
Abstract. Data on the methods of preparation of bipyrroles and
furyl-, thienyl- and selenienylpyrroles are summarised and described
systematically. The reactivity and the prospects of application of
these compounds are discussed. Particular attention is paid to a new
convenient one-step method for the synthesis of hetaryl-substituted
pyrroles starting from alkyl hetaryl ketoximes and acetylene. The
bibliography includes 191 references.

I. Introduction

Derivatives of five-membered aromatic heterocycles (pyrrole,
furan, thiophene and selenophene) are, as a rule, endowed with
high biological activity and other useful properties and find ever-
increasing uses in medicine, agriculture and technology.1 ± 11

Of five-membered aromatic heterocycles, pyrrole possesses
the highest reactivity and most diverse chemical properties. It is
not accidental that it is pyrrole that Nature has `chosen' for
constructing the `vital pigments' chlorophylls and hemoglobin, as
well as other vitally important supramolecular structures (various
porphyrins, chlorins, prodigiosins, vitamin B12, etc.). For this
reason, amongst all five-membered aromatic heterocycles the
molecules containing the pyrrole nucleus attract the greatest
attention of researchers and are studied in most detail.

The chemistry of bipyrroles as well as of pyrroles with furan,
thiophene and selenophene substituents is a very recent field in the
chemistry of heterocyclic compounds. Until recently, no suffi-
ciently efficient and general methods of their preparation existed;
therefore, these compounds remained attractive but hard to access
and little studied subjects. The development of this field began in
the 1970s, when new methods for pyrrole synthesis appeared or
the existing procedures were modified to allow for linking five-
membered aromatic heterocycles to the pyrrole ring. A very simple
and versatile method based on the reaction of ketoximes with
acetylene (the Trofimov reaction) has been developed, which
allows the synthesis not only of hetarylpyrroles non-substituted
at the nitrogen atom but also their 1-vinyl derivatives from
accessible alkyl hetaryl ketoximes. This also stimulated studies of

reactivity, structure, biological activity and of other useful
properties of hetarylpyrroles.

Some aspects of the chemistry of pyrroles with furyl, thienyl
and selenienyl substituents have been presented in mono-
graphs,4, 12 reviews,5, 6, 13 ± 21 the US physical and technical encyc-
lopedia (chapter `Acetylene'),22 and Ph.D. and D.Sc. theses.23 ± 27

Nevertheless, generalising papers that summarise the progress in
the chemistry of hetaryl-substituted pyrroles are missing.We have
attempted to fill this gap by generalising and systematising the
currently available literature on the methods of synthesis, reac-
tivity, biological and other properties of pyrroles linked to five-
membered aromatic heterocycles.

II. Methods of synthesis

Conventional methods for the synthesis of pyrroles Ð the Knorr,
Hantzch, Piloty, Yuriev (except for the Paal ±Knorr synthesis)
reactions Ð have not found wide use for the preparation of
pyrroles bound to other five-membered heterocycles. This goal
can be reached most efficiently using the method based on the
reaction of alkyl hetaryl ketoximes with acetylene (the Trofimov
reaction), which is carried out in one step using accessible initial
compounds.

New methods have been developed for the preparation of
hetarylpyrroles based on activated acetylenes, e.g., by conden-
sation of hetarylacetylenes with trimethylsilyl cyanide, as well as
those with the use of isocyanides, other cyano compounds, azides,
etc.

1. Synthesis from ketoximes and acetylene (the Trofimov
reaction)
In the early 1970s, heterocyclisation of ketoximeswith acetylene in
a superbasic system (strong base ± polar aprotic solvent) was
discovered, which yielded in one step 1H- and 1-vinylpyrroles
(the Trofimov reaction).4, 5, 14 ± 20, 23, 24, 26

Later it was established that this reaction is of a general
character and embraces virtually all ketoximes that have at least
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one CH3 or CH2 group in the a-position relative to the oxime
function and contain no groups unstable in the presence of strong
bases. This finding has led to successful syntheses of pyrroles and
1-vinylpyrroles with alkyl, alkenyl, cyclopropyl, aryl and hetaryl
substituents in the ring; condensed pyrrole systems of the type of
cycloheptano[b]pyrrole, dihydrobenzo[g]indole and 5-azaindoles
including stable free radicals with the NO

.
group at position 5,

etc.13 ± 24, 26, 28 ± 33

Synthesis of hetarylpyrroles with furyl and thienyl substitu-
ents by this method was first described by Trofimov et al.34 ± 36

2-(2-Furyl)-3-methyl-1-vinyl- and 3-ethyl-2-(2-furyl)-1-vinylpyr-
roles were synthesised from the corresponding ketoximes and
acetylene in yields up to 85%.35 An analogous approach was used
to prepare 2-(2-thienyl)- and 2-(2-thienyl)-1-vinylpyrroles in 60%
and 50% yields, respectively.36 The reactions were carried out in
an autoclave under an initial pressure of acetylene from 6 to
16 atm.

Subsequently, this method has successfully been used for the
preparation of 3-alkyl-2-(2-furyl)pyrroles 1a ± c and their 1-vinyl
derivatives 2a ± f.37

Compound R Yield (%) Compound R Yield (%)

1a H 36 2c Et 85

1b Me 23 2d Prn 77

1c Et 39 2e Pri 81

2a H 80 2f Bun 76

2b Me 92

Under conditions close to those established 4 earlier for
aliphatic ketoximes [100 8C, ketoxime :KOH=5 : 3 (w/w),
excess of acetylene, pressure 10 ± 16 atm.], the reaction of 2-furyl
methyl ketoxime with acetylene produces a mixture consisting of
1H- (1a) and 1-vinyl-2-(2-furyl)pyrroles (2a) in the ratio of ca 1 : 4
and an overall yield of 71% (16% and 55%, respectively).37

Under analogous conditions 2-(2-furyl)-3-methyl-1-vinyl-
pyrrole (2b, 57% yield) and the corresponding pyrrole 1b (8%
yield) are formed from ethyl 2-furyl ketoxime. At a higher
temperature (130 8C) and an equimolar ketoxime :KOH ratio
this reaction proceeds selectively with the formation of vinyl-
pyrrole alone (2b, 92% yield).

The yield of furylpyrroles 1a and 2a upon the reaction of
2-furyl methyl ketoxime and acetylene depends on the reaction
temperature (Table 1). At temperatures below 100 8C, the rate of
ketoxime cyclisation into pyrrole 1a and vinylation of the latter to
vinylpyrrole 2a is too low (the ketoxime conversion does not
exceed 40%). At 130 ± 150 8C, one observes resinification that
decreases the yield of 1-vinylpyrrole 2a. In addition, at a high
temperature the process of deoximation of the initial oxime to
2-acetylfuran becomes noticeable. The optimal conditions for the
synthesis of 3-alkyl-2-(2-furyl)-1-vinylpyrroles are as follows:
110 ± 130 8C, 3 h, excess of acetylene (initial pressure
10 ± 14 atm) and equimolar ratio ketoxime :KOH).

It should be pointed out that lithium hydroxide, which
catalyses selectively the stage of heterocyclisation in an analogous
reaction with methyl phenyl and benzyl phenyl ketoximes,38, 39 is

not selective in this case: even at 100 8C a mixture of 1H- (1a) and
1-vinylpyrroles (2a) is formed in the ratio 15 : 1, while the total
yield of pyrroles is lower than with KOH (* 50% instead of 72%,
GLC).

The corresponding pyrrole is also readily formed frommethyl
(5-methyl-2-furyl) ketoxime and acetylene.40

Under atmospheric pressure (100 8C, 5 h, equimolar ratio
ketoxime :KOH) the yield of 2-(5-methyl-2-furyl)pyrrole is 53%
and the conversion of ketoxime is 80%. Under these conditions
2-(5-methyl-2-furyl)-1-vinylpyrrole is formed in a rather low yield
(15%). Under acetylene pressure of 12 atm (90 8C, 3 h, molar
ratio ketoxime :KOH=1 : 2), the same reaction produces vinyl-
pyrrole in 62% yield, though being accompanied by resinification.
According to GLC data, no more than * 3% of the correspond-
ing 1H-pyrrole remains unconsumed under these conditions.40

It is known that even at 50 ± 60 8C and atmospheric pressure
alkyl phenyl ketoximes react readily with acetylene to form the
corresponding pyrroles in yields up to 83%.41 The reaction of
ethyl 2-furyl ketoxime with acetylene under a pressure of 10 atm
and 100 8C produces 2-(2-furyl)-3-methyl- and 2-(2-furyl)-3-
methyl-1-vinyl-pyrroles in yields of 8% and 57%, respectively.37

Quite unexpectedly, in the condensation of the oxime 3 with
acetylene (10 atm, 100 8C) the conversion of oxime 3was nomore
than 65%, while the yield of pyrrole 4a was as low as 30%. The
reaction is accompanied by considerable resinification.

A decrease in the reaction temperature to 75 ± 80 8C did not
lead to higher yield of compound 4a, because even at this
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Table 1. Dependence of the yield of 2-(2-furyl)- (1a) and 2-(2-furyl)-1-
vinylpyrroles (2a) on the reaction temperature (molar ratio ketox-
ime :KOH=1 : 1, C2H2 pressure 10 ± 14 atm, 3 h).37

Tem- Yield Composition of mixture (%) a Ketoxime

perature of mixed conversion

/8C products ket- com- com- (%)

(%) oxime pound 1a pound 2a

70 85 60 26 14 40

90 82 20 24 56 80

110 70 traces 39 71 *100

120 65 " 15 85 *100

130 46 undetected traces *100 *100

150 21 " " *100 *100

aAccording to 1H NMR data.
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temperature ketoxime 3 seems to undergo deoximation to the
ketone 5.

Vinylpyrrole 4b was detected in the reaction mixture only by
GLC.40 Low yield of pyrroles 4a,b was explained by the decrease
in the reactivity of ketoxime 3 due to the presence of bulky phenyl
and furyl groups preventing the approach of oximate anion to the
triple bond. An intermediate formed from ketoxime 3 isomerises
easily into a substituted vinylfuran 6, which cannot undergo the
[3,3]-sigmatropic shift and, consequently, the pyrrole formation.

