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The chemistry of heterocyclic compounds has traditionally been and
remains a bright area of chemical science in Russia. This is due to the
fact that many heterocycles find the widest application. These
compounds are the key structural fragments of most drugs, plant
protection agents. Many natural compounds are also derivatives of
heterocycles. At present, more than half of the hundreds of millions
of known chemical compounds are heterocycles. This collective
review is devoted to the achievements of Russian chemists in this
field over the last 15-20 years. The review presents the achievements
of leading heterocyclists representing both RAS institutes and
university science. It is worth noting the wide scope of the review,
both in terms of the geography of author teams, covering the whole
of our large country, and in terms of the diversity of research areas.
Practically all major types of heterocycles are represented in the
review. The special attention is focused on the practical applications
of heterocycles in the design of new drugs and biologically active
compounds, high-energy molecules, materials for organic electronics
and photovoltaics, new ligands for coordination chemistry, and many
other rapidly developing areas. These practical advances would not
be possible without the development of new fundamental trans-
formations in heterocyclic chemistry.

The bibliography includes 2237 references.

Keywords: heterocycles, azoles, thiophene, 2H-azirines, phthalo-
cyanines, natural heterocyclic compounds, organic peroxides, cross-
coupling, cycloaddition, annulation, condensation reactions,
multicomponent reactions, hypervalent iodine compounds, high-
energy-density materials, luminophores, photovoltaics, chemo-
sensors, organic electronics, organic photonics, medicinal chemistry.
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1. Introduction

Heterocyclic compounds are ubiquitous in nature, where they
are involved in key biochemical processes and also form the
basis of a significant proportion of medicinal compounds,
pesticides and plant growth regulators. Traditionally, this field
of chemistry has been associated with the design of energetic
materials. Heterocyclic compounds are used as photoactive
components in photovoltaic cells and as emitters in organic
light-emitting diodes (OLEDs). Recently, heterocycles have
been actively utitized as photocatalysts and photoinitiators in
organic synthesis. Heterocycles are confidently taking their
place in the design of polymeric materials, metal-organic
frameworks and starting materials for the manufacture of
sensors.

The chemistry of heterocyclic compounds has traditionally
been one of the most important fields of research in Russian
chemistry. A significant number of reactions bearing the names
of Russian chemists are related to the synthesis and
transformation of heterocycles. Examples include the reactions
of Chichibabin, Yuryev, Povarov, Trofimov and others. The
inexhaustible structural diversity of heterocyclic structures and
their properties remains a fertile ground for exploration research
and poses synthetic challenges for chemists. This review
highlights the achievements of Russian chemists in this field
over the last 15—-20 years and consists of chapters by leading
research groups from institutes of the Russian Academy of
Sciences and Russian universities.

The generalized studies closely intertwine the methodology
of organic synthesis, the search for biologically active
compounds and functional materials, and the analysis of
structure—property relationships. The main research focus of
Russian heterocyclic chemists is the development of an effective

methodology for the synthesis, functionalization and
transformation of heterocyclic systems, which, inter alia, opens
access to previously inaccessible structures. This area is
discussed in Section 2 of this review. Section 3 analyzes the
studies of the chemistry of natural heterocyclic systems and
their derivatives. We believe that this review, which has gathered
and analyzed a noticeable part of findings of Russian scientists
in the field of heterocyclic compounds in the 21st century, will
be useful to a wide range of chemists and specialists in related
fields.

2. Synthesis and transformations of synthetic
heterocyclic systems

2.1. SH-Reactions in the synthesis of fused
heteroaromatic systems

This Section reviews publications of the last decade on the
synthesis of fused heteroaromatic systems using nucleophilic
aromatic hydrogen substitution (SH reactions) and metal-
catalyzed cross-coupling reactions as complementary synthetic
methodologies for the introduction of (het)aryl substituents into
pyrimidines, pyrazines, furazanopyrazines and other hetero-
aromatic systems. The combination of these reactions provides
a branched scaffold decorated with (het)aryl substituents for its
subsequent transformation into heteroaromatic polycyclic
systems based on m-deficient azaaromatic compounds. This
opens access to fused heterocycles such as pyrimidines,
quinazolines, pyrazines, quinoxalines, furazanopyrazines and
indolopyrazines, as well as annulated 1,3-diazapyrenes obtained
through the intramolecular sﬁ reactions, the Scholl condensation
or photoinitiated cyclizations.
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The last decade has seen a marked increase in research
interest in polycyclic heteroaromatic structures, with applications
as advanced fluorescent materials and chemosensors, organic
light-emitting devices and semiconductors.!~7 As an example,
we can mention fused 1,3-diazapyrenes 2.1.1-2.1.3,2
electrophysical properties of which allow to consider them as
potential organic semiconductors.3

Structures 2.1.1-2.1.3

2.1.3

To construct such polycyclic systems, mono-, bi- or tricyclic
derivatives of azines, diazines or triazines are usually used as
starting compounds, with structures being successively modified
with aromatic or heteroaromatic substituents, thus creating a
branched carbon framework for the subsequent formation of
intramolecular C—C bonds between (het)aryl moieties.
Polycyclic compounds 2.1.1-2.1.3 were obtained from
5-bromopyrimidine via the following reaction sequence: the
Suzuki cross-coupling, double bromination of the aryl
substituent, the double Suzuki cross-coupling and, finally,
double intramolecular C—H/C—H-coupling of nucleophilic
biphenyl or hetarene substituents (thiophene, furan) with the

3 Herein, the compound number, indicated by an Arabic numeral, is
preceded by the number of the subsection in which its structure is
given.

OMe
MeO OMe

B(OH),
(0.9 equiv.),
Pd(PPh3), (0.05 equiv.),
K3POy (2.0 equiv.), MW,
1,4-dioxane, 165 °C, 30 min N X

Suzuki cross-coupling ”\ —

Ar—B(OH), (6.0 equiv.),
Pd(PPh3), (0.1 equiv.),
K3POy4 (5.0 equiv.), MW,
1,4-dioxane, 165 °C, 30 min

Suzuki cross-coupling

(50-60%)

OMe

pyrimidine ring, proceeding in the presence of ferric chloride,
which can be regarded as a kind of oxidative S processes
(Scheme 1).8

This Section consists of two parts. The first one comprises
metal-catalyzed cross-coupling reactions, oxidative and
elimination S¥ reactions, including C—H/C—H couplings, in
which intermolecular C—C bonds are formed between hetaryl
and aryl moieties, as well as their combinations, allowing the
creation of a carbon framework further transforming into a
polycyclic structure, are considered. In the second part, various
intramolecular cyclizations are highlighted, with a focus on
C—H functionalizations of (het)arenes using the methodology of
nucleophilic substitution of hydrogen, the so-called SK reactions,
which are becoming increasingly widespread, as reflected in
monographs® !0 and a series of review articles.!! 2!

2.1.1. Synthesis of aryl-substituted hetarenes
via the formation of intermolecular bonds

The combination of the palladium-catalyzed Suzuki—Miyaura
cross-coupling of 5-bromopyrimidine with thiophene-2-boronic
acid, which allows the introduction of a thiophene ring in the
5-position of the pyrimidine instead of a bromo atom, and Sk
reactions in the oxidative (AO) or eliminative (AE) variants,
which lead to the substitution of the hydrogen atom of the C—H
bond at the 4-position by a thiophene moiety as a C-nucleophile,
are very illustrative examples of the construction of C—C bonds
between the pyrimidine ring and thiophene fragments
(Scheme 2).14.22

The combination of palladium-catalyzed cross-coupling and
nucleophilic substitution of hydrogen reactions (the SX) proved
to be an efficient approach for the synthesis of a series of 4-(het)
aryl-, 4,5-di(het)aryl- (Scheme 3)® (Refs.22-24) and
4,5,6-tri(het)aryl-substituted pyrimidines (Scheme 4).2°

Decoration of the pyrimidine ring with two or three aryl
moieties and its subsequent modification by catalytic cross-
coupling reactions has brought our research group to the targeted
synthesis of n-conjugated push-pull systems and fine tuning of
the properties of organic dyes — potential photosensitizers for

b The asterisk at the end of the linkage indicates the site of attachment
of the moiety to the core.

Scheme 1
OMe
OMe Br OMe
NBS (5.0 equiv.),
OMe DMF, rt, 18 h
E—
Bromination

FeCl3 (4 equiv.),
CHClp, 11,24 h

Oxidative dehydrogenative
cross-coupling

(44-86%)
MW is microwave irradiation, NBS is N-bromosuccinimide



V.N.Charushin, E.V.Verbitskiy, O.N.Chupakhin, D.V.Vorobyeva, P.S.Gribanov, S.N.Osipov ef al.

6 of 348

Russ. Chem. Rev., 2024, 93 (7) RCR5125

\ Scheme 2
- D n
B(OH). I\
Br S
N Nl X S s
L Y
N/ Suzuki cross-coupling N CF3COOH
(55%)
N
LA
N / KaFe(CN)g—KOH, H,O | S (AO)
CF3C00~ SN (AE)
N|+\ KaFe(CN)g—KOH, H,0 NI = s~ ~B(OH),
kN = SN (A0) kN/ = Suzuki cross-coupling
I H
H S / S /
(80%) (75%)
R Scheme 3
N R HA NE S KeFe(CN)eKOH, H,0 N~ 3
L+ Het=H “Ladition L Oxidation L~
N NS THet N™ “Het
A (11-87%)
(48-80%)
HA = CF3COOH or BF;-Et,0, MeOH; R =H, Br,*/@, Z/ \, /[Q Z—Q ,
Br S S * S
s
o7 T s s7 Br +TNg” TBr F F F
R AN ﬂ ;\F? F@
S \ / * S * N * * * * *
N CFs CFs3
*, * CF3 F3C CF3
* N N N CF;3 CF;
Me |l| IIEt * * * * *
Scheme 4
RQB(OH)Z,
SNPZ S R
1) Z/ \S,Bu"u, -30t00°C Pd(PPhg)s, KCO3,
Br S 1,4-dioxane, H,0,
NI = 2) K3Fe(CN)g—KOH, H,0 N| MW, 170 °C, 20 min NI
kN/ = Sfireaction k = Suzuki cross-coupling k
S / R = H, CF3, BU!

(70%)

(98%) °

solar cells,20-28 as well as fluorophores that can be used as
sensors for the detection of nitroaromatic compounds.?®—3!
Push-pull fluorophores with the amide anchoring group are
exemplified by compounds 2.1.4—-2.1.6.26

A similar tandem of reactions of nucleophilic substitution of
hydrogen of the C(4)—H bond in 5-bromopyrimidine by the
action of phenols and the Sonogashira cross-coupling of the
resulting 4-aryl-5-bromopyrimidines with arylacetylenides,
carried out by Shcherbakov et al.,?? afforded 4,5-disubstituted
pyrimidines, which can further give rise to the corresponding
polycyclic compounds (Scheme 5).

Another common method for the construction of polycyclic
heteroaromatic compounds is the introduction of biphenyl
moieties into an azaaromatic ring, which is achieved by two
successive catalytic Suzuki cross-coupling reactions between

5-bromopyrimidine and appropriate arylboronic acids. Using
this approach, asymmetric 1,3-diazatriphenylene cores are
readily formed (Scheme 6).33

The regularities found in the preparation of diaryl-substituted
pyrimidines also apply to the processes of introducing (het)aryl
substituents into the pyrazine ring, including the formation of
the biphenyl moiety. Thus, the combination of cross-coupling
reactions and oxidative C—H functionalization allows to obtain
(het)aryl derivatives of furazanopyrazine (Scheme 7).34

Similar to pyrimidines, [1,2,5]oxadiazolo- and [1,2,5]-
thiadiazolo[3,4-b]pyrazines containing a biaryl moiety are
formed via the Suzuki cross-coupling reaction (Scheme 8).35-36

The combination of palladium(Il) acetate-catalyzed
Buchwald—Hartwig cross-coupling and the intramolecular
nucleophilic substitution of hydrogen in the pyrazine ring
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Structures 2.1.4-2.1.6

OH
1) MeSOgH, rt
N B 2) KaFe(CN)s, KOH, H0 N~ Xy BF
”\ Z " Sfireaction l _
N
(78-82%)

G2,

Scheme 5

@
2,

(73-82%)

@)

Pd(PPh)Cly, Cul, PPhs,

DIPEA, DMF, 60 °C,180 min N7 X

Sonogashira cross-coupling

N%
MeSO3H, rt k\ | @
Spiro-cyclization N @
(0]

(63-89%)
rt is room temperature,
DIPEA is diisopropylethylamine

F

ﬁjm c.ﬁ%rc.
O

e Nen
kel

Scheme 6

B(OH), B(OH),

le?m N\

D — e
Suzuki ”\ P Br Suzuki
cross-coupling N cross-coupling

proved to be the basis for the synthesis of indoloquinoxalines
(Scheme 9).37 An alternative to the intramolecular amination is
a sequence of steps in which the construction of indolo-
quinoxalines begins with nucleophilic C—N functionalization
through the intermolecular SL arylation of quinoxalines and
formation of a new C-N bond, and ends with the
Buchwald—Hartwig cross-coupling (Scheme 9).38

