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Abstract—The review generalizes and systemizes data published over the past 15 years on the synthesis and
chemical properties of cycloalka[c]pyridine derivatives that are important intermediate products used in the
synthesis of alkaloids, enzyme inhibitors, and drugs for the treatment of cardiovascular diseases and bronchial

asthma.
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1. INTRODUCTION

Cycloalka[c]pyridine ring system is a structural
fragment of many alkaloids [1-6] that are next to
indole alkaloids in their abundance [7]. Compounds
containing a cycloalka[c]pyridine fragment are used as
intermediate products in the synthesis of alkaloids
[8—10], optical materials for Langmuir—Blodgett films
[11-13], precursors to CNS agents [14], chromophores
[15-17], enzyme inhibitors [18-21], fungicides [22,
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23], potassium receptor antagonists [24], and drugs for
the treatment of cardiovascular diseases [25], bronchial
asthma, tumors [26], and viral infections [26, 27]. Cy-
cloalka[c]pyridine derivatives were shown to exhibit
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anticonvulsant [28-31], antibacterial [32, 33], neuro-
tropic [34], and antimicrobial activities [35-37].

Despite significant advances in the chemistry of
cycloalka[c]pyridines, neither methods of their syn-
thesis nor chemical properties have been systemized
so far. The present review analyzes relevant data
published since 2000 until now.

2. FUSION OF A CARBOCYCLE TO PYRIDINE

The synthesis of cycloalka[c]pyridine derivatives
via intermolecular annulation of a carbocycle on a pre-
existing pyridine ring has been poorly explored. Two

versions of such syntheses have been reported: (1) the
reaction of 3-halopyridines 1 with 5 equiv of ketene
acetal 2 and 2 equiv of lithium hexamethyldisilylazide
(LiHDMS) [38] and (2) [2+2]-cycloaddition of cyclic
ketene acetal 3 to 3-halopyridine 1 in the presence of
lithium diisopropylamide (LDA) [39]. Both reactions
involve intermediate formation of 3,4-didehydro-
pyridine 4. Compounds 5 and 6 were thus obtained in
25 and 28% yield, respectively (Scheme 1).

Intramolecular annulation on a pyridine ring has
also been described in a few publications. This method
implies preferentially intramolecular nucleophilic sub-
stitution of a halogen atom in position 2 or 3 of
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pyridines 7-9 or of trimethylsilyl group in the
4-position of 10, intramolecular acylation of pyridine
11 at position 3 with carboxylic acid, or intramolecular
cycloaddition in 12 in the presence of a ruthenium
catalyst. As a result, cycloalka[c]pyridines 13—18 were
obtained in 13-80% [40], 14-83% [41], 15-76% [42],
16-39% [43], 17-71% [44], and 18-64% yields [45]
(Scheme 2).

3. FUSION OF A PYRIDINE RING
TO CARBOCYCLE

Methods for the synthesis of cycloalka[c|pyridines
based on the closure of pyridine ring on already
existing carbocycle have been studied in sufficient
detail due to accessibility of the initial reactants and
experimental simplicity. Several examples of such
intramolecular transformations have been reported.
Intramolecular acylation of dienamide 19 in toluene in
the presence of [CuCl] in a nitrogen atmosphere in
16 h afforded 2,3-substituted 5,6,7,8-tetrahydro-
isoquinolin-1(2H)-ones 20 in 12-29% yield [46]
(Scheme 3). 1-Substituted 3,4,5,6,7,8-hexahydroiso-
quinoline 22 was synthesized in 90-96% yield by
intramolecular cyclodehydration of cyclohexene 21 in
acetonitrile at 25°C in the presence of AICI; and KI
[47] (Scheme 3).

Substituted 1,3-dithiane 23 was reported to undergo
intramolecular cyclization to 1-(thiophen-2-yl)-5,6,7,8-
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tetrahydroisoquinoline 24 in 75% yield on heating in
THF (100°C) in the presence of HgO—BF;-Et,O-HCI
[48]. Smiles rearrangement of substituted cycloalkenes
25 on heating in dioxane in the presence of ~BuOK
gave cycloalka[d]furo[2,3-b]pyridines 26. The reaction
direction did not change when the solvent was replaced
by DMFA, and ¢#-BuOK, by NaH or EtONa [49]
(Scheme 4).