These two side reactions seem to account for resinification and
formation of by-products, which prevent isolation of pure
pyrroles 4a,b. Additional difficulties appear to be associated
with oligomerisation of acetylene, which occurs in the NH3

(amine) ±KOH±DMSO systems.42

Condensation of alkyl 2-thienyl ketoximes with acetylene
catalysed by superbases (MOH±DMSO) produced 1H- (7a ± f)
(50%±60%) and 3-alkyl-2-(2-thienyl)-1-vinylpyrroles (8a ± f) (in
60%±70% yields).43, 44 The reaction proceeds smoothly at
100 ± 130 8C and may be carried out under both elevated
(10 ± 16 atm) and atmospheric pressures of acetylene.

The effect of reaction conditions (temperature, acetylene
concentration, addition of water, the nature of cation in the
alkali metal hydroxide) on the ratio of pyrroles to their vinyl
derivatives formed in the same synthesis was studied in the
example of methyl 2-thienyl ketoxime.

Synthesis of 2-(2-thienyl)-1-vinylpyrrole (8a) is best carried
out in an autoclave, at 120 8C for 3 h under elevated acetylene
pressure, 17 mass.%±30 mass.% of KOH with respect to the
ketoxime.26, 37 The increase in the reaction time to 5 h andmore as
well as in the temperature to 140 ± 150 8C lead to more pro-
nounced resinification and a lower product yield. 2-(2-
Thienyl)pyrrole (7a) free of its vinyl derivative is produced in
>60% yield with the use of a superbasic pair LiOH±DMSO
(100 8C, 3 h, 10 ± 16 atm) which, as in the case of condensation of
methyl phenyl ketoxime with acetylene,38, 39 catalyses the stage of
pyrrole ring formation and is virtually inactive in the stage of
vinylation. The amount of lithium hydroxide added is
* 18 mass.% with respect to the ketoxime. The same pyrrole
was obtained in 47% yield under atmospheric pressure
(130 ± 140 8C, 7 h, 30% LiOH). The addition of water to DMSO
(10%±15%) and the use of KOH (equimolar ratio of KOH to the

oxime) inhibit the vinylation process and make possible the
preparation of 2-thienylpyrrole (7a) in 53% yield. Heating of
propyl 2-thienyl ketoxime with acetylene (100 ± 120 8C, 0.8 mol
KOH, 11% H2O, 7 h) leads to the formation of 3-ethyl-2-(2-
thienyl)pyrrole (7c) also in 53% yield.

The length of the carbon chain of the alkyl radical in the
original alkyl 2-thienyl ketoxime does not exert any noticeable
effect on the composition and yield of the final products.

The starting ketoximes are a mixture of E- and Z-isomers. It
was established that only the anti-isomer participates in the
reaction with acetylene, while the syn-isomer is recovered unal-
tered after the reaction. It could be supposed that the oximes with
a large content of anti-isomer would give thienylpyrroles in higher
yields. This is not the case because of easy syn ± anti-isomerisation.
This was demonstrated for methyl thienyl ketoximes, where pure
syn- and anti-isomers isolated by preparative TLCwere used in the
reaction with acetylene.26

Like in the case of alkyl methyl 45 and alkyl benzyl ketox-
imes,46 the reaction of (E)-methyl 2-(5-methyl-2-thienyl)ethyl
ketoxime with acetylene involves the methylene group in the
anti-position relative to the hydroxy group.40 At 95 8C and
atmospheric pressure, the ratio of structurally isomeric pyrroles
9a and 10a is 33 : 1 [yields 46% and 1.4%, respectively (GLC)],
whereas vinylpyrrole 10b was detected in the reaction products
only in trace amounts. Despite a rather high total yield of pyrroles
9 and 10 (61%), their isolation from the reaction mixture proved
to be problematic due to the presence of a number of unidentified
by-products. More drastic conditions (120 8C) favour the
increased proportion of the reaction products formed with the
participation of the methyl group and also the vinylation of
pyrroles 9a and 10a; the ratios of pyrroles 9a : 10a and 9b : 10b
become equal to 24 : 1 and 5 : 1, respectively.40

2-(2-Thienyl)- and 2-(3-thienyl)pyrroles 11 were synthesised
recently using a modification of the Trofimov reaction consisting
in the addition ofmethyl 2-thienyl andmethyl 3-thienyl ketoximes
12 to methyl propiolate and dimethyl acetylenedicarboxylate.47

The reaction is conducted in two stages: intermediate
O-vinyloximes 13 are transformed into thienylpyrroles 11 on
boiling in xylene.
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Selenienylpyrroles have remained virtually unstudied until
now since no efficient methods for their synthesis had been
developed. Mikhaleva et al.48 have shown the possibility of
preparing the corresponding pyrroles from methyl 2-selenienyl
ketoxime (14) by its reaction with acetylene at 95 ± 97 8C: 2-(2-
selenienyl)pyrrole (15a) and -2-(2-selenienyl)-1-vinylpyrrole (15b)
were produced in yields of 10% and 2%, respectively.

Ketoxime 14 was used in this reaction as a mixture of E- and
Z-isomers (1 : 1). Under these conditions, the Z-isomer reacted
predominantly (or exclusively), which correlates with the results
of the analogous reaction with methyl 2-thienyl ketoxime 43 and
2-benzoimidazolyl methyl ketoxime.49

The low yield of pyrrole 15a is explained by its instability in the
KOH±DMSO system.48 Further temperature increase to
110 ± 120 8C results only in a lower yield and resinification.
Apparently, the C7Se bond is less stable and more sensitive to
the attack by a strong base compared with the C7O and C7S
bonds (as mentioned above, under the same conditions the total
yield of furyl and thienyl analogues reaches 80%±90%).

a. 1,2-Dichloroethane as an acetylene equivalent
The reaction of alkyl hetaryl ketoximes 16 with 1,2-dichloro-
ethane (DCE), which is a synthetic equivalent of acetylene under
the conditions of the Trofimov reaction, is a version of the
synthesis of furyl- and thienylpyrroles.50

The ratio of the reaction products [hetarylpyrroles 1 and 7,
1-vinylhetarylpyrroles 2 and 8, intermediate O-2-chloroethyl (17)
and O-vinyl (18) hetaryl ketoximes] and by-products, viz. 1,2-
bis(hetarylalkylideneiminoxy)ethanes (19), depends on many
factors: reaction temperature and time, the nature of the hydrox-
ide cation, its concentration and the presence of water in the
catalytic system (Scheme 1).

An advantage of this version consists in the substitution of
acetylene by a more accessible, safe and handling-convenient
DCE. The synthesis can be performed in a trivial apparatus
under atmospheric pressure and in the temperature range
100 ± 135 8C.50 The highest yields of furyl- and thienylpyrroles
were attained at 120 8C (6 ± 9 h, molar ratio ketox-
ime :NaOH :DCE=1 : 2 : 7). When KOH was used as a base,
better results were obtained upon addition of 5%± 10% of water
(120 8C, 7 h, molar ratio ketoxime :KOH :DCE=1 : 2 : 10);
however, in this version the yields of 2-(2-furyl)- and 2-(2-
thienyl)-1-vinylpyrroles did not exceed 25%. In the presence of
lithium hydroxide, the yields of pyrroles were lower (18%). In an
NaOH±DMSO+10% H2O system, the reaction stops at the
stage of intermediates 18, viz., O-methyl 2-thienyl O-vinylketox-

imes (R=H, yield 43%) or 2-furyl methyl O-vinylketoximes
(R=H, yield 6%).50

The detection of O-vinylketoximes 18 and methyl 2-thienyl
O-(2-chloroethyl)ketoximes 17 (X= S, R=H, yield 24%)
among the main reaction products has made it possible to
suggest 50 that in the case of DCE, two alternative pathways of
the formation of pyrroles and 1-vinylpyrroles are realised.
According to the first pathway,4 in a strongly basic medium
DCE serves as the source of acetylene, and the reaction proceeds
as usual (see Section II.1). The second pathway consists in the
nucleophilic substitution of one chlorine atom in DCE by the
oximate anion with the formation of O-(2-chloroethyl)ketoximes
17with subsequent elimination ofHCl to affordO-vinylketoximes
(18). Intermediates 18 undergo cyclisation into the corresponding
pyrroles, which react with DCE to form, apparently, 1-(2-
chloroethyl)pyrroles 20. These are further transformed into
N-vinylpyrroles upon elimination of HCl.50 The possibility of
formation of 1-(2-chloroethyl)pyrroles 20 under these conditions
is in accord with the data reported in Ref. 51.

b. Vinyl chloride as an acetylene equivalent
A simple and industrially acceptable method of synthesis of furyl-
and thienylpyrroles is based on the reaction of the corresponding
ketoximes with vinyl chloride in a KOH±DMSO suspension.26

The condensation is carried out at 120 8C with a sixfold excess of
KOH relative to the ketoxime. This results in the formation of a
mixture of pyrroles and their 1-vinyl derivatives. In this modifica-
tion of the Trofimov reaction, vinyl chloride serves as the
acetylene equivalent.

Compound X R Yield (%)

1b O Me 40

2b O Me 36

7d S Prn 46

8d S Prn 26

c. Intermediates and the reaction mechanism
Systematic studies on the synthesis of pyrroles from hetaryl
ketoximes and acetylene in the superbasic KOH±DMSO
medium have allowed not only identification of the reaction
intermediates, such as O-vinylketoximes or 3H-pyrroles, but also
the development of methods for their preparation.43, 50, 52 ± 55 For
instance, 2-furyl methyl (18a) and methyl 2-thienyl (18b)
O-vinylketoximes were obtained in yields of 38% and 32%,
respectively, by the reaction of 2-furyl methyl (16a) and methyl
2-thienyl ketoximes (16b) with acetylene in the KOH±DMSO
system (initial pressure 12 atm, 3 h, 50 ± 60 8C).52 ± 54
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Upon addition of 4% of water to the KOH±DMSO system,
the yield of O-vinylketoxime 18b increased to 44%.54 Under
similar conditions, the yield of the corresponding furyl derivative
18a did not exceed 13%.54 Under atmospheric pressure of
acetylene, the synthesis of O-vinylketoximes is less efficient.
1,2-Dichloroethane is also suitable for the preparation of ketox-
imes 18a,b. The optimal conditions for the synthesis of compound
18b are the use of LiOH±DMSO system and addition of 10% of
water (100 C, 4 h, yield 43%).50 In the NaOH±DMSO system
containing 10% of water, O-vinylketoxime 18b is not formed,
whereas the yield of O-vinylketoxime 18a is as low as 6%.50

Ketoximes 18a,b are transformed upon thermolysis into the
corresponding pyrroles as do alkyl aryl O-vinylketoximes,56

methyl (1-methyl-2-pyrrolyl)O-vinylketoxime 57 orO-vinylketox-
imes formed upon heating of O-(2-iodoethyl)ketoximes with
ButOK in ButOH.58 Thus, heating of 2-furyl methyl and methyl
2-thienylO-vinylketoximes (100 8C) in the KOH±DMSO system
led to 2-(2-furyl)- and 2-(2-thienyl)pyrroles in yields of 60% and
50%, respectively.56 2-(2-Thienyl)- and 2-(3-thienyl)-4-methoxy-
carbonyl- and -4,5-di(methoxycarbonyl)pyrroles 13 were
obtained by heating of the corresponding O-vinylketoximes 12 in
xylene 47 (see Section II.1).

