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C-Ethynylpyrroles: synthesis and reactivity
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Main methods for the synthesis of C-ethynylpyrroles were systematically surveyed and described. The reaction mechanisms
behind these methods are considered. The reactivity of C-ethynylpyrroles is discussed, with a main focus on cycloaddition
and intramolecular cyclization reactions involving the ethynyl substituent to form new pyrrole systems.
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1. Introduction

Pyrrole structures are components of many biologically
important natural compounds, such as chlorophyll, haemo-
globin, vitamin Bj,, alkaloids, efc., involved in the biocon-
version of solar energy, oxygen transfer processes and other
life supporting reactions.! C-Ethynyl derivatives occupy an
important place among representatives of the pyrrole series.
Due to the simultaneous presence of such highly reactive
moieties as the pyrrole ring and the carbon—carbon triple
bond, these compounds can be successfully used for the
synthesis of various functionalized pyrroles, as well as
conjugated and combined heterocyclic systems. This is why
C-ethynylpyrroles have attracted keen attention.

A large amount of data has been accumulated on the
methods for the synthesis of C-ethynylpyrroles and their
reactions.? However, to date there are no reviews on this
subject. Hence, in the present review we include not only the
studies published in the past two decades, when the chem-
istry of ethynylpyrroles was extensively developed, but also
earlier publications in this area. The aim of the systematic
analysis of advances in this area of chemistry of heterocyclic
compounds is to consider all known synthetic approaches to
C-ethynylpyrroles and summarize the data on their reac-
tivity.
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An analysis of the methods for the synthesis of C-ethy-
nylpyrroles published in the literature shows that they are
based either on transformations of functional substituents
in the heterocycle or on the introduction of an available
ethynyl group into the pyrrole nucleus. Some methods for
the synthesis of C-ethynylpyrroles involve the simultaneous
construction of the pyrrole ring. In the present review, the
data are successively considered according to these
approaches.

The reactivity of C-ethynylpyrroles and their applica-
tion as building blocks in the synthesis of functionalized
pyrrole-containing systems are determined primarily by the
presence of the acetylenic substituent. Hence, in the present
review we consider the reactions of C-ethynylpyrroles pro-
ceeding mainly at the acetylenic group: reactions with the
participation of the acetylenic hydrogen atom and the
addition to the triple bond, including the cycloaddition
and intramolecular cyclization.

I1. Methods for the synthesis of C-ethynylpyrroles

1. Methods based on transformations of functional
substituents attached to the pyrrole ring

The transformation of a substituent attached to the pyrrole
ring is one of conventional approaches to the synthesis of
C-ethynylpyrroles that still retains its importance.

Thus, ethynylpyrroles 1a,b containing the terminal triple
bond were synthesized by the Corey—Fuchs reaction of
N-substituted pyrrole-2-carbaldehydes, triphenylphosphine
and CBry followed by the elimination of the bromine
molecule in the reaction with Bu"Li (Scheme 1).3-4

Scheme 1
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Under the same conditions, the removal of the chlorine
molecule from 3-(2,2-dichloroethenyl)pyrrole 2 gives rise to
3-ethynylpyrrole 3 (Scheme 2).°

Scheme 2

A large series of ethynylpyrroles 4 were synthesized by
the transformation of 3-acylpyrroles unsubstituted at the
nitrogen atom with the Vilsmeier complex to form
3-(1-chloroethenyl)pyrroles followed by the elimination of
HCl in a basic medium (Scheme 3).6-12
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The treatment of 3-acetyl-1,2,4-trimethylpyrrole with
the Vilsmeier reagent results both in the formylation at the
5-position of the pyrrole ring and the transformation of the
acetyl group into the ethynyl one. This gives a mixture of
3-ethynyl- (5), 3-(1-chloroethenyl)- (6) and 3-acetyl-1,2,4-
trimethylpyrrole-5-carbaldehydes (7) (Scheme 4).'3 The
yield of ethynylpyrrole 5 can be increased by means of the
quantitative dehydrohalogenation (EtONa, EtOH, 10 min)
of chloroethenyl derivative 6. The heating of the latter
under reflux in DMF with an aqueous solution of potassium
carbonate affords a mixture of pyrroles 5 and 7 in 75% and
25% yields, respectively.

Scheme 4
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Ethynylpyrrole 8 was synthesized by the one-pot method
from (EtO),P(O)CCls and 1-methylpyrrole-2-carbaldehyde.
The synthesis involves the Peterson olefination to form the
chloroethenylphosphonate intermediate followed by its
dehydrochlorination with lithium hexamethyldisilazide
(Scheme 5).14
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The pyrolysis of ethenylpyrroles 9a,b, which are pro-
duced by the reactions of the corresponding pyrrole-2-
carbaldehydes with methylisoxazolone, provides an efficient
route to 2-ethynylpyrroles 10a,b (in 95% and 84% yields,
respectively). Apparently, the reaction proceeds through the
intermediate formation of carbene (Scheme 6).1°
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Flash vacuum pyrolysis (FVP) of 2-(1,2-diethoxycarbo-
nylethenyl)pyrrole 11 affords 2-ethynylpyrrole 10a as the
major product.'® The sequence of transformations involves,
apparently, the £—Z isomerization of alkene 11 accompa-
nied by the elimination of ethylene from one or both ester
groups, the thermal dehydration of diacid 12 to form
anhydride 13 and the elimination of CO and CO> from the
latter compound (Scheme 7). This scheme was confirmed by
the pyrolysis of maleic acid 12 by itself and its anhydride 13
(which was synthesized by the dehydration or mild thermol-
ysis of diacid 12). Under similar conditions, both reactions
give 2-ethynylpyrrole 10a.'6-17

The thermal fragmentation of m-excessive heteroaroyl-
methylenephosphoranes 14 is accompanied by the elimina-
tion of triphenylphosphine oxide to form arylethynylpyr-
roles 15 in good yield (Scheme 8).'® The fragmentation of
phosphoranes under electron impact also gives ions corre-
sponding to pyrroles 15.
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Under similar conditions, phosphoranes containing two
carbonyl groups [a-acetyl- (16a) and a-benzoyl-a-(N-meth-
ylpyrrol-2-ylcarbonyl)methylenephosphoranes (16b)] are
transformed into isomeric pyrroles 17a,b and 18a,b in a
ratio of 1:1 (for 16a) and 1:3 (for 16b). By contrast,
phosphorane 16c¢ containing the ethoxycarbonyl group is
selectively transformed into pyrrolylpropynoate 17¢ in 86%
yield (Scheme 9).!8

The treatment of N-toluenesulfonylpyrroles 19 with
sodium hydride afforded 2-phenylethynylpyrroles 20. The
presence of the N-tosyl protecting group is a necessary
condition for the reaction to be efficient (Scheme 10).!°

The unusual anionic domino process based on the
BurLi-induced rearrangement of 3-(1-methylpyrrol-2-yl)-3-

17a—c
R = Me (a), Ph (b), OEt (¢)

18a,b

product of the base-catalyzed condensation of nitrile 22
with 1-methylpyrrole-2-carbodithioate followed by the
S-methylation of enethiolate with methyl iodide) was
described in the literature. This transformation gives ethy-
nylpyrrole 23 in good yield (Scheme 11).2°

The proposed mechanism of the rearrangement involves
a series of cascade reactions: the bromine —lithium exchange
reaction, the fragmentation of the intermediate A accom-
panied by the intramolecular transfer of the nitrile group
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2. Insertion of the ethynyl group into the pyrrole ring

The direct ethynylation of the unfunctionalized pyrrole ring
with electron-deficient acetylene was recently reported.?!
The reaction is mediated by the Au-catalyzed C—H-activa-
tion of aromatic and acetylenic moieties.

Thus, in the presence of AuClsPPhs (5 mol.%) and
PhI(OAc), (1.5 equiv.), N-benzylpyrrole reacts with methyl
propynoate to form a mixture of 2- and 3-ethynyl-N-
benzylpyrroles 24a,b (Scheme 12).

Scheme 12
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DCE is 1,2-dichloroethane

Two possible pathways proposed by Haro and Nevado
involve the formation of the Au! acetylene complex A as the
first step (Scheme 13). According to the first pathway, this
complex is oxidized in the presence of PhI(OAc), to form
the Au''l acetylene intermediate B, and the reaction of the
latter with pyrrole proceeds via the electrophilic aromatic
substitution to give the intermediate C. The reductive
elimination gives rise to a new C(sp2) — C(sp) bond and the
formation of ethynylpyrrole.

According to an alternative pathway, the complex A is
supposed to react with PhI(OAc)> to form the electrophilic
ethynyliodonium complex D followed by the addition of
pyrrole. The vinyl intermediate E is transformed into
ethynylpyrrole via B-elimination (see Scheme 13).

It should be emphasized that only N-benzylpyrrole is
involved in this reaction. Although this method holds
promise, it cannot be considered as a preparative procedure
because it is nonselective and requires the use of a 1.5-fold
excess of the oxidant [PhI(OAc)].

In the past years, the direct ethynylation of pyrroles with
ethynyl halides or pseudohalides, which is sometimes called

WCOzMC
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‘ ‘ [Aull —=——CO,Me

> |

1‘\1 >\
n - Phl
C / \ Au! ——=—=—CO,Me
/ \ [Au] 2

in the literature as the ‘inverse Sonogashira reaction’, has
attracted great attention.?? Initially, we suggested this name
in the study,?? in which we described for the first time the
reaction of pyrroles with electrophilic haloacetylenes on
aluminium oxide in the absence of solvents or specially
added catalysts and bases (Scheme 14, for the complete
scheme of the synthesis see below).

Scheme 14
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It should be admitted that this name is not an apt one
because the chemical essence of this type of ethynylation has
nothing in common with the palladium-catalyzed Sonoga-
shira cross-coupling.

This reaction is the first example of the ethynylation of
pyrroles, which proceeds in the absence of transition metals,
bases and solvents.?328 It should be emphasized that this
type of cross-coupling does not take place in the absence of
AlO3 (or in a Al,Osz—solvent suspension). In addition to
2-(2-acylethynyl)pyrroles 25, these reactions afford prod-
ucts of another type (Scheme 15).

Scheme 15
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The reaction mechanism involves the addition and
elimination steps. Intermediates, 2-(2-acyl-1-bromoethe-

Scheme 13
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nyl)pyrroles 26, were isolated from the reaction mixture and
were transformed on Al,Os3 into the corresponding ethynyl-
pyrroles 25.24.25

2-Acyl-1,1-bis(pyrrol-2-yl)ethenes 27 are generated as
by-products of the cross-coupling apparently as a result of
the exchange of bromine atom in intermediates 26 for the
second pyrrole molecule.?3~ 23 Their yields, which are usu-
ally not higher than 20%, are substantially increased (to
40%) in the presence of an excess of pyrrole, at elevated
temperature or at longer reaction times.

In the reactions with acylbromoacetylenes on Al;Os,
N-vinyl- and N-isopropenylpyrroles 28 are regioselectively
transformed into 2-acylethynylpyrroles 29 (Scheme 16).25-29

Scheme 16
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The ethynylation of  N-isopropenylpyrroles 28
(R! = Me) is accompanied by the deisopropenylation yield-
ing small amounts of N-H-pyrroles 25. This is apparently
due to the HBr-catalyzed hydrolysis of the N-isopropenyl
group both in the starting compounds and the end products,
because Al,O3 always contains water of hydration.?®

Under similar conditions, ethyl bromopropynoate reacts
with 4,5,6,7-tetrahydroindole (30a) on aluminium oxide to
give ethyl 3-bromo-3-(4,5,6,7-tetrahydroindol-2-yl)prope-
noate (31a) as the major intermediate (Scheme 17).2%-30 In
the presence of a larger amount of Al>,O3 (a 50-fold mass
excess), intermediate 31a was not detected, and the reaction
produced ethyl 3-(4,5,6,7-tetrahydroindol-2-yl)propynoate
(32a) and ethyl 3,3-bis(4,5,6,7-tetrahydroindol-2-yl)acrylate

Scheme 17
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(33a) (in a 38:62 ratio). The addition of K,COs3 to alumi-
nium oxide leads to an increase in the percentage of
propynoate 32a in the reaction mixture to 58% (the prepa-
rative yield is 46%), whereas the percentage of acrylate 33a
decreases to 34%.

Unlike ethyl bromopropynoate, ethyl iodopropynoate
selectively reacts with 4,5,6,7-tetrahydroindole (30a) in the
presence of a 10- or 50-fold excess of aluminium oxide to
form acrylate 33a in 79% yield (see Scheme 17).

The reaction of N-vinyl-4,5,6,7-tetrahydroindole (30b)
with both bromopropynoate and iodopropynoate (in the
presence of a 50-fold mass excess of Al,O3) gives mainly the
cross-coupling product, ethyl 3-(1-vinyl-4,5,6,7-tetrahy-
droindol-2-yl)propynoate (32b) (see Scheme 17).

As mentioned above, this type of cross-coupling was
performed for the first time on aluminium oxide. This gave
rise to a question whether Al,Os3 is a unique medium for this
reaction or other oxides and salts can also stimulate this
process.