A similar process has been used for annulation of the indole
fragment to furazanopyrazines (Scheme 10).38

Scheme 7
1 Lewis acid,
,N\ N\ Ar oxidant (air) ,N\ N\ Ar
o _| _ + H-Ar? ——— O_ _ P
N N S\-reaction N N Ar2
(30—-83%)

OO0

oo LD LD, f@ FQ

r@

R =H, Et

The tandem SK—SH reactions can provide another approach
to fused polycyclic systems.? !0 For example, the cyclization
of 6,8-dimethylpyrimido[4,5-c]pyridazine-5,7-dione with di-
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Scheme 8

e

B(OH),

@ Ne
-l
Suzuk| N/

=
N cross-coupling N @
(47-96%)
Br Br *
Nl
B(OH),  B(OH),  B(OH) B(OH).
@ e0/©\OMe
OMe
B(OH) B(OH), B(OH), B(OH),
< ! oot
X ' ' e
B(OH)2 B(OH), B(OH),
F
F
X F F

aminoalkanes proceeds in the presence of a silver permanganate—
pyridine complex as the oxidant (Scheme 11).°

Nucleophilic substitution of hydrogen is efficiently carried
out in a tandem with ipso-substitution of good leaving
nucleofugal groups (S#*), as illustrated by the annulation of the
benzofuran moiety in the reaction of 5-methoxy-3-phenyl-1,2,4-
triazine with resorcinol (Scheme 12).40

Another example of the tandem S —S¥%*° reactions affording
benzo[3,2-d]pyrimidines is the oxidative combination of
5-bromopyrimidine with 4-substituted phenols, followed by the
intramolecular cyclization (Scheme 13).4!

2.1.2. Construction of polycyclic systems via the formation
of intramolecular bonds

Palladium-catalyzed arylation of C(sp?)—H bonds play an
important role in the construction of polycyclic heteroaromatic

Scheme 10

,N\ N\ a O,N\ N\
o = P~ Br N =
N N N N N\
(10-64%) Ar
Buchwald—\
Hartwig

cross-coupling
,N\ N\
o = = HN
N™ °N SAr

reaction
(a) Ar—-NH3(1.2 equiv.), Pd(OAc), (10 mol.%), PCy3 (20 mol.%),
K3POy4 (2.5 equiv.), PhMe, A, 40 h; Cy is cyclohexyl

Sfi-reaction

Scheme 11
o b
S G LT
)\ Ve H2N NH2 2 )\
Me
(25-80%)

(a) AgPy2MnOy4 (2.25 equiv.), rt, 5 days, n = 2—4; Py is pyridine

Scheme 12
N OH BF3-Et;0 (1 equiv.),
N™ rt, 3 days
/l Z
N DMF
OH
H H 0,
N,N @n N OH
)l\ Z OH )I\ =
Ph” N7 “OMe Ph” N7 O
(26%)

structures. Such reactions can be used both at the stage of
introduction of biaryl moieties into a heteroaromatic ring and for

Scheme 9
Pd(OAC),, 1) HCI-EtOH (1:10)
phosphine ligand, or CF3COOH
K3PO4 PhMe, A 2) O, (air)
Buchwald— SK-reaction
NH» Hartwig
cross-coupling
N =
SeatCi
NG Br X Pd(OAC),,
NaH,1,4-dioxane, phosphine ligand,
rt 24 h K3POy4, PhMe, A (10-72%) ==
SN reaction Buchwald-Hartwig

(25-63%)

cross-coupling
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Scheme 13 Scheme 16
OH
- Br 1) MeSO3H, rt, 30 min
N7 2) NHz (aq.) UV-light, 1, (1 equiv.),
l P + propylene oxide,
N PhMe, 20-70 h
R
Br
NI \ OH  koFe(CN)s (equiv), N~ =0,
k KOH (6 equiv.), H,0, ||\
N rt, 72 h
— HH N
(47-86%) R (74-82%) R
R = Me, Et, Pr
Seheme 14 (64%) (38%) (47%) (22%)

X,Y =Cl, Br, I, OTf;
Tf is trifluoromethane-
sulfonyl (triflyl)

the realization of intramolecular cyclizations and the formation
of heterotriphenylene systems (Scheme 14).

Examples of such processes include palladium acetate-
catalyzed intramolecular cyclizations of 4-(3,5-dibromo-2-
thienyl)-5-(het)arylpyrimidines proceeding under microwave
irradiation to give fused thieno- and dithienoquinazolines in low
yields, which are accompanied by the loss of two bromine atoms
(Scheme 15).4%43

Scheme 15

Pd(OAc); (10 mol.%),
PCyj3 (20 mol.%),
K,COg3 (3 equiv.),
MW, DMF,

185 °C, 10 min

(12%)

(23%)

(15%) (25%)

Higher yields of dithienoquinazoline derivatives are achieved
onusing a different, more efficient way of forming intramolecular
C—C bonds between thiophene rings through UV-catalyzed
oxidative photocyclization (Scheme 16).4

The next approach to the intramolecular formation of
1,3-diazatriphenylenes involves oxidative C—H/C—H coupling
between a biphenyl (or phenylbenzothienyl) substituent and the
NH-protonated pyrimidinium ring, which is realized in the
presence of FeCl; as oxidant (Scheme 17).33

N
LI L

Ar = Ph, benzo[b]thiophen-3-yl

Scheme 17

FeCls (4 equiv.),
H,S04 (1 equiv.),
CHCl3, rt, 24 h

(55%) OMe

(28%) (27%)

It should be noted that this synthetic approach has been
successfully used by Kumada et al.** to develop emitter materials
exhibiting a high-efficiency thermally activated delayed
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cl Scheme 18
S QL
5 Br B(OH), O FeClz (4 equiv.),
~ r Pd(PPh3)s, K3POy, Pd(PPh3)s, K3POy, H,S04 (1 equiv.),
)N|\ ?/ 1,4-dioxane, A J\f\ N 1,4-dioxane, A )N|\ N CHCIg, 1t, 24 h
= >~ Br =
RTON RN R7 N O
Cl

Me Me

Pd(OAC),, [BusPH]BF4, |
K,CO3, PhMe, A R)\N/ = | O
N

(62-88%)

Me

R=H, Me (12-50%) (91-95%) O Me
— 0
Scheme 19

H
N N N O N
N s CF3COOH NP N a N s
O\ — P o\ — _— O\ — O\ — P
+
N N = N N N ; N N = I N N =z N
: 7 Rn H \—an ) Rn

i Rn
X H N
CF3COO~ (56-95%) (69-96%)

(a) K3zFe(CN)g (2 equiv.), NaOH (4 equiv.), EtOH-H,0 (1:5), rt, 24 h;
Ry = H (73%), 4-Bu'(96%), 3,4,5-(OMe)3 (69%), 2-F (84%), 3-F (93%), 4-F (78%)

fluorescence (TADF) to be applied in organic sky-blue light- 1,4-diazatriphenylenes fused with the 1,2,5-oxadiazole ring.

emitting diodes (Scheme 18). This cyclization follows the ‘nucleophilic addition—oxidation’
Similarly, the intramolecular oxidative C—H/C—H  pathway, which is typical for the S¥ reactions, with the aryl

cyclization of biphenyl- substituted furazanopyrazines gives substituent playing the role of nucleophile (Scheme 19).33-46

@ @ Scheme 20
,NjN\ FeCls (8 equiv.), CHClg, rt, 10 h NeNa
o ST
N N/ /A Scholl cross-coupling N/ N/
r Ar
(7 examples)
—
N IS
AN
X
N
Et

(32%) (64%) (66%) Br
S
/N = N\ ,N = N\ N N N-— H
() (o) 7= ~
WEN P Et WEN P Et 0 Et
N N R =
N N N™ N
\)\Bu” \)\Bu” N\)\Bun
(85%) (88%) O

(60%)
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Arenonium cation pathway
Rl

Oxidant,
Lewis or
protic acid

—2H*, —2e”

Scheme 21

Radical cation pathway

An approach to 1,4-diazatriphenylenes based on the Scholl
reaction has been developed,*® which allows the formation of
the C—C bonds between (het)aryl substituents in disubstituted
1,2,5-oxadiazolopyrazines to be realized under oxidative
conditions (see Scheme 7 for the synthesis).>* Such polycyclic
compounds may be of interest as organic semiconductors
(Scheme 20).46:47

As for the mechanism of the C—C bond formation between
two donor hetaryl moieties, we believe that the cation-radical
reaction pathway is the most probable one (Scheme 21). In this
case, one of arenes bearing electron-donating substituents is
converted to a cation radical form that is activated to react with
nucleophiles. However, the pathway including the formation of
intermediate arenonium ions and their further involvement in
the formation of the C—C bond through oxidative C—H/C—H
coupling with aryl pendant substituents cannot be completely
excluded.

Cation-radicals can also be generated by chemical oxidants,
such as hypervalent iodine compounds PhI(OAc), (PIDA) and
PhI(OCOCFj), (PIFA), or electrochemically. An example is the
oxidative C—H/C—H coupling of thiophenes with phenols in
hexafluoroisopropyl alcohol (HFIP), and using an anode as the
oxidant (Scheme 22).48

Studies on the C—C bond formation between aryl rings via
oxidative C—H functionalization using hypervalent iodine
compounds as oxidants are highlighted in the review.* In
particular, PIFA is a suitable oxidant for the intramolecular
C—C coupling of aryl moieties in 4,5-diarylpyrimidines, which

R Scheme 22

SET @ Nu~ ~
> - —Nu
/

R is electron-donating group

OMe OMe
R BDD anode,
HFIP
R
—_—
u S But =
OH oH s/

SET is single electron transfer,
BDD anode is boron-doped diamond anode

Scheme 23

PIFA, BF3-OEt,,

N CHCly, .
| —40 °C, 15 min
=
N

R! R?

(5 examples)

R, R%, R%, R* = H or OMe

are converted into the corresponding dibenzo[ f,4]quinazolines
in 23—-88% yields (Scheme 23).50:31
The intramolecular cyclization of 2-phenylacetanilide into
N-acetylcarbazole is an example of the intramolecular C—N
bond formation mediated by the hypervalent iodine compound
as oxidant (Scheme 24).52
Scheme 24

PhiI(OACc); (1.1 equiv.)

HFIP (0.05 M), rt, 12 h
NHAc

|
Ac (81%)

In this Section we have briefly reviewed the main approaches
to fused aromatic systems by completion of their carbon skeleton
based on azaaromatic compounds, mainly 1,3-diazines,
1,4-diazines and their analogues. These methods include the use
of palladium-catalyzed cross-coupling and photocyclization
reactions of biaryl moieties and are implemented through
nucleophilic C—H functionalization of hetarenes and oxidative
C—-H/C—H coupling reactions, including those occurring
electrochemically at the anode. In selecting examples of the
C—C bond formation between two sp? carbon atoms in aromatic
systems, we have given preference to those cases where one of
the reactive C(sp?) sites has a pronounced electron deficiency or
a cationic (cation-radical) centre is generated in situ under
reaction conditions, creating the prerequisites for nucleophilic
C—H functionalzation through the S pathway.% 1 Less attention
has been paid to the formation of C(sp?)—C(sp?) bonds by
exploiting the C—H/C—H couplings between aryl moieties in
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Scheme 25
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3 examples) Alk
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electron-rich aromatic systems, e.g., in the synthesis of
polycyclic hydrocarbons (Scheme 25).333* Importantly, these
reactions require the presence of dichlorodicyanobenzoquinone
(DDQ) as an oxidant in the reaction mixture, in an amount
equivalent to the number of new C—C bonds. An excess of acid
is also required, in the presence of which DDQ is able to generate
cationic intermediates from arenes, which are first reduced to an
anion-radical and then to the dihydrogenated form
DDQ-H,.#-33:54 It should be noted that the presence of DDQ is
a feature not only of such cyclizations, but also of a wide range
of the S reactions.® 10

In conclusion, we note that the methods discussed above,
aimed at forming of new C—C bonds between (het)aryl moieties,
are now being successfully applied to the design of organic
semiconductors based on heteropolycyclic compounds, push-
pull fluorophores as sensitizers for solar cells, emitter layers for
organic  light-emitting diodes, chemosensors for the
determination of nitroaromatic compounds, and nonlinear
optical materials.*7-35-61