The reaction of isopropyl 2-thienyl ketoxime (21) with
acetylene afforded 3,3-dimethyl-2-(2-thienyl)-3H-pyrrole (23),
the yield of which depended on the reaction conditions and in
the best case (addition of Al2O3 to the catalytic system) reached
43% with respect to the consumed ketoxime.55

The formation of the pyrrole 23 from the oxime 21 indicates
that the reaction pathway includes the stage of prototropic
isomerisation of O-vinylketoxime 22a into O,N-divinylhydroxy-
amine 22b.

This scheme of the formation of pyrroles from oximes is also
supported by the identification 59, 60 of other reaction intermedi-
ates (hydroxypyrrolines) and their transformation into the corre-
sponding pyrroles upon condensation of alkyl aryl ketoximes with
acetylene.41 The fact that pyrroles cannot be synthesised from
O-alkyl ketoximes under the conditions of the Trofimov reac-
tion,24 as well as the predominant formation of b-phenylpyrroles
in the case of phenylacetylene 61 support the proposed reaction
scheme.

2. The Paal ±Knorr synthesis
The Paal ±Knorr synthesis is widely used for the preparation of
pyrrolyl-, furyl- and thienylpyrroles. As a rule, it is carried out
under mild conditions and provides for high yields of the target

products in the final stage. However, the preparation of the initial
1,4-diketones and/or amines with furyl and thienyl substituents
remains a challenge: their synthesis includes several stages which
do not always give high yields, which restricts substantially the
applicability of this method.

N,N 0,N00-Tris(tert-butoxycarbonyl)-5,500-dibromo-2,20 : 50,200-
terpyrrole (26) was obtained from 2-formylpyrrole 62 in several
steps (Scheme 2). In the intermediate disulfone 24, two sulfonyl
groups were substituted by tert-butoxycarbonyl protective
groups. Simultaneously, the third pyrrole ring was N-protected;
the totally protected terpyrrole 25was then selectively brominated
with N-bromosuccinimide (NBS) to pyrrole 26.

Scheme 2

In a Japanese patent 63 it was proposed to prepare 1-(2-thi-
enyl)pyrroles 29 (yields up to 80%) by the reaction of 2-amino-
thiophenes 27 with 1,4-diketones 28 on boiling for 20 min in
benzene in the presence of p-toluenesulfonic acid.
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Furylpyrroles (31a,b and 32a) were prepared from 1-(2-
furyl)pentane-1,4-dione (30a) or 1-(2-furyl)-2,4-diphenylbutane-
1,4-dione (30b) and ammonia (NH4Cl, 180 8C, 20 h, yields of
40% and 50%, respectively) or 4-chlorophenylamine (AcOH,
EtOH, 7 h, yield 85%) under atmospheric or elevated pressure.64

If ammonia is replaced by ammonium carbonate and the
reaction is carried out in ethanol in the presence of acetic acid, a
twofold increase in the yield of pyrrole 31a is achieved.64 It should
be noted that the reaction of diketone 30a with ammonia is
accompanied by the formation of pyrrole 33 (yield 8%), while
2,4,5-tri(2-furyl)imidazole and 2,3,5,6-tetra(2-furyl)pyrazine (5%
yield of each) are formed from diketone 30b.64

1-(5-Chloro-2-thienyl)pentane-1,4-dione (36) obtained from
5-chlorothiophene (34) and 5-methyl-5-hydroxytetrahydrofuran-
2-one (35) reacts with ammonium acetate inmethanol at 25 8C for
3 h to give 2-(5-chloro-2-thienyl)-5-methylpyrrole 37 in 65%
yield.65

Pyrroles 39a ± d containing two thienyl substituents in the ring
were obtained in high yields from the corresponding diketones
38a ± d and methylamine in boiling propanol containing methyl-
amine hydrochloride.66, 67

Compound 39 R1 R2 Yield (%)

a 2-thienyl 2-thienyl 85

b 3-thienyl 2-thienyl 97

c 2-thienyl 3-thienyl 90

d 3-thienyl 3-thienyl 99

Synthesis of 2,5-bis(2-pyrrolyl)thiophenes 42 (yield 65%) was
brought about 62, 68 by cyclisation of symmetrical 1,4-diketones
40a,b with Lawesson's reagent (41) upon boiling in toluene.

Diketones 40a,b are obtained from pyrrole-2-carboxalde-
hydes in ethanol in the presence of NaOAc, divinyl sulfone and a
thiazolium salt as the catalyst (yields 70% and 74%, respectively).

2,5-Bis[3,5-di(ethoxycarbonyl)-4-methyl-2-pyrrolyl]thiophene
(44) was prepared in 76% yield from diketone 43 [synthesised by
the reaction of 3,5-bis(ethoxycarbonyl)-4-methyl-2-formylpyrrole
with divinyl sulfone in dioxane at 80 8C in the presence of
triethylamine] and Lawesson's reagent 41.68

The reaction of 2-methylsulfinyl-1-phenyl-5-(2-thienyl)pen-
tane-1,5-dione (45) with ammonium acetate in acetic acid (D,
10 min) leading to 2-(2-thienyl)pyrrole (46) with a yield of 19%
may be regarded as a variant of the Paal ±Knorr synthesis.69

An elegant and efficient synthesis of 1-(2-thienyl)pyrroles
51 ± 53 is based on the condensation of 2-aminothiophenes 47,
2-amino-4,5-dihydrocyclopenta[b]thiophene 48 or 2-amino-
4,5,6,7-tetrahydrobenzo[b]thiophenes 49 with 2,5-dimethoxy-
tetrahydrofuran (50) in acetic acid.70, 71

Compound 51 R1 R2 R3 Yield (%)

a Me Me H 86

b Me Et CO2H 96

c Me Me CO2H 97

d H H CO2Et 72

e Me Me CO2Et 70
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+
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The oxidation products of aminoacylfuran 54 are supposed to
contain, along with the major compounds 55a ± c, insignificant
amounts of furylpyrroles 56a,b.72

The reaction of cyclopropyl ketones 57 with amines leads to
the formation of hetarylpyrroles 58 in high yields.73, 74 The
presence of an electron-acceptor substituent X (OMe, OEt, Cl)
in the cyclopropane ring facilitates its isomerisation leading to the
formation of a carbonyl group equivalent.

3. Syntheses involving activated acetylenes
Oxazolium oxide 60 formed fromN-methyl-N-thenoylamino acid
59 and acetic anhydride is transformed into 2-(2-thienyl)pyrrole
61 upon boiling in benzene with dimethyl acetylenedicarboxylate
(yield 89%).75

A general method for the synthesis of thienylpyrroles 64 has
been developed, which is based on 1,3-dipolar cycloaddition of
2-(2-thienyl)aziridines 62 to activated acetylenes.76, 77 The reac-
tion proceeds on heating of the reagents in benzene with the
formation of intermediate thienylpyrrolines 63, which are readily
dehydrogenated under the action of tetrachloro-1,4-benzoqui-
none to give pyrroles 64, as a rule, in moderate yields.

R Ar Yield R Ar Yield

of 64 (%) of 64 (%)

H Ph 32 H 2-naphthyl 36

H 4-MeC6H4 26 CO2Me 4-MeC6H4 53

H 4-MeOC6H4 39 CO2Me 4-MeOC6H4 65

H 3-NO2C6H4 25 CO2Me 3-NO2C6H4 32

Heating of 1,4-di(2-thienyl)butadiyne (65) with aniline at
140 ± 160 8C in the presence of cuprous chloride leads to the
formation of 2,5-di(2-thienyl)-1-phenylpyrrole (66) in 68%
yield.78

This reaction has a general character. Asymmetrically sub-
stituted butadiynes 67 react with amines, which allows prepara-
tion of various 2-(2-thienyl)pyrroles 68.78 Ethanol, dioxane and
DMF are used as solvents.

A new method has been developed for the synthesis of 2-(2-
pyrrolyl)-, 2-(2-furyl)- and 2-(2-thienyl)pyrroles 69a ± c from the
corresponding amines 70, acetylenes 71 and carbon monoxide
with the use of zirconium cyclopentadienyl complexes.79

The reaction with CO leading to hetarylpyrroles may be
realised both with and without isolation of metallocycles 72.
This reaction can be carried out in the presence of NH4Cl, under
CO pressure of* 100 atm, at* 20 8C, for 24 h (method A) or in
the absence of NH4Cl, at 80 8C, CO pressure of* 6 atm and for
36 h (method B). The former method is more efficient, though the
role of NH4Cl is still unclear.
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The following mechanism of this reaction has been pro-
posed:79

Insertion of CO into the C7Zr bond gives metallocycle 73.
Migration of the nitrogen atom from zirconium to the acyl carbon
(formally, reductive elimination) leads to the zirconium complex
74. The intermediate 74 can undergo ring opening with the
formation of a zwitter-ion 75, which after migration of the
trimethylsilyl group from nitrogen to zirconium gives compound
76. Its hydrolysis yields intermediate 77, which undergoes proto-
tropic rearrangement into pyrrole 69. An alternative pathway is
possible: hydrolysis of the complex 74 to the alcohol 78, which is
dehydrated to give the intermediate 77with subsequent formation
of pyrrole 69.79

Synthesis of pyrroles 80 through carbocupration of N,N-
bis(trimethylsilyl) derivatives of alkyl 4-aminobut-2-ynoates with
subsequent treatment with acyl chlorides has opened a route to
new polyheterocyclic compounds, including furyl- and thienyl-
pyrroles and tetrapyrrole macrocycles. Thus, the reaction of
lithium methyl(hexynyl)cuprate with methyl (79a) or ethyl
4-aminobut-2-ynoates (79b) with subsequent treatment with
2-furoyl or 2-thienoyl chlorides leads to 2-furyl- (80) and
2-thienyl-pyrroles (81a,b).