To answer this question, we studied the reaction of
2-phenylpyrrole with benzoylbromoacetylene on different

metal oxides and salts in the absence of solvents
(Scheme 18).3!
Scheme 18
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AS = MgO, Ca0O, ZnO, BaO, Al;03, TiO», ZrO,, CaCOs3, ZrSiO4

It appeared that, depending on the active surface used,
this reaction affords either cross-coupling product 25a or
the product of the addition of 2-phenylpyrrole to the triple
bond of acetylene (26a). The activity of metal oxides in the
ethynylation reaction decreases in the following series (the
percentage of benzoylethynylpyrrole 25a in the reaction
mixture is given in parentheses): ZnO (81), BaO (73),
ALO3 (71), MgO (69), CaO (50). The oxides SiO2,3? TiO»
and ZrO; and the salts CaCO3 and ZrSiO4 are inert with
respect to ethynylation but facilitate the formation of
exclusively 2-(2-benzoyl-1-bromoethenyl)-5-phenylpyrrole
(26a); in the presence of ZrO,, the yield of this product
reaches 60%.25-31

According to the X-ray diffraction data, after chroma-
tography on alumina, 2-(2-benzoylethynyl)-5-phenylpyrrole
(25a) crystallizes in two visually discernible forms (prisms
and needles), which are cis and trans rotamers that differ in
the mutual arrangement of the nitrogen atom and the
carbonyl group.?>-33 The prisms that are formed in an
insignificant amount are less stable and are partially trans-
formed into needles during the recrystallization. Appa-
rently, this is the first example of the experimentally
observed hindered rotation about the C(sp) — C(sp2) bond.

A study of the above-mentioned series of the surfaces for
the ethynylation of 4,5,6,7-tetrahydroindole (30a) with ethyl
bromopropynoate showed that the oxides CaO, MgO, ZnO
and BaO have higher activity than aluminium oxide.?* The
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best results were achieved with the use of potassium
carbonate as the active medium. In the latter case, the
selective formation of cross-coupling product 32a was
observed (yield 90%).

Under these conditions, other N-derivatives of 4,5,6,7-
tetrahydroindole 31b—h are also selectively ethynylated
with bromopropynoate at the 2-position to form propy-
noates 32a—h (Scheme 19).2%-35 In solvents (diethyl ether,
chloroform), this reaction does not proceed either in the
presence or in the absence of K»COs3. The regioselectivity of
the ethynylation is not disturbed even by such bulky
substituents as CH(Me)OPri and CH(Me)OBu", although
the reactants have to be in contact with each other for a
much longer time (12 h vs 1 h) and the portionwise addition
of bromopropynoate to the reaction mixture is required.
Evidently, the low reaction rate is due to the steric shielding
of the 2-position of the pyrrole ring by the substituent R.

Scheme 19
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| | /O
R R 4

30a—-h 32a-h (62% -90%) OEt

R = H (a), CH=CHb (b), Et (¢), Bn (d), CH(Me)OPr' (e),
CH(Me)OBu" (f), (CH2)-SEt (g), (CH2).SPr™ (h)

Indoles (benzopyrroles) 34a,b smoothly react with ben-
zoylbromoacetylene on aluminium oxide, resulting in the
chemo- and regioselective formation of 3-benzoylethynylin-
doles 35a,b (R? = Ph, Scheme 20).2%-3¢ This is the first
example of the direct ethynylation of the indole nucleus.
The reaction with bromopropynoate gives the correspond-
ing ethynylation products 36a,b (R? = OEt) in 17% and
12% yields, respectively (see Scheme 20).2537

Scheme 20
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{ 7\—\/ O
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H H
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= H (a), Me (b); R? = Ph (35), OEt (36)

Under similar conditions, benz[g]indole (37) reacts with
benzoylbromoacetylene to form a mixture of the corre-
sponding 3- and 2-ethynyl derivatives in a total yield of
45% (Scheme 21).2%3¢

Formally being a substituted pyrrole, 4,5-dihydroben-
zo[glindole (38) readily reacts with benzoylbromoacetylene
on aluminium oxide to form 2-ethynyl derivative 39 in 68%
yield (Scheme 22). This reaction also produced bis(dihydro-
benzo[glindolyl)ethene 40 in 9% yield.?3-36

The above-considered new version of the ethynylation of
the pyrrole ring acquired a particular importance since the
classical transition metal-catalyzed cross-coupling reac-
tions, including the Sonogashira reaction, are not suitable

for the preparation of ethynylpyrroles containing acceptor
groups at the triple bond.38-4!

Scheme 21
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Several examples of the reactions of unfunctionalized
pyrroles with haloacetylenes in the presence of transition
metals were reported.*?

Thus, the transition metal-catalyzed direct ethynylation
of electron-rich N-fused heterocycles with haloacetylenes
was carried out for the first time in 2007 (Scheme 23).43 It
was shown that ethynyl derivatives of indolizine (41a),
pyrroloquinoline (41b), pyrroloisoquinoline (41¢) and pyr-
roloxazole (41d) can be regioselectively synthesized from the
corresponding heterocyclic systems in the presence of
PdCl»(PPh3)> and KOACc in toluene.

Scheme 23
/ \ Br—
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for 41a: R = Bu", Ph, SiMes;
for 41b: R = CO,Et, @, CsH4COsEt-4, 2-naphthyl (Naph), SiMes;

for 41¢: R = Bun, Ph, SiMes, CO5EX, S—@; for 41d: R = Ph
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The proposed mechanism of the direct Pd-catalyzed
C —H-ethynylation of the above-mentioned heterocycles
(Scheme 24) involves the nucleophilic attack of ethynylpal-
ladium on the most electron-rich atom C(2) of the pyrrole
ring to form the iminium intermediate A. The deprotona-
tion of the latter gives the Pd" intermediate B, and the

subsequent reductive elimination affords ethynylpyr-
roles 41.
Scheme 24
\
N TS—g Br—=—R
‘ ) 7/' Pd’L
/ \ Pdn R—==—Pd!L,Br
]‘\I Ln s
B R

B: is a base, L is a ligand

The ethynylation of substituted pyrroles 42 was per-
formed with the use of the benziodoxolone derivative of
hypervalent iodine 43 instead of bromoacetylenes.** The
reaction proceeds under mild conditions (at room temper-
ature) in the presence of catalytic amounts of AuCl to form
2- or 3-ethynylpyrroles 44 in good yields (Scheme 25).
However, this method is limited to the synthesis of ethynyl-
pyrroles containing the triisopropylsilyl group at the C=C
bond.

The pathway of this reaction can be controlled by
blocking the 2 (or 3) positions of the pyrrole ring or
inserting a bulky substituent at the nitrogen atom.
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Scheme 25
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Thus, pyrrole gives exclusively 2-ethynylpyrrole, the ethy-
nylation of N-methylpyrrole affords, along with the major
2-ethynyl derivative, a large amount of 3-ethynylpyrrole
(25%), whereas N-(triisopropylsilyl)pyrrole undergoes only
3-ethynylation.

Two reaction mechanisms were proposed by Brand
et al.** (Scheme 26). According to one mechanism, the
initial oxidation of a gold(I) salt with a derivative of hyper-
valent iodine 43 to the Au''l acetylene complex A is
followed by the metallation of pyrrole giving the complex
B and by reductive elimination. According to an alternative
mechanism, the Aul-catalyzed addition of pyrrole to the
triple bond of the complex A gives the vinyl complex of gold
C or D and is accompanied, depending on the regioselectiv-
ity of the addition, by either B-elimination or a-elimination
and the 1,2-shift.

The reaction of N-methoxycarbonylpyrrole with chloro-
trifluoroacetylacetylene (45a) giving 2-ethynylpyrrole 46
and unstable bicyclic compound 47 (Scheme 27) was
described in 2009.43

As opposed to chloride 45a, the reaction of bromide 45b
with N-methoxycarbonylpyrrole is exothermic and produ-
ces exclusively 2-ethynylpyrrole 46 without traces of the
corresponding [4 + 2]-cycloadduct 47.

Scheme 26
Au oxidation
Cl )
\/‘\u”' —=siPt}
1 O
XN
o
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1
COH
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N
H B
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Scheme 27
X C(O)CF; COzMe
// \\ (45a b)
N dioxane (anhydrous)
C(O)CF;
2 4h
COzM 0°C
46 47 C(O)CF;
X Yield, %
46 47
Cl 19 62
Br 78 0

The ethynyl substituent can be introduced into the
pyrrole ring also using the cross-coupling of halopyrroles
with terminal acetylenes in the presence of palladium
catalysts (Sonogashira reaction and its modifications 4°).
This reaction was employed to synthesize various pyrrole-
containing building blocks for the design of natural com-
pounds,*’ =3¢ pharmaceuticals>7->® and high-tech materi-
als.>®~%2 According to a typical procedure, halopyrroles
are treated with terminal acetylenes in the presence of
palladium catalysts, such as the triphenylphosphine com-
plex of Pd® or the combined palladium copper catalytic
system PdCl,(PPhs),—Cul, and bases (for example, potas-
sium carbonate, secondary or tertiary amines) in an inert
medium. Iodopyrroles are most commonly used as halopyr-
roles, although bromo and chloro derivatives of pyrrole are
also active is some cases.

In the series of pyrroles, the Sonogashira reaction was
carried out for the first time¢*%* with 2-iodo (48) and
3-iodo derivatives (49a.b) (Scheme 28).64

Scheme 28
EtO,C Me EtO,C Me
R—= _
Me / \ . PdC]z(PP}i3)2, Cul, ELNH Me / \ _
1‘\1 45-50°C,11-51h 1‘\] NS R
Me Me
48 (82% —95%)

R = Ph, CMCZOH, CHzN(CHzCHg)gO
R3

R! I R! //

R3I—==
5 / \ PdClz(PPh})z, Cul, Et,NH
R Me R? N Me

/

1‘\1 45-50°C, 11-51h
\
Me Me
49a.b (65% —93%)

= CO,Et, R2 = Me (a); R! = Me, R2 = CO,Et (b);
R3 = Ph, CMEon, CHQN(CHchz)zo

3-lodopyrrole 49b is less reactive than 2-iodopyrrole 48.
However, the presence of the electron-withdrawing ethoxy-
carbonyl group in the 4-position adjacent to the iodine atom
increases the activity of the compound due to which
iodopyrrole 49a reacts with acetylenes more vigorously
compared to compounds 48 and 49b.

Under similar conditions, 2,4-diiodo-substituted pyrrole
50 was successfully involved in the reaction with phenyl-
acetylene producing 1,2,4-trimethyl-3,5-bis(phenylethynyl)-
pyrrole (51) (Scheme 29).64

The same catalytic system was used for the preparation
of ethynylpyrrole 52 (R = Ph) from 2-iodopyrrole 53 and
phenylacetylene (Scheme 30). However, this compound was
obtained in rather low yield (25%).>® This reaction gives
1,4-diphenylbutadiyne as the major product, which is
formed through the oxidative dimerization of phenylacety-
lene. The optimal conditions for the ethynylation were
found by varying the catalytic system, the ratio of the
reactants and the solvent: the Pd(PPh3)s— Cul—Et;N cata-
lyst, the iodopyrrole 53—phenylacetylene molar ratio is
1:1.1, DMF as the solvent and an inert atmosphere. The
yield of the cross-coupling product sharply decreases (from
89% to 21%) in the presence of oxygen.

Scheme 29
Ph

1 Me \\ Me

Ph—=
M\ PACL(PPhs)s, Cul, ENH, / \
Me I 45-50°C,22h Me

—
1‘\1 N T~Ph
Me Me
50 51 (50%)
Scheme 30
R—=
B
o\ Pd(PPhs)s, Cul, EGN, 7\
MeO,C N I DMF, 20-25°C, MeO,C N =
H 20-23h H R
53 52

X O
_ X = Me, CH(OMe)Me, CH(OBn)Me;
R = Ph, \)\Y/MNHZ Y — H. M)

s

The same conditions proved to be suitable for the
synthesis of ethynylpyrroles 52 containing amide substitu-
ents. The yields of compounds 52 were >85%, and an
insignificant amount of the dimerization product of acety-
lene was found (see Scheme 30).

The Sonogashira cross-coupling is the key step in the
synthesis of precursors of phytochrome and phytocyanin,

viz., compounds 54,47-48.53.54 5553 56 and 57°2
(Scheme 31).
Scheme 31
Rl RZ Rl R2
RI—=
/ A\ L / A\
Pd(PPh;),, Cul, EtsN
Boc N 1 Boc N = R
H H
54-57
R! = (CH,),CO>Me, R? = Me; R~ R2 = (CHa)s;
S\ NM62
A O e
S Me
R} = My (54, yield 88% —93%) O (55,37%),
X NH,
Me O Me O Me
X" ONH: (56, 85%95%),\%\[MNH2 (57, 85%—95%);
NS
CH»
SBC(,H4C1-4

A = H, Me, CH(OMe)Me, CH(OBn)Me; X = H, Me;
Y = NH,, NHBn, OH; Boc is tert-butoxycarbonyl
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The introduction of the acetylenic moiety into 1-(N-
benzylpiperidine-4-yl)-2-iodopyrrole under the conditions
of the Sonogashira reaction resulted in the selective for-
mation of ethynylpyrroles 58 (Scheme 32).%8

i
Bn

Scheme 32

.
R—= N TR

Pd(PPh3)4, Cul, EtMe>N
THF, 20-25°C,3-4.5h

N
Bn

58 (81% —84%)
R = Ph, SiMe;

The palladium-catalyzed cross-coupling was used for the
transformation of N-protected pyrroles 59 into ethynylpyr-
roles 60 (Scheme 33).9%-%¢ The latter were synthesized in
good yields by the reaction of halopyrroles 59 with various
terminal acetylenes in the presence of Cul as the cocatalyst
and diethylamine as the base. The active Pd® catalyst was
generated in situ from PdClx(PPhs), and Cul in diethyl-
amine.