2.2. Metal-catalyzed activation of aromatic C—-H
bonds in the synthesis of polyfunctional
heterocycles

During the last decade, the functionalization of inactivated C—H
bonds by transition metal catalysis has been intensively
developed as an atom-economical and environmentally rational
method to construct complex organic molecules from simple

starting compounds. Numerous studies in this field have led to
the discovery of a series of catalytic systems based on complex
of trivalent rhodium, iridium and cobalt capable of selectively
activating aromatic C—H bonds under the chelating support of
certain directing groups (DG), mainly oxygen- and nitrogen-
containing ones. The resulting highly reactive organometallic
intermediates react readily with various electrophilic reagents to
give the corresponding C—H activation products. Various
unsaturated compounds such as olefins, acetylenes, aldehydes,
imines, isocyanates, sulfonic acid azides, diazo compounds, etc.
can act as electrophiles.62-64

At the same time, it is well known that organofluorine
compounds are now widely used in virtually all fields of science
and technology, including medicine and the production of new
materials. This is mainly due to the fact that the introduction of
fluorine atoms or fluoroalkyl groups into an organic molecule
significantly changes its physicochemical properties, often
leading to an increase in its lipophilicity, thermal and proteolytic
stability. In addition, fluorine atoms are able to form fairly
strong hydrogen bonds with adjacent functional groups, as well
as coordination bonds with metals.®

About 10 years ago we launched a project ° to study 2-diazo-
3.3,3-trifluoropropionate in the carbenoid C—H activation of
aromatic and heteroaromatic compounds catalyzed by trivalent
rhodium complexes. As a result, N-arylpyrazoles,%” 6-aryl-
purines,®® N-pyrimidyl-substituted indoles and indolines,%® and
arylhydroxamates 7" were found to be effective substrates for the
simultaneous selective introduction of two pharmacophore
groups (CF; and CO,Me) into the (het)arene molecule. The
pyrazole, purine or pyrimidine rings and the hydroxamate
functionality served as directing groups in this catalytic
transformation (Scheme 26). The catalytically active Rh!
species was easily generated from the available dimeric complex
[Cp*RhCl,], (Cp* is pentamethylcyclopentadienyl) by ligand
exchange with silver or cesium salts.

A new project aimed at developing efficient synthetic
approaches to fluorinated a-amino acids containing tethered
biologically important heterocyclic moieties, based on Rh'!-
catalyzed tandem C—H activation/annulation of (het)arenes
with functionalized acetylenes, was a follow-up study in the
field of aromatic C—H bond activation.

This Section presents the results of the synthesis of hetaryl-
containing o-amino acids, their functional derivatives and
analogues using the above catalytic strategy, as well as the use
of this approach in the design of new polyheteroaromatic
systems of the donor-acceptor type intended for use as potential
photoactive materials.

2.2.1. Synthesis of quinolone-, isoquinolone-
and isoquinolinine-containing a-amino acids

Among  nitrogen-containing  heterocyclic  compounds,
isoquinolones, their derivatives and structural analogues are
recognized as one of the most important basic elements
(scaffolds) in medicinal chemistry due to the abundance of their
motifs in a variety of bioactive molecules and natural
compounds.”!-73

At the same time, modern peptide-based drug design often
focuses on the selective modification of amino acid residues
with additional functional groups or known heterocyclic
pharmacophores to impart the desired properties.” Therefore,
fluorinated o-amino acids and peptides based thereon are of
particular interest because of their wide application in bioorganic
chemistry as selective enzyme inhibitors and biological tags, as
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MeOC™  CFs R = [Cp*RACL,],/Ag!(Cs); Pym is pyrimidyl
well as in medicine for the prevention and treatment of Scheme 27
hypertension, various types of allergies and a number of 0 [CP*RACl,],
oncological diseases.”” The development of methods for the Z N/OPiV CFs (3 mol.%)
synthesis of new members of the a-fluoromethyl-o-amino acids, R— H + ﬂ COzMe CsOAG
including those containing tethered pharmacophore heterocyclic ~ H HN—Pg (2 equiv.),
moieties, is attracting the attention of both fundamental and 222 2.2.1 TFE, 1t

applied researchers.

O-substituted aryl hydroxamates were found to be unique
substrates for tandem Rh'™-catalyzed C —H activation/annulation
reactions with various acetylenes, in which the hydroxamate
moiety can act as both a directing group and an internal
oxidant.”>77 Mechanistically, this redox-neutral cycloaddition
proceeds via the formation of a seven-membered rhodacyclic
intermediate (see below), which undergoes synchronous or
stepwise C—N bond formation and N—O bond cleavage, leading
mainly to NH-isoquinolones.”® Despite the significant advances
in the synthesis of functionalized isoquinolones, the development
of efficient methods for their preparation using acetylene
substrates remains an urgent task. It is also important to note that
this metal-catalyzed C—H activation/annulation strategy has not
yet been applied to the synthesis of hetaryl derivatives of amino
acids.

We have established for the first time that o-propargyl-a-
CF;-a-amino acids 2.2.1 are suitable acetylene components of
the Cp*Rh-catalyzed C—H activation/annulation of aryl-
hydroxamates 2.2.2 to give isoquinolone-containing derivatives
of a-amino acids 2.2.3.7° The reaction proceeds readily in
trifluoroethanol (TFE) at room temperature in the presence of
3 mol.% [Cp*RhCl,], complex and 2 equiv. of cesium acetate,
affording the expected [4+2] cycloadducts 2.2.3 in good yields
and with high selectivities (Scheme 27).

As a-aminophosphonic acids are important analogues of the
corresponding a-amino acids with unique biological properties,3°
we have shown that the conditions found can be successfully
used to react compound 2.2.2 with the readily available propargyl
derivative 2.2.4 to give a-CF;-a-aminophosphonates 2.2.5
(Scheme 28).8!

The unsymmetrical internal arylacetylenes 2.2.6, which are
part of the orthogonally protected o-CF;-a-amino acid, may
also be involved in this catalytic transformation.? In this case, it
was of interest to investigate the selectivity of the [4+2]
annulation and to determine the synthetic potential of the

Examples of product

Pg = Boc:

R =H (70%), Me (61%),
NO, (73%), CF3 (65%);

Pg = Cbz:

R = H (75%), Me (64%),
NO; (80%), CF3 (66%)

Pg = Cbz, R = NO,

Piv is pivaloyl, Pg is protective group, Boc is tert-buthoxycarbonyl,
Cbz is benzyloxycarbonyl

Scheme 28
0 C
) F3
_OPiv
N, T fROoE), —
HN—Cbz
R
2.2.2 2.2.4
[CP*RNCl,], (3 mol.%) CF3
CsOACc (2 equiv.), P(O)(OEt),
TFE, 1t NH—Cbz

225

R = H (59%), Me (75%), NO, (76%), CF3 (65%)
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Scheme 29 (0] Scheme 31
CF3
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[Cp*RNCl5]» (3 mol.%) R2 Z COo,Me
CsOACc (1 equiv.), NH-Pg
TFE, rt
W g2 Yield 2.2.8 (%) O
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" ) Yield 2.2.7 (%) g g Rl 298
Pg = Boc Pg=Cbz u : ;g gg
e
H H 71 73 OMe H 70
Me H 81 69 H NO, 79 79
OMe H 79 88 Me NO, 82
H NO, 84 79 OMe NO, 88 94
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Me CF; 89 70
OMe CF3 90 82 _ . p2_pl_ . . L. . . .
Pg=Boc; R =R"=H 1-OTf-substituted isoquinolines 2.2.8 in high yields

resulting cycloadducts. The catalytic conditions found for
terminal acetylenes were found equally effective for
arylacetylenes 2.2.6. These reactions afford the corresponding
isoquinolones 2.2.7 in high yields (Scheme 29).

The high selectivity of the [4+2] annulation is probably due
to the insertion of the acetylene component 2.2.6 into the five-
membered rhodacyclic intermediate A according to the intrinsic
polarity of the triple bond (Scheme 30).

Scheme 30
*
[Cp*RNhCly]; o
CsOAc _OPiv
CO,Me N
H
222
Cp*Rh"(OAC), \\
o}

3

CF
& CO,Me
s+  NH-Pg

Ar 2.2.6

As isoquinolines are key structural elements of many
biologically active compounds, including drugs,®3-%5 we have
explored the synthetic potential of isoquinolones 2.2.7. It was
found that these compounds can be readily aromatized to
isoquinolines by treatment with trifluoromethanesulfonic acid
anhydride in the presence of pyridine. The reactions proceed
smoothly in dichloromethane at room temperature and are
completed within 15 minutes to furnish the corresponding

(Scheme 31).

The known pseudohalogen nature of the TfO group made
possible Pd-catalyzed cross-coupling reactions. It was found
that isoquinoline derivatives 2.2.8 can undergo Suzuki reactions
with 4-methoxyphenylboronic acid and Sonogashira reactions
with phenylacetylene under standard conditions to give the
corresponding combination products 2.2.9 and 2.2.10 in good to
high yields. Also, the OTf group has been successfully removed
in the presence of catalytic amounts of PdCl,(dppf) (dppf is
diphenylphosphinoferrocene) and excess formic acid to give
isoquinolines 2.2.11 unsubstituted at the 1-position in acceptable
yields (Scheme 32).

While further investigating the limitations of the C—H
activation/annulation strategy in the synthesis of o-amino acid
derivatives containing tethered hetaryl substituents, it was
unexpectedly found that changing the structure of the acetylene
component can alter this catalytic process route. Thus, moving
the bulky amino acid (AA) moiety [-C(CF;)(CO,Me)(NH-Pg)]
one methylene group closer to the triple bond in the
internal acetylene 2.2.12 (i.e. R—C=C-AA instead of
R—-C=C-CH,-AA) induces an unusual process involving a
cascade of C—H activation/Lossen rearrangement of the aryl
hydroxamate moiety and subsequent cyclization.3¢ The reaction
gives 2-quinolones rather than the expected isoquinolones
2.2.13’, the traditional products of [4+2] cycloaddition. The
highest yields of quinolones 2.2.13 were obtained in the reaction
of arylhydroxamates 2.2.2 with a-(arylethynyl)-a-amino-
carboxylates 2.2.12 in the presence of the same catalytic system
(3 mol.% [Cp*RhCl,], and 2 equiv. CsOAc) in methanol at
room temperature (Scheme 33).

However, if the starting hydroxamates contain electron-
withdrawing (EWG) substituents such as NO, and CF; in the
para-position of the aryl moiety, the Lossen rearrangement is
completely inhibited. In this case, the reaction reverses direction
to form the usual [4+2] annulation products, isoquinolones
2.2.14 (Scheme 34). Moreover, minor amounts of tricyclic by-
products 2.2.15 were detected in the reaction mixture, resulting
from the subsequent intramolecular cyclization of product
2.2.14 involving the Cbz group. Increasing the reaction
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OMe Scheme 32
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__________________________ Scheme 33
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Examples of product H

Rl =H: R?=H (77%),
Me (58%), OMe (70%);
CO,Me R!=Me:R?=H (78%),
N Me (90%), OMe (83%);
NH-BoC i OMe: RZ= H (64%),
Me (85%), OMe (84%)

R = H: R2 = H (73%),

Me (50%), OMe (66%); R
R! = Me: R? = H (71%),

Me (70%), OMe (69%);
R! = OMe: R? = H (84%),

Me (79%), OMe (83%)

Pg = Boc (73%),
Cbz (55%)

temperature to 60 °C leads to the complete conversion of  atom much more actively than in the case of the para-nitro
compounds 2.2.14 into tricycles 2.2.15. derivative, leading to N—O bond cleavage to give an isocyanate

Density functional theory (DFT) calculations revealed that ~ moiety. At the same time, the presence of a hydrogen bond
the more nucleophilic aromatic carbon atom of the keto group of ~ between the amide proton and the pivalinate oxygen atom
the para-methyl-substituted intermediate B attacks the nitrogen (Scheme 35, see Intermediate B) is an additional factor
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pi
. /O iv
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COMe (R =EWG)
2
FsC NH-Pg
path a
(R = EDG)

EDG is electron donating group

contributing to the N—O bond cleavage. The presence of a
methylene group between the triple bond and the amino acid
centre changes the geometry of the molecule so that the
formation of the hydrogen bond becomes unfavourable. In this
case, no rearrangement products were detected.” A plausible
reaction pathway explaining the different variations of skeletal
rearrangements depending on the electronic nature of the
substituents is illustrated in Scheme 35.