Numerous intermolecular reactions leading to the
formation of a pyridine ring fused to a carbocycle have
been reported. The carbocycle is usually represented
by cyclopentane and cyclohexane derivatives such
as ketones, cycloalkenes, enamines, and enamino
ketones. Enamines 27 derived from 2-acylcycloal-
kanones reacted with CH acids 28 in anhydrous
ethanol in the presence of sodium ethoxide at room
temperature according to the nucleophilic vinylic
substitution path (SyVin) to give 3-thioxo- [50-52],
3-selenoxo- [53], or 3-(dicyanomethylidene)cycloalka-
[c]pyridine derivatives 29 [54-56]. Likewise, the
reactions of enamino ketones 27 with cyclic CH acids
30 and 31 under analogous conditions produced fused
cycloalka[c]pyridines 32 [57] and 33 [58]. Morpho-
linium thiolate 34 was obtained in 57% yield by SxVin
reaction of enamine 35 with 2-cyanoethanethioamide
(28) in ethanol at 20°C [59] (Scheme 5).

Perhydrocycloalka[c]pyridines 36 were synthesized
by Michael addition of ethyl cycloalkenecarboxylates
37 to N-benzyl-2-tosylacetamide 38 in THF in the

Scheme 3.
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presence of triethylamine, followed by intramolecular
cyclization of adducts 39 [60] (Scheme 6).

The condensation of 2-acylcyclohexanones 40 with
2-cyanoethanethioamide (28) in methanol at 60°C in
the presence of triethylamine gave 5,6,7,8-tetrahydro-
isoquinoline-3(2H)-thiones 41 [61]. In the reaction of
2-acetylcyclohexanone with 28 in ethanol in the
presence of morpholine or piperidine a mixture of
1-methyl-3-sulfanylidene-2,3,5,6,7,8-hexatetrahydro-
isoquinoline-4-carbonitrile (41) and 4-methyl-2-sul-
fanylidene-1,2,5,6,7,8-hexahydroquinoline-3-carbo-
nitrile (42) was formed, compound 41 being the major
product [62]. 2-Cyanoacetamide 28 (X = O) reacted
with diketones 40 in a similar way. The reaction in
DMSO in the presence of triethylamine at 80°C

afforded a mixture of isoquinoline 41 and quinoline
42, the former prevailing [63] (Scheme 7).

Substituted 2,4-diacetylcyclohexanones 43 regio-
selectively reacted with CH acids 28 to give
5,6,7,8-tetrahydroisoquinoline-3(2H)-chalcogenones
44 (X = S [64-66], Se [67]). The condensations were
carried out on heating in anhydrous ethanol in the
presence of morpholine (X = S) or triethylamine
(X = Se). The reaction of 43 with malononitrile (45) as
CH acid on heating in ethanol in the presence
of piperidine lead to the formation of 81-89% of
5,6,7,8-tetrahydroisoquinoline-3(2H)-ones 46 [68]
(Scheme 8).

Pyrazole-fused cycloalka[c]pyridines 47 were
synthesized by reaction of 43 with 3-amino-1-phenyl-
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1H-pyrazol-5(4H)-one (31) in boiling ethanol in the
presence of sodium ethoxide (yield 78-88%) [69]. The
condensation of methyl 4,4-dimethyl-2-oxo0-cyclo-
hexane-1-carboxylate (48) with 2-cyanoethanethio-
amide (28) in boiling methanol in the presence of
KOH gave 1,3-dihydroxy-6,6-dimethyl-5,6,7,8-tetra-
hydroisoquinoline-4-carbonitrile (49) [70] (Scheme 9).

Cycloalka[c]pyridine-3(2H)-thiones 50 were ob-
tained by the Michael reaction involving exchange of
methylene components. The addition of 2-cyano-2-cy-
cloalkylideneethanethioamides 51 to 2-ylidenemalono-
nitriles 52 in boiling ethanol in the presence of
piperidine gave intermediates 53 which lost malono-
nitrile molecule to form alkenes 54, and intramolecular
cyclization of the latter via aza-Michael reaction and
subsequent dehydrogenation led to final products 50.
Compounds 50 were also synthesized by reaction of
cycloalkylidenemalononitriles 55 with 2-[aryl(hetaryl)-
methylidene]-2-cyanoethanethioamides 56 under
analogous conditions [71, 72] (Scheme 10).

