl compounds or their equivalents which
are then aromatised by reaction with ammonia or hydroxy-
lamine. A frequently used method is sequential aldol condensa-
tion and conjugate addition reactions of carbonyl compounds
and enolate anions. A one pot procedure of this type carried
out in the absence of a solvent and with solid NaOH as the
base gave 2,4,6-trisubstituted pyridines in high yield.304 1-
Benzotriazolyl (Bt) stabilised enolates have been added to
enones to give intermediates of general structure 212, which

Scheme 58
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were cyclised to 2,4,6-trisubstituted pyridines by ammonium
acetate.305 Resin-bound enones have also been used as reagents
in the Kröhnke synthesis of pyridines of this type.217 4-Aryl-
amino-2-trifluoromethylpyridines were isolated in good yield
from the cyclisation of the enaminones 213 with ammonium
acetate.306 4-Oxopyridine-3,5-dicarboxylates were obtained
from the reaction of amines with the bis(enaminoketones)
214.307 An alternative approach is to use a precursor that
already contains the required nitrogen atom; for example, con-
jugate addition of ethyl acetoacetate to conjugated ketoximes
215 with iron() chloride as a catalyst gave ethyl 2-methyl-
pyridine-3-carboxylates 216.308 The mechanism of the con-
jugate addition of malononitrile to β-aminoenones, which
results in the formation of 6-cyano-2-pyridones, has been
investigated 309 and some new examples of the synthesis of
2-pyridones by related methods have been described.310,311 

Another synthesis of 2-methylnicotinic esters (and then of 2-
formylnicotinates by oxidation of the 2-methyl group) is based
on the conjugate addition of β-aminocrotonic esters to aryl
vinyl ketones or their precursors.312 Methyl 3-aminocrotonate
and 4-aminopent-3-en-2-one gave 2-pyridyl substituted amino
acid derivatives analogous to 104 by conjugate addition to the
ynone 102.180,214 Azaallyl anions 217 are useful building blocks
for the synthesis of a variety of polysubstituted pyridines by
addition to enones (Scheme 60).313,314

The Vilsmeier formylation of enamines or activated methyl-
ene compounds has been used as a method of synthesis of
several pyridines and 2-pyridones. The acetamides 218 were
converted into the pyridines 219 in this way 315 and the pyridone
220 was constructed by a similar type of one carbon annulation
reaction.316 Nicotinonitriles 221 were synthesised in good yield
from conjugated β-enaminonitriles and Katritzky’s benzo-
triazole substituted equivalent of the Vilsmeier reagent, the

Scheme 59

Scheme 60

iminium salt 154.317 β-Acylamino-α,β-unsaturated aldehydes
such as 222 have been used in the construction of several
pyridine derivatives.318,319 For example, 2-amino-3-cyanotetra-
hydroquinoline 223 was isolated in 86% yield from a reaction
of 222 and malononitrile on alumina under microwave
irradiation.318 A simple synthesis of 2-pyridones (Scheme 61)
is based on the double deprotonation of carboxylic acids 224
and the reaction of the dianions 225 with nitriles.320 

The synthesis of pyridines by cotrimerisation of alkynes and
nitriles over a cobalt catalyst has been extended to the produc-
tion of highly functionalised pyridines by using unprotected
but-2-yne-1,4-diol and a water soluble catalyst in aqueous
solution.321 For example, the pyridine 226 was obtained in 76%
yield with acetonitrile as the coreagent. An unusual radical
cascade reaction of vinyl isocyanides and ω-iodoalk-1-ynes
was used to construct a variety of fused pyridines in 20–72%
yield.322 This is illustrated by the reaction of the isocyanide 227
and 5-iodopent-1-yne to give the pyridine 228 in 66% yield
when irradiated with hexabutylditin. 