2.2.2 Scheme 35
(0]
|}l/ S—But
Rh—g
R | ©
Cp*
?Piv A
_Rh-Cp*
CO,Me
NH-Pg 2.2.12
CF3

2.2.2. Synthesis of pirimido[1,6-a]indolone-containing
a-amino acids

Our further studies have been focused on the development of
synthetic approaches to fused indole derivatives such as
pyrimido[1,6-a]indolones, which contain a fluorinated a-amino
acid moiety. The interest in these compounds stems from the
fact that this structural motif is part of many bioactive natural
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R N N % CO,Me [Cp*RhCl,], (1.5 m‘ol.%)
0 ~OPlY NH-Pg Ci/lct)ach,( (r)f,s oh >
2216 H 221

compounds as well as pharmaceuticals.®’ 8% It is well known
that chemical modification of peptides is widely used in biology
and medicine, including the study of biological functions of the
organism, as well as the diagnosis and treatment of various
diseases. We have synthesized, for the first time, a-amino acids
decorated with a pharmacophore pyrimidoindolone ring and
demonstrated the fundamental possibility of introducing such
motifs into peptides.?®

Using the above strategy for the model reaction of
N-pivaloyloxyindol-1-carboxamide (2.2.16) with a-propargyl-
a-trifluoromethyl-a-aminocarboxylate (2.2.1), the optimum
conditions (1.5 mol.% [Rh], 0.5 equiv. CsOAc, MeOH, 20 °C,
2 h) were selected, which provided the maximum conversion of
the starting compounds and the best yield of the heterocyclization
product 2.2.17. These conditions were found to be common to a
number of indole derivatives 2.2.16 resulting in a series of
corresponding pyrimido[1,6-a]indolones 2.2.17 in high yields
(Scheme 36).

Similarly, pyrimidoindolone-substituted o-aminophospho-
nates 2.2.18 have been synthesized using the propargyl
derivative 2.2.4 (Scheme 37).

In order to demonstrate the fundamental possibility of using
the catalytic C—H activation/annulation reaction in peptide

Ry , = fPooen, .
O)\N/Opiv

NH-Cbz
)
2216 H

Scheme 37

224

[CPp*RhCly], (1.5 mol.%)

CsOAc (0.5 equiv.),
MeOH, rt #'
2.2.18

R = 8-H (71%), 5-Me (79%), 6-Me (70%), 8-Me (76%), 8-Cl (66%)

P(O)(CEY),
NH-Cbz

Pg = Boc (76%), Cbz (62%)

Pg = Boc (88%),
Cbz (81%)

Pg = Boc (70%), Cbz (65%)

COMe Pg = Boc (70%),
! NH-Pg Cbz (48%)

synthesis, the propargyl-containing dipeptides 2.2.19 were
prepared. The two-step synthesis involved saponification of
ester 2.2.1 followed by reaction with alanine and phenylalanine
esters in the presence of carboxyl group-activating reagents. The
resulting dipeptides 2.2.19 were further reacted with indole
derivatives 2.2.16. The same catalytic conditions were found to
be suitable for the synthesis of target peptides 2.2.20 with a
tethered pyrimidoindolone moiety (Scheme 38).

Scheme 38
CF3 CF3
= come swkon o f-coon .
NH-Cbhz  MeOH. H0 NH-Cbz
2.2.1 (91%)
R _
cl = CFs H
HsN CO;Me N CO-Me
——————— Cbz-HN N2
DCC, HBTU, z
DMF (@] R
2.2.19
% R = Me (36%), Bn (65%)
N
A _opiv
o7y
(2.2.16) H

[Cp*RhCly], (1.5 mol.%),
CsOAc (0.5 equiv.),
MeOH, rt, 2 h

o &
R = Me (77%), Bn (62%); dr=1:1

DCC is dicyclohexylcarbodiimide, HBTU is hexafluorophosphate
(benzotriazol-1-yl)tetramethyluronium, dr is diastereomeric ratio

2.2.20

2.2.3. Synthesis of spirocyclic proline derivatives

Nitrogen-containing spirocyclic compounds are an important
class of heterocycles with unique properties. The introduction of
such motifs into an organic molecule usually significantly alters
its physicochemical and biological properties by imparting high
rigidity and unusual 3D geometry. In addition, the formation of
spirocycles is often used as a reliable approach to more active
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structures in the search for potential drugs.”!~?3 Heterocyclic
spiro moieties, in particular azaspiro[4.4]nonane, are widely
represented in natural compounds and in synthetic bioactive
molecules that exhibit important pharmacological and pesticidal
properties.”* 3 Therefore, the development of efficient synthetic
approaches to functionalized azaspiro[4.4]nonanes, including
derivatives of a-CF;-containing spiroprolines, is a challenging
task of modern organic chemistry.

As shown above, Cp*Rh' catalytic systems are good
catalysts for the tandem C—H activation/annullation reaction of
(het)arenes with various acetylenes under the chelating support
of certain DGs. The outcome of the annulation depends on both
the structural features of the heterocyclic substrate and the
arrangement of functional groups in the acetylene unit.
Heterocyclization can also be significantly affected by the DG
structure. Thus, by replacing the acyclic hydroxamate DG, we
found for the first time that the pyrrolidine ring can act as a DG
in the ortho-metallation of the benzene ring in the structure of
the readily available CF; derivative of dehydroproline 2.2.21.%¢
Here, the Rh"-catalyzed C—H activation of substrate 2.2.21 by
symmetrical tolan derivatives 2.2.22 is accompanied by
spirolization, leading to the diastereoselective formation of the
corresponding spiroprolinates 2.2.23 in acceptable yields.”?
After careful screening of catalytic systems, additives,
temperature regime and solvents, the optimum conditions were
determined by heating 5-phenyldehydroprolinate 2.2.21 with
1.1 equiv. of alkyne 2.2.22 at 80°C in dichloroethane (DCE) in
the presence of 5 mol.% [Cp*RhCl,],, 0.3 equiv. AgOTf and
0.5 equiv. Cu(OAc), for 16 hours (Scheme 39).

Based on literature data®® and our findings, we have
proposed a plausible mechanism for this catalytic transformation.
The initially inert dimeric rhodium complex [Cp*RhCl,], is
readily converted into the catalytically active form
Cp*Rh(OAc) by dissociation and sequential ligand exchange.
Next, the C—H bond of the benzene ring is ortho-metallated to
form the rhodacycle A with the chelate support of the nitrogen

FsC Scheme 39
o
MeO,C N 5

2291 R [CP*RNCI],, (5 mol.%),

. AgOTTf (0.3 equiv.)
Cu(OAc), - H,0 (0.5 equiv.),
R O = O R DCE, 80°C, 16 h
2.2.22

H: Rl = H (75%), OMe (57%)
Me (65%), NO5 (63%),
CF; (51%), F (73%);

QO
O Q

R2 = Me: Rl = H (70%),
OMe (52%), Me (56%);
R? = OMe: R = H (65%),
OMe (43%), Me (58%);
Rl R?=NO,: R!=H (60%),
OMe (59%), Me (68%)

Scheme 40
[Cp*RNCl,], + AgOTf + Cu(OAc),

QO AgCl .

MeO,C N
2.2.21

MeOZC

2.2.23

[Cp*Rh"OAC]

atom of the dehydropyrrolidine 2.2.21, after which the triple
bond of the attacking tolan 2.2.22 is selectively inserted into the
C—R bond to give the seven-membered intermediate B. The
vinylrhodium moiety in intermediate B is then bound
intramolecularly to the C=C bond of the pyrrolidine ring to
generate intermediate complex C. Finally, protonolysis leads to
the cleavage of the N—Rh bond to afford the product 2.2.23 and
an active rhodium species intended for a new catalytic cycle
(Scheme 40).

This reaction is the first example of aromatic C—H bond
activation in which the dehydroproline moiety acts as a DG.

2.2.4. Synthesis of polyheteroaromatic donor-acceptor
molecules

Polyheteroaromatic compounds containing n-conjugated donor-
acceptor (D—A) bonds have unique electrochemical and
photochemical properties that have led to their application in
organic electronics and as components of luminescent
materials.’%- 191 During the last decade, various electron-
deficient (hetero)aromatic compounds have been widely used as
acceptor building blocks in the development of advanced
functional materials. Among such compounds,
2,1,3-benzothiadiazole derivatives (BTDs) are considered to be
privileged ‘building blocks’ for various optoelectronic
devices,!?? including organic light-emitting diodes (OLEDs),!%
field-effect transistors,!%* solar cells,!%5 and various luminescent
materials.!% Due to the unique properties of the fluorine atom,
fluorinated benzothiadiazoles (FBTDs), such as
5,6-difluorobenzothiadiazole and 5-fluorobenzothiadiazole,
have attracted particular attention. The introduction of a fluorine
atom into the acceptor moiety generally lowers the levels of the
highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals in conjugated D-A molecules, thus improving
the photophysical performance of optoelectronic materials. 97109
Based on studies of the Cp*Rh'-catalyzed C—H activation/
annulation  involving  N-(pivaloyloxy)benzamides  and
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functionalized acetylenes, we have proposed an efficient method
for the synthesis of polyheteroaromatic m-conjugated donor-
acceptor systems intended to create new photoactive
molecules.!'% 1" The general concept of assembling such
structures is illustrated in Scheme 41.

We have previously developed a convenient approach to
BTD-containing terminal acetylenes 2.2.24, based on a sequence
of two Pd-catalyzed cross-coupling reactions (Suzuki and
Sonogashira  reactions) from commercially available
1,7-dibromo-2,1,3-benzothiadiazole and 1,7-dibromo-5,6-
difluoro-2,1,3-benzothiadiazole, which is readily formed from
the corresponding difluoro-substituted o-phenylenediamine
using a known procedure.'?

The hetarylacetylenes 2.2.24 proved to be suitable
components for coupling with arylhydroxamates 2.2.2: under
the catalytic conditions previously proposed, they provided gave
good yields of a series of isoquinolones 2.2.25. The latter, when
treated with trifluoromethanesulfonic anhydride, were readily
converted into  TfO-substituted isoquinolines  2.2.26
(Scheme 42).

Compounds 2.2.26 were also subjected to the Suzuki reaction
with arylboronic acid derivatives to ‘install’ donor units
traditional for optoelectronics, such as diphenylamine, carbazole
and dibenzoazepine moieties, in their structure.!'3-115 In all
cases, the reactions proceeded smoothly under standard
conditions using 5 mol.% of Pd(PPh;),Cl, complex to give the
target D—A systems 2.2.27 in high yields (Scheme 43). The
resulting products were fully characterized by modern
physicochemical methods including X-ray diffraction analysis.

The study of Pd-catalyzed cross-coupling reactions revealed
an interesting fact. 5,6-Difluoro-BTD-containing triflate 2.2.26
reacted with equimolar amounts of arylboronic acid to give a
mixture of the expected compound 2.2.27 and the unusual C—F
activation product 2.2.28 (see!''°~118) in approximately equal
proportions. When the arylboronic acid loading was increased to
2.5 equiv., the reaction was completed to give only compound
2.2.28 (Scheme 44).

However, replacement of ArB(OH), with ArBPin allows
selective formation of the cross-coupling products 2.2.27 (X=F)
in good to high yields. Such products can be further used to
insert another donor component (Ar?) into the D-A system via
Pd-catalyzed C—F activation ' with the appropriate arylboronic
acid (Scheme 45).

The fluorine atom closer to the isoquinoline ring, which in
this case acts as a DG, is exclusively substituted. The mechanism

[Cp*RNCI5], (3 mol.%)

CsOAc (2 equiv.),
MeOH, rt

OTf

TH,0, Py
—_—
CH,Cl,

OMe

2.2.26

X = H: R= H (37%), Me (77%), OMe (48%), CF5 (65%);
X = F: R = H (85%), Me (35%), OMe (80%), F (65%), CF3 (97%)

X = H (37%),
F (90%)

of C—F activation probably involves the initial formation of
palladacycle A,'?0 which then undergoes ligand exchange with
sodium bicarbonate to generate the intermediate complex B.
The transmetallation reaction with arylboronic acid then occurs,
followed by reductive elimination to afford product 2.2.28 with
the release of the active species for a new catalytic cycle
(Scheme 46).

The observed difference in reactivity between ArBPin and
ArB(OH), is probably due to the fact that the rather rigid
structure of the palladacycle A formed after oxidative addition
prevents the more sterically demanding (compared to arylboronic
acid) tetramethyldioxaborolane from being involved in the next
transmetallation step of the catalytic cycle.

Also, the resulting monofluorinated structures can be further
modified by nucleophilic aromatic substitution of the remaining
fluorine atom,'2!-22 allowing an additional donor or acceptor
group, such as a carbazole ring or CN, to be introduced into the
molecule (Scheme 47).

