
Abstract. The review surveys the state-of-the-art in the method-The review surveys the state-of-the-art in the method-
ology of multicomponent cascade heterocyclisation and its pros-ology of multicomponent cascade heterocyclisation and its pros-
pects as applied to the targeted synthesis of polyfunctionalpects as applied to the targeted synthesis of polyfunctional
pyridines and their hydrogenated and fused analogues. Thepyridines and their hydrogenated and fused analogues. The
bibliography includes 405 referencesbibliography includes 405 references..

I. Introduction

A fundamental problem of synthetic organic chemistry is to design
new chemo-, regio-, stereo- and enantioselective methods for the
synthesis of polyfunctional carbo- and heterocycles possessing
practically important properties. Such methods should not only
be based on simple and commercially available substrates and
reagents and characterised by low cost of the final products but
also be ecologically safe.

In this connection, recent years have witnessed a rapidly
growing interest in the one-pot synthesis involving two groups of
reactions. One group includes successive reactions in the course of
which another reagent, substrate or catalyst is added or the
reaction temperature is changed without isolation of intermedi-
ates. Another group includes cascade reactions proceeding under
the same conditions without the addition of any other reagents or
catalysts. In these processes, the functional groups that are formed
in earlier steps are transformed in each subsequent step. This type
of processes is referred to as domino or tandem reactions. It
should be noted that there is no strict difference between these
terms.

Multicomponent cascade processes are of particular interest,
which is reflected in the reviews 1 ± 11 that have been published.
These reactions can serve as the basis for both targeted organic
synthesis and combinatorial chemistry, which allows one to
synthesise simultaneously several thousand samples for biological
screening with the use of automated efficient approaches.12 ± 20

Analysis of named reactions in organic chemistry shows that
many of these reactions, particularly, those giving rise to hetero-
cyclic compounds, are based on the methodology of multicompo-
nent cascade heterocyclisation. Examples are the Hantzsch

reaction involving cyclocondensation of b-keto esters or b-dike-
tones with aldehydes and ammonia to form substituted pyri-
dines,21, 22 the Gattermann ± Skita reaction, viz., the synthesis of
pyridine derivatives by condensation of sodium malonate with
dichloromethylamine (as a version of the Hantzsch reaction),23

the Guareschi ± Thorpe reaction, viz., the preparation of pyridine
derivatives by cyclocondensation of ester (amide) of cyanoacetic
acid or a-allylacetoacetic ester with ammonia,24, 25 the Doebner
reaction involving condensation of aromatic, heteroaromatic or
fused polycyclic amines with aldehydes or pyruvic acid to yield
quinolinecarboxylic acids,26 the Ullmann ±Fetvadjan reaction,
viz., the synthesis of benzacridines by condensation of b-naphthol
with aldehydes and aromatic amines 27 and many other reactions.

In the last 15 years, the chemistry of functionalised pyridine-
chalcogenones has been extensively developed, which is reflected
in many reviews 28 ± 41 and dissertations 42 ± 54 that have been
published. This is associated with both a theoretical interest in
this class of organic compounds and a very broad spectrum of the
practical uses of pyridine derivatives. For example, more than
10% of the most commonly used modern medicines contain
pyridine or the hydrogenated pyridine ring.55 A new class of
calcium antagonists was constructed on the basis of 1,4-dihydro-
pyridines 56, 57 (in particular, the drug nifedipine used for the
treatment of high blood pressure and stenocardia 55). Among
these compounds are highly efficient cardiotonics 58 ± 107 (includ-
ing the drugs amrinone andmilrinone 98 ± 107), tranquilisers 108 ± 118

and compounds possessing antiinflammatory, hypoglycemic,
antiulcer, antispasmodic, antifungal, antibacterial, pesticide and
other biological activities.112 ± 142 Pyridine derivatives are used as
the starting substrates for the construction of new CH-antiox-
idants,143 ± 146 analogues of folic acid,147 vitamin B6,148 other
biologically active compounds 143, 147 ± 151 and models of the
redox coenzymes NAD and NADP.125 Here, it is worthwhile
mentioning that substituted cyclopentaspiropiperidone is used in
the synthesis of the known anxiolytic buspirone which prevents
drug adaptation.152 The only known natural alkaloid containing a
nitrile group, viz., 3-cyano-4-methoxy-1-methyl-1H-pyridin-2-
one,153 also belongs to this class of compounds.

In the last decade, the development of the chemistry of
functionally substituted pyridines was stimulated mostly by the
fact that among compounds of this class are highly active
inhibitors of HIV-1 specific reverse transcriptase (potent agents

V P Litvinov N D Zelinsky Institute of Organic Chemistry, Russian

Academy of Sciences, Leninsky prosp. 47, 119991 Moscow,

Russian Federation. Fax (7-095) 135 53 28. Tel. (7-095) 135 88 37.