4. Synthesis involving isocyanides
Isocyanides are rather common components in the synthesis of
hetarylpyrroles.81 ± 87 3-(2-Furyl)- (84a,b) and 3-(2-thienyl)pyr-
roles 84c were synthesised by addition of 1-tosylalk-1-enyl
isocyanides 82 to chalcone analogues 83 in the presence of

ButOK.81 The initial isocyanides 82 can be easily obtained by the
reaction of tosylmethyl isocyanide with carbonyl compounds.

Compound 84 X n R Yield (%)

a O 1 2-furyl 93

b O 3 Ph 89

c S 2 2-thienyl 85

It is presumed 81 that the formation of pyrroles 84 occurs by
the following mechanism:

TheMichael addition of the allylic anion 85, formed under the
action of a base, to the vinyl ketone 83 and subsequent cyclisation
of the enolate anion 86 and elimination of the tosylate anion yield
the final reaction product.

Pyrroles 89a ± c were obtained from 2-cyano-3-(2-furyl)- and
-(2-thienyl)acrylic acids 87a ± c and tosylmethyl isocyanide (88) in
a superbasic system KOH±dimethoxyethane.82

Compounds 87, 89 X R Yield of 89 (%)

a O H 92

b S H 97

c S Me 89

The addition of methyl isocyanoacetate (90) to thiophene-2-
carbaldehyde in the presence of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) in THF at 40 ± 50 8C (15 h) leads to 3-(2-thienyl)-
pyrrole (91) in 70% yield.85, 87

Sakai et al.85 have obtained pyrrole 91 by a different scheme
including intermediates 92 and 93.
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Phosphorylated 3-(2-furyl)pyrrole 95 was synthesised in 54%
yield by the reaction of isocyanide 94 with 2-(2-nitroprop-1-
enyl)furan in the presence of lithium diisopropylamide (LDA)
(THF, 778 8C, 3 h; * 20 8C, 72 h; reflux, 2 h) with subsequent
treatment with ammonium chloride.86

5. Syntheses from cyanides
A simple and efficient method for the synthesis of 2-(2-
furyl)pyrroles 98, 99 is based on the reaction of tetracyanoethane
with azomethine 96 or azine 97.88 ± 92

Pyrrole 98 is synthesised either by heating (90 ± 100 8C) of
tetracyanoethane and azomethine 96 in aqueous dioxane (yield
60%±65%) 88 or with the intermediate isolation of pyrroline 100,
which is transformed into pyrrole 98 in 98% yield upon heating
for 5 ± 25 min at 60 ± 70 8C in DMF.89

Similarly, upon gentle heating in an aqueous-ethanolic or
ethanolic medium pyrroline 101 loses one molecule of hydro-
cyanic acid and is transformed into pyrrole 99.91

Condensation of bis(2-thienyl)acetylene 102 with an excess of
trimethylsilyl cyanide catalysed by palladium or nickel chloride in
pyridine yields 3,4-bis(2-thienyl)pyrrole (103).93

The reaction involves such a profound rearrangement of
trimethylsilyl cyanide that it is hardly possible to propose any
reasonable mechanism of this reaction.

6. Organometallic synthesis
Kaufmann and Lexy 94 have synthesised bipyrrole 104 by
a-lithiation of N-methylpyrrole with subsequent oxidative cou-
pling of the intermediate obtained. Bipyrrole 105 was used for the
preparation of terpyrrole and then oligopyrrole.

3,3-Bipyrrole 106 was obtained 95 by a Wurtz-type reaction
from 3-bromo-1-(triisopropylsilyl)pyrrole (107) upon treatment
of the latter with tert-butyllithium in the presence of CuI.

Groenendaal et al.96 have described dimerisation of 5-bromo-
1-tert-butoxycarbonyl-2-phenylpyrrole according to Ullmann.

Under the same conditions,96 2,5-dibromo-1-tert-butoxycar-
bonylpyrrole afforded a dimer and other oligomers containing up
to 24 pyrrole rings, which were isolated as individual products by
preparative HPLC.

Gjùs and Gronowitz 97 have developed a method for the
synthesis of thienylpyrroles 108 and 109 by reaction of 2-iodo-
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thiophene 110 with 1-methyl-2-pyrrolylcopper (111) prepared by
metallation of 1-methylpyrrole with butyllithium in a mixture of
ether and tetramethylethylenediamine followed by treatment with
cuprous bromide.

The course of the reaction and the ratio of the products
formed are substantially influenced by its duration: when the
reaction was conducted for 1 h, a mixture was obtained that
contained, along with thienylpyrrole 108, the initial iodothio-
phene (110), iodopyrrole 112, bipyrrole 113 and bithiophene 114;
when the mixture was allowed to react for 4 h, a decrease in the
concentration of bithiophene 114 and an increase in the content of
thienylpyrrole 108 and bipyrrole 113 were observed. Trace
amounts of 1-methyl-2-[5-(2,20-bithienyl)]pyrrole 109 and terthio-
phene 115 were also formed. According to GLC data, the ratio of
products 108 : 109 : 113 : 114 : 115 was 53 : 14 : 24 : 7 :<1. The
major product, viz., thienylpyrrole 108, was isolated in 40%
yield, while the yield of compound 109was 15%.97 The formation
of the latter product is explained by the following scheme:

The reaction of the copper intermediate 111 with 3-iodo-
thiophene leads to a more complex mixture of products.97

According to GLC data, bicyclic and tricyclic compounds
constitute 7% and 30% of this mixture, respectively. Column
chromatographywith subsequent distillation and recrystallisation
gave 1-methyl-2-(3-thienyl)pyrrole (116) (yield 72%), thienyl-
pyrrole 108 (yield 6%) and tricyclic compound 117 (yield 9%).

Thienylpyrrole 108 was obtained by the same authors 97 in
three steps:

The reaction of 2-acetylthiophene with dimethylformamide
and phosphorus oxychloride followed by treatment of the reaction
mixture with HClO4 yields perchlorate 118. The reaction of salt
118 with dimethylamine gives perchlorate 119; its heterocyclisa-
tion leads to thienylpyrrole 108, although in a low yield.97

The use of the Stille reaction allowed one to synthesise
oligoheterocyclic compounds containing pyrrole and thiophene
units, e.g., N-tert-butoxycarbonyl-di-2-(5-tert-butoxycarbonyl-5-
phenyl-2-pyrrolyl)thienyl]pyrrole (123).98 Organotin derivative
120 is prepared by stannylation of a substituted pyrrole. Cross-
coupling of compound 120with bromobenzene according to Stille
in the presence of palladium[tetrakis(triphenylphosphine)] fol-
lowed by stannylation of the reaction product yields compound
121. Pyrrole 122 is obtained by distannylation of tert-butyl 2,5-
bis(2-thienyl)pyrrole-N-carboxylate with subsequent bromina-
tion of the reaction product with N-bromosuccinimide. Cross-
coupling of compounds 121 and 122 according to the Stille
method leads to the oligoheterocycle 123.

Cross-coupling according to Stille was also used to prepare the
following compounds:98
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Cross-coupling of N-methylpyrrolylmagnesium(zinc) halides
with 3-halogenothiophenes in the presence of a palladium catalyst
leads to 1-methyl-2-(3-thienyl)pyrrole (116) in high yield.99, 100

7. Synthesis from azides
Thermolysis of azidobutadienes 125a ± d containing a hetaryl
substituent yields the corresponding 2-hetarylpyrroles 126a ± d.
The starting compounds for the preparation of azides 125a ± d
were b-2(3)furyl- and b-2(3)-thienylacroleins 124a ± d and methyl
azidoacetate. Alkaline hydrolysis of compounds 126a ± d and
subsequent decarboxylation of acids 127a ± d in quinoline (with
barium-promoted copper chromite as a catalyst) lead to the
corresponding 2-(2-furyl)- and 2-(2-thienyl)pyrroles (128a,b) or
2-(3-furyl)- and 2-(3-thienyl)pyrroles 128c,d.101

Com- Substituent X Yield (%)

pound position

126 127 128

a 2 O 90 79 68

b 2 S 90 75 46

c 3 O 92 79 43

d 3 S 87 89 57

8. Synthesis from unsaturated aminocarbonyl compounds
Rapoport et al.102-106 have synthesised 2,2-bipyrrole (130) and
2,20:50,200-terpyrrole (131) by the reaction of 2-pyrrolidone with
phosphorus oxychloride and subsequent dehydrogenation of the
intermediate product 129.

2-(2-Furyl)- and 2-(2-thienyl)pyrroles have been synthesised
in 86% yields by the reaction of N-allyl carboxamides 132 with
phosgene followed by the elimination of HCl from the chloro-
imines 133.107

The construction of the pyrrole ring is presumed 107 to result
from the intramolecular 1,5-dipolar cyclisation of the intermedi-
ate nitrile ylides 134 to 3H-pyrroles 135, which are further
isomerised to 1H-pyrroles.

1-(2-Thienyl)pyrroles 139 were obtained in good yields in the
reaction of sodium derivatives of cyanoamides 136 with vinyl-
triphenylphosphonium bromide (137) followed by the intramo-
lecular cyclisation of the intermediate 138 under the action of a
base with elimination of HCN and Ph3PO.108
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9. Miscellaneous methods
Boberg et al.109 have proposed to obtain 3-(2-furyl)- (140a) and
3-(2-thienyl)pyrroles (140b ± e) from nitronic acids 141 formed
upon reaction of nitrovinylfurans or -thiophenes with alkyl
acetoacetates. Heterocyclisation of compound 141 takes place at
60 8C in the presence of reducing agents, such as a mixture of
sodium sulfide with ammonium chloride, aqueous ammonia with
ammonium sulfide or Zn in HCl. This method does not have any
preparative value because of low yields of pyrroles.