The developed strategy demonstrates for the first time the use
of a combination of Rh-catalyzed C—H activation/annulation
tandem reaction in the synthesis of novel benzothiadiazole-
based luminophores.!'% 1!l This method provides access to a
diversity of photo- and electrochemically active compounds
designed as donor-acceptor m-conjugated systems. The
photophysical properties of such materials are currently being
actively explored. Preliminary results suggest that a small
variation of the substituent at certain positions of the D-A
molecule allows to change the bandgap width and the



V.N.Charushin, E.V.Verbitskiy, O.N.Chupakhin, D.V.Vorobyeva, P.S.Gribanov, S.N.Osipov ef al.
20 of 348 Russ. Chem. Rev., 2024, 93 (7) RCR5125

Scheme 43

ArB(OH), or ArBPin
D — e

Pd(PPh3),Cls,
NaHCOs3,
dioxane, H,O

X = H, Rl = H: R? = OMe (97%), carbazol-9-yl (94%),
NPh;, (87%); X = F, Rl = H: R? = carbazol-9-yl (61%),
NPh;, (62%); R! = carbazol-9-yl: X = RZ=H (94%);

5 X =F, R = CF3 (68%);
X =F, R“=H (62%) X = H: R = CF3 (87%), Me (84%),
OMe (88%), H (84%) B,Pin, is bis(pinacolato) diboron
R Scheme 44
R
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B(OH),

N R = carbazol-9-yl (65%),
Pd(PPh3):Cl, (5 mol.%),  F5C OMe (98%), NPh, (71%)

NaHCOg;, dioxane, H,O

R OMe

Scheme 45
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Examples of product

R = OMe (89%), carbazol-9-yl (91%), R = OMe (79%), carbazol-9-yl (63%) (75%)
NPh; (90%)



V.N.Charushin, E.V.Verbitskiy, O.N.Chupakhin, D.V.Vorobyeva, P.S.Gribanov, S.N.Osipov ef al.

Russ. Chem. Rev., 2024, 93 (7) RCR5125 21 of 348
2.2.28 2.2.27 Scheme 46
L,Pd°
reductive oxidative
elimination addition
RZ
T
OMe
trans-
NaB(OH)3HCO3 metallation NaHCO;
NaF
= F3C
o
R? Na*
L is ligand B OMe
Scheme 47
OMe
N  FsC
H (3 equiv.)
AY
N %
FsC (10 equiv.),
DMF, 150 °C

2.2.29 (76%)

luminescence properties of the compound. The direction of the
intramolecular electron transfer can also be changed, indicating
the great potential of this method for creating optoelectronic
devices with specified properties.

In general, novel hetaryl-containing a-amino acids and their
functionalized derivatives,’®81-82.86.90.97 and also unique donor-
acceptor polyheteroaromatic systems can be efficiently
synthesized based on the tandem C-H activation/annulation
reaction catalyzed by trivalent rhodium complexes.!'!0-!11
Undoubtedly, these compounds are to attract the attention of
researchers working both in the search for new bioactive
substances and in the chemistry of innovative materials.

2.3. Functionalization of pyrroles to design
annulated N-heterocycles: how and why?

Pyrrole is a privileged aromatic heterocycle, which is a key
component of physiologically important natural compounds
such as chlorophyll, haemoglobin, pigments, vitamins, alkaloids.
The pyrrole scaffold is found in the structure of many drugs,

2.2.30 (50%)

functional polymers (both optical and electronic), gas sensors,
etc.

The pyrrole ring benefits from its high reactivity: it can be
casily functionalized both at the a-position and at the nitrogen
atom. In organic chemistry, functionalized pyrroles represent an
important class of versatile ‘building blocks’ for the targeted
design of a diversity of compounds and materials with desired
properties. They are used to create new drugs, pheromones,
toxins, cell division inhibitors and immunomodulators.

At the same time, it should be noted that most natural
molecules containing azaheterocyclic scaffolds are represented
by annulated heterocyclic systems, i.e. rigid frameworks that
allow retaining the spatial mutual arrangement of atoms for the
implementation of the key-lock principle, which is important in
nature. Therefore, the development of modern approaches to
annulated heterocycles remains an extremely relevant task on
which synthetic chemists around the world are concentrating
their efforts.

This Section summarizes the work carried out at the
A.E.Favorsky Irkutsk Institute of Chemistry, Siberian Branch of
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the Russian Academy of Sciences, on methods for the synthesis
of annulated pyrrole-containing  heterocycles  using
functionalized pyrroles as ‘building blocks’.

2.3.1. Functionalization of pyrroles

Based on the reaction of ketoximes and acetylene in the
KOH-DMSO superbasic system (Trofimov reaction), a
synthetic approach to a wide range of a,B-substituted pyrroles
has been developed.'?? It is also possible to obtain pyrroles by
replacing  acetylene  with  its  synthetic  analogue,
1,2-dichloroethane.!2*

One of the most versatile synthetic moieties in an organic
molecule is the aldehyde functionality, which can be involved in
a wide range of transformations. The classic way to introduce a
formyl group is the Vilsmeier—Haack reaction, which has been
used for the formylation of N-vinylpyrroles 2.3.1 to give
N-vinylpyrrole-2-carbaldehydes 2.3.2. This reaction can be
carried out either in a DMF—POCI; (see '2%) system or, under
milder conditions, in a DMF—(COCI), mixture (Scheme 48).126

Scheme 48

Rlib\/o

2
R 1) DMF-POCI; or DMF—(COCI),,
CH,Cly, —78 °C — 20-25 °C,

Rlﬂ 40 min

N 2) AcONa, H,0, 2025 °C, 30 min
231 & 2.3.2K
(56-88 or 48-97%)

R =H, P, Ph, 4-EtCgH,, 4-MeOCgH,, 2-Naph, 2-Th:

Ly
R2 = H, Me, Et, Pr"; R1-R? = (CHy)a, S—
Naph is naphtyl, Th is thienyl

N-vinylpyrrole-2-carbaldehydes initially appeared to be
promising ‘building blocks’, but it was later revealed that the
vinyl moiety reacts only by a radical mechanism,!?”-128 whereas
the aldehyde moiety needs electrophilic activation.'2°~132 This
allowed us to easily direct the transformations of compounds
2.3.2 via either the aldehyde or vinyl moiety, but we were unable
to get both groups to react simultaneously.

Allenic compounds are well known in organic and
pharmaceutical chemistry and are characterized by reactions
under the same activation conditions as the aldehyde group (and
sometimes no activation is required due to their high reactivity).
The method of introducing an allene moiety into the pyrrole ring
using various reagents (propargyl chloride, 2,3-dichloro-1-
propene or 1,2,3-trichloropropane) was described by
B.A.Trofimov and co-workers.!33

The combination of above two methods described led to the
development of a method for the selective preparation of a wide
range of N-allylenylpyrrole-2-carbaldehydes 2.3.3 from
N-allylenylpyrroles 2.3.4, which became available after the
discovery of the propargylation of NH-pyrroles 2.3.5
(Scheme 49).134

The process was mostly selective, however, formylation of
N-allylenyltetrahydroindole 2.3.4a, in addition to the target
N-allylenyltetrahydroindole-2-carbaldehyde =~ 2.3.3a,  gave
annulated tetrahydropyrido[1,2-aJindole 2.3.6 in a 1:1 ratio
(Scheme 50).

Another important ‘building block” used to construct
annulated heterocycles was 2-hydroxymethylpyrrole 2.3.8
obtained through the reduction of NH-pyrrole-2-carbaldehyde
2.3.7 (Scheme 51).135

Scheme 49
R? 1) KOH, DMSO, 2025 °C, 45 min
J\ 2 7N 28-30 °C, 20 min
1
R N~ 3)KOH, 35-40 °C, 20 min
H
2.3.5
R2 1) DMF—(COCI), CH,Cls, R?
—78°C— 20-25 °C,
/ \ 50 min ]\ o)
—> Rl Rl VY
N 2) AcONa, Hzo, ) N
20-25 °C, 20 min k
N q

2.3.4 (60-88%) 2.3.3 (29-91%)

R!=Bu", Ph, 4-MeCgHy4, 3-MeOCgH,, 4-MeOCgH,, 4-CICgH4,
4-BrCgHg, 2-Naph, 2-Th; R2=H, Pr";

Ry
RI-R?= (CHy)s, CQ_
J T\ D DMF-(COCh CHCh,
—78 °C — 20-25 °C, 50 min

Nk 2) AcONa, H,0, 20-25 °C, 20 min
N

c
234a

q%\/’
N

NS
Cx

Scheme 50

2.3.3a (29%) 2.3.6 (27%)

R? Scheme 51

1) DMF—(COCI),, CH,Cly,
]\
RID

—78 °C — 20-25 °C, 40 min
N 2) AcONa, H,0, 20-25 °C, 30 min
H

R2
NaBH,, EtOH
- bv — 1/U\/OH
20-25 °C, 16h R N
H

2.3.7 (~99%) 2.3.8 (79-97%)
Rl= Ph, 4-MeCgHjy, 4-EtCgHy4, 3-MeOCgHy4, 4-MeOCgHj,, 4-CICgHy,

Ny
4-BrCgHa, 4-FCgHa, 2-Naph, 2-Th; R? = H: R-R? = CQ_

The reaction of pyrroles 2.3.5 with carbon disulfide and
ethyliodide in the KOH-DMSO system followed by treatment
of the intermediate pyrrole-2-carbodithioates 2.3.9 with
methylene-active nitriles (malononitrile or cyanoacetamide) in
the same system gave 2-(2-cyanoethyl)pyrroles 2.3.10
(Scheme 52).136.137

Cross-coupling of pyrroles 2.3.5 with electrophilic
haloacetylenes in solid oxides and metal salts gave
2-(acylethynyl)pyrroles 2.3.11 (Scheme 53). This reaction was
the first example of ethynylation of pyrroles in the absence of
palladium and copper, and also base and solvent.!38-140
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Scheme 52
R2 R2
1cs, 1) NCCH,X
f \ 2) Etl J o\ SEt 2)Etl
RS\ komomso R Oy KOH-DMSO
H H S
235 - 2.3.9
/ \sEt

Rl =H, Pr", Bu", Ph;
R?=H, Et, Pr";

X RI-R? = (CHy)s;

X = CN, C(O)NH,

— RNy |
H

NC
2.3.10 (48-91%)

R2 Scheme 53
TN, e o
Rl *Br—X
H R3 20-25°C,1h
2.35
RZ

R1=H, Ak, Ar, Het;

J \ R%=H, Al;
3 .
— Rt =~ 0 R®° = Ph, 2-Fu, 2-Th;
” = Fu is furyl

2.3.11 (55-94%) R®

2.3.2. Synthesis of annulated heterocyclic systems

Pyrrolopyrazines are important nitrogen-containing heterocyclic
moieties in organic and pharmaceutical chemistry. Due to their
unique properties and practical applications, pyrrolopyrazine
derivatives have been studied for several decades.

The pyrrolopyrazine scaffold is part of a diversity of natural
compounds such as longamide A and B, hanishine, stylisine D,
peramine, nonazinone B, efc. Pyrrolo[1,2-a]pyrazines play an
important role in pharmaceutical chemistry by exhibiting
anticancer,!*! antimicrobial,'#? antiproliferative,'*3 anxiolytic,!44
anti-inflammatory, 4 antimalarial, 46 antibacterial, !4’
antiparasitic,'*® antiepileptic '4° activity; are inhibitors of
HIF-1,150 PI3K,'5! sSPLA2,'52 CK2 (see '*3) and ERK2 (see 5%
kinases; act as antagonists of the selective non-competitive
mGIuR5 receptor,’>> CRTH2 receptor,!>® vasopressin 1b,!37
AChE/5-HT4,!58 cannabinoid receptor.'”® These compounds
also have applications in materials science.!%"

Substituted ~ N-allylenylpyrrole-2-carbaldehydes — 2.3.3
(R*=H) and N-allylenyl-2-acylpyrroles 2.3.12 (R!=Ph,
R? =H, R? = Me, CF;) react with hydroxylamine hydrochloride

Scheme 54
R2 RZ
NH,OH -HCl, 3
Rl / \ O NaHCOg3, EtOH / \ R
N R3 20-25°C,16h N e r\\|
S N
C% C% OH
2.3.3,2.3.12
R?2 R=Bu", Ph, 4-MeCgHa,

4-MeOCgH,, 4-CICgH4, 4-BrCgHa,
R® 2-Naph, 2-Th; R2=H, Pr";

/ \
Ny R3=H, Me, CFs; Sos
\\(N o R-RP=(CH s

2.3.13 (48-89%)

Rl

—

in the absence of a catalyst to give pyrrolo[1,2-a]pyrazine
N-oxides 2.3.13 (Scheme 54). The reaction proceeds exclusively
via the E-isomeric form of an oxime, which readily undergoes
cyclization due to steric factors, as has been demonstrated
experimentally.!6!

It is shown that pyrrolo[1,2-a]pyrazine N-oxides 2.3.13 can
be effective ‘building blocks’ in the synthesis of novel
heterocycles. For example, reduction of compound 2.3.13a with
sodium borohydride affords pyrrolo[1,2-a]piperazine 2.3.14
(Scheme 55).