E-mail: vpl@ioc.ac.ru

Received 11 September 2002

Uspekhi Khimii 72 (1) 75 ± 92 (2003); translated by T N Safonova

DOI 10.1070/RC2003v072n01ABEH000764

Multicomponent cascade heterocyclisation as a promising route to
targeted synthesis of polyfunctional pyridines {

V P Litvinov

Contents

I. Introduction 69

II. Cascade heterocyclisation involving a,b-unsaturated carbonyl compounds 70

III. Cascade heterocyclisation involving 1,3-dicarbonyl compounds 73

IV. Cascade heterocyclisation involving pyridinium ylides 76

V. Cascade heterocyclisation in the synthesis of fused heterocycles 78

{Dedicated to Professor Salo Gronowitz (Department of Organic

Chemistry 1, Lund University, Sweden), in whose laboratory I worked in

1979 ± 1980, on his 75th birthday.

Russian Chemical Reviews 72 (1) 69 ± 85 (2003) # 2003 Russian Academy of Sciences and Turpion Ltd



for AIDS treatment),154 ± 166 agents for protection of skin during
UV radiation (diethone), an antihypertensive and antianginal
drug [foridone (riodipine)], a neurotropic and antidiabetic drug
(cerebrocrast), a neuroprotective agent (glutapyrone), an agent
promoting growth of agricultural animals (diludin) and amphi-
philic compounds possessing properties of cell-transfection agents
necessary for gene therapy.167

Besides, compounds of this class can be used as stabilisers for
polymers and lacquers,168 pigments and diazo components in the
synthesis of dyes,169 ± 176 acid ± base indicators in titrimetric anal-
ysis,177 liquid crystals 178 and other compounds of practical
importance.

Considerable practical potential of pyridinechalcogenones
and their derivatives have given impetus to the development of
procedures for their synthesis, which would enable one to over-
come inactivity of the pyridine core in functionalisation with the
use of electrophilic substitution. It appeared that this purpose
could be accomplished by performing the synthesis under con-
ditions of one-pot multicomponent cascade heterocyclisation.

The success of this methodology depends radically on the
starting substrates and reagents, which should be readily available
and possess polyfunctional properties. The simplest and most
convenient procedures for the synthesis of functionalised pyri-
dinechalcogenones are based on the use of cyanoacetamides and
their thio and seleno analogues, malononitrile, cyanoacetic ester
and other CH-acids as reagents. The presence of several reactive
centres in these compounds is responsible for the diversity of their
highly regioselective (often stereoselective) chemical transforma-
tions, which proceed under mild conditions and with the use of
rather simple apparatus. The tremendous synthetic potential of
these reagents was considered in the monograph 34 and
reviews.28, 39, 40

Aliphatic, aromatic and heteroaromatic mono- and dicar-
bonyl compounds, their enamines, cycloalkanones, etc. are used
as substrates in multicomponent heterocyclisation.

The direction of the reactions can be easily changed by varying
the reaction conditions or the nature of the substituents in the
substrates and reagents.

The successful use of the methodology of multicomponent
cascade heterocyclisation is exemplified primarily by the develop-
ment of regio- and stereoselective procedures for the preparation
of previously unknown partially hydrogenated pyridinechalco-
genones, polyfunctional 1,4- and 3,4-dihydropyridines, 1,2,3,4-
tetrahydropyridines, 6-oxo-1,2,3,4-tetrahydropyridine-2-thio-
lates of non-betaine origin, 4,5-trans-6-hydroxy-1,4,5,6-tetra-
hydropyridine-2-thiolates, tetrahydropyridones, spiro-fused
partially hydrogenated pyridines and quinolines and other com-
pounds of the pyridine series, which potentially possess biological
activities and are promising substrates for fine organic synthesis.
The main procedures for the preparation of partially hydro-
genated pyridinechalcogenones involve the same approaches
that were successfully used in the synthesis of their aromatic
analogues, viz., condensation of a,b-unsaturated carbonyl, 1,3-
dicarbonyl compounds and their enamines, a,b-unsaturated
nitriles and other substrates with CH-acids (cyanoacetamide, its
thio and seleno analogues, malononitrile, derivatives of cyano-
acetic acid, etc.).28, 42 ± 46, 179 ± 194 It was postulated that Michael
adducts and partially hydrogenated pyridinechalcogenones are
formed as intermediates of cascade heterocyclisation. In many
cases, these intermediates were isolated as stable compounds and
their structures and reactivities were studied in sufficient detail.

It should be emphasised that the tremendous synthetic poten-
tial of this methodology is based on the possibility of varying the
nature of the starting substrate with retention of the structure of
the reagent, by changing the nature of the reagent with retention
of the type of substrate used, by varying simultaneously the nature
of both components of the reaction or by changing their ratio and
number.