Compound 140 X R1 R2 Yield (%)

a O Et Et 1

b S Me Et 17

c S Et Et 14

d S Me But 10

e S Ph Et 8

Synthesis of 1-(2-cyano-3-thienyl)pyrrole (142) and 1-(3-
cyano-2-thienyl)pyrrole (143) by the reaction of 2,5-dimethoxy-
tetrahydrofuran (50) with 3-amino-2-cyano- and 2-amino-3-
cyanothiophenes, respectively, has been described.110 ± 113

Kresze et al.114 have carried out a multistep synthesis of
4-acetoxy-5-(methoxycarbonyl)-2-(2-thienyl)pyrrole (149) in
which the key compound is a tetrahydropyridazine derivative 148.

Condensation of 2-formylthiophene 144 with ethyl acetoace-
tate leads to hydroxy ketone 145 (yield of a crude product 93%)
dehydration of which yields E-olefin 146.114 Its O-acetylation
affords a mixture ofE- andZ-isomers of diene 147 fromwhich the
Z-isomer was isolated by crystallisation from ether (yield 31%).
The Diels ±Alder reaction of the Z-diene with trichloroethyl azo-
N,N 0-dicarboxylate results in a tetrahydropyridazine derivative
148 as an intermediate; its treatment with Zn powder in acetic acid
yields thienylpyrrole 149.114

1-Vinyltetrahydroisoquinoline (150) (obtained from 3,4-di-
hydroisoquinoline and vinylmagnesium bromide) reacts with
2-formylfuran (151) or 2-formylthiophene (144) to form polycy-
clic systems (152a,b) with 2-furyl or 2-thienyl substituents.115

Pyrrolo[1,2-a]quinoxalines 154 containing a 2-(2-furyl)-
pyrrole fragment have been synthesised by the cyclisation of
2-(2-furfurylideneacetyl)quinoxalines 153 under the action of
HCl or HClO4.116

Corrole 156 is prepared by the oxidative cyclisation of a linear
tetrapyrrole 155 in an alkaline medium.117

As expected, boiling of meso-thiaphlorin 157 in o-dichloro-
benzene resulted in elimination of sulfur with the formation of

R1 = 2-thienyl: R2 = Ph, 4-ClC6H4 .
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corrole 158 in 35%± 40% yield.118 In the presence of triphenyl-
phosphine, the yield of corrole 158 reaches 60%.

In the case of meso-dithia macrocycle 159, the extrusion of
sulfur occurs less readily (213 8C, 10 h, triphenylphosphine) and
leads to two isomers of meso-thiacorrole 160a,b in a total yield of
42% (ratio 1 : 1).118

III. Reactivity

Until recently, chemical properties of pyrroles bound to five-
membered aromatic heterocycles have been very little studied
because of the absence of reliable general methods for their
synthesis. There were only fragmentary data on some reactions
that included mostly interactions of their functional substituents
(with the exception of formylation of the pyrrole fragment). The
development of methods for the synthesis of hetaryl-substituted
pyrroles in the last two decades has led to a considerable
expansion of the array of preparatively accessible representatives
of this group of compounds and to the appearance of real
conditions for systematic studies of their reactivity and other
properties.

1. Electrophilic substitution
a. Protonation
It is known 1 ± 3, 119 ± 125 that the most characteristic reaction of the
pyrrole ring is electrophilic substitution, which is also typical of
substituted furans and thiophenes.121 ± 125 The simplest reaction of
this type is reversible protonation (degenerate electrophilic sub-
stitution of hydrogen).

Over the last decade, the 1H NMR method was used for the
systematic studies of protonation of the series of 2-(2-furyl)- and
2-(2-thienyl)pyrroles and their 1-vinyl derivatives.

Numerous studies 21, 25, 27, 126 ± 133 have shown that at 780 to
750 8C all pyrroles, regardless of the nature of the second
heterocycle and the acid (except for the `magic' acid
HSO3F± SbF5), are protonated at the C(5) atom of the pyrrole
ring; in the case of vinyl derivatives (R3=CH=CH2), the double
bond is retained.

The reaction of furylpyrroles with hydrogen halides (HCl,
HBr) at 730 8C yields a mixture of pyrrolium 161 and furanium
162 cations.21, 25, 128 An analogous mixture is also formed on
gradual elevation of temperature from780 to730 8C.21, 25, 128

Protonation of vinyl derivatives (730 8C) is accompanied by
the addition of HX to the 1-vinyl group.21, 25, 27, 126 ± 131

On warming from 780 to 730 8C, the cation in which both
a-positions in the furan ring are occupied adds HX only to the
double bond with the formation of the pyrrolium ion
163.21, 25, 27, 128

As the temperature is increased to 0 8C, the reaction of
furylpyrroles with HBr leads to 4-bromo-4,5-dihydro-2-(2-pyrrol-
yl)furanium bromides 164 as the result of addition of HBr to the
protonated furan ring.21, 25, 27, 128

At 20 8C, dihydrofuranium cations 164 are completely trans-
formed into 4-bromo-4,5-dihydro-2-(2-furyl)pyrrolium bromide
165 with the rearomatisation of the furan moiety of the mole-
cule.21, 25, 27, 128

In contrast to the furan ring, the thiophene ring is not involved
in the reaction with HBr. In this case, the formation of only
4-bromo-4,5-dihydro-2-(2-thienyl)pyrrolium bromide (166) is
observed.21, 25, 130, 131
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Unlike ordinary acids, the superacidic system HSO3F ± SbF5

reacts with 2-(2-furyl)-1-vinylpyrrole at 770 8C to give an
equilibrium mixture of dications: 1-(1-ethanio)-2-(2-furyl)-5H-
pyrrolium (167) and 1-(1-ethanio)-2-(2-furyl)-3H-pyrrolium
(168) in the ratio 3 : 1.21, 25

In the reaction with the superacidic system HSO3F±
SbF5 ± SO2, 2-(2-thienyl)-1-vinylpyrrole forms two cations: 1-(1-
ethanio)-2-(2-thienyl)-5H-pyrrolium (169) and 2-[1-(1-ethanio)-2-
pyrrolyl)-5H-thiophenium (170) in the ratio 2 : 1. Heating of the
reaction mixture up to 10 8C changes the ratio 169 : 170 to
1 : 2.21, 25, 130, 131

b. Formylation
Formylation of 2-(2-furyl)-, 2-(2-thienyl)-, 2-(3-furyl)- and 2-(3-
thienyl)pyrroles and their a-methoxycarbonyl derivatives under
conditions of the Vilsmeier reaction has been studied.101, 134

Thienylpyrroles are formylated only at the a-position of the
pyrrole ring with the formation of 2-thienyl- (171) (yield 75%)
and 3-thienyl-2-formylpyrrole (172).

Formylation of furylpyrroles results in a mixture of mono-
(173, 175) and diformyl derivatives (174, 176), the former being
predominant.101, 134

In 2-(3-furyl)pyrrole (128), both a-positions of the furan ring
are free. However, the formyl group enters the position 2 of the
furan ring, which is in accord with the standard orientation rule.

5-Methoxycarbonyl-2-(2-thienyl)- (126b) and -2-(3-
thienyl)pyrrole (126d) give a mixture of 3-formyl-substituted
pyrroles (177, 178) and 2-(5-formyl-2-thienyl)- (179) and 2-(2-
formyl-3-thienyl)-derivatives 180, respectively.134

Because of the orienting effect of the a-methoxycarbonyl
group, formylation in pyrroles 126b,d occurs mostly in the
b-position of the pyrrole ring (95%); the formylation product in
the a-position of the thiophene ring is formed in the yield not
exceeding 5%.

Unlike its thienyl analogues, 2-(2-furyl)- (126a) and 2-(3-
furyl)-5-methoxycarbonypyrrole (126c) form in this case virtu-
ally only the products of formylation at positions 5 and 2 of the
furan ring, viz., pyrroles 181, 182.134

Heating of 2,5-di(2-pyrrolyl)thiophene 183 with benzoyl
chloride in DMF leads to the formation of 2,2-di(5-formyl-2-
pyrrolyl)thiophene 184 in 47% yield.62

c. Acylation
Acylation of bipyrroles, furyl- and thienylpyrroles devoid of
functional substituents with carboxylic acid anhydrides and
halides has not been studied, except for trifluoroacetylation.
Acylation of 1-(2-aminomethyl-3-thienyl)pyrrole 185 occurs
exclusively at the amino group with the formation of 1-(2-
aroylamidomethyl-3-thienyl)pyrroles 186a ± c.111
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Starting from an isomeric aminomethylthienylpyrrole 187,
thienylpyrrolodiazepines 188 were obtained.111, 113

Tricyclic compound 191 was obtained from 1-(3-cyano-2-
thienyl)pyrrole (143) by a series of consecutive reactions, includ-
ing the rearrangement of the azide 189 into an intermediate 190.112

Similarly, isomeric tricyclic compound 193 was synthesised
from thienylpyrrole 192.112

Trifluoroacetyl derivatives of various pyrrole systems have
been attracting attention of researchers since the
1960 ± 1970s.135 ± 145 Trifluoroacetylation was often used on
many occasions for comparing reactivities of various pyrrole,
furan and thiophene derivatives in electrophilic substitution
reactions.121, 124, 135 ± 137 The relative trifluoroacetylation rates of
pyrrole, furan and thiophene with trifluoroacetic anhydride are
5.36104, 1.46102 and 1, respectively.121, 124 This ratio of rates
illustrates the well known fact that pyrrole, owing to the higher,
compared to other five-membered aromatic heterocycles, ability
of its nitrogen atom to delocalise the positive charge in cationic
s-complexes, is appreciably more reactive than furan and the
more so thiophene in reactions of electrophilic substitution.122 It
was thus believed 146 that 2-(2-furyl)- (1a) and 2-(2-
thienyl)pyrroles (7a), as well as their 1-vinyl (2a,b, 8a ± c), 1-ethyl
(194a) and 1-triethylsilylmethyl derivatives (194b), would be
acylated with trifluoroacetic anhydride only at position 5 of the
pyrrole ring.