Scheme 33
R3

R2 X R2 A

U —— 7

PdCly(PPhs); or Pd(PPhs)s,

1‘\1 Cul, EbNH 1‘\1
R! R!
59 60 (50% —82%)

X = Br, I; R! = Boc, SiPr}, SO,.NMey: R2 = Me, SiMes;

R3 = SiMes, (CH2),0H, g—@ ,Ph

Using Pd(PPhs)4 as the catalyst, which was generated
in situ from triphenylphosphine and palladium on carbon,
the reaction mixture was heated to reflux, resulting in a
substantial decrease in the yields of the target products,
from 83% —92% (Ref. 66) to 56% —82%.%°

The second ethynyl group was introduced at the 4-posi-
tion of 3-ethynylpyrrole derivative 60a using the following

Scheme 34

MesSi MesSi
MeONa

MeOH, 20-25 °C, 611

Iz CF‘;COzAg
THF, —78 °C,2h

Boc

60a (90%)

P

Ph
PdClz(PPh3)2, Cul / N\

(69%) 61a (58%)

sequence of transformations: the removal of the Boc pro-
tecting group, the iodination in the presence of silver
trifluoroacetate and the palladium-catalyzed cross-coupling
with phenylacetylene. This reaction afforded 3,4-bis(phenyl-
ethynyl)pyrrole (61a) (Scheme 34).6¢
The cross-coupling of 1-(triisopropylsilyl)-3-iodopyrrole
with various acetylenes to form 3-ethynylpyrroles 62 can be
easily performed in the presence of Pd(PPhs)4 (either ex situ
or generated in situ from PPhs and Pd/C) or PdCl>(PPh3)»
(Scheme 35).%7 The triisopropylsilyl group is easily removed
using tetra-n-butylammonium fluoride.
Scheme 35

Bu“4NF

Pd(PPlh)a Cul, Et3N, THF 20-25°
I MeCN,A,3h
SiPr} SIPI‘3

62 (28% —77%)

R = PI‘", H-C5H11, SiMC3, Ph

3,4-Diacetylene pyrroles 63 were synthesized according
to a similar procedure. In addition to these compounds,
small amounts of monocoupling products 64 were detected
in the reaction mixtures (Scheme 36).%7

Scheme 36
: : Pd(Pth)a Cul, EtsN,
MeCN, A, 3 h
SlPr3 SIPI'; SlPr;
65 63 (30% —52%) 64 (10% —11%)
R R
BujNF \\ //
_— >
THF, 20-25°C / \
H 61
R = Pr", n-CsH,i, SiMes, Ph

1-(Triisopropylsilyl)-3,4-diiodopyrrole (65) was used
also for the synthesis of 3,4-diethynyl-1-methylpyrrole 66

(Scheme 37).9%
Scheme 37

Me3Si

C \ /
I ves=__
1‘\] PdCly(PPhs),, Cul

Pip,40-45°C,20 h |

Me
66 (78%)

SiM€3

Mel, BuyNF

SN
THF, 20-25°C,0.5h

(96%)
Pip is piperidine

The Sonogashira reaction of 2,3-diiodopyrrole 67 pro-
duced ©® 2,2'-bipyrroles 68 containing 3,3'-ethynyl groups
(Scheme 38). In the authors’ opinion, the first step of this
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reaction involves the replacement of the iodine atom at the
3-position of compound 67 by the ethynyl group followed
by the dimerization. Apparently, the ethynyl group at the
3-position facilitates the cross-coupling in bipyrrole due to
the complexation with the palladium catalyst, resulting in
its close approach to the reaction centre C(2)—1.9°

Scheme 38

R

Prn 1 Prn //

fate=—n
Et0,C™  PACL(PPha)k, i 0 I

Cul, EtsN, 60 °C

—

/ \

TZ

R 68(38%70%)

R = SiMe;, CH,OH, (CH»),OH, Ph

The reaction of hepta-1,6-diyne with 1-fert-butoxycar-
bonyl-2-iodopyrrole and its 5-phenyl derivative produces
diynes 69a,b containing terminal pyrrole rings
(Scheme 39).70

The Sonogashira reaction was also used for the synthesis
of the precursor of chlorin (compound 70) and for the
introduction of ethynyl functional groups as auxochromic
groups at the 3- and 13-positions of chlorins 7la—d
(Scheme 40).7!

SiPr}
Me Br Me
Me N\ Prisi —= Me N\
MR ‘ PdCly(PPhs) \ ‘
ICl 3)2,
N N pinm, N N
Ts Cul, THF, A 70 (54%) Ts
Mes Mes
Br _— SiPr}
a
—
Br
71b Me Me (71%) Me Me

Scheme 39

]\ M PACIy(PPhs)s, Cul, EsN
|

dioxane, 20—-25°C, 24 h

Boc

R = H (a, 85%), Ph (b, 81%)

The PdCI»(PPhs),- and Cul-catalyzed cross-coupling of
4-iodopyrrole-2-carbaldehydes 72, including immobilized
derivatives, with trimethylsilylacetylene 7> 73 or phenylace-
tylene 73-74 affords 4-ethynylpyrrole-2-carbaldehydes 73
(Scheme 41).

Scheme 41
R2
| 7
R2—=
]\ PACL(PPh),, Cul, Et:N ]\
O NS N3
N dioxane, 20—-25°C, 1 h N
R! R
72 73 (80% —85%)

R! = CH(OEt)a, jo_/o (Q is polymer); R? = SiMes, Ph
O

O_/

Tri-n-butyl (propyn-1-yl)tin was also employed for the
synthesis of ethynylpyrroles. For example, 4-(propyn-1-
yl)pyrrole-2-carbaldehyde was prepared by the palladium-
catalyzed cross-coupling of this compound with 4-iodopyr-
role-2-carbaldehyde (Scheme 42).73

Scheme 40
Mes Mes cheme
a
—
Br % .
M Me SiPr}
¢ Me 7la Me  (52%) .
R
Br __——SiPry
a
—
. —
Prisi——
Me Me Me Me
Tle,d

(a) PriSiC=CH, Pdx(dba)s, P(Tol-0);, PhMe—~Et;N (5 : 1), 60°C; Mes is mesityl (2,4,6-trimethylphenyl), dba is dibenzylideneacetone,

0-Tol is o-tolyl; R = H (71¢, yield 53%), Mes (71d, 75%)
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Scheme 43
Me Me Me Me
/ = = MesSi—— / = = M BujNF, THF
> SiMe; . >
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(90%)

The application of the Sonogashira reaction for the
modification of the boradiazaindacene unit of fluorophores
of the BODIPY family (boron-dipyrromethene) with acety-
lenic substituents as bathochromic groups was reported.
For example, the reaction of iodide 74 with trimethylsilyla-
cetylene followed by the desilylation affords ethynyl deriv-
ative 75 (Scheme 43).90

The reaction of 3,5-dichloro-BODIPY (76) with phenyl-
acetylene (1 equiv.) proceeds regioselectively to form the
3-ethynyl derivative of difluoroboradiazaindacene 77 in 1 h
(Scheme 44). An increase in the reaction time to 3 h and the
use of a larger amount of phenylacetylene resulted in the
formation of 3,5-diethynylboradiazaindacene 78.62

Scheme 44
AR Ph—=
NG N pa(0AQ, PPh, Cul, EGN,
a F/ \F \., THF.DMF.80°C lor3h
76

or

77 (59%) 78 (57%)

The Sonogashira cross-coupling is, as a rule, not used
for the synthesis of pyrrole derivatives containing the
terminal acetylene group starting from halopyrroles and
acetylene, because the latter is a bifunctional reagent. Such
ethynylpyrroles are most commonly synthesized by the
reactions of pyrrole derivatives of tertiary acetylenic alco-
hols or trimethylsilylacetylene with catalytic amounts of an
alkali.

Thus, 1-methylpyrrole containing the terminal acetylene
group at the 2-position was synthesized by the base-cata-
lyzed cleavage of ethynylpyrrole 79, which can be easily
prepared by the Pd — Cu-catalyzed cross-coupling of 2-iodo-
I-methylpyrrole with 2-methylbut-3-yn-2-ol
(Scheme 45)_63.64. 76

150 180 °C
—MeoCO

YN

(81%)

@\

79 (80%)

2-Ethynylpyrroles 80 were prepared by the desilylation
of trimethylsilylethynylpyrroles 81, which are products of
the PdCIly(PPhs),— Cul-catalyzed cross-coupling of iodo-
pyrrolecarbaldehydes 82 with trimethylsilylacetylene, using
sodium hydroxide 77 or BujNF (Refs 78 —81) (Scheme 46).

Scheme 46
R! R?
MesSi
O / \ I PdCly(PPhs),, Cul, EtoNH, 50 °C, 0.5 h
N
H
82
R! R2 R! R?
. aorb
o A N _ o A N
N \ SiMes N T
H H

81 (90% —95%) 80 (90% —94%)

(a) NaOH, MeOH — H,0, 2025 °C, 0.5 h;
(b) BUINF, THF, 20-25°C, 1 h;
R' = Me, Et; R? = Me, Et, (CH,),CO:Me (1 = 2, 3)

The desilylation of 2,5-bis(trimethylsilylethynyl)pyrrole
83, which is generated by the cross-coupling reaction of 2,5-

dibromo-1-dodecylpyrrole with trimethylsilylacetylene, in
the presence of KOH affords diethynylpyrrole 84
(Scheme 47).82
Scheme 47
/@\ Me3SiE
Br N Br Pd(PPhs)s, Cul, EtsN, THF, 50 °C, 12 h
|
Ci2Hasn
KOH, THF,
7\ MeOH ]\
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83 84 (76%)
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The cleavage of tertiary acetylenic alcohol 85a or trime-
thylsilylacetylene derivative 85b gave di(ethynylpyrrolyl)e-
thene 86. Starting compounds 85a,b were prepared in
quantitative yield by the reaction of 1,2-bis(2-iodo-1,5-
dimethylpyrrol-4-yl)perfluorocyclopentene with 2-methyl-
but-3-yn-2-ol or trimethylsilylacetylene (Scheme 48).83.84

Bis(5-alkoxycarbonylpyrrol-2-yl)acetylenes 87  are
important intermediates in the synthesis of porphyrin ana-
logues because they contain a two-carbon bridge between
the pyrrole rings. These compounds were synthesized by the
reaction of 5-iodopyrrole-2-carboxylates 88 with trimethyl-
silylacetylene in the presence of palladium(0) and copper(I)
at room temperature (Scheme 49). The three-step (cross-
coupling — desilylation — cross-coupling) and one-step (using
the double Sonogashira coupling of 2-iodopyrrole and
trimethylsilylacetylene) methods were developed for the
synthesis of such bispyrroles. In the latter case, 1,8-diazabi-
cyclo[5.4.0Jundec-7-ene (DBU) serves as the base.$-8¢

Under these conditions, the reaction with the use of
2-bromo-1-tosylpyrrole as the starting compound produces
bis(pyrrolyl)acetylene in low yield (8%).%7

However, the reaction of trimethylsilylacetylene gives
only trimethylsilyl derivatives. On the other hand, the base-
catalyzed cleavage of a-acetylenic alcohols (reverse Favor-
sky reaction) requires severe conditions (strong alkali, high
temperature) and cannot be applied to the synthesis of
unstable acetylenic compounds.

For this reason, 3-ethynylpyrrole 89 was synthesized by
the reaction of ethyl 3-iodo-1,2,5-trimethylpyrrole-4-car-
boxylate with acetylene in the presence of catalytic amounts
of PdCl>(PPhs),, Cul and an excess of K>COj instead of
usual di- and trialkylamines (Scheme 50).88

Scheme 50

EtO,C 1 EtO,C //

TS, o
Me M PdClz(PPh})z, CuI, KzCO}, Me Me

1‘\1 ¢ DMF, 50-55°C 1‘w
Me Me
89 (35%)

To provide a high concentration of acetylene, dimethyl-
formamide (in a relatively high amount), which has a high
boiling point and absorbs a considerable amount of acety-
lene, was employed as the solvent. An excess of acetylene is
necessary for the suppression of the competitive reaction of
the starting iodide with ethynylpyrrole 89 that is formed in
the reaction.