Cyclohexylidenemalononitrile 55 reacted with
phenyl isothiocyanate in boiling benzene in the pres-

1773

ence of tetrabutylammonium bromide to give a mix-
ture of products, among which isothiochromene,
5,6,7,8-tetrahydroisoquinoline-1(2H)-thione, and
5,6,7,8-tetrahydroisoquinolin-1(2H)-one derivatives
57-59 were identified [73]. If piperidine was used as
catalyst and the reaction was carried out in boiling
ethanol, the only product was cycloalka[c]pyridine-
1(2H)-thione derivative 60; it was likely to be formed
through intermediate adduct 61 [74] (Scheme 11).

Cycloalka[c]pyridines 62 were synthesized in 71—
96% yield by reaction of substituted acetylenes 63 with
Schiff bases 64 in DMF at 100°C under catalysis by
Pd(OAc), [75, 76]. Ketone oximes 65 reacted with
alkynes 63 in boiling toluene [77] or THF [78] in the
presence of RhCI(PPhs); or (i-PrO);P to give cycloal-
ka[c]pyridines 66 in 79-89% yield (Scheme 12).

2-[4-Cyano-5,6,7,8-tetrahydroisoquinolin-3(2 H)-
ylidene]propanedinitrile (69) was obtained by conden-
sation of Mannich ketones 67 with malononitrile dimer
68 in the presence of piperidine at 50°C [79]. Dial-
dehyde 70 reacted with hydroxylamine hydrochloride
in boiling glacial acetic acid to produce 26% of

Scheme 7.
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Scheme 10.
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6,7-dihydro-5H-cyclopenta[c]pyridine (71) [80]
(Scheme 13). Reactions of cycloalkene derivatives 80—
86 with compounds containing an amino group neces-
sary for the construction of pyridine ring were reported
as convenient methods for the synthesis of cycloalka-
[c]pyridines 72—79 [81-88] (Schemes 14, 15).

4. SYNTHESIS FROM ACYCLIC PRECURSORS

The strategy of synthesis of cycloalka[c]pyridines
from acyclic starting compounds is represented in the
literature by four types of reactions, namely intra-
molecular cyclization of a single precursor, cyclo-
condensation of dialdehydes with hydroxylamine, and
cyclocondensations of diynes with isocyanates and
nitriles. Only the latter version have been studied in
sufficient detail, whereas examples of the first three
are very few in number.

I. DYACHENKO, V. DYACHENKO

Double intramolecular hetero-Diels—Alder reaction
of diyne 87 in boiling toluene led to the formation of
76% of 1,1'-bi(3-methyl-6,7-dihydro-5H-cyclopenta-
[c]pyridine) 88 [89]. The alkaloid actinidine 89 was
synthesized by condensation of 2,6-dimethyloct-2-ene-
1,8-dicarbaldehyde 90 with hydroxylamine in tetra-
hydrofuran in the presence of p-toluenesulfonic acid
[90] (Scheme 16).

Iridium-catalyzed [2+2+2]-cycloaddition of diyne
91 with isocyanates in boiling 1,2-dichloropropane
afforded cyclopenta[c]pyridin-3-one derivatives 92 in
high yields (80—99%). Analogous reaction with meth-
ylene diisocyanate gave functionalized 2,2"-methylene-
di(cyclopenta[c]pyridine) 93 in 99% yield [91]
(Scheme 17).

[2+2+2]-Cyclotrimerization of diyne 94 with ethyl
isocyanate in the presence of Ru(Ill) salts in boiling

Scheme 16.
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Scheme 18.
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acetone, toluene, or dioxane produced substituted
2-ethylcyclopenta[c]pyridin-3-one 95 in 93% yield
[92]. Rhodium complexes catalyzed [2+2+2]-cycload-
dition of diynes 96 to isocyanates in chloroform on
heating; as a result, cycloalka[c]pyridin-3(1H)-ones 97
were formed in 48-98% yield [93] (Scheme 18).