14 Quinolines and isoquinolines

The new methods of synthesis of quinolines and quinolones
include several that are mediated by transition metals. Intra-
molecular hydroarylation of the triple bonds of acetylenic
amides 229 is catalysed by palladium acetate and leads to
the formation of 4-substituted quinolones 230 in high yield.264

The acetylenic ketones 231 were assembled by palladium
catalysed carbonylative acylation of the alkynes and were then
reductively cyclised under palladium catalysis (Scheme 62).323

Alternatively, the addition of nucleophiles to the triple bond
followed by cyclisation produced 2,4-disubstituted quino-

Scheme 61
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lines.324 Palladium catalysed coupling of 2-iodoaniline to tri-
methylsilylacetylenes and other terminal alkynes was used to
produce the alkynes 232. These were then converted into the
corresponding aryl isocyanides. Addition of nucleophiles
(MeOH, Et2NH, etc.) to the isocyanides and cyclisation gave
2-substituted quinolines (R = TMS) or 2,3-disubstituted quino-
lines in high yield (Scheme 63).325 Other methods of cyclisation
of 2-isocyanostyrenes to quinolines and quinolones have also
been reported.326,327 The preliminary report of the formation of
2-ethyl-3-methylquinoline from aniline and triallylamine in the
presence of a ruthenium() catalyst that was referred to in the
previous review has since been supplemented by several other
examples of quinoline syntheses of this type.328–331

Anilines are the starting materials in several classical
quinoline syntheses, and improvements to these reactions
have appeared. As an alternative to the Doebner–von Miller
synthesis of quinoline from aniline and acrolein the aniline was
first mesylated or tosylated and then condensed with acrolein
in the presence of a base. By using this method 7-methoxy-
quinoline was prepared in 63% yield from m-anisidine on a
large scale and without purification of any intermediates.332

The formation of 2-methylquinolines from anilines and croton-
aldehyde was improved by using a two phase system of toluene
and 6 M HCl for the reaction.333 2-Fluoroalkyl substituted
quinolines have been produced by the conjugate addition of
anilines to β-fluoroacroleins, which were generated in situ from
the aldehydes 233.334 The acylation of anilines with 3-(phenyl-
thio)propionyl chloride gave the amides 234 which were then
cyclised to 2-quinolones by a Pummerer type reaction
sequence.335 The product of condensation of ethyl 2-chloro-
acetoacetate with two moles of aniline has been shown to be the
2-quinolone 235 and not the isomeric 4-quinolone as was
reported previously.336 Efficient microwave assisted syntheses of
quinolones from anilines and enones 66 and of 4-hydroxy-2-
quinolones from anilines and malonic esters 337 have been
described. The cyclisation of acetanilides to 2-chloroquinoline-

Scheme 62

Scheme 63

3-carboxaldehydes by the Vilsmeier–Haack reagent has been
carried out with a phase transfer catalyst in micellar conditions;
this gives the products in improved yield, especially those
derived from deactivated anilines.338 

A route to 4-amino-3-phosphonylquinolines 237 from the
enamides 236 has been reported. The conversion was carried
out by acylation at the phosphorus bearing carbon with an
isocyanate followed by dehydrative cyclisation.339 A general
method for the synthesis of 4-hydroxy-2-quinolones from benz-
oxazinones and activated esters is outlined in Scheme 64.340

Further examples of known types of quinoline synthesis that
have been reported include the following: vicarious nucleophilic
substitution of nitroarenes followed by cyclisation leading
to 4-arenesulfonylquinolines,341 the reductive cyclisation of 2-
nitrocinnamaldehydes,342 the conversion of flavylium per-
chlorates to 2-aryl-4-quinolones with ammonia,343,344 the
cyclisation of Baylis–Hillman adducts of nitroarenes and ethyl
acrylate to 4-hydroxyquinoline N-oxides,345 and the formation
of 2-trifluoromethylquinolines by the acid catalysed addition of
enol ethers to Schiff bases of trifluoroacetaldehyde.346

There are several new reports of the use of methods of iso-
quinoline ring synthesis that are based on palladium catalysed
or base catalysed endo cyclisation onto a triple bond, but the
reactions are sometimes complicated by competing exo cyclisa-
tion leading to isomeric five-membered ring products. This is a
problem with the cyclisation of 2-cyanophenylalkynes 238 to 3-
substituted isoquinolones 347 and to 1-methoxyisoquinolines.348

The corresponding N-butylamides 239 apparently cyclise
exclusively by the endo mode.259 An alternative, used for 3-aryl
substituted or 1,3-disubstituted isoquinolines, is to cyclise the
ketones 240 to benzopyrylium salts with HBF4 and then to treat
the salts with ammonia.349 A thermal procedure for cyclisation
of the alkyne 238 (R = CH2SO2Ph) that may go by way of a
diradical intermediate has also been described.350

