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Organocatalysis has emerged as one of the most important tools for the synthesis of diverse structural
scaffolds, and has become one of the most important hot topics of current research. Construction of
the pyrrole ring has gained much attention from the last few decades due to its remarkable biological
activities, pharmaceutical application, intermediate in the synthesis of many natural products, and
material science application. With access to these 5-membered aza heterocycles, organocatalytic

approaches have provided a new alternative from the perspective of synthetic efficiency, as well as from
Received 3rd March 2021

Accepted 24th March 2021 the green chemistry point of view, and a vast array of synthetic procedures has been developed.

Enlightened by the significance of this growing research area, we aim to describe the recent

DOI: 10.1039/d1ra01690c organocatalytic approaches developed for the construction of pyrroles, and organized them based on
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1. Introduction

Pyrroles are the most well-known five-membered nitrogen-
containing heterocyclic aromatic compounds, and are the key
structural unit of heme and related porphinoid co-factors,* such
as heme b, chlorophyll a, vitamin B,,, and factor 430. Besides
these, the pyrrole ring commonly exists in marine natural
products,” non-natural products,® drug candidates,* synthetic
intermediates,” and optoelectronic materials,"”® and plays
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a significant role in the field of medicinal and pharmaceutical
chemistry because of their wide-ranging biological activities®
(Fig. 1). These tremendous biological activities, pharmaceutical
applications, use as a synthetic intermediate in many natural
products synthesis and material science application have
stimulated interest in the synthesis of pyrroles starting from
a traditional one, such as the Hantzsch pyrrole synthesis,” van
Leusen,® Knorr,® Paal-Knorr pyrrole synthesis'® to non-classical
one,"* and vast arrays of the synthetic pathway have been
developed.

Over the last decade, the use of small organic molecules
called organocatalysts in organic transformation has received
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Fig.1 Some natural (A—E)*? and non-natural compounds (F-G)** with
biological activity containing the pyrrole moiety.

increased attention due to their remarkable properties,
including high stability, lower activation energy, high efficiency,
transition metal-free nature, reduced toxicity, cost-
effectiveness, ready availability and easy recoverability; avoid-
ing expensive catalysts, simple handling in reaction, and the
possibility of performing reactions through different activation
modes." In addition, the utilization of chiral organic molecules
has emerged as a new platform for the synthesis of enantio-
merically enriched compounds.' Various types of organo-
catalysts employed for the synthesis of pyrroles are listed in
Fig. 2. Encouraged by the growth in the area of organocatalysis
in organic transformation and the increased application of the
pyrrole heterocycle in many branches of chemistry, an interest
was born in our mind to highlight the recent developments for
the synthesis of pyrroles by systematically using the different
organocatalytic systems in this review. Although several reviews
have covered the synthesis of pyrroles based on multicompo-
nent reactions," metal-catalyzed syntheses,'® and others,"” the
organocatalytic approaches toward its synthesis have not been
covered with all details until now. This current review aims to
provide access to the works on the synthesis of pyrroles by using
various organocatalytic strategies and their development to the
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Fig. 2 Organocatalyst used for the synthesis of pyrroles.

present state. On behalf of the appropriate understanding and
a convenient presentation, the article is classified according to
the nature of the substrates used.

2. Synthesis of pyrroles by two-
component cascade reactions
2.1 From dicarbonyl compounds and amines

In 2012, Darabi et al. discovered a practical eco-friendly method
for the Paal-Knorr pyrrole synthesis based on the metal-free
catalyst (Scheme 1)."* Treatment of hexane-2,5-dione 32 with
several substituted aromatic amines 33 in ethanol in the pres-
ence of vitamin B, (25) as an organocatalyst at room tempera-
ture for 1 hour gave the corresponding N-substituted pyrroles 34
in moderate to excellent yield (25-94%). Aromatic amines pos-
sessing different electron-withdrawing and electron-donating
substituents at the C-2, C-3, and C-4 position could react with
hexane-2,5-dione smoothly to give the desired product in high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Vitamin Bj-catalyzed synthesis of substituted pyrroles 34.
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Scheme 2 Squaric acid-catalyzed synthesis of pyrrole derivatives 36.

yield. However, amines possessing substitution at the C-2
position by the -NO, group had a detrimental effect on the
reactivity, and the desired product was not formed due to the
existence of the steric hindrance.

In 2013, Azizi et al.*® reported a novel two-component
strategy that affords N-substituted pyrroles 36 from the reac-
tion of hexane-2,5-dione 32 with several aromatic amines 35 in
water by introducing squaric acid 23 as an organocatalyst at
60 °C for 5 hours in 40-95% yields (Scheme 2). The reaction
performed under the ultrasound irradiation condition also
afforded the product in good yield. Although the role of squaric
acid 23 in this transformation is not clear, it was believed that
the Brensted acidity is the main reason for which the reaction
has proceeded.