Rhodium-catalyzed [2+2+2]-cycloaddition of
alkynes 98 to nitriles in methylene chloride at room
temperature under argon afforded 63-84% of fused
pyridines 99 [94]. Diynes 100 were quantitatively
converted to cycloalka[c]pyridines 101 by reaction
with nitriles in the presence of different catalysts such
as iron(II) salts in THF at 20°C [95-97], Ir(II) on
heating in benzene [98], Co(Il) in THF, toluene, or
ethanol [99-107], Ni(Il) in benzene or toluene on
heating [108—111], and Ru(Il) on heating in 1,2-di-
chloroethane [112] (Scheme 19).

5. RECYCLIZATIONS AND CROSS-
RECYCLIZATIONS

Recyclizations and cross-recyclizations were rarely
reported as methods for the synthesis of cycloalka[c]-
pyridine derivatives due to poor yields and low selec-
tivity. Substituted cyclopenta[c]pyridine 102 was
obtained in 29% yield by Wagner—Meerwein-type
recyclization of 2,6a-epoxyoxireno[e]isoindole 103 on
heating in benzene [113]. Substituted oxazoles 104
in boiling 1,2-dichlorobenzene in the presence of
Cu(OTY), underwent intramolecular Diels—Alder reac-
tion leading to cyclopenta[c]pyridin-5-ones 105 in 24—
55% yield [114, 115] (Scheme 20).

Methyl 7H-cyclopenta[c]pyridine-7-carboxylate
(107) was formed as a result of isomerization of iso-
quinoline-8-diazonium chloride (106) in methanolic
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Scheme 20.
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NaHCO; at 0°C in 3 h [116]. Intramolecular Diels—
Alder reaction of 1,2,4-triazines 108 on heating for
a short time (3—7 min) in bromobenzene under nitro-
gen gave cyclopenta[c]pyridine derivatives 109 in 27—

29% yield [117] (Scheme 21).

Cross-recyclization of substituted 1,2,4-triazines
110-115 with enamines 116 involved intermediate
formation of cycloadducts 117 and 118, and the
subsequent elimination of pyrrolidine and nitrogen
molecules afforded cycloalka[c]pyridines 119-124
[118-133] (Schemes 22, 23).

Mesoionic compounds 127 were obtained in 15—
44% yield by cross-cyclization of substituted 1,2,4-tri-
azin-5(4H)-ones 125 with 2 equiv of cycloalkanones
126 in the presence of TsOH [134]. The reaction of

equimolar amounts of 126 and 128 in the presence of
an amine (B) under reflux or microwave irradiation
gave 25-91% of cycloalka[c]pyridines 129 [135]
(Scheme 24).

The natural alkaloid gardenamide A (131) was
synthesized in 71% yield by heating cyclopenta[c]-
pyran derivative 130 in boiling benzene in the presence
of Ag,CO; and NH; [136] (Scheme 25).

Cross-recyclization of substituted furo[3,4-c]pyri-
dine 132 with activated alkenes 133 in methylene
chloride at room temperature involved intermediate
formation of Diels—Alder adducts 134 which were
converted in 2-3 h in situ to tetrahydroisoquinolines
135 in 63-92% yield [137] (Scheme 26). A three-step
synthesis of 1-methyl-5,6,7,8-tetrahydroisoquinoline
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Scheme 23.
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lene chloride at 23°C; alkene 138 thus formed was
subjected to ozonation in CH,Cl, at 78°C in the
presence of PPhs, and the resulting aldehyde 139 was

(136) in 44% yield was reported in [138]. For this
purpose, ketone 137 was treated with 3-trimethylsilyl-
2-methylprop-1-ene in the presence of TiCly in methy-
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Scheme 26.
MeOC(O) COOMe Ho. COOMe
~ XN Cl Y- | SN Cl Y- N cl
o]
N T SN e EWG N EWG N
EtN Cl NEt, Cl NEt, Cl
132 133 134 135
Y = H, COOMe, Ph; EWG = CN, COOMe, NO,.
Scheme 27.
0 SCH,
Me CH,=C(Me)CH,SiMe; _NHZOH-HCI =
NS
Me N
137 136
Scheme 28.
o H Ph
Ph o N
. - . XX
\[/> * @ 2 -H,0
N PH N
141
Ph Cl
/ 0
+
MeO - _N
N
COOMe

145 146
treated with hydroxylamine in acetonitrile at 80°C
(Scheme 27).