Meanwhile, the use of acetylene in the synthesis of
ethynylpyrroles can give rise to side reactions giving diac-
etylenes and dipyrroles. For example, the intermediate for
the preparation of acetylene-cumulene porphycene, bis(pyr-
rolyl)acetylene 90a, is generated by bubbling acetylene
through a solution of 3,4-diethyl-2-iodopyrrole-5-carbalde-
hyde (82a) in diethylamine in the presence of dichloro-
bis(triphenylphosphine)palladium(1l) and copper(l) iodide
(Scheme 51).%°

Scheme 51
Et Et Et Et Et Et
HC=CH
_—
N Cul, EtoNH, N N
H 45°C,7h H H

82a 90a (22%)



L N Sobenina, D N Tomilin, B A Trofimov Russ. Chem. Rev. 83 (6) 475—-501 (2014) 487

The cross-coupling of iodopyrroles with ethynylmagne-
sium and ethynylzinc bromides has a considerable advant-
age for the selective synthesis of pyrroles containing the
terminal acetylene group. For example, 2-ethynyl-1-methyl-
pyrrole is selectively produced by the Pd-catalyzed coupling

of 2-iodo-1-methylpyrrole with ethynylzinc bromide
(Scheme 52).90
Scheme 52
@\ =——Z7nBr @\
Hw I Pd(PPhs)s, THF, 20-25°C,4h 1‘\1 s
Me Me
(76%)

It should be noted that the Pd-—Cu-catalyzed cross-
coupling of halopyrroles with acetylenes is limited to
pyrroles containing electron-withdrawing substituents and
their N-substituted representatives. In addition, this reac-
tion is apparently inapplicable to electron-deficient acety-
lenes (examples of the cross-coupling of pyrroles with
acetylenes containing electron-withdrawing substituents
are unknown).*!

3. Synthesis of C-ethynylpyrroles with the simultaneous
construction of the pyrrole ring
Several methods for the synthesis of C-ethynylpyrroles with
the simultaneous construction of the pyrrole ring were
described in the literature. For example, it was shown °!-92
that diacetylenic amino alcohols 91, which are produced by
the reaction of diacetylenic epoxides with amines, are
unstable and, under mild conditions, undergo cyclization
to ethynylpyrroles (Scheme 53).

Scheme 53

~ /

NHMe b on.20°C, 120
— e
R—=— OH —H0 N

The cycloaddition of 1,3-diphenylazaallyllithium (92) to
1,4-diphenylbut-1-en-3-yne or 1,4-diphenylbuta-1,3-diyne
affords 3-ethynylpyrrolidine 93 or 3-ethynyl-2,5-dihydro-
pyrrole 94, respectively (Scheme 54).°%-°4 When heated
under reflux in xylene (6 h) in the presence of chloranil,
both pyrrolidine 93 and dihydropyrrole 94 are transformed
into 3-phenylethynylpyrrole 95.93-°4 The treatment of pyr-
role 95 with methyl sulfate or benzyl bromide gives its N-
methyl or N-benzyl derivatives.

3-(Trimethylsilylethynyl)pyrrole 96 was synthesized
from 1,4-bis-(trimethylsilyl)butadyine and trimethylsilyl
cyanide in the presence of various palladium compounds:
PdCl,, Pd(OAc),, PA(CN),, PACI>(PhCN),, PdCl»(PPhs),,
Pd black, 10% Pd/C (Scheme 55).°> The reaction is appa-
rently catalyzed by the palladium isonitrile or cyanide
complex, which acts like a metal carbene complex.

Scheme 55

. Cat
SIM63
120-160 °C,4-12h

MesSi—=——=—"SiMe3 + N=

SiMe3

Me;Si //
/ \

(Me3Si)2 N
H

96 (55% — 84%)
Cat = PACly, Pd(OAc),, PA(CN),, PACLy(PPhs),, Pd (black), Pd/C

=N

1,4-Disubstituted 2,3-dinitrobuta-1,3-dienes 97 react
with isocyanides XCH,NC (X = Ts, Boc) in the presence
of DBU to form 2,3-disubstituted 4-ethynylpyrroles in
37% —76% yields (Scheme 56).°¢ The reaction mechanism
involves the base-induced formation of the isocyanide
anion, the addition of the latter to the double bond of
butadiene 97, the elimination of NO; and the cyclization of
anion 98 followed by aromatization.

The domino reaction of imine 99 with difluorocarbene in
the presence of dimethyl acetylenedicarboxylate produces
5-ethynyl-2-fluoropyrrole 100 (Scheme 57).°7 The reaction
apparently begins with the attack of difluorocarbene on the
electron pair of the nitrogen atom to form intermediate
unstable azomethine ylide.

Ph,, «Ph Ph,,,
/1, \ B unLi /1,

_ >

«Ph H. .H

Scheme 54
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Scheme 56

C NC
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R = Et, CyClO—C()Hl 1, Ph, 2—MCC(,H4, 4—MCC6H4,
4-MeOC¢H4, 1-Naph, 2-Th

The 1,3-dipolar cycloaddition of the latter to dimethyl
acetylenedicarboxylate is accompanied by dehydrofluorina-
tion of ethynyldifluorodihydropyrrole 101. The modified
method for the generation of difluorocarbene using active
lead instead of lead powder for the reduction of dibromodi-
fluoromethane makes it possible to reduce the reaction time
(1.5 h vs 25 h) and increase the yield of ethynylpyrrole (42%
vs 11%).

Scheme 57
Ph Ph
/ +/
=N :CF, = N\ MeO,C—==—CO,Me
Z _
// // CF, 45°C,1.5h
Ph 99 Ph
MeO,C CO,Me MeO,C CO,Me
— o — / \
F - ~HF —
FON© e N T pn
Ph Ph
101 100 (42%)

1-Aryl-2-ethynylpyrroles 102 are produced by the treat-
ment of 1,8-disubstituted 2,7-bis(p-toluenesulfonyl)octa-
1,7-diene-3,5-diynes with aniline derivatives in the presence
of CuCl (1.6 equiv.) and CuCl, (0.16 equiv.) in DMF

(Scheme 58).98.99
Scheme 58

/ A\

1
R NGO T
= — - R!
/ N cucl, cuch,
R! R! DMF,90°C,8-10h

R2
102 (47% —64%)
R] = Ph, 3-MCOC6H4, 4-MCOC5H4, 4-BI'C6H4, 2-Naph;
R2 = H, Me, OMe, F, Br

In the presence of an excess of lithium acetylenides,
a-amino acid esters 103 containing a substituted amino
group are transformed into compounds 104, and the iodi-
nation of the latter at the triple bond results in their
cyclization to hydroxydihydropyrroles 105. The dehydra-
tion of the latter in the presence of methanesulfonyl chloride
and Et3N gives rise to ethynylpyrroles 106 (Scheme 59).100
At R! = Pri, the dehydration is already observed in the step
of cyclization of compounds 104 to pyrroles.

Scheme 59
R2 R2
R2 Ll % OH%
)C\OZME THF, —78 10 0 °C I, K2COs
B —
TsHN 1 —MeOH TsHN Rl CHzCIz, 20 nC, 16 h
103
1. HO // I //
MsCl, Et;N
CHwCl» 20°C, 16 h
S S

105 (87% —90%)
R! = Me, Pri; R? = Bu", Ph; Ms is methanesulfonyl

106 (65% —91%)

3-(But-1-yn-1-yl)-2-methylsulfanyl-5-methoxypyrrole (107)
was synthesized from hexa-1,3-diyne and methyl isothio-
cyanate in one preparative step (Scheme 60).'°" 1-Methoxy-
hepta-2,4-diyne (108), which is required for the formation
of the pyrrole ring, can be easily produced from 1-lithio-
hexa-1,3-diyne and methoxychloromethane. The deproto-
nation of heptadiyne 108 with Bu"Li followed by the
reaction of compound 109 with isothiocyanate and methyl
iodide give the corresponding imidothiolate, and, in the
presence of catalytic amounts of CuBr, the latter undergoes
cyclization to 3-(but-1-yn-1-yl)pyrrole 107.

Scheme 60
Et
Et BurLi X I oMe
_ > _—
\THF. —100°C X
S Li
Et Et
X Bu"Li X
X\ THF, —100°C N L
108 OMe OMe
Et
RN P o MeO/\ N %
MeO RN Z MeN=C=S§ CuBr
- Mel
Li 109 ¢ N7 "SMe
Et Me
—

107 (19%)
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Scheme 62
Me Me Me
Me // Me Me //
Ho N Y | B
(110) SiMes - reductive elimination
4 = —Me;SiH |
A R [Rl\l]j R [Rh] R Me
SiMes SiMe; R SiMes .
[Rh] D
R = n-C6H13
The treatment of a mixture of B-trimethylsilyl-substi- Scheme 63
tuted o,B-unsaturated imine 110 and oct-1-yne with cata-
lytic amounts of the rhodium catalyst [RhCl(coc)>]>» and @\ 0>, CuCl, DBU / \ - / \
tricyclohexylphosphine produced 5-(propyn-1-yl)pyrrole N = Py,20-40°C N
111 ([4 + 1]-cycloaddition product) (Scheme 61).102 1\‘/1 \ \
¢ 112 (90%)

Scheme 61
Me
‘ ‘ n-CeHis——=—=
[RhCl(coc)a]>, / \
PCys, H>0, BuiN —
Plys, B0, BusN - =
| SNMe  phne, 110°C,on DC7 N Me
Me
MesSi™ 149 111 (50%)

coc is cyclooctene; Cy is cyclohexyl

The reaction apparently proceeds as the nucleophilic
addition of imine 110 (through the nitrogen atom) to the
carbene carbon atom of the rhodium complex A (generated
in situ from terminal alkyne) followed by the cyclization of
the zwitterionic intermediate B to the metallacycle C
(Scheme 62). Then the reductive elimination (through the
formation of enamine D), the isomerization of the double
bond and the desilylation give pyrrole 111.

I11. Reactions of C-ethynylpyrroles

C-Ethynylpyrroles are involved in the following reactions
typical of acetylenic compounds: the substitution of a
hydrogen atom leaving the triple bond intact and the
addition at the acetylenic moiety, including the cycloaddi-
tion and intramolecular cyclization.

1. Reactions leaving the triple bond intact
Among these reactions are, in particular, the oxidative
coupling involving two acetylenic moieties.

Unlike other hetarylacetylenes (2-furyl-, 2- and 3-thie-
nylacetylenes), 2-ethynyl-1-methylpyrrole does not undergo
dimerization under usual conditions [O2, CuCl, pyridine
(Py), 20—40 °C]. Thus, more than 90% of the starting
compound is recovered from the reaction even after the
prolonged bubbling of oxygen at 50 °C. However, in the
presence of catalytic amounts of DBU, which efficiently
deprotonates the terminal carbon atom, the dimerization
readily proceeds under mild conditions. Thus, in the pres-
ence of 1 mol.% CuCl and 2 mol.% DBU, 2-ethynyl-1-
methylpyrrole is rapidly and almost quantitatively trans-
formed into conjugated dipyrrolyldiyne 112 (Scheme 63).103

The oxidative coupling of 5-ethynyl-3,4-dimethylpyr-
role-2-carbaldehyde (80a) and its 3,4-diethyl analogue 80b
in the presence of the Pd(PPhs)s—Cul system, chloroace-
tone and triethylamine affords 1,4-bis(3,4-dialkyl-5-formyl-
pyrrol-2-yl)butadiynes 113a,b (Scheme 64).77-78

Scheme 64
R R
Pd(PPhs),, Cul, EG;N
(0] ~ / \ AcCH-CI, PhH, 20-25°C, 16 h
NS
H
80a,b
R R R R
—
0. / \ == / \ _0
N N
H 113ab (92%) H

R = Me (a), Et (b)

The yttrium dialkyl complex [(L—H)Y(CH2SiMes)s]
activated with [PhNMe,H]* [B(C¢Fs)s]~ catalytically
dimerizes 2-ethynyl-1-methylpyrrole to Z-enyne 114 at a
high rate and with absolute selectivity. The corresponding
E-enyne 115 was synthesized in the presence of the perme-

Scheme 65
[(L—H)Y(CH,SiMe),]
(2mol.%),
[PhNMe,H] " [B(C6Fs)a]
(2 mol.%)

CsDsBr, 80 °C, 40 min

| Cp3LaCH(SiMe3)»
Me (2 mol.%)

CgDg, 25 °C, 10 min

B

115 Me
L is 1,4,6-trimethyl- N-(2-pyrrolidinoethyl)-1,4-diazepane-6-amine,
Cp* is pentamethylcyclopentadienyl
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thyllanthanocene
me 65).104

The deprotonation of compound 116 with lithium hexa-
methyldisilazide followed by the reaction of the intermedi-
ate carbanion with methyl chloroformate afforded
pyrrolylpropynoate 117 serving as an intermediate in the
synthesis of roseophilin (Scheme 66).105

catalyst Cp;LaCH(SiMes)>  (Sche-

Scheme 66
O

e,
TBDMSO
X% == (Me;Si)NLi,

N

| THF, —78—>0°C

TBDMS is fert-butyldimethylsilyl

C-Ethynylpyrroles are often used as an acetylenic com-
ponent in the Sonogashira reaction. Thus, 2-ethynyl-1-
methylpyrrole is involved in the Pd—Cu-catalyzed cross-
coupling with (tricarbonyl)(n®-chlorobenzene)chromium to
form complex 118. The latter is employed as a precursor for
the design of organometallic materials for nonlinear optics
(Scheme 67).106