An improved experimental procedure for carrying out the
Pomeranz–Fritsch isoquinoline synthesis on alkoxy substituted
benzaldehydes has enabled 6- and 7-alkoxyisoquinolines to
be prepared in good yield on a large scale.351 Two new methods
for the preparation of isoquinoline-3-carboxylic esters from
phthalaldehydes have been reported. One makes use of a
Horner–Wittig reaction, as illustrated for methyl isoquinoline-
3-carboxylate in Scheme 65;352 the other uses aminomalonic

Scheme 64

Scheme 65
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ester or an imidate derivative of it as the coreagent.353 1-
Substituted 3-aminoisoquinolines 242 can be synthesised in
good yield by reaction of the nitrile 241 with alkyllithium or
(dialkylamino)lithium reagents.354 It is possible to incorporate
an additional propenyl or allyl substituent at C-4 by prior
allylation at the activated methylene group of the nitrile 241.355

A new synthesis of phenanthridines is based on the pal-
ladium–copper coupling of nitroarylstannanes to 2-bromo-
benzaldehyde followed by reductive ring closure.356  

15 Pyrimidines and quinazolines

The addition of amidines to suitably functionalised acetylenic
ketones has previously been reported as a route to new amino
acids bearing pyrimidine substituents. A full paper on this work
has appeared 357 and the methodology has been applied to the
synthesis of novel pyrimidinyl substituted C-nucleosides.358

Other syntheses of functionalised pyrimidines have also made
use of the addition of amidines to activated acetylenes. The
addition of the cyclic amidine 243 to aryl cyano acetylenes gave
the 4-aminopyridines 244 almost exclusively in the absence of a
base, but the opposite regioisomers 245 with NaHMDS.359 The
oxazolin-2-imines 246, which are derived from amino alcohols
by reaction with cyanogen bromide, react with acetylenic esters
to give the fused pyrimidones 247. The five membered ring can
then be cleaved by reaction with nucleophiles, the products
being 1,6-disubstituted pyrimidine-2,4-diones 248.360,361 The
reactions of amidines with vinyl trifluoroacetyl ketones pro-
duced 2,6-disubstituted 4-trifluoroacetylpyrimidines in good
yield. The use of phosphorus oxychloride and manganese
dioxide as dehydrating and oxidising agents allowed the
reactions to be carried out as a “one pot” procedure.362 4-
Trifluoroacetylpyrimidines have also been formed from β-
(dialkylamino)trifluoroacetyl ketones and guanidines or iso-
thioureas.363 The vinylamidinium tetrafluoroborate 249 reacted
with amidines in the presence of sodium ethoxide to give the
pyrimidine-5-carbaldehydes 250.364 The tetrafluoroborate is
a safer alternative to the perchlorate that has been used
previously in this synthesis.

The iminophosphorane 251 is used in place of benzamidine
as a reagent for the synthesis of 2-phenylpyrimidines. It reacts
with unsaturated aldehydes to give pyrimidines in high yield;
an example is shown in Scheme 66.365

The amidinium salt 252 reacted with DMAD to give the
pyrimidine 253 (63%) by a stepwise mechanism: an inter-
mediate formed by conjugate addition of the amidine to the
acetylene can be isolated.366 5-Aminoimidazoles act as electron
rich 2π components in a new purine synthesis that is formu-
lated as a cycloaddition reaction with inverse electron demand
(Scheme 67). The imidazoles are unstable and so are generated
by decarboxylation of the corresponding imidazole-4-carb-
oxylic acids.367 

Two new routes to 6-substituted uracils from α,β-unsaturated
esters have been described.368 One pot syntheses of 4-bromo-
pyridines from the amidines 254 and HBr 369 and of 4-
alkoxypyridines from aliphatic esters, acetonitrile and triflic†
anhydride 370 have also been reported. The Leuckart reaction
between formamide and acetophenone normally results in
reductive amination of the ketone, but by carrying out the
reaction in the presence of copper() chloride the course of
the reaction has been diverted to give 4-phenylpyrimidine in
61% yield.371 

2-Aminobenzonitrile is a starting material for several syn-
theses of quinazolines. Its reaction with nitriles and potassium
tert-butoxide, carried out in a domestic microwave oven, gave 2-
substituted 4-aminoquinazolines in 73–93% yield.372 The cyano
function can be converted to an N-arylbenzamidine by reaction
with an aniline and aluminium chloride; further reaction with
an aldehyde followed by oxidation with KMnO4 produces 2-