3-Phenylcyclopenta[c]pyridine 140 was synthesized
in 11% yield by the reaction of 5-phenyloxazole 141
with cyclopentene 142 under microwave irradiation at
180°C. Presumably, the primary product was Diels—
Alder adduct 143 [139] (Scheme 28). Substituted
cyclopenta[c]pyridine 144 was synthesized in 93%
yield by cross-recyclization of fulvene 145 with
2H-azirine 146 in THF at 25°C [140].

6. SELECTIVE REDUCTION
OF THE CARBOCYCLE IN ISOQUINOLINE

The reduction of 1-chloroisoquinoline (147) with
hydrogen over palladium catalyst in benzene at 100°C
usually gives a mixture of isoquinoline (148) and
partially and completely hydrogenated isoquinolines
149-151 [141]. The hydrogenation of N-(isoquinolin-

1-yl)- and N-(isoquinolin-5-yl)acetamides 152 over
PtO, in CF;COOH at 60°C afforded a mixture of
partially hydrogenated derivatives 153 and 154
[142, 143] (Scheme 29).

5,6,7,8-Tetrahydroisoquinoline (150) was obtained
by treatment of compound 155 with SbFs in cyclo-
hexane or CF;SO;H at 25°C (yield 94 and 85%,
respectively) [144, 145]. The reduction of 155 with
hydrogen in the presence of RuH, in p-xylene at 80°C
under pressure (3 atm) gave 44% of 150 [146, 147]
(Scheme 30).

Selective reduction of the carbocycle in methyl
isoquinoline-5-carboxylate 156 hydrogen was achieved
in trifluoroacetic acid using platinum(IV) oxide as
catalyst; methyl 5,6,7,8-tetrahydroisoquinoline-5-car-
boxylate 157 was obtained in 58% yield [148].
1-Substituted isoquinoline 158 was selectively and
quantitatively hydrogenated to 5,6,7,8-tetrahydroiso-
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Scheme 29.

147 148, 14%

149, 24%

Ha, Pd | ~ | N
’ _N ¥ NH * _N* NH

150, 13% 151, 17%

H2 PtO,
N N

153, 45 or 59%

154, 11 or 20%

R =1-NHAc, 5-NHAc.

Scheme 30.
R
"N SbF, or CF5SOsH or Hy/Ru | ~
N N
155 150
R =H, OH.
Scheme 31.

COOMe COOMe

Hy, PtO,

N , PtO,—H,0, Hy, Pt
_—
N

156 157
Scheme 32.
OH O
Me Me
| X Phl, MeNH, X
—_—
PA N
MeNH
O
155 160

quinoline 159 with in the presence of Adams’ catalyst
under a pressure of 20 Pa [149] (Scheme 31).

Preliminary treatment of 5-hydroxy-3-methyliso-
quinoline 155 with iodobenzene and methylamine in
acetonitrile in the presence of CeCl;-7H,0 at 0°C af-
forded 94% of 3-methyl-7-(methylamino)isoquinoline-
5,8-dione (160) [150] (Scheme 32).

7. CHEMICAL PROPERTIES

Transformations of functionalized cycloalka[c]pyri-
dine derivatives can involve both functional substit-
uents and some positions in the pyridine ring and
carbocycle. In this review we consider only the first
steps of these transformations.

The alkylation of cycloalka[c]pyridines 161 with
alkyl halides 162 was regioselective, and the products
were corresponding sulfides 163. The reactions were
carried out in DMF in the presence of KOH or Na,CO;
[151-154] (Scheme 33).

3-Methylcycloalka[c]pyridine-4-carbonitriles 164
reacted with sodium azide in acetic acid to produce
58-61% of 4-(2H-tetrazol-5-yl)-substituted derivatives
165 [155]. Treatment of the same substrates with
50% aqueous hydroxylamine as nucleophile in boiling
ethanol led to the formation of N-hydroxy amides 166
in 5-57% yield [156]. Thioamides 167 were synthe-
sized in 73-94% yield by reaction of 164 with O,0-di-
ethyl hydrogen dithiophosphate in concentrated aque-
ous HCI at 80°C [156]. The oxidation of tetrahydro-
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isoquinoline 164 (n = 2) with hydrogen peroxide in
acetic acid at 70°C afforded 3-methyl-5,6,7,8-tetra-
hydroisoquinoline-4-carbonitrile 2-oxide (168,
yield 94%) [157] (Scheme 34).
3-Azidomethyl-5,6,7,8-tetrahydroisoquinoline-
4-carbonitrile (169) was obtained in 96% yield by
reaction of 2-(chloromethyl)-5,6,7,8-tetrahydroiso-
quinoline-4-carbonitrile (170) with sodium azide in