The present review surveys for the first time data on the
application of multicomponent cascade heterocyclisation to the

synthesis of pyridine derivatives, which have been published in the
last 15 years. The synthesis methods are classified according to the
nature of the reagents and substrates used. Emphasis is given to
the development of optimum methods for the preparation of
partially hydrogenated pyridinechalcogenones and their deriva-
tives, which show the most promise from the practical viewpoint.

II. Cascade heterocyclisation involving
aa,bb-unsaturated carbonyl compounds

The reactions of a,b-unsaturated carbonyl compounds 1with CH-
acids of type 2 in the presence of organic bases proceed through
the cascade heterocyclisation mechanism. The first step affords
Michael adducts, whose subsequent cyclocondensation gives rise
to 3,4-dihydro-1H-pyridine-2-chalcogenones 3.

The formation of 3,4-dihydro-1H-pyridine-2-chalcogenones
3b as intermediates in the reactions of arylideneacetone or
arylideneacetophenone with cyanothioacetamide (2b) was
described for the first time in 1980.195 Later on, it was demon-
strated that treatment of compounds 1with amide 2b in ethanol in
the presence of an equimolar amount of an organic base at 20 8C
afforded hydrogenated 3-cyano-1H-pyridine-2-thiones 3b, which
were isolated and characterised as stable salts 4 and 5.196 ± 202

Substituted 3,4-dihydropyridinethiones 3b can be formed by
treating salts 5 with hydrochloric acid. These compounds are
rather stable, although they are oxidised with atmospheric oxygen
on storage in solution to form 3-cyano-1H-pyridine-2-thiones 6.

Salts 4 and 5 were also prepared by the reactions of amide 2b
with ketones 7 203 and 8,201 respectively.
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The reactions of chalcones 9 with cyanoselenoacetamide (2c)
in the presence of an excess of N-methylmorpholine afforded
Michael adducts 10. Under the reaction conditions, the latter
underwent cyclisation to give 1,4-dihydropyridine-2-selenolates
11 in 60%± 90% yields.45, 46, 204, 205 The latter compounds were
also prepared by the reactions of chalcones 9 with malononitriles
followed by the reactions of the resulting d-keto dinitriles 12 with
hydrogen selenide.

Condensation of aryl(hetaryl) chalcones with amides 2a,b in
the presence of alkali metal alkoxides or amines as catalysts was
used also for the preparation of a series of 3,4-dihydro derivatives
of 3-cyano-1H-pyridin-2-ones and -2-thiones.206, 207

The reactions of ketones 9 with thiocarbamoylacetamide (13)
in the presence of piperidine or sodium methoxide produced
substituted piperidones 14, which were transformed into pyrid-
ones 15 in an acidic medium.208, 209

The use of sodium methoxide as a catalyst in the reactions of
substitutedmethyl acrylates 16withmalononitrile gave rise to 3,4-
dihydro-1H-pyridin-2-ones 17 in 49%±85% yields.210

The reactions of 3-phenyl- and 3-(2-furyl)acrylonitriles (18)
with cyanothio(seleno)acetamides (2b,c) in the presence of a
twofold excess of N-methylmorpholine at room temperature
afforded substituted 1,4-dihydropyridine-2-thiolates (selenolates)
19.45, 46, 211 The reactions of amides 2b,c with ethyl 3-phenyl-
acrylate and ethyl 3-(2-furyl)acrylates proceeded analogously.

The reactions of anilides of 2-cyanocinnamic acid and other
3-aryl-2-cyanoacrylic acids 20 with CH-acids were successfully
used for the preparation of various 3,4-dihydro-1H-pyridin-2-
ones.212

Condensation of a,b-unsaturated carbonyl compound 21with
amide 2a in the presence of sodium methoxide in methanol
proceeded through the intermediate formation of Michael adduct
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22with elimination ofmethanethiol to give 5-cyano-6-methylthio-
4-phenyl-3,4-dihydro-1H-pyridin-2-one (23) in 70% yield.213

With the aim of preparing substituted 3-cyano-3,4-dihydro-
1H-pyridin-2-ones 24, a mixture of pentadienone 25 and cyano-
acetamide (2a) was heated at 170 8C without a solvent in a sealed
tube. Pyridones 24 were obtained in 32%±37% yields.214

Multicomponent cascade heterocyclisation involving a,b-
unsaturated ketones and amides 2b,c was used with advantage in
the synthesis of functionalised naphthyridines, which possess a
broad spectrum of biological activities.215, 216 In particular, these
compounds were used for the design of drugs exhibiting cardio-
tonic,63 antitubercular,217 antitumour,218, 219 anti-HIV 220 ± 222

and other activities. However, available procedures for the syn-
thesis of naphthyridines are rather complicated and involve many
steps, whereas sulfur- and selenium-containing analogues remain
virtually unknown. Studies performed by our research group
showed for the first time that condensation of unsaturated ketones
26 with amides 2b,c and alkyl halides 27 in the presence of
N-methylmorpholine proceeded as cascade heterocyclisation to

yield previously unknown polyfunctionalised 1,6-naphthyridines
28.53, 223 ± 228 In the first step, amide 2 undergoes Thorpe dimerisa-
tion to form imino nitrile 29, which is involved in the Michael
addition with ketone 26 to form adduct 30. Under the reaction
conditions, the latter undergoes cyclocondensation to produce
salt 31, which is regioselectively alkylated with alkyl halides 27
giving rise to 1,4-dihydro-1,6-naphthyridines 28.