The combination of urea as an organocatalyst with choline
chloride (CC) provided an effective solvent/catalyst system for
several organic transformations. In this context, Handy and
Lavender in 2013 demonstrated an environmentally friendly
protocol for the synthesis of N-substituted pyrroles 39 in 56—
99% yield via the reaction of 1,4-diones 37 with several amines
38 in the presence of choline chloride/urea (24) at 80 °C for 12—
24 hours (Scheme 3).° In this reaction, the use of urea as an
organocatalyst activates the carbonyl compound for the Paal-
Knorr cycloaddition reaction with amine by forming two H-

00
e Rl + RENH, CCl24 < / \ .
18 80°C, 1224 h N
RZ
37 39

R =R'=Me, R?=Bn, 98%; R=R'=Ph, R?=Bn, 87%

R =R'=Me, R? = Hexyl, 99%; R =R'= Ph, R = Hexyl, 89%
R =R'=Me, R?=Ph, 78%, R=R'=Ph, R?>=Ph, 82%

R =Me, R" =Ph, R?= Bn, 94%; R = Me, R' = R% = Ph, 88%
R =Me, R" = Ph, R2= Hexyl, 89%

Scheme 3 Synthesis of pyrroles 39 from 1,4-diones and amines.
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Scheme 4 Mechanochemical method for the synthesis of pyrroles.

bonds with the carbonyl oxygen. Substitution of different alkyl
groups in 1,4-dione 37 and amines 38 leads to a wide-ranging
substrate scope with high yields.

A very efficient straightforward method for the synthesis of
N-substituted pyrroles 39 under solvent-free conditions by using
mechanochemical activation and biomass-derived organic acid
in a very short reaction time has been developed by Akelis et al.
(Scheme 4).>* The synthesis involving the reaction of diketones
37 with various aliphatic and aromatic amines 38 in the pres-
ence of citric acid 22 at 30 Hz ball-mill frequency for 15-30
minutes was found to lead to corresponding pyrroles 39 in 23—
84% yield. In addition, they further extended the methodology
for the desymmetrization of amines or to access bis(pyrroles) 41
by using various aromatic and aliphatic diamines 40 as the
reactants under the same reaction condition. The formation of
mono-pyrroles 39, ie., desymmetrization of amines and bis(-
pyrroles) 41 depends on the reactant diketones 37 and diamines
40 (Scheme 5).

In 2015, Bhandari and Gaonkar synthesized a series of N-
substituted 2,5-dimethylpyrroles 43 through the two-
component Paal-Knorr cyclo-condensation reaction of hexane-
2,5-dione 32 with several aromatic hydrazides 42 in methanol
catalyzed by 25 mol% of saccharin (8) at room temperature for
30 minutes (Scheme 6).>> The methodology offers several
significant advantages, including non-toxicity, low cost,
ecological safety, easy isolation of the product, and reusability
of the catalyst that could be applicable to a wide-ranging
substrate scope in good to excellent yield. All heterocyclic, as

NH O O
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40 37 R M5 R
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e Oom
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Scheme 5 Synthesis of pyrroles by using diamines as the reactants.
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Scheme 6 Saccharin-catalyzed synthesis of pyrroles 43.

well as aromatic hydrazides, react equally well with hexane-2,5-
dione 32 under the standard condition to afford the product 36.

In 2016, Aghapoor et al* reported that the treatment of
hexane-2,5-dione 32 with several aromatic amines 35 in the
presence of the natural primary amino acid t-tryptophan 1 as an
organocatalyst at 70 °C under solvent-free condition afforded
the corresponding N-substituted pyrroles 36 in 86-97% yield in
1-2 hours (Scheme 7). The proposed mechanism for this
transformation initiated by the double condensation of hexane-
2,5-dione 32 with amines 35 under the presence of catalyst 1.
The catalyst 1 activates the dicarbonyl compound by forming
hydrogen bond between the carbonyl oxygen and its amino acid
group, and thereby facilitating the nucleophilic attack of N-
atom of aromatic amines to the carbonyl carbon. In the final
stage, the subsequent removal of water molecules followed by
detachment of the catalyst leads to the formation of product 36.

2.2 From tetrahydro-2,5-dimethoxyfurans and amines

In 2009, Polshettiwar et al. reported the synthesis of a novel
nanoparticle-supported organocatalyst, namely, Nano-Ferrite
supported Glutathione (Nano-FGT) for the synthesis of
pyrroles. The catalyst was prepared via the immobilization of

0 NH [\
M {j omn I~
+ R ERECLAULULE
32 © 5
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13 examples
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Scheme 7 Synthesis of pyrroles via double-condensation reaction.
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Scheme 8 Nano-FGT catalyzed synthesis of pyrroles 45.

naturally abundant tripeptide glutathione as an organocatalyst
on the nano-ferrite surfaces. The catalytic activity of the
prepared nanoparticle-supported organocatalyst was found to
be very efficient for the two-component Paal-Knorr condensa-
tion reaction of tetrahydro-2,5-dimethoxyfuran 44 with different
amines 35 in aqueous medium under microwave irradiation at
140 °C. The corresponding pyrrole 45 was obtained in 72-92%
within 20 minutes (Scheme 8).>* Under the standard reaction
condition, as mentioned, various aryl, heteroaryl, and alkyl
amines worked well and a total of 16 compounds were synthe-
sized in good to excellent yield.