Initial X R1 R2 Reaction Yield of 195

compound product (%)

1a O H H 195a 41

7a S H H 195b 75

2a O CH2=CH H 195c 18

2b O CH2=CH Me 195d 34

8a S CH2=CH H 195e 78

8b S CH2=CH Me 195f 76

8c S CH2=CH Et 195g 63

194a S Et H 195h 54

194b S CH2SiEt3 H 195i 75

It was shown 146, 147 that it is compounds 195 that are formed
upon trifluoroacetylation of furyl- and thienylpyrroles. In the case
of 2-(2-furyl)pyrrole 1a, the reaction mixture contains, in addition
to the initial pyrrole and the final 2-(2-furyl)-5-trifluoroacetyl-
pyrrole 195a, an admixture of a third compound, presumably the
product of trifluoroacetylation in the a-position of the furan ring
or the b-position of the pyrrole ring. The latter is possible for
activated pyrroles.122 In contrast to 2-phenylpyrrole,145 under
comparable conditions the trifluoroacetylation of 2-(2-furyl)- (1a)
and 2-(2-thienyl)pyrroles (7a) is not complete: the degree of
conversion is 50%± 60%, and the yields of the corresponding
5-trifluoroacetylpyrroles 195a,b are 40%±50% with respect to
the initial pyrrole. The use of a twofold excess of anhydride
relative to pyrrole and the increase in the reaction temperature to
50 8C do not change its direction, though the yield of compound
195b increases to 75%.

2-(2-Thienyl)-1-vinylpyrrole 8a is acylated with both the
equimolar amount and the twofold excess of trifluoroacetic
anhydride to give virtually only one compound 195e, whereas
the major route of trifluoroacetylation of 2-(2-furyl)-1-vinylpyr-
role 2a is the attack at the a-position of the furan ring with the
formation of compound 196. With the twofold excess of anhy-
dride, the content of isomer 195c increases to 40% along with the
increase in the overall yield (62.5%).146

Substitution of a-hydrogen in the pyrrole ring by the trifluor-
oacetyl group is facilitated with the increase in its basicity, as is the
case with 2-(2-furyl)- and 2-(2-thienyl)-1-vinylpyrroles with alkyl
substituents at position 3. In contrast to compound 2a, the attack
of 2-(2-furyl)-3-methyl-1-vinylpyrrole (2b) by the trifluoroacetyl
cation is directed mostly not at the furan but at the pyrrole ring.
Structurally isomeric trifluoroacetylpyrroles 195d and 197 are
formed in 34% and 27% yields, respectively.148 3-Alkyl-2-(2-
thienyl)-1-vinylpyrroles 8b,c form only a-trifluoroacetylpyrroles
195f,g. Substitution of the vinyl group by the ethyl group at the
nitrogen atom (compound 194a) does not change the direction of
trifluoroacetylation. It also occurs in the pyrrole ring of com-
pound 194b in which there is a rather bulky triethylsilylmethyl
substituent.148

In order to interpret the results obtained, Trofimov et al.146

considered the following factors; (a) an appreciably larger
nucleophilicity of the furan ring compared to that of thiophene;
(b) a decrease in the electron density in the pyrrole ring due to
competitive conjugation of the vinyl group with the unshared
electron pair on nitrogen and also owing to its negative inductive
effect; (c) possible steric hindrance due to the vinyl group for the

R= Ph (a, 82%), 4-ClC6H4 (b, 89%), 4-NO2C6H4 (c, 74%).
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attack at the a-position of the pyrrole ring. The reactivity of the
thiophene ring is so low compared to the furan ring, and the more
so, the pyrrole ring, that the factors (a) and (b) seem to be
insufficiently strong for changing the direction of trifluoro-
acetylation of 2-(2-thienyl)-1-vinylpyrrole. The absence of double
acetylation products points to a very strong influence of the
electron-acceptor trifluoroacetyl substituent that is transferred
to the thiophene ring. The mechanism of such a transfer cannot be
reduced solely to the inductive effect but should include formation
of a common conjugation system.146

It is known that trifluoroacetylation of 1-vinylamides,149 ethyl
iminoacetoacetate 150 and 9-alkenylcarbazoles 151 can result in
electrophilic substitution of hydrogen in the 1-vinyl group. This
reaction route was not observed for 2-(2-furyl)- and 2-(2-thienyl)-
1-vinylpyrroles.

d. Aminomethylation
The reaction 1-(4,5-dimethyl-2-thienyl)pyrrole (51a) with the
aminomethylation system Me2NH±HCl ±CH2O in acetic acid
results in a 2-dimethylaminomethyl derivative of this pyrrole
(198).109

4-Aryl-5,6-dihydro-4H-pyrrolo[1,2-a]thieno[2,3-f]-1,4-diaze-
pines 202a ± h were synthesised by the reaction of 1-(2-benzyl-
ideneaminomethyl-3-thienyl)pyrroles 200, obtained from 1-(2-
aminomethyl-3-thienyl)pyrrole (199) and the corresponding aro-
matic aldehydes, with hydrogen chloride in dry ethanol (D,
45 min) with subsequent treatment of the hydrochlorides formed
(201) with dilute NaOH.110

Compound 202 Ar Yield (%)

a Ph 48

b 2-ClC6H4 62

c 3-ClC6H4 56

d 4-ClC6H4 53

e 3-MeOC6H4 65

f 4-MeC6H4 63

g 3,4-(MeO)2C6H3 52

h 62

2. Nucleophilic addition to the triple bond
Vinylation of NH-heterocycles with acetylene is usually carried
out under a pressure of 20 ± 40 atm at 160 ± 200 8C. This process
has limited laboratory uses because of its explosion hazard and the
need for special equipment, though several such technologies have
been realised on the industrial scale.22

The use of superbasic catalytic systems of the KOH±DMSO
type allows vinylation of alkyl- and arylpyrroles at 100 ± 200 8C
and atmospheric pressure.152 Under these conditions, 2-(2-furyl)-
(1a) and 2-(2-thienyl)pyrroles (7a) are successfully vinylated.153

The results of vinylation of compounds 1a, 7a and 2-phenyl-
pyrrole are presented in Table 2.

Acetylene was passed through the reaction mixture under
atmospheric pressure. Vinylation was carried out at a fivefold
molar excess ofKOH.Virtually quantitative yields (96%± 98.5%)
of 1-vinylpyrroles were attained at 110 8C within 4.5 ± 6 h (see
Table 2). With increase in the temperature to 120 8C the duration
of vinylation is reduced, although the yield of 1-vinylpyrroles
drops by 9%±16% because of side processes.

When vinylation was conducted in an autoclave (initial
acetylene pressure 10 ± 14 atm, maximal pressure 20 ± 30 atm,
DMSO, threefold molar excess of KOH, 120 8C), the yield of
vinylpyrroles did not exceed 80% due to resinification. Thus,
vinylation of aryl- and hetarylpyrroles under atmospheric pres-
sure is not only safe but also more efficient.

The vinylation rate of pyrroles increases in the sequence
2-phenylpyrrole<2-(2-thienyl)pyrrole<2-(2-furyl)pyrrole (see
Table 2). Their NH acidity increases in the same order. (Jack-
son 3 did not give the value of 2-(2-furyl)pyrrole acidity, but it can
be estimated from the cited dependence of pKa on induction
constants of substituents in the pyrrole ring). The observed order
of reactivity of pyrroles fully confirms the previously established
general regularity 153 ± 157 that the rate of base-catalysed addition
of structurally similar azoles to acetylene, including 2-furyl- and
2-thienylpyrroles, increases with their acidity. However, it was
reported 153 that the yield of 1-vinyl derivatives of tetrahydro-g-
carbolines increases with the introduction into their molecule of a
methyl group, which decreases the NH-acidity. Thus, the infor-
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Table 2. Effect of vinylation conditions on the yield of 2-(2-furyl)- (2a),
2-(2-thienyl)- (8a) and 2-phenyl-1-vinyl-pyrroles (203).153

Tempera- Time Yield of the vinylation product a, b

ture /8C /h

2a 8a 203

110 4 (2 : 98) (15 : 85) 7
110 4.5 98 (3 : 97) (12 : 78)

110 5 7 98.5 (5 : 95)

110 5.5 7 7 (2 : 98)

110 6 7 7 (*0.1 : 99.9)

120 3 86 (5 : 95) (7 : 93)

120 4 7 (*0.1 : 99.9) 87

a The yield was calculated after distillation. b The ratio of the initial

compound to the reaction product (according to GLC) is indicated in

parentheses.
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mation available at that time did not give any clear idea about the
influence of NH-acidity (nucleophilicity) of azoles on the rate of
their addition to acetylene.

In order to assess the influence of substituents on the vinyl-
ation rate of pyrroles, the kinetic curves of vinylation of the series
of NH-pyrroles for which precise values of pKa of relative acidity
are known have been compared quantitatively 156 with the
correlation equations relating these parameters to the substituent
constants.4, 157, 158 Vinylation was carried out in a KOH±DMSO
system at 100 8C under atmospheric pressure. The course of the
process was monitored using GLC. It was found 156 that the
vinylation rates of 2-benzyl-3-phenyl-, 3-hexyl-2-phenyl-, 2,3-
diphenyl-, 2-(4-ethylphenyl)- and 2-(4-methoxyphenyl)pyrroles
increase with the decrease in their acidity (increase in pKa

values 159). However, 2-(2-furyl)- and 2-(2-thienyl)pyrroles are
vinylated more readily than expected from consideration only of
the values of their acidity, i.e., possessing a stronger acidity than
that of 2-phenylpyrroles, they have higher vinylation rates. The
observed deviation may be explained by the fact that the
nucleophilicity of anions is determined not only by their basicity
(pKa values of conjugated acids) but also by their polarisability
and ionisation potential. Therefore, furyl- and thienylpyrroles,
which are more easily polarised and possess lower ionisation
potentials (owing to the heteroatoms conjugated with the pyrrole
moiety of the molecule), should form anions of increased
nucleophilicity with concomitantly decreased basicity. Despite
the fact that the acidity of pyrroles increases and the basicity of the
corresponding anions decreases in the order: 2-phenylpyr-
role<2-(2-thienyl)pyrrole<2-(2-furyl)pyrrole, the reaction rate
increases in the same order since the ionisation potentials 160, 161

decrease in the following order (eV): 2-phenylpyrrole
(7.61)>2-(2-thienyl)pyrrole (7.41)>2-(2-furyl)pyrrole (7.29).
Thus, the 2-(2-furyl)- and 2-(2-thienyl)pyrrole anions, while
being less basic than the 2-phenylpyrrole anion, are superior to it
in their nucleophilicity.