Multicomponent cascade heterocyclisation of benzaldehyde
with malononitrile and its dimer in the presence of a twofold
excess of piperidine or morpholine afforded previously unknown
2,5-diamino-3,8-dicyano-4-phenyl-7-piperidino(morpho-
lino)-1,6-naphthyridines (32) in high yields. The reaction not only
gave rise to the complex naphthyridine system but also was
accompanied by the insertion of a fragment of the saturated
nitrogen heterocycle, which was used as the catalyst, into the
naphthyridine system.53, 224

The reactions of 2-arylidenequinuclidin-3-ones 33 with
cyanothioacetamide (2b) in the presence of piperidine also pro-
ceeded through a mechanism of cascade heterocyclisation to form
piperidinium 4-aryl-3-cyano-5,8-ethano-1,4,5,6,7,8-hexahydro-
1,5-naphthyridine-2-thiolates 34, whose treatment with hydro-
chloric acid gave rise to 4-aryl-3-cyano-5,8-ethano-3,4,5,6,7,8-
hexahydro-1H-1,5-naphthyridine-2-thiones 35, which were in
tautomeric equilibrium with betaines 36.229 Heating of salts 34
or thiones 35 in ethanol in the presence of hydrochloric acid led to
their dehydrogenation to form naphthyridinethiones 37.

Another example of the highly regioselective synthesis of the
1,5-naphthyridine system is condensation of the sodium salt of
2-formylquinuclidone (38) with cyanothioacetamide (2b) giving
rise to 3-cyano-1H-1,5-naphthyridine-2-thione (39).230
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4-Cyano-6,7,8a-trimethyl-3-thioxo-1,2,3,5,6,7,8,8a-octahyd-
ro-2,7-naphthyridin-1-one (40) was synthesised by cascade
heterocyclisation of the sodium salt of 3-formyl-1,2,5-trimethyl-
4-piperidone (41) with amide 2b. 45, 231

Condensation of b-enamino carbonyl compounds 42 with
substituted cyanoacetamides 43a,b proceeds through a mecha-
nism of cascade heterocyclisation with elimination of methane-
thiol followed by the formation of 4-dialkylaminopyridones 44a,b
containing the b-enaminoamide fragment. Pyridone 44b reacts
with the second molecule of N-methylcyanoacetamide (43b) to
give naphthyridinedione 45.232

Benzylidene- and 2-furfurylideneacetoacetic esters (26)
smoothly reacted with selenoamide 2c under mild conditions
(anhydrous ethanol, 20 8C), the reagent ratio playing an essential
role.45, 233 ± 235 When the reagents were taken in a ratio of 1 : 1, the
reaction afforded adducts 46, which underwent cyclisation to 1,4-
dihydropyridine-2-selenolates 47. Treatment of the latter with
hydrochloric acid yielded 1,4-dihydropyridine-2-selenols 48.

The reaction of 1-phenylacetylcyclohexene with thioamide 2b
in the presence of sodium ethoxide in alcohol afforded pyridine-
thione 49 containing a fragment of the alkaloid papaverine.236

III. Cascade heterocyclisation involving
1,3-dicarbonyl compounds

Like a,b-unsaturated analogues, 1,3-dicarbonyl compounds 50
and their enamines react with cyanothioacetamide derivatives,
viz., arylidenecyanothioacetamides 51, in the presence of base
catalysts to form 3-cyano-1H-pyridine-2-thiones or their
salts.33, 237 ± 254 In some cases, intermediate tetrahydropyridine-2-
thiolates 52 were isolated. Subsequent elimination of water from
these compounds affords 3-cyano-1,4-dihydropyridine-2-thio-
lates 53. Acidification of salts 52 and 53 gave rise to 3-cyano-3,4-
dihydro-1H-pyridine-2-thiones 54. In solutions, the latter com-
pounds underwent dehydrogenation to form 3-cyano-1H-pyri-
dine-2-thiones 55.

b-Enamine derivatives of 1,3-dicarbonyl compounds reacted
with amides 51 also in the absence of base catalysts to produce the
corresponding 1,4-dihydropyridine-2-thiolates in high yields.