/\
Ph N \
\\(N\O

2.3.13a

Scheme 55

NaBH,, EtOH Ph/Q\\
_ >
20-25 °C, 20 min \\( NH

2.3.14 (36%)

Heating pyrrolo[1,2-a]pyrazine N-oxide 2.3.13a in a
KOH-DMSO superbasic system produces a mixture of two
products: 1,3-dimethylpyrrolo[1,2-a]pyrazine 2.3.15 and NH-
pyrrolo-2-carbaldehyde 2.3.7a in low yield (Scheme 56). This
system acts as a methylating agent for the pyrazine ring and a
reducing agent for the N-oxide moiety. In this case, a competing
hydrolysis occurs affording the product 2.3.7a.

X /\
P N KOH-DMSO

s N 115°C.7h

Scheme 56

2.3.13a

Ph/Q\( . Ph/Q\%o
\\(N
2.3.15 (9%)

The reaction of N-allylenylpyrrol-2-carbaldehydes 2.3.3 with
o-phenylenediamine provides two series of promising
compounds such as benzimidazopyrrolopyrazines 2.3.16 and
dihydrobenzimidazopyrrolopyrazines 2.3.17 (Scheme 57).162

2.3.7a (16%)

Scheme 57

aorb

CF3COOH (2 mol.%),

RZ
H2N
le\fo + :@
k H2N

\C 20-25°C, 16 h
NN
233

R2

R2
T3 8
R1 = RL
N + N
—_—
‘\(N\G \>(N
O
2.3.16 (42-90% for a; H

28-41% for b) 2.3.17 (4-37% for b)

(a) MeOH (dry); (b) EtOH, H,0; R = Bu", Ph, 4-MeCgHy,
3-MeOCgHg4, 4-MeOCgHy, 4-C|C6H4, 4-BrCgHg, 2-Naph, 2-Th;

R
R2= Prn: RI-R2 = ngéi\
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This process directly depends on the amount of water in the
reaction mixture. It is shown that benzimidazopyrrolopyrazines
2.3.16 (conditions «) are selectively produced when carrying out
the reaction in dry methanol. Dihydrobenzimidazopyrrolo-
pyrazines 2.3.17 are formed only as a mixture of the two
products (1:1 ratio) when ethanol is used as solvent with added
20% of water (conditions b). These compounds are easily
isolated in pure form by column chromatography.

NH-Pyrrolyl benzimidazoles 2.3.18 react with propargyl
chloride in the KOH-DMSO superbasic system to give
benzimidazopyrrolopyrazines 2.3.19 (Scheme 58). The first step
involves substitution of the free imidazole NH moiety by the
propargyl group to generate intermediate A. This is due to the
fact that the NH function in imidazole is more nucleophilic than
in pyrrole. Acetylene-allene isomerization leads to allene B, the
sp-carbon of which is intramolecularly attacked by the pyrrole
NH group via 6-exo-dig cyclization to furnish the products.

) Scheme 58
R2 R
T\ N . AN
R /O — RUW Y
H  HN )\/N
2.3.18 2.3.19 (51-96%)

R2 l R2 T

/ N\

H N H N
\ (

A \\ B C\\

(a) 1) KOH-DMSO, 20-25 °C, 45 min; 2) CI7 >+ 28-30 °C,
10 min; 3) KOH, 35-40 °C, 20 min;

RL=H, Bu", Ph, 4-MeCgHg, 3-MeOCgH,, 4-MeOCgH,, 4-CICgHa,
4-BrCgHg, 2-Naph, 2-Th; RZ2=H, Pr";

1p2_ Y
R*-R*=(CHp),, g_

B.A.Trofimov and co-workers % have developed a strategy
for the synthesis of pyrrolo[1,2-a]pyrazines 2.3.20 based on
2-(acylethynyl)pyrroles 2.3.11, involving the non-catalytic
chemo- and regioselective nucleophilic addition of
propargylamine to 2-(acylethynyl)pyrroles 2.3.11 to give
N-propargylamino(pyrrolyl)enones 2.3.21 as a mixture of Z E-
isomers, and the base-catalyzed intramolecular cyclization of
intermediate N-propargylamino(pyrrolyl)enones 2.3.21 into
pyrrolo[1,2-a]pyrazines 2.3.20, isolated as a mixture of isomers
with endo- and exocyclic double bonds (Scheme 59). The initial
ratio of pyrrolo[1,2-a]pyrazine isomers appears depend on the
kinetic control, since further heating of the mixture of isomers
under reaction conditions leads to the predominance of the
thermodynamically more stable isomer with an endocyclic
double bond.!%?

In a follow-up study,!®* the authors developed a more
efficient direct approach to pyrrolo[1,2-a]pyrazines 2.3.20. The
target products can be easily obtained in high yields in a single
step from 2-(acylethynyl)pyrroles 2.3.11 and propargylamine by
heating the reagents in DMSO followed by the addition of

164

R? Scheme 59
/ A\ HNT N
1 —_—
R N == MeOH, A, 5 h
2.3.11 R®
RZ
R3
1 / \ / Cs,CO3, DMSO
. _Cs2C03, DMSO
R N G  60°C 15-30 min
~_H NH
\\/
2.3.21

RZ
R3 / \ R3
7z + RNy 7z
)\/ NH O
2.3.20 (90-96%)

R! = H, Ph, 4-MeCgHg, 2-FCgHy, 3-FCgH4, 4-FCgH;
R2 = H; R!-R2 = (CH,)4; R® = Ph, 2-Fu, 2-Th

NH O

equimolar amounts of Cs,CO; to a solution of
N-propargyl(pyrrolyl)Jaminoenone 2.3.21 (without isolation).

The pyrrolo[ 1,4]oxazine scaffold is part of natural compounds
with a wide range of biological activities (lukianol A,!05-166
acortatarin  A,'%7 pollenopyrroside A and B (see!®®)). A
pyrrolooxazine called formoxazine was isolated from the marine
mudflat-derived fungus Paecilomyces formosus in 2016, but its
absolute configuration could not be determined because of
decomposition during the isolation. This compound showed
potential as a free radical scavenger against 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and antibacterial activity against
methicillin-resistant Staphylococcus aureus (MDRSA and
MRSA strains).!®® Pyrrolo[1,4]oxazines are inhibitors of
CFTR,!7-172 mTOR,!”® h-ALR2,'7* and also show anti-
inflammatory activity.!7%176

Propargyl chloride reacts with unsubstituted
2-hydroxymethylpyrrole ~ 2.3.8a  (R!'=R?>=H) in the
KOH-DMSO superbasic system to give a mixture of three
products: N-allylenylpyrrole-2-ylmethanol 2.3.22, N-allylenyl-
(propargyloxy)methylpyrrole 2.3.23 and pyrrolo[1,4]oxazine
2.3.24. By varying the reaction conditions (ratio of reagents,
amount of alkali and degree of dilution), it was possible to
achieve high selectivity to each product (Scheme 60).!77

The introduction of a substituent capable of changing both
the electron density distribution in the molecule and the mutual
spatial arrangement of substituents inevitably affects the reaction
pathway. Substituted 2-hydroxymethylpyrroles 2.3.8 under
optimized conditions (other than those for the unsubstituted

/\
Q\\W'/\M,

H OH 25-28 °C, 60~70 min
2.3.8a

/-\ /\ ]\

OH
Cx Cx
2.3.24 (43% for c¢)

Scheme 60

2.3.22 (43% fora)  2.3.23 (49% for b)

(a) KOH (1 equiv.), DMSO (0.15 M); (b) KOH (4 equiv.),
DMSO (0.6 M); (c) KOH (8 equiv.), DMSO (0.1 M)
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R? Scheme 61 Scheme 62
AN+ ey KotDuso
R N 50-54 °C, 5 h _ MeNH, SEt
,l| OH EtOH H.0,
X 55-60°C,0.5h
2.3.8
R2 R2 2.3.10 2.3.26 (up to 87%)
RZ
/\ /\
— |R N — RNy MeNH, - /) \ NHM R =H, Pr, Bu", Ph;
> e 2 - n.
OH —EtSH N R°=H, Et Pre
k\cf\ \\(O R-R® = (CHp)s;
x -
N . X = CN, C(O)NH,
2.3.22 2.3.24 (70-91%) 2.3.25 (77-93%)
R = Ph, 4-MeCgHg, 4-EtCgH4, 3-MeOCgH4, 4-MeOCgHg, 4-FCqHa,
4-CICgHg, 4-BrCgHa, 2-Naph, 2-Th: R2 = H; Scheme 63
R-R?= <
$— I\ SEt — ]\ ]
N \ N NHBuU
H X
analogue, see Scheme 60) in the KOH—-DMSO system undergo NC HN X
propargylation to give a single product, pyrrolo[1,4]oxazine 2.3.10a,b Bu"NH,, 23.97ab
L . . . 70°C,4h el
2.3.24. The reaction is regioselective and proceeds exclusively — +
as a 6-exo-dig cyclization via the intermediate N-allylenylpyrrol- I -EtSH
2-ylmethanol 2.3.22 formed by an attack of an oxygen atom on SEt ]\ NHBU"
the sp-hybridized allene carbon atom (Scheme 61).!133 N N
Pyrrolizines also occupy an important place in natural and |l| X
S . \ A . HN X - NC
ynthetic organic chemistry.!’® Many natural products, mainly
2.3.26a,b 2.3.28a,b

alkaloids containing pyrrolizine scaffolds, have been isolated
from plants, insects, animals, marine species and microbes.
Pyrrolizine derivatives are promising precursors for anti-cancer
drugs. The unique antitumour properties of mitomycin C have
inspired chemists to synthesize various pyrrolizine systems and
evaluate their potential activity against a wide range of cancer
cells.'”:180  Also, pyrrolizines have antiproliferative,'s!
analgesic, anti-inflammatory, 32 antibacterial 83 and antiviral '3+
activities. These compounds are utilized as inhibitors of
aromatase,'® as well as the enzymes cyclooxygenase (COX)
and 5-lipoxygenase (LOX).!8¢ One of the pyrrolizines,
pyrromilast, is a potent phosphodiesterase 4B inhibitor and is a
promising drug for the treatment of chronic lung diseases.'
The pyrrolizine-containing drug Lycophelone, a LOX/COX
inhibitor, is used to treat osteoarthritis.'® Moreover,
functionalized pyrrolysines have proved to be promising
‘building blocks’ in the synthesis of various heterocyclic
compounds, '89-191

The most popular approaches to functionalized pyrrolysines
are based on multistep reactions, mainly intramolecular
cyclizations of C-substituted pyrrole derivatives.!92~19¢ For
example, 2-ethylpyrroles 2.3.10 with a polarized push-pull
ethenyl unit are readily converted to methylamino-substituted
iminopyrrolizines 2.3.25 when heated in aqueous or water-
alcohol methylamine solution (Scheme 62).'94195 It was found
that the first step in this reaction (according to TLC) is the
cyclization of 2-cyanoethylpyrroles 2.3.10 to 1-ethylsulfanyl-3-
iminopyrrolizines  2.3.26, which further exchange its
ethylsulfanyl moiety for a methylamino one.

The reaction of 2-ethylpyrroles 2.3.10 with dimethylamine
and n-butylamine is similar to the formation of the corresponding
I-amino-3-iminopyrrolizines. Pyrroles 2.3.10 react more slowly
and less selectively with n-butylamine in aqueous ethanol than
with methylamine under similar conditions. Thus, n-butylamine
reacts with 2-ethylpyrrole 2.3.10 or its cyclic isomer
1-ethylsulfanyl-3-iminopyrrolizine 2.3.26 to give a mixture of

X = CN (@), C(O)NH, (b)

1-n-butylaminopyrrolizine 2.3.27 and 2-(1-n-butylamino-2-
cyanoethyl)pyrrole 2.3.28 in a ratio of 19:1 (X=CN) or 5:1
(X'=C(O)NH,) (Scheme 63). In anhydrous ethanol this reaction
is selective and only produces I-n-butylaminopyrrolizine
2.3.27a in high yield. The bulky substituents in di(n-butyl)-
amine, unlike n-butylamine, hinder the reaction with compounds
2.3.10 and 2.3.26. In such a process, di(n-butyl)amine acts as the
main catalyst, promoting the cyclization of ethenylpyrrole
2.3.10b to iminopyrrolizine 2.3.26b.!%*

2-Ethylpyrroles 2.3.10a were found to react with aniline only
on addition of an equimolar amount of triethylamine; after
prolonged refluxing in ethanol (12—20h), l-anilino-3-
iminopyrrolizines 2.3.29 were isolated in 50-80% yields
(Scheme 64).195

The reaction of 2-ethylpyrroles 2.3.10a with substituted
anilines under these conditions (in boiling ethanol) takes much
longer than with aniline (63—65 h) and affords the corresponding

R? R? Scheme 64
1 / \ SEt ArNH 1 / \ ArNH
R N \ 2. R N SEt rNH2
H cN EtOH, / EtOH,
HN CN
2.3.10a 2.3.26a
2
R Rl =H, Pr", Bu", Ph;
J N\ R?=H, Et, Pr";
Rl NHAr  R™-R?=(CHy);
R N = Ph, 2-MeCgHg, 3-MeCgHa,
4-MeCgHy, 2,5-Me,CgHg,
HN CN 4-FCgHy, 4-CICgH,