Scheme 66

Scheme 67

† The IUPAC name for triflic anhydride is trifluoromethanesulfonic
anhydride.
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substituted 4-arylaminoquinazolines.373 A traceless solid phase
synthesis of 2,4-diaminoquinazolines from 2-aminobenzo-
nitriles makes use of resin bound acyl isothiocyanates which
acylate the amino function. After reaction with an amine the
ring is closed, and the resin bound acyl function cleaved, by
TFA.374

A simple procedure for preparing quinazoline-2,4-diones 255
from 2-aminobenzonitriles involves reaction of the nitriles with
CO2 and DBU in DMF at room temperature.375 Another new
route to quinazoline-2,4-diones is from 2-iodoanilines and iso-
cyanates under a pressure of CO and with palladium acetate
as a catalyst.376 Quinazolin-4-ones 256 have been obtained
from anthranilic acid derivatives and bis(imines) of oxalyl
chloride.377 N-Arylimidoyl chlorides reacted with cyanamide
in the presence of titanium() chloride to give 4-amino-2-
phenylquinazolines.378 The iminotriphenylphosphorane 257
derived from ethyl anthranilate has been converted into the
2-aminoquinazolin-4-ones 258 by reaction with an aryl iso-
cyanate (to give a carbodiimide) then an amine (which becomes
the 2-amino substituent).379 The ethyl anthranilate derivative
259 (which was obtained by reaction of the corresponding
chloroacetamide with KSCN) gave 2-substituted 4-quin-
azolones under mild conditions. The reaction with ethanol,
and a possible mechanism, is illustrated in Scheme 68.380

A simple synthesis of 2,6-disubstituted quinazolines is pro-
vided by the reaction of 2-fluorobenzaldehydes bearing an
activating 5-substituent (NO2 or CN) with amidines.381 The 3H-
1,4-diazepines 260 (X = OMe or NEt2) were converted into
quinazolines 261 in moderate yield when heated to 140–170 �C.
The ring contraction probably goes by a valence tautomerism
of the seven membered ring to a bicyclic intermediate 262 from
which methylene is eliminated.382 

Scheme 68

16 Other diazines, triazines and tetrazines

The protected amino acids 263 (n = 1 or 2) have been generated
and used as precursors to new amino acid derivatives bearing
pyrazine, triazine or quinoxaline substituents. For example, the
pyrazine 264 was produced in 77% yield by reaction of the
diester 263 (n = 1) with ethylenediamine followed by dehydro-
genation over palladium.383 A similar strategy was used to pro-
duce pyrazines and quinoxalines from the ketoaldehydes 265.384

3,6-Diphenylpyridazine was formed as the major product (61%)
when the phosphorane 266 was heated in benzene; other pyri-
dazines were also prepared by this reaction.385 The hydrazones
267 gave 3,6-diaryl-4,5-bis(trifluoromethyl)pyridazines when
heated in TFA. A mechanism was proposed by the author in
which protonated enol tautomers of the hydrazone 267 act as
diene and dienophile in a Diels–Alder type cycloaddition.386 In
a related investigation, trifluoroacetaldehyde N,N-dimethyl-
hydrazone was reacted in the presence of TFA to generate
the mono(dimethylhydrazone) of hexafluorobutane-2,3-dione.
This was then used as a building block for bis(trifluoromethyl)-
pyrazines and -quinoxalines by reaction with appropriate
diamines.387

A new synthesis of 4-amino-3-arylcinnolines from the
arylhydrazones 268 and NaHMDS has been described. The
mechanism proposed for the reaction (Scheme 69) involves three
steps in which fluoride is lost, the key step being electrocyclic
ring closure of a diazatriene intermediate.388 The classical
Richter reaction of cinnolines from 2-ethynylaryldiazonium
salts has been adapted to the solid phase.389 Cinnolines were
the major products of thermolysis of the ethynyltriazines 269
when they were heated at or above 170 �C.390 A new synthesis of
3-aroylquinoxalines 271 is provided by heating the benzene-1,2-
diamine derivatives 270 with copper() iodide and potassium
carbonate in DMF.391 The oximes 272 also cyclised to 2,3-di-
substituted quinoxalines when heated in acetic anhydride.392 

A new synthesis of 1-chlorophenazines, which have previously
been obtained only in low yield, is based on the condensation

Scheme 69
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of the trichloroketone 273 with benzene-1,2-diamine deriv-
atives.393 There are few 1,2,3,4-tetrazine derivatives in the
literature but a synthesis of the tetra-N-oxide 274 has been
reported.394
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