The reaction of acetylacetone (56) with 2-furfurylidenecyano-
selenoacetamide (57) or the reaction of an unsaturated carbonyl
compound, viz., 2-furfurylideneacetylacetone (58), with cyano-
selenoacetamide (2c) afforded 5-acetyl-3-cyano-4-(2-furyl)-6-
methyl-1,4-dihydropyridine-2-selenol (59) in * 80% yield.45, 255

These reactions proceeded through a mechanism of cascade
heterocyclisation and involved the intermediate formation of
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Michael adduct 60 and stable selenolate 61, whose acidification
gave selenol 59. The reactions of amide 57with acetoacetic ester or
its enamine proceeded analogously to form 5-ethoxycarbonyl-
substituted selenol of type 59.

It should be emphasised that due to their diversity and high
reactivity, 1,3-dicarbonyl compounds are the most convenient
building blocks for the regio- and stereoselective synthesis of
hydrogenated sulfur- and selenium-containing pyridines and their
fused analogues that are difficult to prepare. For this purpose,
acetylacetone, benzoylacetone, dibenzoylmethane, 2-thenoyltri-
fluoroacetone, b-keto amides (acetylacetamide, acetylacetani-
lides), ethyl butyrylacetate, acetoacetic and malonic esters and
cyclic mono- and diketones were successfully used.45, 46, 256 ± 303

Thus, the use of 2-acylcycloalkanones 62 as substrates and
cyanoacetamides 2a as reagents made it possible to develop
convenient procedures for the regioselective synthesis of fused
3-cyano-1H-pyridine-2-chalcogenones 63.44, 188, 304 ± 316

The reactions of amides 2a,b with 2,4-diacetyl-3-aryl-5-
hydroxy-5-methylcyclohexanones 64 afforded 7-acetyl-8-aryl-
4-cyano-6-hydroxy-1,6-dimethyl-5,6,7,8-tetrahydro-2H-isoquino-
lin-3-ones 65, corresponding thiones 66 and their sodium salts 67
and 68 in high yields.314

Of numerous reactions of amide 2a with 2-acylcycloalkan-
ones,269, 272, 315 ± 318 noteworthy is the condensation with tetra-
hydropyrans or -thiopyrans 69 in ethanol in the presence of
triethylamine giving rise to previously unknown 6-oxopyra-
no(thiopyrano)[3,4-c]pyridines 70.117, 315, 316

Derivatives of coumarin or its fused analogues exhibit anti-
bacterial, cardiovascular and hypothermal activities. Procedures
for the synthesis of substituted coumarins are being developed
with the aim of searching for new drugs. Thus, the reactions of
3-acetylcoumarin (71) with amides 2a,b in the presence of bases
giving rise to oxo and thioxo derivatives of benzopyrano[3,4-c]-
pyridine 72 have been studied.318

Cascade heterocyclisation of amides 2b,c with sodium salts of
2-hydroxymethylidenecycloalkanones 73 was examined. It was
demonstrated that these reactions proceeded regioselectively to
produce fused 3-cyano-1H-pyridine-2-thiones(selenones)
74.44, 308, 319 ± 326
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The methodology of cascade heterocyclisation is unique as
can be exemplified by the synthesis of previously unknown
quinoline- and pyridine-thiones containing a spiro-fused frag-
ment. For instance, three-component condensation of dimedone
(75), cyanothioacetamide (2b) and cyclohexanone in the presence
of piperidine in ethanol or the reaction of diketone 75 with
cyclohexylidenecyanothioacetamide (76) in ethanol in the pres-
ence of morpholine afforded previously unknown 3-cyano-7,7-di-
methyl-5-oxospiro[cyclohexane-1,4 0-octahydroquinoline]-2-thione
(77).45, 293 The use of benzene as the solvent changed the direction
of the latter reaction with the resulting formation of 2-iminopyran
78.

Spiro-fused partially hydrogenated pyridine-2-thiolates(sele-
nolates) were also prepared with the use of other reagents. For
example, the reaction of cyclohexylidenemalononitrile (79) with
cyanoselenoacetamide (2c) or the reaction of cyclohexylidenecya-
nothioacetamide (76) with amides 2b,c ormalononitrile in ethanol
in the presence ofN-methylmorpholine gave rise to salts 80, which
were transformed into 6-amino-3,5-dicyanospiro[cyclohexane-
1,4 0-dihydropyridine]-2-thiol(selenol) (81) upon treatment with
hydrochloric acid.45, 282, 327, 328

The reaction of dinitrile 79 with anilide 82 afforded partially
hydrogenated polyfunctionalised spiro-fused pyridinethione
83.328

In turn, spiro[cyclohexane-1,40-pyridine]-2-thione 84 was pre-
pared in 87% yield by the reaction of thioamide 76 with aceto-
acetanilide (85) in ethanol in the presence of
N-methylmorpholine.46, 263