2.3.29 (10-80%)
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1-anilino-3-iminopyrrolizines 2.3.29 in 10-43% yields (see
Scheme 64).1%°

1-Amino-3-iminopyrrolizines 2.3.25, 2.3.29 react with
1-chloroacetophenone in a KOH-DMSO catalytic system to
give functionalized bipyrroles (Scheme 65). Using 1-methyl-3-
iminopyrrolizines 2.3.25, 2,2"-bipyrroles 2.3.30 are formed,

while aniline-substituted pyrrolizines are converted to
2,3 -bipyrroles 2.3.31.290
Scheme 65
NC
CICH,COPh, RZ2 NH,
KOH-DMSO | N 74 |
R® = Me
RS BN N N Tcopn
/ \
RN NHR? 2.3.30 (20-54%)
J NC
CICH,COPh,  R? NH;
HN N KOH-DMSO N\ ==
2.3.25,2.3.29 —— | N
R3 = Ph N
( N “ph
H
COPh

2.3.31 (5-10%)

Rl =Pr", Bu", Ph; R?2 = H, Et, Pr"; R1-R2 = (CH,)y;
R® = Me (2.3.25), Ph (2.3.29)

It should be noted that 2,3-bipyrroles are obtained in low
yields in the above system. However, when the catalyst in this
cyclization is replaced by 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) and the reaction is carried out in boiling acetonitrile, the
process follows a different pathway and proceeds more readily.
Thus, arylamino-substituted pyrrolizines 2.3.29 give 4-amino-1-
aryl-5-benzoyl-3-cyano-2,2-bipyrroles 2.3.30 regioselectively
(up to 94% yield) instead of 2,3"-bipyrroles (Scheme 66). The
reaction proceeds via the formation of intermediate ketones
2.3.32, isolated after refluxing 1-anilino-3-iminopyrrolizines
2.3.29 with I-chloroacetophenone in the K,CO;—acetone
system.!??

The reaction of propionate 2.3.33 with diethylamine leads
stereospecifically to the E-isomer of diethylamino acrylate
2.3.34, which is converted under the reaction conditions to
pyrrolizin-3-one 2.3.35 (ratio 2.3.34:2.3.35=1:1). During
chromatographic separation of this mixture on Al,O3, the adduct
2.3.34 undergoes complete cyclization (Scheme 67) and only
the pyrrolizinone 2.3.35 is isolated.!%®

Scheme 66

3
NHR® 5

2.3.29 2.3.32 (37-82%)
NC
R? NH,
DBU, MeCN | \ / |
A, 3h - N N f0)
H /
R® Ph

2.3.30 (84-94%)
(a) CICH,COPh, K,CO3, Me,CO, A, 3h; Rt =H, Pr", Bu™;
R2 = H, Et, Pr"; RI-R2 = (CH,)4; R® = 4-FCgHa, 2-MeCgHy,
3- MEC6H4, 2,5- M82C5H3

Scheme 67
/N\ s~ o Et,NH
H 50°C,1h
2.3.33 OFEt
/ \ NEt /\
N { . N NEt,
H
@) 0

2.3.34 (379%) OF! 2.3.35 (34%)

The intramolecular cyclization of enols 2.3.36a,b, resulting
from the nucleophilic addition of malononitrile to 2-(acylethynyl)
pyrroles 2.3.11 in the KOH—MeCN catalytic system, produces
pyrrolizines 2.3.37a,b. Here, the pyrrolizine ring is formed
spontaneously during purification or drying (especially at
elevated temperatures) of the adducts 2.3.36a,b. At the same
time, with the stable phenyl-containing enol 2.3.36¢c, the
synthesis of the corresponding pyrrolizine 2.3.37c¢ is carried out
in boiling ethanol in the presence of triethylamine (Scheme 68).

Scheme 68
HO- "
[\ B
N TS0 NC” T CN N
H KOH, MeCN, H
R 0°C,2h ne” CN
2.3.11 0 2.3.36a,b
R
/o \
N L
— o R = 2-Fu (a),
2-Th (b)
H,oN CN
2.3.37a,b (55-64%)
EtsN, EtOH _
Tao05h

2.3.36¢

(@) (@)
Ph Ph
/ A\ )\
—_— N = —_— N =
HN CN HoN CN

2.3.37c (80%)

The cyclization to aminopyrrolizines probably occurs
through the addition of the pyrrolic NH proton to the C=N bond
and subsequent isomerization of the NH moiety in the
iminopyrrolizine to an amino group.'”” Aminopyrrolizines are
formed stereoselectively, exclusively as Z-isomers with a cis
arrangement of the proton at the double bond and the presence
of the ortho proton in the aryl group.

Aminoketopyrrolizines 2.3.38 have also been obtained from
2-(acylethynyl)pyrroles 2.3.11 (see '%%). The reaction sequence
leading to these products involves the nucleophilic addition of
benzylamine to the triple bond of 2-(acylethynyl)pyrroles
2.3.11, the subsequent reaction of the intermediate
N-benzylamino(pyrrolyl)enones 2.3.39 with acylacetylenes
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Scheme 69
R2
H
I\ N<g,
1
— > R N \ —
K3PO4 DMSO, H 0
5 20-25°C,3h
2.3.11 R R3
(Z,E)-2.3.39 (88-97%)
R2
(o) H
— ¢ . 7\ N-
= R
2340 R H \
_—
CH2C|2, \
20-25°C, 16 h
o]
2.3.41R* 2.3.38 (40-80%)

R =H, Ph, 3-FCgHg, 4-FCgHa; R? = H; R'-R? = (CHy)4;
R3, R%=Ph, 2-Fu, 2-Th

2.3.40 and the intramolecular cyclization of the resulting
pyrrolylpentadienediones 2.3.41 (Scheme 69).

The work presented in this Section is undoubtedly just a few
examples that demonstrate the potential of combining C- and
N-functionalization for pyrrole to provide an extensive library
of pyrrole-containing annulated heterocyclic ensembles.
Sequential introduction of two functionalities or one group
while retaining the NH function of the pyrrole opens access to
various drug precursors, promising functional materials, optical
devices, sensors and many other practically valuable compounds.
Atpresent, such unique heterocyclic systems as pyrrolopyrazines,
pyrrolooxazines and pyrrolizines have been obtained, allowing
us to speak with confidence of the inexhaustible potential of
pyrrole ‘building blocks’ in the further expansion of classes of
organic compounds.

2.4. Multicomponent reactions in the synthesis
of N,0,S,Se-containing heterocyclic systems

This Section covers the key studies of the Lugansk school of
synthetic chemists devoted to N,0,S,Se-containing heterocyclic
systems. The attention is focused on the data on multicomponent
heterocyclization reactions using methylene-active thio- and
selenoamides obtained over the last 10—15 years. The key
compounds in these multicomponent and cascade reactions are
malononitrile, ~ cyanothioacetamide, 20’22 cyanoseleno-
acetamide,??® malononitrile dimer2* and 1-cyanoacetyl-3,5-
dimethylpyrazole,?°%-20¢ which are polyfunctional reagents with
a great synthetic potential.

2.4.1. Synthesis of pyrrole, furan and thiophene derivatives

Malononitrile dimer 2.4.1 was used to prepare new substituted
pyrrole-3-carbonitriles 2.4.2.297-208 The synthetic route is based
on the double C-alkylation of 2.4.1 with bromoketones in
alkaline medium. The mechanism of the cascade reaction
involving the formation of intermediates A—E is shown in
Scheme 70.

The three-component reaction of malononitrile, phenacyl
bromide and aromatic aldehydes is a convenient method for the
synthesis of 2-aminofurans difficult to obtain by other
methods.?%® The regiochemistry of the intramolecular cyclization
is largely determined by the structure of the aromatic aldehyde
and the base. For example, the use of p-bromobenzaldehyde
results in the formation of furan 2.4.3; in the case of
salicylaldehyde and N-methylmorpholine (NMM) being used
instead of KOH, the reaction gives Schiff base 2.4.4 (Scheme 71).

The bromination of 4H-chromene 2.4.5 is unexpectedly
accompanied by ring contraction and affords substituted
benzofuran 2.4.6 in a moderate yield.2®® A possible reaction
mechanism involving the formation of intermediates A—C is
shown in Scheme 72.

Scheme 70
NC Br KOH, DMF, NC NG
+ 20 °C OH NC
NG~ — NCo~ T )~ ] —
NH, o R N NC N
CN CN E c H R
2.4.1
NC
BICH,COR _ [\ R
(R Ar) H
o NC CN
2.4.2 (68-80%)
Scheme 71
Ph(O)C CN
oN Ph KOH or NMM, o ) ©)
EtOH Ph CN AICHO cN
< + O Ar (\‘ \
—HZO (Ar= 4BrCeH4) S\
CN g CN OH N
A C
l [O]l -H20
CN Ph(O)C CN
_2-HOCGHACHO
O™ “NH _HZO Ar o~ "NH,

2.4.4 (69%) 2.4.3 (65%)
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Scheme 72
(0] Ph
CN
| | Brz MeOH
Me o NH —HBr
Me 2 Me M
245 MeO e MeO
j MeOH
0
Ph o
Br gr Ph
COOMe H,0 Me cN NH
-
Me g N —NH,4Br Me e OMe
Me OMe C mMeo ©OH Br
2.4.6 (45%)
OH
H CO,R Scheme 73
~—=
/fi ©
ROC o Me” 07 o = \=0
_—
ACOK, MeOH, RO,C Br AcOK, MeOH, X _0
18-20°C, 3 h 18-20°C, 3 h
R = Me, Et Me 2.4.7 (77-81%)

2.4.8 (77—80%)

In cooperation with the colleagues from Herzen State
Pedagogical University of Russia, we developed?!? an original
method for the preparation of furo[3,2-c]pyrans 2.4.7 and
furo[3,2-c]chromenes 2.4.8 based on the treatment of 3-bromo-
3-nitroacrylates with 4-hydroxypyran-2-one under mild
conditions (Scheme 73).

The reactions of cyanothioacetamide 2.4.9 with aromatic
aldehydes and o-thiocyanatoacetophenone and the also the
reactions of 2.4.9 with a-bromochalcones provide the synthesis
of dihydrothiophenes 2.4.10. A new method for the construction
of thieno[2,3-d]pyrimidine system by aminomethylation of

products 2.4.10 on treatment with primary amines and excess
HCHO was proposed (Scheme 74).2!!

2.4.2. Synthesis of five-membered heterocycles with two or
three heteroatoms

It was found?!2 that Hantzsch synthesis involving 3-amino-N-
(4-methoxyphenyl)-3-thioxopropanamide and phenacyl
bromide is accompanied by oxidation of the methylene group,
which gives rise to a-ketoamide 2.4.11 (Scheme 75). Hantzsch
thiazoles can be prepared by one-pot synthesis from thioamide
2.4.9 and 4-hydroxybenzaldehydes. The subsequent O-alkylation

Ar, CN o) Scheme 74
Ph© NH,  Na2COs(aq.). KOH, NH,
. Nc/ﬁ( EtOH, 40-50 °C o EOH. A P ar 4 NC/\[r
NCS ArCHO S (62-74%) NH,  (57-61%) B s
2.4.9 Ph 2410 2.4.9
AL NC
RNH,, HCHO (aq.), o B R
EtOH or DMF, A m Ar = Ph, 2-CICgH4
NS
PH SN
(60—86%)
Scheme 75
Ph 0 S A\
DMF 20°C Q S/(}[( HBr M+ Ph
M M" O oo ArHN N Br -
ATHN AT NH -H,0 N

2 4
02 hv />\ - . N N
ArHNJ\f)\ Phl Thoo, e Ph~<\:
s ° oM
Ar = 4-MeOCgH, 2.4.11 (66%) €
CHO s
1 CN OH 2 /\>~R1
BrCH,C(O)R morpholine, R N \N
. s DMF, 20 °C N . n2 | NeOH, Aler L

UL

R? NC\)I\NH2 A

OH

249 All is allyl

AllO
2.4.12 (72%)

R? = EtO, R! = 4-Bu"CgH,
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1) Et3N DMF

Scheme 76

2)B
R2CHO + BrCH,C(O)R! + NCCH,C(S)NH, 2% _)—< I
2.4.9 R?