I. DYACHENKO, V. DYACHENKO

DMSO [158] (Scheme 35). 3-(Indol-3-yl)-1-(methyl-
sulfanyl)cycloalka[c]pyridines 171 were formed in
26-53% yield in the Fischer reaction of 3-acetyl
derivatives 172 with phenylhydrazine and zinc
chloride at 190°C under microwave irradiation [159]
(Scheme 35).

The alkylation of 3-methoxy-1-methyl-5,6,7,8-
tetrahydroisoquinoline (173) with p-bromophenacyl

Scheme 33.

CN
NS KOH
A NH
R

161

HIgCH,Z (162)

B ——

CN
/ | s _2
n \ N
R
163

n =1, 2; R = H, morpholin-4-yl, Me, piperidin-1-yl, pyrrolidin-1-yl, Ph, Pr; Hlg = Cl, Br;
Z =H, Alk, ArCO, Ht, CONH..

Scheme 34.
N—NH
!
HoN N
Z N2 o
[HN;] NH,OH
% | Me > % | Me
CN
n \ N n \ N
Me
165 = 166
n \ N
S NH, 164 N
P | Me (EtO),P(S)SH H,0,~AcOH P Me
XN AN N‘o
167 168
n=1-3.
Scheme 35.
CN CN -
"
_ | o _NaN;-DMSO _ | N
x> N X N
170 169
o) NH
(1) PhANHNH,, EtOH-AcOH ’/
= | Me (2)ZnCly, MW = |
n \ N n \ N
SMe SMe
172 171
n=1-4.
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Scheme 36.
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0%@

o COOEt
R __POCl; _ HSCH,COOEt _ S
o NH
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Scheme 37.
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X
=
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179

Scheme 38.

180

bromide in boiling acetonitrile gave 38% of N-sub-
stituted 5,6,7,8-tetrahydroisoquinolin-3(2H)-one 174
[160]. Treatment of 5,6,7,8-tetrahydroisoquinolin-
3(2H)-ones 175 with POCI; afforded the correspond-
ing 3-chloro derivatives 176 [161] capable of reacting
with ethyl 2-sulfanylacetate via replacement of the
chlorine atom with formation of sulfides 177 [162]
(Scheme 36).

Regioselective oxidation of 5,6,7,8-tetrahydroiso-
quinoline (150) to 6,7-dihydroisoquinolin-8(5H)-one
(178) was achieved using potassium permanganate
[163]. In the reaction of 150 with 2-iodylbenzoic acid
in THF, 70% of isomeric 7,8-dihydroisoquinolin-
5(6H)-one (179) was obtained [164, 165] (Scheme 37).

Tetrahydroisoquinolinium perchlorate 180 was
selectively hydrogenated over Raney nickel at 140°C
(10 MPa) to 2-(2-hydroxyethyl)-1-methyl-3-phenyl-
decahydroisoquinolinium perchlorate (181) [166]

= | o H,, Raney Ni o
N +N\/\OH +T\/\OH
Me  ClOz Me | ClOZ
181

HCOOH EtsN

ioh

(Scheme 38). The reduction of 7,8-dihydroisoquinolin-
5(6H)-one (189) with a mixture of formic acid and
triethylamine in the presence of ruthenium complexes
involved only the oxo group to give the corresponding
alcohol 182 in 96% yield [167] (Scheme 38).

8. CONCLUSION

Cycloalka[c]pyridine derivatives are extensively
and thoroughly studied due to their potential utility in
the design of materials for medical, agricultural, and
engineering purposes. At present, the synthesis of
alkaloids and their analogs containing a cycloalka[c]-
pyridine moiety as a structural unit is more advan-
tageous than their isolation from natural sources.

These reasons stimulate interest of researchers in
cycloalka[c]pyridine derivatives, as follows from
the increasing number of experimental studies in
relevant fields.
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