An analogous reaction of cyclopentylidenecyanothioacet-
amide (87) with cyanothioacetamide (2b) produced 6-amino-
3,5-dicyanospiro[cyclopentane-1,4 0-dihydropyridine]-2-thiolate
(88).283 The reaction of amide 87 with cyanoacetic ester or the
reaction of amide 2b with cyclopentylidenecyanoacetic ester (89)
afforded 3,5-dicyano-6-oxospiro[cyclopentane-1,4 0-tetrahydro-
pyridine]-2-thiolate (90).329

Benzylidenemalononitrile (91) reacted with anilides of 2-oxo-
cycloalkanethiocarboxylic (92) and 3-oxo-2,3-dihydroindene-2-
thiocarboxylic acids (93) to form spiro-fused pyridinethiones 94
and 95, respectively.330, 331
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On refluxing in ethanol in the presence of piperidine, cyano-
acetamide (2a) added to chromenylidenemalononitrile (96) to give
adduct 97, which underwent intramolecular cyclisation in situ
yielding spiro-fused pyridone 98.331

Three-component heterocyclisation of diketone 99, amide 2b
and malononitrile in ethanol in the presence of piperidine giving
partially hydrogenated pyridinethione 100 provides another
example of the synthesis of spiro-fused pyridinechalcogenones.332

It should be noted that in the last decade, three-component
cascade heterocyclisation of amides of cyanoacetic acid or its thio
and seleno derivatives with aliphatic, aromatic or heterocyclic
aldehydes and 1,3-dicarbonyl compounds in the presence of an
excess of an organic base was successfully used in the synthesis
of 1H-pyridine-2-chalcogenones, their hydrogenated
analogues and salts (see Refs 44 ± 46, 199, 233, 241, 243, 244,
256, 257, 259, 262 ± 268, 270, 271, 274, 276, 279, 284 ± 286,
289 ± 291, 293, 294, 302 and 333 ± 339). The synthesis of salts of
4-(aryl,hetaryl)-3-cyano-6-methyl-5-phenylcarbamoyl-1,4-dihyd-
ropyridine-2-thiolates 101 from aromatic or heterocyclic alde-
hydes, amide 2b and acetoacetanilide (85) in the presence of an
excess of N-methylmorpholine 257, 259, 337 provides an example.

Cyclic diketones [cyclohexane-1,3-dione, dimedone, iso-
propylidenemalonate (Meldrum's acid)] were also used as
1,3-dicarbonyl substrates in three-component heterocyclisa-
tion.262, 285, 286, 295 For example, 4-(aryl,hetaryl)-3-cyano-6-oxo-
1,4,5,6-tetrahydropyridine-2-thiolates 102 were prepared by
refluxing an equimolar mixture of the corresponding aldehyde,
amide 2b and Meldrum's acid in alcohol in the presence of
N-methylmorpholine for 3 h. Acidification of thiolates 102 with
10%hydrochloric acid to pH 5 afforded 4-(aryl,hetaryl)-5-cyano-
6-thio-3,4-dihydro-1H-pyridin-2-ones 103.285

IV. Cascade heterocyclisation involving
pyridinium ylides

Pyridinium ylides, which are generated in situ from quaternised
pyridines, are widely used in fine organic synthesis,340 ± 343 includ-
ing the preparation of 4,6-disubstituted 3-cyano-1H-pyridine-2-
thiones (see Refs 43, 44, 126, 327 and 344 ± 354). It was noted that
the nature of the final products depends on the reaction con-
ditions. Thus, heating of arylidenecyanothiacetamides 51 with
pyridinium salts 104 in the presence of ammonium acetate in
acetic acid gave rise to 4,6-disubstituted 3-cyano-1H-pyridine-2-
thiones 105.346 By contrast, the reactions of pyridinium ylides 106
generated from salts 104with amides 51 in ethanol in the presence
of triethylamine at room temperature afforded trans,trans-1,4,5,6-
tetrahydropyridine-2-thiolates 107, which were isolated and char-
acterised as stable crystalline salts.345 ± 348, 351, 355 ± 367 The high
selectivity of these reactions results from the stereoselectivity of
the addition of ylides 106 to amides 51. Subsequent cyclisation of
adducts 108 proceeded with retention of the trans arrangement of
the hydrogen atoms.44, 346, 362 Heating of salts 107 in acetic acid in
the presence of ammonium acetate afforded thiones 105.
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Thiolates 107 were also synthesised without the preliminary
preparation of thioamides 51 by three-component condensation
of pyridinium ylides 106, cyanothioacetamide (2b) and aromatic
aldehydes 346, 347, 351 as well as by the reaction of pyridinium salt
109with amide 2b.360 The use ofmalononitrile instead of amide 2b
in the reaction with the E isomer of compound 109 resulted in the
formation of trans-adducts 110, whose treatment with hydrogen
sulfide produced trans-substituted tetrahydropyridines 107.