@\\ +C1

Scheme 67

PdClz(PPh})z, Cul, Et;N

N : THF, 20-25°C, 5h
| '
Me Cr(CO)3
Y ) W
1‘\1 ‘
Me Cr(CO);

118 (72%)

Acetylenic dipyrroledialdehyde 90b used as the building
block in the synthesis of the porphyrin isomer porphycene is
produced by the reaction of ethynylpyrrolecarbaldehyde
80a with iodopyrrolecarbaldehyde 82b (Scheme 68). An
attempt to perform the direct synthesis of compound 90b

2-Thl, Pd(PPh3)4, Cul, 5.5M NaOH, PhH

by means of the double coupling reaction of the correspond-
ing iodo-substituted aldehyde with acetylene resulted in the
formation of the target product in low yield (9%).77-78

Scheme 68
Me Me Me Me
/ \ / \ PdCly(PPh3),, Cul, EttNH
O NS + — o >
NS [T 50°C.3h
H H
80a 82b
Me Me Me Me
—
N A
N
H H

90b (65%)

The cross-coupling of ethynyldifluoroboradiazainda-
cene 75 with 9-bromoanthracene affords functionalized
BODIPY fluorophore 119 (Scheme 69).0

Scheme 69

Pd(PPh3)4, Et;N

_ >

THF, 60 °C, 12h

119 (61%)

Photoswitchable dipyrrolylethene 120 was synthesized 3 by
the modified Sonogashira reaction performed under phase
transfer conditions. Thus, dipyrrolylethene 120 was pre-
pared by heating under reflux a mixture of alkynylpyrrole
85a with 2-iodothiophene in the presence of benzyltriethy-
lammonium chloride (as the phase transfer reagent),

Scheme 70

[BnNEt]CL, A, 20 h

120 (92%)

2-ThI
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5.5 M NaOH aqueous solution (as the base) and the
Pd(PPh3)4—Cul catalytic system (Scheme 70). Compound
120 is apparently generated by the reaction of dipyrrolyl-
ethene 86 containing terminal alkynyl groups with iodo-
thiophene.
2,7-Bis(pyrrol-2-ylethynyl)-1,8-naphthyridine (121),
which is a glucopyranoside receptor, was synthesized by
the cross-coupling of N-tert-butoxycarbonyl-2-ethynylpyr-
role (2 equiv.) with 2,7-dichloro-1,8-naphthyridine (122)
followed by the removal of the N-protecting group
(Scheme 71).3%-61
Scheme 71

1) PACl»(PPhs3),, Cul, Et3N,
| N THF, 20-25°C, 40 h

2) MeONa, MeOH,
THF,20-25°C, 1 h

121 (58%)

The polycondensation of diethynylpyrrole 84 with
dibromo derivatives of azoles 123 catalyzed by the
Pd(PPh3)4—Cul system affords photoluminescent m-conju-
gated copolymers 124. The latter contain electron-with-
drawing (1,3,4-thiadiazole or 4-alkyl-1,2,4-triazole) and

electron-donating  (N-dodecylpyrrole) groups  (Sche-
me 72).82.107
Scheme 72
N—N
= 1‘w = Br % Br PriNH, PhMe, 60 °C
C13H25-n 123
84
N—N W
N T
X N J
CioHasn B

124 (81% —90%)
X = S, NC12H25-I1

2. 1,2-Addition reactions
Yet another important synthetic application of ethynylpyr-
roles is based on addition reactions to the triple bond. One
of these reactions is the catalytic reduction of the acetylenic
moiety by hydrogen, which can occur either partially or
completely depending on the reaction conditions.

For example, 4-(4-hydroxypent-1-yn-1-yl)pyrrole-2-car-
boxylate 125, which is formed after the removal of the

protecting group from the nitrogen atom in compound 126,
is easily reduced with hydrogen in the presence of Pd/C
under atmospheric pressure to form 4-(4-hydroxypentyl)-
pyrrole-2-carboxylate 127, which is the key intermediate in
the synthesis of the alkaloid monomorine (Scheme 73).4°

Scheme 73
HO
Lk \ K»CO;
MeOH, 20-25°C, 12 h
1‘\1 COMe
126 Boc HO
HO Me
Me
\\ Ha, Pd/C
s a2, P/
/ \ EtOAc / \
N CO;Me N CO,Me
H H
125 (77%) 127 (96%)

The catalytic hydrogenation of bis(5-benzyloxycarbo-
nylpyrrol-2-yl)acetylene 128a in the presence of 10% Pd/C
in THF with the addition of triethylamine affords dicarbox-
ylic acid 129 containing the reduced triple bond, which is
rapidly decarboxylated to 1,2-dipyrrolylethane 130
(Scheme 74).108

The selective catalytic hydrogenation of the ethynyl
group of macrocyclic compound 131 under mild conditions

Me Me
Me Me
Me Me
Et - Et
Me Me
131

Me,
Me

Scheme 75

Ho, Lindlar catalyst
-
quinoline, PhMe

Me
Me

Me Me

Et 7z Et

Me

132 (95%) Me

Et Et Et Et

/ \

N

Ha, Pd/C, EtN

I
BnO,C CO2Bn  THF, 20-25°C,40h Et

TZ

128a

Scheme 74

Et Et
Et— X\ NH HN__~—p;
130

Et

Et
~._NH HN_ ~ —

Et

HO,C COH

129
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in the presence of the Lindlar catalyst (Pd/PbO/CaCOs3)
provides a simple route to sapphirine isomer 132
(Scheme 75).199

The reaction of dipyrrolylacetylenes 128 in the presence
of the same catalyst but in the absence of quinoline gave
dipyrrolylethenes 133 (Scheme 76).8¢ The stereoselective
synthesis of cis-ethenes 133 was performed also with the
use of triethylsilane as the reducing agent.®¢ The reduction
was carried out under the following conditions:!'% Et;SiH,
PdCly(dppf), dppf, CH2Clz, 2025 °C [dppf is 1,1’-bis(di-
phenylphosphino)ferrocene].

Scheme 76
Me R2 R2 Me
/ \ / \ Ho, Lindlar catalyst
P —_—
R'0,C N T N CO,R! EtOAc
H 128 H

CO,R!
133 (31%)
R! = Me, Bn; R? = Me, Et

R!0,C

The transformation of the ethynyl group into the dibro-
movinyl group in compound 134 was used to prepare
porphyrin precursor, compound 135 (Scheme 77).!1!

Scheme 77
Br
Me // Me —
Br, Br
/A o I\
BnO,C N~ Me + BnO,C N~ Me
H H
134 135 (99%)

The oxidation of alkynylpyrroles 137 with potassium
permanganate is a key step in the synthesis of compounds
136, which are used for the prevention and treatment of
Alzheimer’s disease (Scheme 78).112

Scheme 78

R3 R3
\\ —O
KMnOy4, NaHCO3, MgSO4 / \
R2 H20-MexCO, 20-25°C,2-8h R2
N

N
R! R!
137 136

R! = H, Et, SiPr}, CH,CF3, Boc; R2 = H, C(O)H, C(O)Cl,

Ve
SO,Me, CO,Et, CN, C(O)N(Me)OMe, yNij ;
X O
R3 /<<:[ (X =Br,Y=F;Y = H: X = Br, OMe, NHBoc)
Y

The reactions of 3-(4,5,6,7-tetrahydroindol-2-yl)prop-2-
yn-1-ones 138a—c¢ with dimethyl- and diethylamines pro-
ceed smoothly and stereoselectively at room temperature to

give 3-dialkylamino-3-(4,5,6,7-tetrahydroindol-2-yl)-1-phe-
nylprop-2-en-1-ones 139 exclusively (for tetrahydroindole
138a) or mainly as E isomers (Scheme 79).'13

Scheme 79
7 R3NH
_>
EtOH, 20-25°C, 1 h
N . \
N _0
R! =
138a—c Ph
i |\ NR3
Yo
R! 0
(E}-139  Ph (z)139  Ph

R' = H (a), Me (b), Bn (¢); R = Me, Et

Unlike 3-(4,5,6,7-tetrahydroindol-2-yl)prop-2-yn-1-ones
138, tetrahydroindolylpropynoates 32a,d,i are easily trans-
formed into N,N-dimethyl-3-(4,5,6,7-tetrahydroindol-2-
yl)propynamides 140a,d,i by the reactions with dimethyl-
amine performed under similar conditions (at room temper-
ature, for 1 h).!'!3 Despite a large excess of dimethylamine,
the triple bond in the product remains intact. The formation
of the addition product in small amounts was observed by
'H NMR spectroscopy only in the reaction with propy-
noate 32a (Scheme 80).

Scheme 80
MCzNH
[ EtOH, 20-25°C, 1 h
1‘\1 % o t , 20— s
R =
32a,d.i OEt
— i\ + / \ NMe,
N N N \
koo T o

OEt

NMez
140a,d.i (70% —86%) (6% —8%)

R = H (a), Bn (d), Me (i)

Diethylamine reacts with propynoates 32a.d,i as the
hydroaminating agent to form FE isomers of adducts
141a.d.i (Scheme 81).113

Scheme 81
Et:NH
/ \ EtOH,20-25°C, 1h
NN T
R =
/\
NEG “p —h) N NEt
V4
o 142

OEt
(E)-141a,d,i (37% —85%)
R = H (a), Bn (d), Me (i)
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o X Scheme 82
*/>*X7NH;
/ \ N OHOEtOH H,O A40l:
a b
N S , ,H20, A,
e PP
138b—d Ph
A J§
X ONa X OH
N N R N
"o Yo
R _0 R _0
Ph

Ph
143 (35% —72%)
R = Me (b), Bn (¢), CH=CH; (d); X = CHa>, (CH>), (CH;)3, CH(Bn)

The reaction of propynoate 32a with diethylamine is
accompanied by the intramolecular cyclization of primary
adduct 141a to hydrogenated pyrroloindole 142 (1:1 ratio).
After the separation of the mixture of these products on
Al>O3, adduct 141a undergoes complete cyclization to give
compound 142 (see Scheme 81).113

Therefore, tetrahydroindolylpropynoates 32 react with
dimethylamine and diethylamine in a different way. Thus,
the reactions with dimethylamine produce propynamides
140, whereas diethylamine adds to the triple bond. This
unexpected difference in the reactivity of dimethyl- and
diethylamines towards propynoates 32 is attributed to the
different steric characteristics of these amines because their
basicity and nucleophilicity are almost identical. It is quite
possible that this is due to the difference in the conditions
used in the reactions with amines.

The nucleophilic addition of the simplest amino acids
(glycine, B-alanine, y-aminobutyric acid and phenylalanine)
to the triple bond of 2-(benzoylethynyl)tetrahydroindoles
138b—d affords new amino acids 143 containing the tetra-
hydroindole moiety.!!* The reaction is performed by heat-
ing under reflux in the presence of NaOH followed by the
treatment with an aqueous HCI solution (Scheme 82). In the
absence of NaOH, the addition of amino acids to the triple
bond of ethynyltetrahydroindoles 138 does not take place.
The role of the base is apparently to convert amino acids
from the zwitterionic form into salts containing a free
amino group, which are then react with compounds 138 as
nucleophiles to form the corresponding salts. The latter are

Scheme 83
HoN
I\ N NaOH, EtOH, H,0
N N HO,C A.40 h
kP /
N
138b—d Ph H

N\
N
H

Ph  144b-d (67% 71%)
R = Me (b), Bn (c), CH=CH> (d)

transformed into amino acids 143 by the treatment with an
aqueous HCI solution. The reaction is regio- and stereo-
selective. In all cases, only Z isomers are produced.

As was shown by the reaction of 2-benzoylethynyl-
4,5,6,7-tetrahydroindoles 138b—d with tryptophan, this
method can be applied for the synthesis of amino acids
144b —d, which simultaneously contain the tetrahydroindole
and indole substituents (Scheme 83).!14

3. Cycloaddition involving the triple bond

The reactions of 2- and 3-(phenylethynyl)pyrroles with
tetracyanoethylene at room temperature produce 2-buta-
dienyl derivatives of pyrroles 145a,b (Scheme 84).!13

Scheme 84

- NG ON yeen
[ y==t N~ 7,
R! R' NC N

CN  145¢(83%—87%)
R!, R2 = Me, CO,Et

In the case of butadiynediyldipyrrole, despite more severe
reaction conditions (heating under reflux in acetonitrile),
one of the triple bonds remains intact. In our opinion, the
structure of compounds 145a —¢ proposed by the authors '3
is doubtful. Based on the literature data on similar reac-
tions,!16- 117 the reaction under consideration occurs most
likely as the [2 + 2]-cycloaddition followed by the opening of
the four-membered ring to form butadienylpyrroles 145a
(Scheme 85).