R! = Ar: R? = Ar, Het

2.4.13 (75— 92%)

BrCHZC(O)Ar BI’2 DMF
DMF
R\/\CHO + NCCH,C(S)NH, (R Ph) J_>_<
. R 2.4.14 (91-94%)
2 Rl
s CN H,0,, KOH or K,COs, R S S, C(ONH;
EtOH or Me,CO 7\ | | 2o
| V. \ H-0O J \ — Vi
N > \ N N fiR2
Ar R Q) Oy Ar Ar
Rl NH 2.4.15 R

R'-R? = (CH2)s, (CHp)s, (CH2)2CHBU'(CHo),

of intermediate compounds A affords substituted thiazoles, as
shown in relation to compound 2.4.12.213

2-(Thiazolyl)acrylonitriles 2.4.12 proved to be a molecular
platform suitable for further functionalization. The bromination
of these compounds proceeds selectively at thiazole position 5
to give bromides 2.4.13 (Scheme 76).2!* This reaction does not
affect the double bond, and the regiospecificity is retained even
for compounds 2.4.14 containing a diene moiety.?!® 2-(Thiazolyl)
acrylonitriles are readily oxidized via the Radziszewski reaction
on treatment with H,O, in the presence of inorganic bases by a
cascade mechanism, being converted to 2-(thiazolyl)oxirane-2-
carboxamides 2.4.15;2'% stereochemistry of the products
corresponds to the E-configuration of the starting nitriles.

The methylene-active thiazoles undergo double C-alkylation,
as shown in relation to the synthesis of compounds 2.4.16 and
2.4.17 (Scheme 77).27

Scheme 77
BrCH,CH,Br, S \
NaOH, DMF EtOO0C - R
(EWG = COOEt, N
R = coumarin-3-yl)
G __| 2.4.16 (71%)

RN EW
0

BrCH,C(O)Ph, N NC C(O)Ph
| KOHDMF t >{

T EWG=CN,

R = 4-CICgH,) c(OPh

2.4.17 (78%)

The three-component condensation of anilines, triethyl
orthoformate and cyanoselenoacetamide 2.4.18 results in the
formation of a mixture of FE- and Z-isomers of
3-aminoselenoacrylamides 2.4.19, which are converted to
functionalized selenazoles 2.4.20 via the Hantzsch reaction
(Scheme 78).218

Scheme 78
ArNH,, HC(OEt)3
NH, EtOH. A ArHN \ NH»
NC > >

Se NC Se
2.4.18 2.4.19 (42-87%j;
E:Z=7:1108:1)

oy

2.4.20 (41-73%)

BrCH,C(Q)Ar',
__DMFA

2-Cyanothioacrylamides 2.4.21, obtained by condensation of
carbonyl compounds with cyanothioacetamide 2.4.9, can be
oxidized by treatment with a broad range of oxidants to give
substituted 1,2,4-thiadiazoles 2.4.22 (Scheme 79). Effective
reagents for this oxidative heterocyclization are DMSO—HCI,?!?
bromonitromethane,??? Et,SO—-HCI1,22! bromine or iodine in
DMF 222 and NaNO, in AcOH.??? Thiadiazoles 2.4.22 are also
formed upon electrochemical oxidation in an undivided cell in
an aqueous solution of KBr.??* These compounds have a
pronounced antidote activity against the 2,4-D herbicide in
experiments with sunflower culture.??!-22* When the oxidation
is performed with the DMSO—HCI system or halogens, the
product yields are nearly quantitative. It is noteworthy that
treatment of cyclic analogues of thioamides 2.4.21 with oxidants,
e.g., DMSO—-HCI system?'? or K5[Fe(CN)s]-KOH system,?*
gives disulfides 2.4.23. Selenoacrylamides 2.4.24 are oxidized

in DMSO in the presence of aqueous HCl to give
1,2,4-selenadiazoles 2.4.25 in moderate yields.220
Scheme 79
R NH,
2 M % )\f R
NC S Tussy Sg
2.4.21 2.4.22
R = Ar, Het
2R \NH [0l R \N N/ R
P ——
M (R = Ar, Het) Ag\_/< N/
NC S NC S—S CN
2.4.23
DMSO NC CN
Ar NH, , N
—Se, _
NC Se ~Me,S Se-N
2.4.24 2.4.25 (27-66%)

Stepanova et al.??’ proposed an improved method for the
synthesis of known 5-amino-3-cyanomethyl-1H-pyrazole-4-
carbonitrile 2.4.26 by the reaction of the potassium salt of the
malononitrile dimer with hydrazinium sulfate. Pyrazole 2.4.26
was successfully used to prepare pyrazolopyrimidines 228:22% and
pyrazolo-1,3,5-triazines (Scheme 80).227

2.4.3. Synthesis of nicotinic acid derivatives
A convenient synthetic route to nicotinonitrile derivatives is the

three-component reaction of enamines, thioamide 2.4.9 and
aldehydes. Nicotinonitriles 2.4.27 (Ref. 230) and 2.4.28
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Scheme 80
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2.4.26 CN
CN
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I —— 1_—
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o Na '
N CN  R2=ph,CF,
) R*
1) ArCHO, EtOH R
2) HCHO, RNH, NC /N‘N/\N/
DMF, 160 °C / P R=Ar
Ar
NC H

(Ref. 231 and 232) were prepared in this way (Scheme 81). The
use of alkylating agents into this reaction provides the synthesis
of thioethers 2.4.29 in high yields.?323 Instead of
cyanothioacetamide 2.4.9, malonodithioamide can be used;?*
however, the thioamide moiety is not preserved in position 3 of
the product, and quinolines 2.4.30 are isolated as the final
reaction products. Therefore, it is expedient to use thioamide

can be introduced into the subsequent transformations without
isolation, as shown in relation to the synthesis of compound
2.4.31.2%7

Enaminoketones are also successfully used inmulticomponent
reactions. For example, compounds 2.4.32 react with CH acids
and alkylating reagents in the presence of bases to furnish
various isoquinoline derivatives (Scheme 82).238

Enamino diketones 2.4.33a react with selenoamide 2.4.18 to
givediselenides, which can be converted to selenophenopyridines
2.4.34.2% A similar reaction with Meldrum’s acid derivative
2.4.33b yields nicotinic acid derivatives.2*® However,
malonothioamide derivatives behave in a different way under
these conditions and form pyrimidines 2.4.35 (Scheme 83).240.241

Acetylenic ketones 2.4.36 (Ref. 242) react with thioamide
2.4.9 in the presence of morpholine and KOH to give
nicotinonitriles 2.4.37.243 Obviously, the reaction involves the
stage of enamino ketone formation (Scheme 84).

The Guareschi—Thorpe reaction of methylene-active
thioamides with 1,3-diketones smoothly proceeds to give
pyridine-2(1H)-thiones. Inthe case of symmetrical 1,3-diketones,
the reaction follows the expected pathway,?**-246 as shown 2*° in
relation to the synthesis of thione 2.4.38 (Scheme 85). In the
case of unsymmetrically substituted 1,3-diketones, the course of
the reaction is ambiguous. Indeed, whereas the reaction of

2.4.9 for the synthesis of quinolines 2.4.30.23¢ Quinolines 2.4.30 substituted B-cycloketols with thioamde 2.4.9 proceeds
Scheme 81
Ph o @) Me
oy PN RCHO Me. N ’n N
-— 2 —
Ph N S morpholine, \H/\CN aorb (R =Me)
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Scheme 83
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Scheme 85
CHF, The three-component reaction of cyanoselenoacetamide
F F NCCH,CSNH, (2.4.9), CN 2.4.18 and aromatic aldehydes with cyclohexane-1,3-dione?°
FWF morpholine, EtOH, 4 °C | o or 1-cyanoacetylpyrazole?®! in the presence of a base results in
EHCT N s the corresponding selenolates (Scheme 86).
o © 2 H Quinoline 2.4.39 was prepared by the reaction of
2.4.38 (70%) thioacrylamides 2.4.21 with dimedione enamine followed by
Me  Ar ) alkylation of intermediate A and [3,3]-sigmatropic
coMe 2N g m;rgn‘z’:'?”ekgho';’hfg ¢ rearrangement.?>2 The presence of the electron-withdrawing
o + > \ R substituent R makes it possible to obtain the Thorpe—Ziegler
Me S CN
(6] .
OH 2.4.9 Scheme 87
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regioselectively to give cyclization products,?*” the reactions of
2-acetylcyclopentanone and -hexanone afford mixtures of
regioisomers.2*® These reactions are considered in detail in a
review.¥

/
(Ar = 4-CICgHy) N

2.4.40 (77%)



V.N.Charushin, E.V.Verbitskiy, O.N.Chupakhin, D.V.Vorobyeva, P.S.Gribanov, S.N.Osipov ef al.

32 of 348

Russ. Chem. Rev., 2024, 93 (7) RCR5125

cyclization product, e.g., thieno[2,3-b]quinoline 2.4.40, under
the same conditions (Scheme 87).

Partly hydrogenated isoquinolines are promising molecules
for bioscreening.?>? Dyachenko et al.2>* described the synthesis
of isoquinoline 2.4.41 by the reaction of thioamide 2.4.42 with
DMF dimethyl acetal (Scheme 88).

Scheme 88
Me,NCH(OMe),, A NS CN
—_— —_—
—MeOH | /\
NC CSNH, MeoN H2N S
2.4.42
Me
N
Me H
N N CN | N CN
— =
N S N SMe

2.4.41 (63%)

The reaction of unsaturated dinitriles with compounds 2.4.24
or 2.4.42 follows a formal [4+2]-cycloaddition pathway and
results in the formation of pyridine-3,5,5-tricarbonitriles
2.4.43a,b (Scheme 89).2%

Scheme 89
Ar' CN
A EtsN, Me,CO, CN
r A 3-4°C, 24 h
\/k — > HN Ar
N
NC = Et3NH
2.4.24 -s¢é CN

2.4.43a (53-71%)

Ar' CN
CSNH, CN CN
a
< >—< + AT'\/\ — HN
2.4.42 ¢ oN  EtNH

(a) Et3N, Me,CO, 5-10 °C, 24 h 2.4.43b (68-72%)

Nicotinonitrile derivatives 2.4.44 can be obtained by the
reaction of malononitrile dimer 2.4.1 with isothiocyanates in the
presence of Et;N.2%0 [t is noteworthy that the potassium salt of
dimer 2.4.1 with phenyl isothiocyanate gives regioisomeric
2H-thiopyran (Scheme 90).

The three-component condensation of malononitrile dimer

2.4.1, Meldrum’s acid and aromatic aldehydes gives
tetrahydropyridines 2.4.45.257 These products proved to be
Scheme 90
RNCS, NC NH,
Et3N, EtOH
= 25°C,24h -
NC CN ———— H,N \ NR
NH»
24.1 NC S
R = Ph (84-92%), All (58-73%) 2.4.44
. CN NC NH,
KW PhNCS, EtOH, __
NG X Ny 25°C,24h maN—(
NH»
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Scheme 91
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—_—
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convenient substrates for the one-pot synthesis of substituted
thieno[ 1,6]naphthyridines (Scheme 91).

The reaction of malonate 2.4.46 with chalcogenamides 2.4.9
or 2.4.18 proceeds as an exchange of methylene components.
Dyachenko et al.?>8 postulated the formation of Michael adduct
A and degradation of the adduct to give acrylamides 2.4.21 or
2.4.24, which react with the starting chalcogenamides 2.4.9 or
24.18 to give 6-amino-3,5-dicyanopyridines  2.4.47
(Scheme 92). A similar product was also obtained by refluxing
thioamide 2.4.48 with alkali in ethanol.>>

) Scheme 92
CN MM, EtOH,
N COMe L 20°C
—
CO,Me HaN- X
2.4.46 %i'?éxxz_séor
R=2-Fu 418 (X =Se)
MeO,C R
CO,Me NC. ~
R X —CHa(COaMe)z
H,N™ X
NC NH,
A 2.4.21 or
2.4.24
(R = 2-Fu,
2.4.9 Y = N*"MMH;
or2.4.18 | x = 5 (63%).

Se (60%))

R
KOH, EtOH,
A ah NC X CN
|nd0| 3-yl — Y
x S,Y=K;  H,N~ N7 "X
2.4.48 °3%) 2.4.47
Nicotinonitriles  2.4.49a,b were synthesized by the

condensation of chalcone with selenoamide 2.4.18 and alkylating
agents in the presence of N-methylmorpholine (Scheme 93).260

Spiro-substituted nicotinonitriles 2.4.50a,b are formed upon
the reaction of methylene-active thioamides with ester 2.4.51
and alkyl halides induced by sodium ethoxide (Scheme 94).261

The successive reactions of cyclohexanone with
cyanothioacetamide 2.4.9, phenacyl bromide and 3-amino-3-
thioxopropanamide results in the formation of piperidine
2.4.52.262 Thiazole A is assumed to be an intermediate, which is
confirmed by the formation of compound 2.4.53 upon the
reaction of 2 equiv. of thioamide 2.4.9 with a-chloroacetanilide
(Scheme 95). Structurally similar nicotinate 2.4.54 was obtained
from (thiazol-2-yl)thioacetamide, diethyl malonate and
formaldehyde.263
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