Yet another peculiarity of the vinylation reaction of pyrroles
has been revealed:156 all kinetic curves are clearly S-shaped, which
is characteristic of autocatalytic reactions. In principle, autocatal-
ysis should be characteristic of vinylation reactions in aprotic and
especially superbasic media. Indeed, with the consumption of
protogenic substrate (the NH group of pyrrole in this case) one
observes an increase in both nucleophilicity of the remaining
anions (due to lower solvation) and the degree of ionisation of the
remaining substrate molecules (owing to increased medium
basicity). At the same time, the chemical activity of acetylene
molecules is enhanced owing to complexation with partially
dehydrated molecules of the base serving as the catalyst (KOH).
The presence of a one-electron route of nucleophilic addition to
the triple bond can also contribute to the manifestation of this
effect.156 This reaction can occur by a chain mechanism and be
inhibited by admixtures that quench radical and non-radical
intermediates. Such a mechanism is highly probable for super-
basic systems in which highly reactive, dehydrated anions are
especially prone to electron transfer. This is also consistent with
the reported 156 approximate correlation between the reaction rate
and the ionisation potentials of the initial pyrroles. The presumed
existence of a one-electron route in the vinylation reaction of
pyrroles has been confirmed in later studies.162 ± 164

3. Cyclisation
Cyclisation of pyrroles linked to aromatic five-membered hetero-
cycles leads to difficultly accessible polycyclic systems.

Porphyrin-like macrocycles 207 ± 210 have been obtained by
the reaction of 2,5-bis(5-formyl-4-n-propyl-2-pyrrolyl)furan 204
or dipyrroledicarbaldehyde 205with 2,5-bis(5-formyl-4-n-propyl-
2-pyrrolyl)thiophene 206.165

Oxidative photocyclisation of isomeric 2,3-dithienyl-5-phe-
nylpyrroles 39a ± d resulted in a series of isomeric dithienoindoles
211a ± d in 28%± 47% yields.66
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Photochemical electrocyclisation of 3-(2-furyl)- and 3-(2-
thienyl)pyrroles 84b,c with subsequent dehydrogenation with
2,3-dichloro-5,6-dicyanoquinone (DDQ) leads to indole deriva-
tives 212a,b.81 Irradiation was carried out with a high-pressure
mercury lamp at room temperature for 12 h in cyclohexane.

Compound 212 X n R Yield of 212 (%)

a O 3 Ph 73

b S 2 2-thienyl 78

Linear tetrapyrrole intermediates (213) form complexes (214)
with transition metal salts (M=Ni, Co; X=Cl, Br, ClO4) upon
heating in o-dichlorobenzene (100 8C, 14 h). These complexes are
oxidised by atmospheric oxygen to corrole-like macrocycles 215
containing the bipyrrole fragment. Subsequent reduction of the
latter under drastic conditions (100 8C, 100 atm) leads to corrins.
Their structural element forms the basis of numerous vitally
important compounds, including vitamin B12.166, 167

4. Hydrolysis, decarboxylation, oxidation and other
reactions of substituents
Hetaryl-substituted pyrroles often contain alkoxycarbonyl
groups. These can be eliminated by hydrolysis and decarboxy-
lation (200 8C) (see Section II.7, synthesis of compounds 1a, 7a,
128, 129).101 3-(2-Thienyl)pyrrole (217) was obtained in this way
from the diester 91.85

Alkaline hydrolysis of the ester 218 leading to thienylpyrrole
219 has been described.76

When di(pyrrolyl)thiophene 44 with four ethoxycarbonyl
groups in the a- and b-positions of the pyrrole rings was boiled
in methanolic NaOH, only the a-positions were selectively
liberated with the formation of di(pyrrolyl)thiophene 220.68

Esters of 4-(2-thienyl)pyrrole-3-carboxylic acids 222 were
synthesised by decarboxylation of 3-(2-thienyl)-2,4-pyrroledi-
carboxylic acid derivatives 221.168

Solvolysis of thienylpyrrole 149 results in its deacetylation and
formation of 4-hydroxy-5-methoxycarbonyl-2-(2-thienyl)pyrrole
(223).114 Its methylation with dimethyl sulfate gives pyrrole
224.114
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Pyrrole-2-carbaldehydes 225, 226 form prodigiosin analogues
227, 228 upon reaction with the pyrrole 224 (yields up to 95%).114

The N-sulfonyl protective groups in dipyrrolylthiophenes
42a,b are removed by boiling with methanolic NaOH.68

Treatment of 2-(2-thienyl)-5-trifluoroacetyl-1-vinylpyrrole
195e with boiling ethanolic NaOH gave 2-(2-thienyl)pyrrole-
carboxylic acid (yield 88%), which is decarboxylated to vinyl-
pyrrole 8a upon heating (150 ± 175 8C).169

a-Formyl derivative of 2-(5-chloro-2-thienyl)pyrrole 229 was
synthesised in 45%yield by the oxidation of pyrrole 37withMnO2

in dioxane.65

The aldehyde 229 reacts with 2,4-pyrrolophane 230 in ethanol
in the presence of concentrated HCl (8 8C, 15 min; 0 8C, 24 h) to
give pyrrolophane 231.65

5. Reactions of the N-vinyl group
Systematic studies of the reactivity of 2-(2-furyl)- and 2-(thienyl)-
1-vinylpyrroles became possible after the development of a

convenient and efficient method for their synthesis.4 Before that,
there were virtually no data on the N-vinylpyrroles linked to five-
membered aromatic heterocycles. Studies of reactions involving
the N-vinyl groups of furyl- and thienylpyrroles open wide
possibilities for the synthesis of new hetaryl-substituted pyrroles.

a. Hydrogenation
Hydrogenation of substituted pyrroles is a rather well-studied
reaction,1, 2 which allows one to synthesise pyrrolines and pyrro-
lidines in high yields. Platinum, ruthenium and nickel catalysts are
most often used for catalytic hydrogenation of pyrroles.1, 2, 170

Depending on the nature of the substituent and its position in the
ring, it is possible to bring about selective hydrogenation of either
the pyrrole ring or the side chain.1, 2 Electron-acceptor substitu-
ents in the a- and b-positions of the ring impede its reduction,
whereas substituents at the nitrogen atom facilitate this process.1, 2

Hydrogenation of 2-(2-furyl)-1-vinyl- and 2-(2-thienyl)-1-
vinylpyrroles in the presence of catalysts such as Raney nickel,
platinum black, palladium chloride was first studied by Koros-
tova et al.148 It was shown that hydrogenation on Raney nickel
(80 8C, 60 atm) results in the reduction of the vinyl group in 2-(2-
furyl)-1-vinylpyrrole (2a) to the ethyl group which occurs as easily
and selectively as in 2-alkyl(aryl)-1-vinylpyrroles,171 giving 1-
ethyl-2-(2-furyl)pyrrole 194c in 94% yield.148

In the hydrogenation over Raney nickel, a decrease in the
hydrogen pressure to 10 ± 12 atm (all other conditions remaining
the same) leads to a sharp deceleration of the reaction and a
decrease in the yield of ethylpyrrole 194c to 65%. In the hydro-
genation over palladium chloride (15 mass.% with respect to
vinylpyrrole, 80 8C, 40 atm) the yield of ethylpyrrole 194c
amounts to 75%. In contrast with the data reported by Lunn,172

who succeeded in reducing pyrrole to pyrrolidine in the presence
of a nickel ± aluminium alloy, the pyrrole and furan rings of
compound 2a remain intact under the described conditions.148

The presence of the thiophene ring complicates hydrogenation of
2-(2-thienyl)-1-vinylpyrrole (8a) over nickel catalyst (50 8C,
48 atm) due to poisoning of the catalyst. Only the use of a very
large amount of the catalyst (50 mass.% with respect to vinyl-
pyrrole) has allowed preparation of ethylpyrrole 194a in 46%
yield; in this case, hydrogenolysis resulted in the formation of low-
boiling products. When PdCl2 was used at room temperature, the
yield of ethylpyrrole 194a was as low as 7%. In the presence of
palladium black (80 8C, 40 atm), 2-(2-thienyl)-1-vinylpyrrole is
not hydrogenated.

b. Addition of alcohols
Electrophilic addition of alcohols to 2-(2-furyl)- and -2-(2-
thienyl)-1-vinylpyrroles was studied in the example of reaction
with propargyl alcohol in the presence of perfluorobutyric acid
(PFBA).148, 173, 174 This reaction is conducted at 96 8C. Higher
temperature and longer reaction time enhance resinification. The
yield of adducts 232a ± c depends on the catalyst's concentration
and the ratio of reagents: the optimum conditions are 1.5-fold
excess of propargyl alcohol and 1.5%±2% of PFBA relative to
the substrate.

(a) 5N NaOMe, MeOH, 3 h; (b) Me2SO4 , NaH, THF.

NS
CO2Me

H224 (95%)

OMe

N
Me

C5H11-n

CH
NS

OMe

H227
N

OHC

C5H11-n

Me

H 225

224

224

N

MeO2C

OHC

Me

CO2Me

H 226
N

CO2Me

Me

CH
NS

MeO MeO2C

H228

NN S

SO2R SO2R42a,b

NN S

NaOH,
MeOH

H H

R=Me (a), Ph (b).

NS
COCF3

195e

1. NaOH, EtOH, H2O

2. HCl

NS
CO2H NS

8a

150 ± 175 8C

NS
Cl Me

H37
NS

Cl CHO

229 H

MnO2

dioxane, D

229 +

HN

CHO230

HCl, EtOH
NS

Cl

N

H

231

NX

2a, 8a

H2

NX
Et194a,c

X=O (2a, 194c); S (8a, 194a).