The [2+ 2]-cycloaddition of 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone to 2-ethynylpyrroles affords functional-
ized bicyclic octadienediones 147 bound to pyrrole systems.
The reaction proceeds in acetone or benzene at room
temperature for 5—10 min and gives products in quantita-
tive yields (Scheme 86). This reaction is the first example of
the non-photochemical [2 + 2]-cycloaddition of the ethylene
group to the triple bond.!'!'8

Meanwhile, in methanol, tetrahydroindolylpropynoate
32a [R' = H, R?2-R3 = (CH,)4, R* = OEt in Scheme 86]
was unexpectedly transformed into dihydrofuranone 148 in
52% yield (Scheme 87). Isomeric dihydrofuranone 149 and
bicycloheptadienone 150 were isolated in smaller
amounts.!’”® When considering possible schemes of the
formation of these compounds, [2+ 2]-cycloadduct 147a
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R2 Scheme 85
" / \ . NC o CN
N
NN pn NC CN
Me
R2 R2
— I\ SN o N T
CN
R! R! =
1‘\] CN 1‘w CN
. _CN
Me bt CN MePh
146 CN

was postulated as an intermediate. Actually, the treatment
of the latter with methanol (20—25 °C, 24 h or 55—-56 °C,
15 min) afforded the same products.'? The monitoring of
the reaction (by 'H NMR spectroscopy) showed that a large
amount of dihydrofuranone 149 that was present at the
onset of the rearrangement decreased and the ratio changed
towards isomer 148, i.e., isomer 149 is apparently the kinetic
reaction product, whereas isomer 148 is the thermodynamic
product. This is confirmed by the fact that almost pure
(98%) isomer 148 was isolated by the fractionation of a
mixture of isomers 148 and 149 (1:8 ratio) using column
chromatography (SiO,, CH,Cl,).!1?

The formation of dihydrofuranones 148 and 149 is
apparently a typical domino process. This process is ini-

Scheme 86
R3 |
NC cl
/ \ PhH
R2 *
20-25°C, 10 mi
N N_o Nc a e
R o]

R! = H, Me, Bn; R? = H: R? = Ph, 4-CIC¢Hy;
R2-R3 = (CH2)4; R4 = OEt, Ph, 4-O,NCgH4

tiated by the addition of methanol to the carbonyl group
adjacent to the 3-position of cyclobutene (Scheme 88). Then
the hydroxyl group in hemiacetal A attacks the opposite
carbonyl function [at the C(5) atoms] followed by the
breaking of the C(4)—C(5) bond in the intermediate B.
This process is accompanied by the simultaneous proton
transfer from the hydroxy group to the carbon atom C(4)
and the formation of labile (kinetic) isomer 149. The latter
(as follows from the experimental data) is rearranged to
more stable (thermodynamic) isomer 148.11°

Scheme 87

Scheme 88
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Scheme 89

Apparently, the first step of the rearrangement of
bicyclo[4.2.0]octadienedione 147a into bicyclo[3.2.0]hepta-
dienone 150 involves the addition of alcohol to the same
carbonyl group of quinone (Scheme 89) followed by the
cleavage of the C(3)— C(8) bond in hemiacetal D with the
simultaneous proton transfer from the hydroxy group to the
C(3) atom and the formation of an ester functional group.
This is followed by the proton abstraction from the 3-posi-
tion accompanied by the nucleophilic attack on the opposite
C—ClI bond and elimination of HCI. The final step of the
reaction involves the cyclization to bicycloheptadienone
150.11°

The palladium-catalyzed heteroannulation of
dipyrrolylacetylenes 128 with iodoaniline (Larock indole
synthesis) affords 2,3-dipyrrolylindoles 151 capable of the
selective binding of fluoride ions (Scheme 90).8¢

Scheme 90
HoN
Me R2 R2 Me
1
B\ Y/ —
R!O,C - CO;,R!  PdCIy(PPh;)s, LiCl,
ﬁ E K2CO3, DMF
128
Me R2 R? Me
— >
R'O,C CO5R!

151 (52% — 62%)

R! = Me, Bn; R?2 = Me, Et

The reaction of dipyrrolylacetylene 128b (R' = Bn,
R? = Et) with decaborane and diethyl sulfide in toluene
gave ortho-carborane cluster 152 exhibiting fluorescence
with high quantum yield (Scheme 91).86

The 1,3-dipolar cycloaddition of nitrone 153 to pyrro-
lylpropynoate 117 affords isoxazoline 154 serving as an
intermediate in the synthesis of roseophilin (Scheme 92).105

Scheme 91

Me, Et Et
BioH1s, EtS
JEE—.

PhMe

BnO,C CO3Bn

o= BH

Scheme 92

*O\;‘/Me

B

NS I
5 OTBDMS (153)

Pri
PhMe, 80 °C

154

Conjugates of 4,5,6,7-tetrahydroindoles with 1,2,3-triazoles
functionalized by an ester or benzoyl group (compounds
155) were synthesized by the 1,3-dipolar cycloaddition of
the azide anion to the C=C bond of tetrahydroindolylpro-
pynoates 32 and 2-benzoylethynyltetrahydroindoles 138
(Scheme 93).1?!  The alkylation of compounds 155
(R? = Ph) affords a mixture of two possible regioisomers:
N(1)- (156a) and N(2)-substituted (156b) 1,2,3-triazoles in a
ratio of ~1:1.

Ethynylpyrrolecarbene complex 157, which can be easily
prepared from ethynylpyrrole and Cr(CO)s, reacts with
a-styryllithium to form cyclopentenone 158 (Scheme 94).122

Scheme 93
Ok R? Bz Bz
/ \ NaNj; \ Mel / \ / \
—_—
NS DMSO0, 20-25°C, 612 h N N KOH, DMSO, N Z ' N (N
| N _0 | [ 20-25°C,4h | U | /
R R! N=NH " (r:_ pp R N-N R! N—N
32,138 R? 155 (92% —97%) Me Me
156a 156b

R! = H, Me, Bn, CH=CHo; R? = OEt, Ph
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Scheme 94
/ \ ~ 1) THF, —78°C, 1 h;
N “ . Ph Li  20-25°C,2h
_ >
]\‘/Ie N Cr(CO)s ‘CHz 2) aqueous NH,CI
157 OMe
BN
N
Me
Ph
158 (75%)

The treatment of pyrrolylethynyl vinyl sulfones 102 with
a large excess of lithium hexamethyldisilazide results in their
transformation into butadiynylpyrroles 159, and the reac-
tion of the latter with anilines produces tetraaryl-2,2'-
bipyrroles 160 (Scheme 95).°% After the heating with Na,S
in DMF, butadiynylpyrrole 159a (Ar! = Ar? = Ph) forms
1,2-diphenyl-5-(5-phenyl-2-thienyl)pyrrole (161).%8

The reaction of heptadiynyldipyrroles 69a,b with the
complex (n2-propene)Ti(OPr), generated in situ from
Ti(OPr')4 and 2 equiv. of PriMgCl, followed by the treat-
ment with PhPCl, gave 2,5-bis(N-tert-butoxycarbonylpyr-
rol-2-yl)phospholes 162a,b. The treatment of products
162a,b with sodium methoxide afforded 2,5-bis(pyrrol-2-
yDphospholes 163a,b (Scheme 96).7° Compounds 163 are

easily oxidized by hydrogen peroxide or m-chloroperoxy-
benzoic acid to give phosphine oxides 164a,b, whereas these
compounds are transformed into phosphine sulfides 165a,b
by the treatment with elemental sulfur.

The four-component coupling reaction, which involves
two acetylene derivatives, (N-methylpyrrol-2-yl)trimethylsi-
lylacetylene and (N-benzyl-N-p-toluenesulfonylamino)ace-

h
/Bn OMe Scheme 97
=-N ,N=
\
/ \ Ts o
N . Ti(OPri)4, PriMgCl (2 equiv.),
| SiMes  E(,0, —50°C

167 (57%)
R Scheme 95
© , CuCl : NN |
/ A\ (Me3Si),NLi ]\ NH, Ar N N AT
Ar! N —_— Ar! _ > | >
NN Ts NT N DMF, 150 °C Ar
Ar? ‘ Ar2 AN
102 Arl 159 Al‘1
160 (48% —84%) R
Ar!, Ar? = Ph, 3-MeOC¢Hy, 4-BrC¢Hg4; R = H, F, Br, OMe, Ac, NO,
/ A\ Nas I\ N
Ph N % DMF, 100 °C Ph N S Ph
| |
Ph ™ Ph
N 161
159a
Scheme 96

1) Ti(OPri),,

2) PhPCl,

Sg (for X = S)

163a,b (28% —43%)

R = H (a), Ph (b); X = O (164), S (165)

PriMgCl (2 equiv.)
o em ey

H202 (fOl‘ X = O)
_— >

164a.b; 165a.b
(79% —93%)



L N Sobenina, D N Tomilin, B A Trofimov Russ. Chem. Rev. 83 (6) 475—-501 (2014) 497

tylene, methoxyacetonitrile and the titanium reagent, selec-
tively produces titanated pyridine 166, and the latter is
transformed into substituted pyrrolylpyridine 167 after the
treatment with water (Scheme 97).123
The formation of four C—C bonds and three rings in
one step is observed in the Ni®-catalyzed [2+2+2+2]-
cycloaddition of pyrrole 168 containing internal and termi-
nal alkynyl groups. This reaction produced functionalized
cyclooctatetraenes 169 and 170 (Scheme 98).'24 The reac-
tion is almost selective. Thus, cycloadduct 170 was detected
in an insignificant amount.
Scheme 98

[(dme)NiBr-], Zn, H,O

N ~ =

THF, 60 °C, 0.5h

(90%,20: 1)
dme is dimethoxyethane

4. Annulation reactions

The intramolecular [4+ 2]-cycloaddition of functionalized
ethynylpyrrole 171, which was prepared from N-Boc-pyr-
rol-2-yl iodide and terminal acetylene 172, affords fused

polycyclic aromatic compound 173 in high yield
(Scheme 99).125
Scheme 99
Me3Si .
1) PdCly(PPhs)s, Cul, Pip,
/8 . THF, 60 °C, 25 min
. HO v
N — 2) TH0, PrbE(N,
‘ -\ —78°C, 20 min
Boc N
H 172
MesSi

Bu4N51Pthz BHT
THF, 20 25°C,6h

%mﬁp

o

°° 173 (90%)

BHT is 2,6-di(zert-butyl)-4-methylphenol,
Tf is trifluoromethanesulfonate

In the presence of gold salt as a catalyst, dialkynylpyr-
role 174 wundergoes cyclization to acetylindole 175
(Scheme 100).12¢

Scheme 100

Bu,PAUCI (5%),

Me AgSbFs (5%) /\—/( >
I\ = = L 0N Ac
N CHzClz, MSCN, N
| 20-25°C,10h \
Ts  OAc Ts
174 175 (58%)

The proposed mechanism of this transformation
involves the coordination of metal to dialkynylpyrrole 174
to form allene A via the [3,3]-sigmatropic rearrangement
(cycle I) (Scheme 101). The activation of the triple bond of
the compound A that remained intact with AuCl induces the
6-endo-dig cyclization of allenylacetate B (cycle II) to indole
C. The hydrolysis of the latter gives acetylindole 175. Silver
salts do not catalyze this rearrangement.

Scheme 101

[Au]

174 175 + AcOH / \

The hydrostannylation of 3,4-diethynyl-1-methylpyrrole
followed by the treatment of the resulting bicyclic com-
pound 176 with PhBCl, gave 5-methyl-1-phenylpyrro-
lo[3,4-d]-borepine (177) (Scheme 102).98

Scheme 102

Bu»,  Bu® Ph
\ / \

AN /N Sn B

/ \ BujSnH», AIBN / \ PhBCl, / \
1‘\1 PhH,A,2h / \ hexane, 0 °C, 10 min / \
e N N

Me Me
176 (50%) 177 (45%)

AIBN is azobis(isobutyronitrile)

The benzannulation of 3-alkynylpyrrole-2-carbalde-
hydes 178a,b with alkenes, enamines or enol ethers cata-
lyzed by the iodonium salt afforded indole derivatives 179
(Scheme 103).127-128
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Scheme 103
Rl
1
// O\ R
R3 RZ
7\ o+ [ 1Py,BFs. HBF4 (1.1 equiv.) /7 ‘
P
| g CHCR,0-»20-25°C N .
Ts Ts
178a,b 179 (31-72%)

R! = Bun (178a), Ph (178b); R3 = Ph: R2 = H, Mg;
R2 R315 cyclopentene, cyclohexene, indene, 1,2-dihydronaphthalene,
1-cyclohexenylpyrrolidine, 2,3-dihydropyran

Indoles 179 were regioselectively generated from
N-tosyl-substituted 3-alkynylpyrrole-2-carbaldehydes
178a,b and the corresponding alkenes by the treatment
with the IPy>.BF4s—HBF4 system. Alkyl- and aryl-substi-
tuted alkenes, as well as cycloalkenes, such as 2,3-dihydro-
pyran, indene and 1,2-dihydronaphthalene, were used as the
starting reactants.