Isoquinolinium ylides also found application in the synthesis
of thiolates.347

Stereoselective three-component condensation of pyridinium
ylides 106, aromatic aldehydes and 2-amino-1,1,3-tricyanopro-
pene afforded trans-6-R-4-aryl-3-cyano-6-hydroxy-5-pyridinio-
1,4,5,6-tetrahydropyridine-2-dicyanomethylides 111, which are
difficult to prepare.345, 346

The reactions of meta-substituted pyridinium ylides 112 with
arylidenecyanothioacetamides 51 provided the basis for regio-
and stereoselective procedures for the synthesis of trans-4-aryl-
3-cyano-6-oxo-5-pyridinio-1,4,5,6-tetrahydropyridine-2-thiolates
(113).44, 223, 345, 353 ± 355 Tetrahydropyridines 113 were also syn-

thesised by one-pot heterocyclisation of pyridinium ylides 112
with aromatic aldehydes and cyanothioacetamide (2b) without the
preliminary preparation of unsaturated amides 51.44, 345

Various pyridinium ylides are used for the preparation of
4-aryl-3-cyano-6-oxo-5-pyridinio-1,4,5,6-tetrahydropyridin-2-ol-
ates.346, 353 ± 356, 368

Cascade heterocyclisation of pyridinium ylide 114with amides
51 gave rise to trans-substituted 6-thioxo-1,4,5,6-tetrahydropyr-
idine-2-thiolates 115.223, 346, 353, 355

It was found that the direction of cascade heterocyclisation
involving pyridinium ylides depends on the reaction temperature.
For example, the reactions of 3-bromopyridinium ylide 116
generated from salt 117 with unsaturated nitriles 51 and 118 at
room temperature in ethanol in the presence of triethylamine
proceeded stereo- and atroposelectively to yield trans-substituted
1,4,5,6-tetrahydropyridines 119. Heating of the latter compounds
in ethanol led to alcoholysis and opening of the tetrahydro-
pyridine ring at the amide bond to give the corresponding
intermediates 120. The subsequent intramolecular nucleophilic
substitution proceeded with elimination of 3-bromopyridine and
retention of the trans-arrangement of the hydrogen atoms and
produced the corresponding trans-dihydrofurans and -thiophenes
121.43, 44, 344, 349, 350, 354, 369 Five-membered heterocycles 121 were
also generated in high yields without isolation of intermediates
119 and 120 by the reactions of ylide 116 with nitrile 51 or 118,
respectively, in ethanol at*80 8C.

Three-component cascade heterocyclisation of ylide 122,
aromatic aldehydes and amide 2b in ethanol in the presence of
triethylamine at room temperature gave previously unknown
adamantylcarbonyldihydrothiophenes 123 in 62%±95%
yields.43, 343, 349
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Considerable synthetic potential of pyridinium ylides enables
one to use these compounds for the development of fundamentally
new approaches to functionalised cyclopropanes. For example,
heating of betaines 124, which were generated by the reactions of
pyridinium ylides 106 and 122 with arylidenemalononitriles 125,
in DMSO at 30 ± 40 8C led to intramolecular 1,3-elimination of
pyridine to form trans-cyclopropanes 126 in 80%±96%
yields.43, 344, 357, 370, 371 Compounds 126 can also be prepared in
78%±94% yields by three-component condensation of salts 104
or 127with aromatic aldehydes andmalononitrile inDMSO in the
presence of triethylamine at 25 ± 30 8C.

The synthesis of nicoteline, viz., 2,4-bis(3-pyridyl)pyridine,
which is a minor alkaloid from tobacco Nickotiana taba-
cum,43, 44, 344, 351 provides yet another example of the successful
use of the methodology of cascade heterocyclisation involving
pyridinium ylides. Thus, the reaction of ylide 106 (R=3-Py) with
amide 51 (Ar=3-Py) in ethanol at room temperature gave rise
to 4,5-trans-3-cyano-6-hydroxy-4,6-bis(3-pyridyl)-5-pyridinio-
1,4,5,6-tetrahydropyridine-2-thiolate (128) in 98% yield. This
compound was also synthesised in 92% yield by three-component
condensation of ylide 106 (R=3-Py), 3-pyridinecarbaldehyde
and amide 2b under analogous conditions. Heating of thiolate
128 in acetic acid in the presence of ammonium acetate afforded
thione 129 in 83% yield. The latter was transformed into nicote-
line 130 in 82% yield by successive alkylation, hydrogenolysis in

the presence of Raney nickel and decyanation in an acidic
medium.