2a, 8a, 8d

NX

R

+HC CCH2OH
C3F7CO2H

Bipyrroles, furyl- and thienylpyrroles 477



c. Addition of thiols
Free-radical thiylation of 2-(2-furyl)- and 2-(2-thienyl)-1-vinyl-
pyrroles initiated by azobis(isobutyronitrile) (AIBN) gives anti-
Markovnikoff formation of solely b-adducts 233.148

Substrate X R1 R2 Product Yield (%)

2a O H Et 233a 84

8a S H Et 233b 78

8d S Prn Et 233c 95

8d S Prn Prn 233d 80

At 70 ± 80 8C, the reaction is completed within 18 ± 25 h (the
yield of adducts 233a ± d is 80%± 95%). Under comparable
conditions without initiator, the yield drops to 15%±20%.148

This reaction has been successfully used for purification of 2-(2-
thienyl)pyrroles from their 1-vinyl derivatives.43

d. Hydrosilylation
Kopylova et al.175 performed hydrosilylation of 2-(2-furyl)- and
2-(2-thienyl)-1-vinylpyrroles in the presence of different catalysts;
they also used various hydrosilylation agents.

The highest yields of silyl derivatives were reached upon
hydrosilylation with triethylsilane at an equimolar ratio of
reagents in the presence of 0.05 M solution of H2PtCl6 . 6H2O in
THF (140 8C, 5 h). The reaction proceeded regiospecifically with
the formation of b-adducts 234a ± e. (The yields were calculated
relative to the consumed vinylpyrrole. 175)

Compound 234 X R1 R2 Yield (%)

a O H H 40

b S H H 70

c S Me H 65

d S Et H 44

e S H COCF3 10

The Wilkinson complex [(Ph3P)3RhCl] also catalyses this
reaction. Longer reaction time and the use of polar solvents
(THF, dioxane) favour an increase in yields of the adducts. No
positive results have been reported for the reactions involving
trichloro-, triethoxy- and alkylchlorosilanes. Only upon reaction
of methyldichlorosilane with 2-(2-thienyl)-1-vinylpyrrole, the

formation of the corresponding adduct in * 7% yield was
observed. In the absence of catalysts, the reaction does not take
place under UV-initiation. The yield of adducts depends not only
on the nature of the silane but also on the substituents in the
pyrrole ring. Thus the yield of the pyrrole 234b was 70%; upon
introduction of an electron-acceptor substituent (R2=COCF3)
into the pyrrole ring, the yield of the corresponding pyrrole 234e
drops to 10%.175

e. Cyclisation
7,8-Dicyano-5-methoxy-3-(2-thienyl)-5,6-dihydroindolizine (235)
was synthesised from 2-(2-thienyl)-1-vinylpyrrole (8a), tetra-
cyanoethylene and methanol.176

f. 2-(2-Furyl)-1-vinylpyrroles as protected pyrroles
Protection of the NH group of the pyrrole fragment is often the
key stage in the synthesis of complex pyrrole derivatives. In this
case, not only the acidity of the NH group is temporarily blocked,
but the reactivity of different positions of the pyrrole ring is
substantially changed due to steric and electronic effects of the
protective groups. The role of protective group is played by, e.g.,
trialkylsilyl, tosyl, pyridylethyl, phenylsulfonyl or N-b-alkyl-
thioethyl groups. The N-vinyl group may also be rather success-
fully used for the protection of the NH group.51, 95, 177 ± 180 In this
case, deprotection can be effected by acid hydrolysis in the
presence of hydroxylamine hydrochloride 181 or by mercuration
with mercuric acetate followed by treatment with sodium borohy-
dride.51 2-(2-Furyl)- and 2-(5-methyl-2-furyl)-1-vinylpyrroles
have thus been transformed into the corresponding 1H-pyrroles
in 93% and 83% yields, respectively (relative to the consumed
vinylpyrrole).182

Mercuration is carried out at room temperature until disap-
pearance of the initial 1-vinylpyrrole with subsequent in situ
reduction of the intermediate mercuric acetate 236 with sodium
borohydride.

Despite complete disappearance of the starting vinylpyrrole in
the mercuration stage, it appears again in small amount after the
reduction with sodium borohydride. It is presumed that the
intermediate 236 is preceded by a complex of vinylpyrrole with
themercury cation, the reduction ofwhich leads to regeneration of
1-vinylpyrrole.182

g. Polymerisation
Polymerisation of furyl- and thienylpyrroles and their vinyl
derivatives has been little studied so far. Electrochemical polymer-

R=H: X=O (232a, 55%), S (232b, 71%); R=Me, X=S (232c, 56%).
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isation of 2-(2-thienyl)pyrrole yielded poly(thienylpyrrole), appa-
rently with alternating thienyl and pyrrole rings.183

Under the conditions of radical initiation, i.e., under the
action of azobis(isobutyronitrile), 2-(2-thienyl)-1-vinylpyrrole
forms homopolymers 237 with a molecular mass of 3700 Da.184

The formation of polymers with involvement of only the
N-vinyl group was proved by spectral data (IR, 1H NMR) and
turbidimetric titration data in different solvent ± precipitant
systems. It was suggested 184 that poly(1-vinylpyrroles) 237 form
complexes upon contact with atmospheric oxygen; this suggestion
is supported by intense EPR signals in polymers following their
prolonged exposure in air.

Free-radical copolymerisation of 2-(2-thienyl)-1-vinylpyrrole
8a with vinylpyrrolidone 238 yielded a copolymer 239 enriched in
the vinylpyrrolidone units.185, 186 The molecular mass and the
yield of the copolymer depend directly on the concentration of
vinylpyrrolidone.

IV. Prospects for the use

The chemistry of pyrroles linked to five-membered aromatic
heterocycles is still in its infancy. Nonetheless, the currently
available data on their properties allow one to consider them
and their derivatives as promising compounds for medicine,
agriculture and some industrial fields.

This concerns primarily the 1-vinyl derivatives of furyl- and
thienylpyrroles. Reactions of electrophilic substitution in the
pyrrole ring and addition reactions to the vinyl group occur
highly selectively making it possible to use these compounds as
building blocks for the synthesis of various derivatives.

The potentialities of furyl- and thienylpyrroles are still far
from being fully disclosed. Poly(furylpyrroles) and
poly(thienylpyrroles) with regularly alternating rings can differ
appreciably in their electrophysical properties 184 from polypyr-
roles Ð organic metals, which are already applied in novel
technologies.187 ± 190 Indolizines with thienyl substituents have
been recommended as efficient photosensitisers.176

The antiviral activity of a series of 2-(2-furyl)- and 2-(2-
thienyl)-1-vinylpyrroles has been investigated. 2-(2-Thienyl)-1-
vinylpyrrole was found to be moderately active against the herpes
virus, whereas 3-ethyl-2-(2-thienyl)-1-vinylpyrrole proved to be
active against the pox virus.26 It should be pointed out that
furylvinyl- and thienylvinylpyrroles are as a rule moderately or
weakly toxic compounds 23, 24, 26 (Table 3).

The activity of a series of 2-(2-furyl)- and 2-(2-thienyl)pyrroles
towards 11 strains of different bacterial and fungal species has
been assayed. 2-(2-Thienyl)-1-vinylpyrrole proved to be the most
active against staphyllococci and candidas as well as against the
anthracoid bacilli.26

Investigation into the repellent and insecticidal activity of
furylvinyl- and thienylvinylpyrroles has revealed that 2-(2-furyl)-
1-vinylpyrrole is a highly active and selective repellent for forest
pests (black coniferous longhorn beetle) and is non-toxic for
warm-blooded animals and the ichthiofauna of rivers; 3-ethyl-2-
(2-thienyl)-1-vinylpyrrole was also found to manifest weak
repellent activity.4, 24, 26 The same vinylpyrroles proved to be
moderately toxic for the larvae of the coniferous longhorn
beetle.4, 26

The assay of insecticidal activity of a series of 2-(2-furyl)- and
2-(2-thienyl)pyrroles has revealed moderate activity of 3-propyl-
2-(2-thienyl)-1-vinylpyrrole against sugar-beet root aphid and
high activity of 2-(2-thienyl)-, 3-ethyl- and 3-propyl-1-vinylpyr-
roles against larvae of the domestic fly.26 3-Propyl-2-(2-thienyl)-1-
vinylpyrrole possesses high herbicidal activity, while 2-(2-thienyl)-
1-vinylpyrrole and its copolymer with N-vinylpyrrolidone exhibit
the growth-regulating activity.26, 186, 191

A number of 4-cyano-3-furyl- and 3-thienylpyrroles were
recommended as starting compounds for the synthesis of medic-
inal substances and pesticides,82 while esters of 4-(2-thienyl)-3-
pyrrolecarboxylic acids seem to be appropriate drugs for the
therapy of cardiac insufficiency.168

V. Conclusion

The data discussed in this review demonstrate appreciable
progress in the field of the synthesis of pyrroles linked to other
heterocycles, viz., bipyrroles, furyl-, thienyl- and selenienyl-
pyrroles and their derivatives.

Broad synthetic potential of hetarylpyrroles and especially of
theirN-vinyl derivatives in various reactions, such as electrophilic
substitution, nucleophilic addition to the triple bond, cyclisation,
hydrogenation, thiylation, hydrosilylation, polymerisation, as
well as useful properties inherent in certain compounds of this
series open up broad prospects for their use in fine organic
synthesis, medicine, agriculture and some technological fields.

The preparation of this review was supported by the Russian
Foundation for Basic Research (Project No. 96-03-33263a).
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Table 3. Toxicity of 1-vinyl-2-(2-hetaryl)pyrroles, some of their precursors
and derivatives.

Compound LD50 /mg kg71 (see a)

3-Ethyl-2-(2-furyl)-1-vinylpyrrole 760

2-(2-Furyl)-3-isopropyl-1-vinylpyrrole 1300

3-Butyl-2-(2-furyl)-1-vinylpyrrole 270

2-(2-Thienyl)pyrrole 260

2-(2-Thienyl)-1-vinylpyrrole 630

3-Methyl-2-(2-thienyl)-1-vinylpyrrole 30

3-Ethyl-2-(2-thienyl)-1-vinylpyrrole 830

3-Propyl-2-(2-thienyl)-1-vinylpyrrole 1370

3-Butyl-2-(2-thienyl)-1-vinylpyrrole 620

3-Hexyl-2-(2-thienyl)-1-vinylpyrrole 1500

2-(2-Thienyl)-5-trifluoroacetylpyrrole 3900

2-(2-Thienyl)-5-trifluoroacetyl-1-vinylpyrrole 1870

2-(2-Thienyl)-1-vinyl-5-pyrrolecarboxylic acid 270

aApproximate values.
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