The structures of the reaction products of aldehydes 178
with enamines, which were synthesized from aldehydes and
ketones, depend on the nature of enamine. Thus, the
reaction of enamine 180a, which was prepared from pyrro-
lidine and cyclohexanone, with compounds 178a,b produces
indoles 179a,b, whereas under similar conditions, enamine
180b prepared from hexanal is transformed into indoles
179¢.d containing functional groups of the starting enamine
in the indole ring (Scheme 104).127-128

Scheme 104
R
/ \ IPy>BF4, HBF4
7
1‘\1 CH,Cl», 20-25°C, 12 h
Ts
178a.b
-0 Y
(180a) 7 ’
N
_ | Ts 179a,b (31%)
E: IC(,H];; n R
(180b)
N.
}w C6H13-1’1

S
179¢.d (43%)
R = Bu" (178a, 179a, 179¢), Ph (178b, 179b, 179d)

In the presence of the benziodonium salt as the catalyst,
3-ethynylpyrrole-2-carbaldehyde 178b reacts with silyl
ketene acetal 181 to form 1,7-dihydropyrano[3,4-b]pyrrole
182 (Scheme 105).127128

In order to develop the catalytic version of the synthesis
of indole from 3-ethynylpyrrolecarbaldehyde 178b, the
reaction of the latter compound with enol ethers was
studied in the presence of catalysts of different types:
Cu(OTf)2, AuBrs; and AgNTf,. In all cases, the correspond-
ing benzoylindoles 179 were prepared in good yields
(Scheme 106).12?

Scheme 105
Ph 1
/ Ph
. N
—~ X Me  OSiMes PysBF,, HBF, 7 ‘ !
> < o0 e N

N 0 Me OMe 0—>20-25°C S/

|

Ts 181 Me MeCOgMe
178b 182 (69%)

Scheme 106
Ph
1 2
R _ R Cat, THF
7\ o" \_< Cat, THE
N = ors  100°C.3h
Ts 178b
— C& C@
179 (64% —97%)

R? = H: R! = H, n-C¢H 3, Ph; R'-R? = (CH,)4; R* = Me, Bu»

Attempts to synthesize decarbonylated indole did not
give satisfactory results. For example, the reaction of
ethynylpyrrole 178b with B-methoxystyrene in the presence
of the Cu(NTf,),—H>O system produced the corresponding
indole 179 (R! = Ph, R? = H, R3 = Me in Scheme 103) in
49% yield, whereas decarbonylated indole 183 was obtained
in a yield of <20%.12°

Benzoylindoles were synthesized also with the use of
2-phenylacetaldehyde and dimethoxyoctane. Their reac-
tions with ethynylpyrrolecarbaldehyde 178b are catalyzed
by Cu(OTf), to give indoles 179e.f in 79% and 53% yields,
respectively (Scheme 107).12°

Scheme 107
(0] Ph
OMe ™~
MeO C7His-n
Ph Cu(OT) 4 |
ul 2
// }w C(,H13-n
Ts  179¢
] Oy__Ph
/ \ 0 X
N
PN
Ts 178b Ph CHO 7% ’
T
Cu(OTf)> /N Ph
Ts 179f

5. Intramolecular cyclization of acetylenic substituents
Under particular conditions, ethynylpyrroles can be trans-
formed into cyclic compounds. Hence, these compounds
can be considered as key building blocks for the synthesis of
complex polycyclic systems, many of which are analogues of
natural structures having biological activity.

For example, ethynylpyrroles 54—57, which were syn-
thesized by the Sonogashira reaction from halopyrroles and
acetylenic amides, undergo 5-exo-dig cyclization to dihy-
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dropyrromethenones 184 (Scheme 108).47 35 The reaction
is usually performed in the presence of BuyNF. It was
shown that the CsF —Si(OMe), system can also be employed
as the catalyst, and it was hypothesized that the active
catalyst for this reaction can include the pentacoordinate
silicon atom that is formed by the nucleophilic attack of the
F anion on Si(OMe)4.#°

Scheme 108
R! R2
/ \ X BujNF or CsF, Si(OMe)4
Boc ]1} AN NHR? THF

\

54-57 A (0]
R! R2 A X
—
/ A\
= §O
Boc N N
H |
184 R?

= (CH2).CO-Meg, R? = Me; R!-R? = (CHy)4; R3 =
A = H, Me, CH(OMe)Me, CH(OBn)Me; X = H, Me

H, Bn;

The one-pot assembly of 1,172 5-tetrasubstituted 3,2’-
bipyrrole 186 containing alkoxy and alkylsulfanyl groups
was  performed based on  ethynylpyrrole 185
(Scheme 109).13% The precursor of product 186, azatriene
187, is generated by the addition of methyl isocyanate to
lithium derivative 188 followed by the methylation of the
adduct with Mel. The final step of the process was carried
out in the presence of catalytic amounts of CuBr.

Scheme 109
Bu“Ll
THF hexane
Li MeN=C=S, Mel C=S, Mel CuBr
‘ \
\
188 OMe 187 OMe
/ \ X—SMe
N
| N
Me AN
MeO Me
186 (70%)

The AuCl-catalyzed cyclization of 2-phenylethynylpyr-
role 189, which contains the triisopropylsilylsulfanyl group
in the ortho position of the benzene ring, to 3-(triisopropyl-
silyl)-2-(pyrrol-2-yl)benzo[b]thiophene 190 proceeds as the
trans-addition to the S — Si bond, the so-called thiosilylation
(Scheme 110).13!

The mechanism of the cyclization of ethynylpyrrole 189
is shown in Scheme 111. Gold(T) chloride acts as a Lewis
acid and is involved in the coordination to the acetylenic
group to form the intermediate A.

Scheme 110
SiPr}
AuCl ‘ \ 74 ‘
PhMe, 45°C, 18 h S N
/
Me
189 190 (90%)
Scheme 111

SiPr}
Dad .
SiPr*
S }\1 g O
190 Me 5 AuCl 189

n-coordination
silyldemetallation

cyclization

The subsequent intramolecular nucleophilic attack of
the sulfur atom on the electron-deficient triple bond results
in the formation of the silylsulfonium intermediate B. The
1,3-migration of the silyl group and the subsequent elimi-
nation of AuCl (silyldemetallation) afford product 190.131

Therefore, as can be seen from the above-considered data,
there is a considerable progress in the synthesis of C-ethy-
nylpyrroles and the use of these compounds for the prepa-
ration of various functionalized pyrroles. Along with the
improvement of the known methods for the synthesis based
on the reactions of halopyrroles with terminal acetylenes,
new preparative approaches are being developed with the
goal of synthesizing C-ethynylpyrroles from the most read-
ily available compounds. In particular, great attention is
given to the development of reactions of unfunctionalized
pyrroles with haloacetylenes, which open up facile and
efficient routes to groups of difficult to access or unknown
C-ethynylpyrroles containing acceptor substituents at the
triple bond. It should be emphasized that the introduction
of such substituents into the ethynyl moiety of C-ethynyl-
pyrroles fundamentally extends their scope for the synthesis
of various compounds and the possible areas of their
application. There are considerable prospects of the use of
these systems as basic pyrrole building blocks for the design
of conjugated and fused heterocyclic compounds.

This review has been written with the financial support
of the Russian Foundation for Basic Research (Project
No. 13-03-91150-NSFC-a).



500

L N Sobenina, D N Tomilin, B A Trofimov Russ. Chem. Rev. 83 (6) 475—501 (2014)

References

1.

2.

11.
12.
13.

14.
15.

17.
18.

19.
20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

G P Bean, in The Chemistry of Heterocyclic Compounds Vol. 48
(Ed. R A Jones) (New York: Wiley, 1990) p. 742

B A Trofimov, N A Nedolya, in Comprehensive Heterocyclic
Chemistry I11. A Review of the Literature 1995—2007 Vol. 3
(Eds A R Katritzky, C A Ramsden, E F V Scriven,

R J K Taylor) (Oxford: Elsevier, 2008) p. 45

. L F Tietze, G Kettschau, K Heitmann Synthesis 851 (1996)
. 'Y Kitano, T Suzuki, E Kawahara, T Yamazaki Bioorg. Med.

Chem. 15 5863 (2007)

. EP P. 0463456 (1992)
. A F Mironov, L V Akimenko, V D Rumyantseva,

R P Evstigneeva Chem. Heterocycl. Compd. 3 372 (1975)
[Khim. Geterotsikl. Soedin. 423 (1975)]

. D T Kozhich, L V Akimenko, A F Mironov, R P Evstigneeva

Zh. Org. Khim. 13 2604 (1977)2

. A F Mironov, D T Kozhich, V I Vasilevskii, R P Evstigneeva

Synthesis 533 (1979)

. A N Nizhnik, A F Mironov Zh. Org. Khim. 15 1739 (1979)2
. D T Kozhich, S F Vasilevskii, A F Mironov, R P Evstigneeva

Zh. Org. Khim. 16 849 (1980)2

A N Nizhnik, A F Mironov Zh. Obshch. Khim. 542316 (1984)®
X Jiang, K M Smith J. Chem. Soc., Perkin Trans. 1 1601 (1996)
A F Barrero, J F Sanchez, J E Oltra, D Teva J. Heterocycl.
Chem. 28 939 (1991)

R Diziere, P A Savignac Tetrahedron Lett. 37 1783 (1996)

C Wentrup, H W Winter Angew. Chem., Int. Ed. Engl. 17 609
(1978)

. M C Comer, X L M Despinoy, R O Gould, H McNab,

S Parsons Chem. Commun. 1083 (1996)

X L M Despinoy, H McNab Org. Biomol. Chem. 7 2187 (2009)
J M Brittain, R A Jones, S A N Taheri Tetrahedron 48 7609
(1992) )

R Soley, F Albericio, M Alvarez Synthesis 1559 (2007)

S Kumar, S Peruncheralathan, H Ila, H Junjappa Org. Lett. 10
965 (2008)

T De Haro, C Nevado J. Am. Chem. Soc. 132 1512 (2010)

A S Dudnik, V Gevorgyan Angew. Chem., Int. Ed. 49 2096 (2010)
B A Trofimov, Z V Stepanova, L N Sobenina, A I Mikhaleva,
I A Ushakov Tetrahedron Lett. 45 6513 (2004)

B A Trofimov, L N Sobenina, Z V Stepanova, A P Demenev,
A I Mikhaleva, I A Ushakov, T I Vakul’skaya, O V Petrova
Russ. J. Org. Chem. 42 1348 (2006) [Zh. Org. Khim. 42 1366
(2006)]

B A Trofimov, L N Sobenina, in Targets in Heterocyclic
Systems. Chemistry and Properties (Eds O A Attanasi,

D Spinelli) (Roma: Societa Chimica Italiana, 2009) p. 346

B A Trofimov, A I Mikhaleva, E Y Schmidt, L N Sobenina
Adv. Heterocycl. Chem. 99 209 (2010)

B A Trofimov, A I Mikhaleva, E Yu Shmidt, L N Sobenina
Khimiya Pirrola: Novye Stranitsy (The Pyrrole Chemistry:
New Pages) (Novosibirsk: Nauka, 2012)

L N Sobenina, Z V Stepanova, O V Petrova, D Sh Ma,

G Yang, A A Tatarinova, A I Mikhaleva, B A Trofimov
Russ. Chem. Bull., Int. Ed. 62 88 (2013) [Izv. Akad. Nauk,

Ser. Khim. 88 (2013)]

B A Trofimov, L N Sobenina, Z V Stepanova, I A Ushakov,
O V Petrova, O A Tarasova, K A Volkova, A I Mikhaleva
Synthesis 447 (2007)

B A Trofimov, L N Sobenina, A P Demenev, Z V Stepanova,
O V Petrova, I A Ushakov, A I Mikhaleva Tetrahedron Lett.
48 4661 (2007)

B A Trofimov, L N Sobenina, Z V Stepanova, T I Vakul’skaya,
O N Kazheva, G G Aleksandrov, O A Dyachenko,

A 1 Mikhaleva Tetrahedron 64 5541 (2008)

Z V Stepanova, L N Sobenina, A I Mikhaleva, I A Ushakov,
N N Chipanina, V N Elokhina, V K Voronov, B A Trofimov
Synthesis 2736 (2004)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.
49.

54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.