V. Cascade heterocyclisation in the synthesis of
fused heterocycles

Functionalised fused heterocycles are of equal or even higher
practical interest than the corresponding mononuclear heterocy-
clic systems. However, most of the available procedures for their
synthesis are rather laborious, involve many steps and often
require drastic conditions, which eventually leads to a substantial
decrease in the yields and an increase in the cost of the final
products. The use of the strategy of cascade heterocyclisation
allows one not only to eliminate these drawbacks but also to
construct polyfunctional annelated heterocycles, which are
impracticable to prepare by conventional methods. The method-
ology of cascade heterocyclisation involving simple and available
substrates and reagents provided the basis for the development of
convenient procedures for the synthesis of different classes of
fused heterocycles, such as thieno[3,2-b]pyridines, thieno[3,2-d ]-
pyrimidines, thiazolo[4,5-b]pyridines, thiazolo[4,5-d ]pyrimidines,
pyrido[30,20:4,5]thieno[3,2-b]pyridines, pyrido[30,20:4,5]thieno-
[3,2-d ]pyrimidines, pyrido[30,20:4,5]thieno(selenopheno)[3,2-d ]-
pyrimidines, quinuclidino[200,300:50,60]pyrido[30,20:4,5]thieno-
[3,2-d ]pyrimidines, pyrimido[40,50:4,5]thieno[2,3-c]-2,7-naphthyr-
idines, pyrido[200,300:40,50]thieno[30,20:4,5]thieno[3,2-b]pyridines,
etc.50, 52, 371 ± 390

The successful application of the strategy of cascade hetero-
cyclisation can be exemplified by regioselective procedures for the
synthesis of thieno-, selenopheno- and thiazolodiaminopyrimi-
dines on the basis of vicinal mercapto(hydroseleno)nitriles 131
and N-cyanochloroacetamidine (132). The reactions start with
regioselective alkylation at the chalcogen atom to form intermedi-
ates 133, which undergo Thorpe ±Ziegler cyclisation giving rise to
compounds 134. The latter are transformed into hetarylpyrimi-
dines 135 by heating in ethanol in the presence of sodium ethoxide
or by treatment with hydrochloric acid in methanol.50, 373, 375
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An analogous reaction of amidine 132 with 1H-pyridine-2-
chalcogenones in DMF in the presence of an excess of KOH
involved two successive steps, viz., nucleophilic substitution and
Thorpe ±Ziegler condensation, and produced thieno(seleno-
pheno)[2,3-b]pyridines 136.373 Refluxing of the latter compounds
with sodium ethoxide in ethanol afforded 2,4-diaminopyri-
do[30,20:4,5]thieno(selenopheno)[3,2-d ]pyrimidines 137. The lat-
ter compounds can also be synthesised without isolation of
intermediates 136.372, 373

The reaction with the use of sodium 2,2-dicyanoethylene-1,1-
dithiolate (138) as the nitrile component proceeded through the
successive formation of compounds 139 and 140 to give tetraan-
nelated heterocycle 141 as the final product.50, 373, 375

Of other numerous examples of the employment of cascade
heterocyclisation in the synthesis of fused heterocyclic systems,
noteworthy is the preparation of pyridothienopyridines, pyrido-
thienopyrimidines and their hydrogenated analo-
gues.52, 380 ± 383, 387, 391, 392 For example, the reactions of
piperidinium 3-cyano-1,4-dihydropyridine-2-thiolates 142 with
2-bromo-1-arylethylidenemalononitriles 143 produced 2,5-dihy-
dropyrido[30,20:4,5]thieno[3,2-b]pyridines 144 in high yields.52, 381

This procedure can also be used for the synthesis of functionalised
pyrido[30,20:4,5]thieno[3,2-d ]pyrimidines.

Tetrahydropyridothienopyridines 145 were synthesised by
three-component cascade heterocyclisation of tetrahydropyri-
dine-2-thiolates 102, malononitrile and acetone in refluxing etha-
nol. These compounds were also prepared by the reactions of
precursors of thiolates 102, viz., the corresponding Michael
adducts 146, with malononitrile and acetone, by condensation of
2-chlorobenzaldehyde,Meldrum's acid, cyanothioacetamide (2b),
malononitrile and acetone in the presence ofN-methylmorpholine
or by refluxing a mixture of thiolate 102, isopropylidenemalono-
nitrile and acetone in ethanol.391, 392

Recent advances in cascade heterocyclisation have been dis-
cussed in the reviews 389, 390, 393 ± 395 and studies.396 ± 405

* * *

Due to elaboration of fundamentals of one-pot cascade hetero-
cyclisation of carbonyl compounds and CH-acids under the
conditions of base catalysis, one can easily perform the regio-
and stereoselective synthesis of polyfunctional heterocycles, in
particular, of substituted pyridinechalcogenones and their hydro-
genated and fused analogues. An important advantage of this
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approach is the simplicity and accessibility of substrates and
reagents, viz., of aromatic and heteroaromatic aldehydes, cyclo-
alkanones, acyclic and cyclic mono- and dicarbonyl compounds,
a,b-unsaturated carbonyl compounds, cyanoacetamides and their
thio and seleno analogues.

Undoubtedly, this methodology shows promise for the devel-
opment of procedures for the preparation of new classes of
heterocyclic compounds.

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project No. 02-03-
32063).
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