B A Trofimov, Z V Stepanova, L N Sobenina, A I Mikhaleva,
L M Sinegovskaya, K A Potekhin, I V Fedyanin

Mendeleev Commun. 229 (2005)

L N Sobenina, D N Tomilin, O V Petrova, N Gulia,

K Osowska, S Szafert, A T Mikhaleva, B A Trofimov Russ.
J. Org. Chem. 46 1373 (2010) [Zh. Org. Khim. 46 1371 (2010)]
B A Trofimov, L N Sobenina, Z V Stepanova, O V Petrova,
I A Ushakov, A 1 Mikhaleva Tetrahedron Lett. 49 3946
(2008)

L N Sobenina, A P Demenev, A I Mikhaleva, I A Ushakov,
A M Vasil’tsov, A V Ivanov, B A Trofimov Tetrahedron
Lett. 47 7139 (2006)

O V Petrova, L N Sobenina, I A Ushakov, A I Mikhaleva
Russ. J. Org. Chem. 44 1512 (2008) [Zh. Org. Khim. 44 1534
(2008)]

T Sakamoto, F Shiga, A Yasuhara, D Uchiyama, Y Kondo,
H Yamanaka Synthesis 746 (1992)

N G Kundu, S K Dasgupta J. Chem. Soc., Perkin Trans. 1
2657 (1993)

N Yoneda, S Matsuoka, N Miyaura, T Fukuhara, A Suzuki
Bull. Chem. Soc. Jpn. 63 2124 (1990)

D Passarela, G Lesma, M Deleo, M Martinelli, A Silvani

J. Chem. Soc., Perkin Trans. 1 2669 (1999)

S Messaoudi, J-D Brion, M Alami Eur. J. Org. Chem. 6495
(2010)

I V Seregin, V Ryabova, V Gevorgyan J. Am. Chem. Soc. 129
7742 (2007)

J P Brand, J Charpentier, J] Waser Angew. Chem., Int. Ed. 48
9346 (2009)

A B Koldobskii, N P Tsvetkov, O S Shilova, E V Solodova,
V N Kalinin Russ. Chem. Bull., Int. Ed. 58 2271 (2009)

[Izv. Akad. Nauk, Ser. Khim. 2202 (2009)]

K Sonogashira, in Comprehensive Organic Synthesis Vol. 3
(Eds B M Trost, I Fleming) (Oxford: Pergamon Press, 1991)
p. 521

P A Jacobi Tetrahedron Lett. 33 6235 (1992)

P A Jacobi Tetrahedron Lett. 33 6239 (1992)

D R Artis, I-S Cho, S Saul Jaime-Figueroa, ] M Muchowski
J. Org. Chem. 59 2456 (1994)

. P A Jacobi Tetrahedron Lett. 36 2717 (1995)
51.
52.
53.

P A Jacobi Tetrahedron Lett. 36 1197 (1995)

P A Jacobi Tetrahedron Lett. 37 6069 (1996)

P A Jacobi, J Guo, S Rajeswari, W Zheng J. Org. Chem. 62
2907 (1997)

P A Jacobi J. Org. Chem. 65 205 (2000)

P A Jacobi J. Org. Chem. 65 8478 (2000)

J-H Liu, Q-C Yang, T C W Mak, H N C Wong J. Org.
Chem. 65 3587 (2000)

J L Wright, T F Gregory, P A Boxer, L T Meltzer,

K A Serpa, L D Wise Bioorg. Med. Chem. Lett. 9 2815 (1999)
C Haubmann, H Hubner, P Gmeiner Bioorg. Med. Chem.
Lett. 93143 (1999)

J-H Liao, C-T Chen, H-C Chou, C-C Cheng, P-T Chou,
J-M Fang, Z Slanina, T J Chow Org. Lett. 43107 (2002)
C-W Wan, A Burghart, J Chen, F Bergstrom,

L B-A Johansson, M F Wolford, T G Kim, M R Topp,

R M Hochstrasser, K Burgess Chem.— Eur. J. 9 4430 (2003)
J-M Fang, S Selvi, J-H Liao, Z Slanina, C-T Chen,

P-T Chou J. Am. Chem. Soc. 126 3559 (2004)

T Rohand, W Qin, N Boens, W Dehaen Eur. J. Org. Chem.
4658 (2006)

S F Vasilevskii, T A Sundukova, M S Shvartsberg,

I L Kotlyarevskii Bull. Acad. Sci. USSR, Div. Chem. Sci.
(Engl. Transl.) 28 1536 (1979) [Izv. Akad. Nauk, Ser. Khim.
1661 (1979)]

S F Vasilevskii, T A Sundukova, M S Shvartsberg,

I L Kotlyarevskii Bull. Acad. Sci. USSR, Div. Chem. Sci.
(Engl. Transl.) 29 1346 (1980) [Izv. Akad. Nauk, Ser. Khim.
1871 (1980)]



L N Sobenina, D N Tomilin, B A Trofimov Russ. Chem. Rev. 83 (6) 475—-501 (2014)

501

65

66.

67.

68.

69.

70.

71.

72.
73.

74.
75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

. H-W Chan, P-C Chan, J-H Liu, H N C Wong

Chem. Commun. 1515 (1997)

J-H Liu, H-W Chan, H N C Wong J. Org. Chem. 65 3274
(2000)

A Alvarez, A Guzman, A Ruiz, E Velarde J. Org. Chem. 57
1653 (1992)

Y Sugihara, R Miyatake, I Murata, A Imamura J. Chem.
Soc., Chem. Commun. 1249 (1995)

E B Nikitin, M J Nelson, D A Lightner J. Heterocycl. Chem.
44 739 (2007)

Y Matano, M Fujita, A Saito, H Imahori C. R. Chimie 13
1035 (2010)

J K Laha, C Muthiah, M Taniguchi, B E McDowell,

M Ptaszek, J S Lindsey J. Org. Chem. 71 4092 (2006)

M Bergauer, P Gmeiner Synthesis 2281 (2001)

M Bergauer, H Hubner, P Gmeiner Bioorg. Med. Chem. Lett.
12 1937 (2002)

M Bergauer, P Gmeiner Synthesis 274 (2002)

T Mitsui, M Kimoto, A Sato, S Yokoyama, I Hirao Bioorg.
Med. Chem. Lett. 13 4515 (2003)

A G Mal’kina, L Brandsma, S F Vasylevsky, B A Trofimov
Synthesis 589 (1996)

D O Martire, N Jux, P F Aramendia, R M Negri, J Lex,

S E Braslavsky, K Schaffner, E Vogel J. Am. Chem. Soc. 114
9969 (1992)

D H Cho, H L Joon, B H Kim J. Org. Chem. 64 8048 (1999)
T Bin, G Brahmananda, D A Lightner J. Org. Chem. 68 8950
(2003)

T Bin, G Brahmananda, D A Lightner Monatsh. Chem. 135
519 (2004)

T Bin, D A Lightner J. Heterocycl. Chem. 40 707 (2003)

T Yasuda, T Imase, Y Nakamura, T Yamamoto
Macromolecules 38 4687 (2005)

A Heynderickx, A M Kaou, C Moustrou, A Samat,

R Guglielmetti New J. Chem. 27 1425 (2003)

G Favaro, U Mazzucato, F Ortica, P Smimmo Inorg. Chim.
Acta 360 995 (2007)

H K Tanui, F R Fronczek, M G H Vicente

Acta Crystallogr., Sect. E 64 075 (2008)

H K Tanui, E Hao, M I Thachi, F R Fronczek, K M Smith,
M G H Vicente J. Porphyrins Phthalocyanines 15 412 (2011)
H K Tanui, F R Fronczek, M G H Vicente

Acta Crystallogr., Sect. E 64 0130 (2008)

S F Vasilevsky, S V Klyatskaya, J Elguero Tetrahedron 60
6685 (2004)

N Jux, P Koch, H Schmickler, J Lex, E Vogel Angew. Chem.,
Int. Ed. Engl. 29 1385 (1990)

E I Negishi, C Xu, Z Tan, M Kotora Heterocycles 46 209
(1997)

F Ya Perveev, L N Shil'nikova, G V Merinova Zh. Org.
Khim. 447 (1967)2

L N Shil’'nikova, F Ya Perveev Zh. Org. Khim. 14251 (1978)2
L Vo-Quang, Y Vo-Quang Tetrahedron Lett. 19 4679 (1978)
L Vo-Quang, Y Vo-QuangJ. Heterocycl. Chem. 19 145 (1982)
T Kusumoto, T Hiyama, K Ogata Tetrahedron Lett. 27 4197
(1986)

C Dell’Erba, A Giglio, A Mugnoli, M Novi, G Petrillo,

P Stagnaro Tetrahedron 51 5181 (1995)

M S Novikov, A F Khlebnikov, E S Sidorina, R R Kostikov
J. Chem. Soc., Perkin Trans. 1231 (2000)

M Takeda, S Matsumoto, K Ogura Heterocycles 55 231
(2001)

S Matsumoto, T Kobayashi, K Ogura Heterocycles 66 319
(2005)

D W Knight, H C Rost, C M Sharland, J Singkhonrat
Tetrahedron Lett. 48 7906 (2007)

N A Nedolya, L Brandsma, S V Tolmachev Chem.
Heterocycl. Compd. 38 745 (2002) [Khim. Geterotsikl. Soedin.
843 (2002)]

102

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

. A Mizuno, H Kusama, N Iwasawa Angew. Chem., Int. Ed. 48
8318 (2009)

S F Vasilevsky, H D Verkruijsse, L Brandsma Recl. Trav.
Chim. Pays-Bas 111 529 (1992)

S Ge, V F Q Norambuena, B Hessen Organometallics 26
6508 (2007)

Y A Bitar, A J Frontier Org. Lett. 11 49 (2009)

T J J Muller, M Ansorge, H J Lindner Chem. Ber. 129 1433
(1996)

JP P. 2006131799 (2006)

E Vogel, M Broring, J Fink, D Rosen, H Schmickler, J Lex,
W K Kyle, Y-D W Chan, D A Plattner, M Nendel,

K N Houk Angew. Chem., Int. Ed. Engl. 34 2705 (1995)

S J Weghorn, V Lynch, J L Sessler Tetrahedron Lett. 36 4713
(1995)

F Luo, C Pan, W Wang, Z Ye, J Cheng Tetrahedron 66 1399
(2010)

A F Mironov, A N Nizhnik, D T Kozhich, A N Kozyrev,
R P Evstigneeva Zh. Obshch. Khim. 51 699 (1981)®

US P. 20070004786 (2007)

L N Sobenina, D N Tomilin, O V Petrova, I A Ushakov,

A I Mikhaleva, B A Trofimov Synthesis 2468 (2010)

L N Sobenina, D N Tomilin, I A Ushakov, A I Mikhaleva,
B A Trofimov Synthesis 44 2084 (2012)

L A Es’kova, V I Smirnov, S F Vasilevskii, V A Lopyrev
Russ. J. Appl. Chem. 73 1592 (2000) [Zh. Prikl. Khim. 73 1515
(2000)]

S Chen, Y Li, C Liu, W Yang, Y Li Eur. J. Org. Chem. 6445
(2011)

A Leliege, P Blanchard, T Rousseau, J Roncali Org. Lett. 13
3098 (2011)

B A Trofimov, L N Sobenina, Z V Stepanova, I A Ushakov,
L M Sinegovskaya, T I Vakul’skaya, A I Mikhaleva
Synthesis 470 (2010)

L N Sobenina, Z V Stepanova, I A Ushakov, A I Mikhaleva,
D N Tomilin, O N Kazheva, G G Aleksandrov,

O A Dyachenko, B A Trofimov Tetrahedron 67 4832 (2011)
B A Trofimov, L N Sobenina, Z V Stepanova, I A Ushakov,
A 1 Mikhaleva, D N Tomilin, O N Kazheva,

G G Alexandrov, A N Chekhlov, O A Dyachenko
Tetrahedron Lett. 51 5028 (2010)

L N Sobenina, D N Tomilin, I A Ushakov, A I Mikhaleva,
J S Ma, G Yang, B A Trofimov Synthesis 45 678 (2013)

J Barluenga, A Ivarez-Fernandez, A L Suarez-Sobrino,

M Tomas Angew. Chem., Int. Ed. 51 183 (2012)

R Tanaka, A Yuza, Y Watai, D Suzuki, Y Takayama,

F Sato, H Urabe J. Am. Chem. Soc. 127 7774 (2005)

P A Wender, J P Christy, A B Lesser, M T Gieseler Angew.
Chem., Int. Ed. 48 7687 (2009)

M E Hayes, H Shinokubo, R L Danheiser Org. Lett.7 3917
(2005)

J Zhao, C O Hughes, F D Toste J. Am. Chem. Soc. 128 7436
(2006)

J Barluenga, H Vazquez-Villa, A Ballesteros, ] M Gonzalez
Adv. Synth. Catal. 347 526 (2005)

J Barluenga, H Vazquez-Villa, I Merino, A Ballesteros,

J M Gonzalez Chem.— Eur. J. 12 5790 (2006)

N Asao, H Aikawa J. Org. Chem. 71 5249 (2006)

L Brandsma, N A Nedolya, H D Verkruijsse, B A Trofimov
Chem. Heterocycl. Compd. 36 876 (2000) [Khim. Geterotsikl.
Soedin. 990 (2000)]

I Nakamura, T Sato, M Terada, Y Yamamoto Org. Lett. 10
2649 (2008)

& — Russ. J. Org. Chem. (Engl. Transl.)
b Russ. J. Gen. Chem. (Engl. Transl.)



	I. Introduction
	II. Methods for the synthesis of C-ethynylpyrroles
	1. Methods based on transformations of functional substituents attached to the pyrrole ring
	2. Insertion of the ethynyl group into the pyrrole ring
	3. Synthesis of C-ethynylpyrroles with the simultaneous construction of the pyrrole ring

	III. Reactions of C-ethynylpyrroles
	1. Reactions leaving the triple bond intact
	2. 1,2-Addition reactions
	3. Cycloaddition involving the triple bond
	4. Annulation reactions
	5. Intramolecular cyclization of acetylenic substituents

	References