Another organocatalytic route for the synthesis of N-
substituted pyrroles 45 in 85-97% yield has been accomplished
via the treatment of tetrahydro-2,5-dimethoxyfuran 44 with
several aryl amines 35 in the presence of 23 as an organocatalyst

NH
D\ 2 23(0.5mol%) l/ \>
MeO OMe *+ R T T e AT N

O H,0, 60 °C, 3-6 h
44 35
R = H; 4-Cl; 4-Br; 4-1; 2-Cl; 2-Me; 4-Me;
4-OMe; 4-i-Pr; 4-n-Bu; 4-NO,; 2-NO,; R
2-Me,5-Me; 3-Cl, 4-Cl; 2-Cl,4-Cl,6-Me 45 (85-97%)
15 examples

45 OMO

Scheme 9 Preparation of N-substituted pyrroles 45 from tetrahydro-
2,5-dimethoxyfuran and amines.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01690c

Open Access Article. Published on 13 April 2021. Downloaded on 4/26/2025 10:32:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
° o o R2 CHO
7 (20 mol%)
1 R2 —_— 1
R3/\)kH *R M toluene, r.t, 18-48h R [\ g3
N N
46 HO 4 )
47 OH
R' = Me, Ph, EtO, MeO; R? = Me, Et, Ph 48 (58-83%)
R® = Me, Et, Me(CH,)s, PhCH,CH, 21 examples

Q. Q
RJKIHJ\Rz . (HP Michael addition Rj\(&aq

N N
N HO™ +

N-selective R3 \(\/ \o
R” enamine

iminium activtaion

R? CHO R? CHO
Aldol condensation R! \_ S H R ]\
R® R®
Q III + r;l
OH O  oH
48

o

Scheme 10 Synthesis of N-hydroxypyrroles 48 via Michael addition/
aldol condensation reaction.

in the aqueous medium at 60 °C for 3-6 hours (Scheme 9).*° The
suggested way for this transformation starts with the formation
of anilinium squarate salt by the reversible acid-base treatment
of aniline with squaric acid 23. The hydrolysis of tetrahydro-2,5-
dimethoxyfuran in the presence of a catalytic amount of 23 gave
the active 1,4-dicarbonyl compound, which could undergo
a cyclo-condensation reaction with aniline to afford the corre-
sponding product 45 (Scheme 9).

2.3 From o,B-unsaturated carbonyl compounds

Due to the attractive advantages, organocatalytic domino reac-
tions have been considered as a powerful tool in organic
synthesis from the last decade. In 2009, Tan and his co-workers
demonstrated that the one-pot domino reaction of a,B-unsatu-
rated aldehydes 46 and a-carbonyl oximes 47 by using 7 as an
organocatalyst in toluene at room temperature for 18-48 hours
afforded N-hydroxy pyrroles 48 in 58-83% yield (Scheme 10).>
The reaction has proceeded via the domino Michael addition/
aldol condensation reaction, and oximes were utilized as N-
selective nucleophiles for the Michael addition reaction step.
The proposed mechanism involves the initial iminium activa-
tion of a,B-unsaturated aldehydes by secondary amine catalyst 7
that undergo Michael addition reaction by experiencing
a nucleophilic attack from the N-selective nucleophile oximes.
The subsequent intramolecular aldol condensation reaction
and aromatization reaction afforded the final N-hydroxypyrroles
48 in good yield.

Similar to the a,B-unsaturated aldehydes, the reactivity of
unsaturated ketones was also explored for the synthesis of
polysubstituted pyrroles via cooperative catalysis. In recent
years, cooperative catalysis has drawn much more attention for
the production of useful structural units by combining both
metal-catalyst and organocatalyst. Treatment of unsaturated
ketones 49 with N-substituted propargylated amines 50 by using
3 as the organocatalyst in the presence of copper salt at room
temperature or 40 °C produces the polysubstituted 3-acyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 One-pot synthesis of 3-acyl pyrrole from an unsaturated
ketone by cooperative catalysis.

pyrroles 51 in 20-85% yield (Scheme 11).® The reaction has
proceeded through the iminium activation of unsaturated
ketones 49 by 3, followed by aza-Michael addition with
substituted propargylamine that undergoes alkyne carbo-
cyclization reaction, which leads to the formation of corre-
sponding 3-acyl pyrroles 51 after the oxidation reaction.

2.4 Other two-component reactions

In 2015, Adhikary et al.*” reported a practical one-pot conversion
procedure for the synthesis of N-substituted pyrrole-2-
carbaldehydes 53 in 21-53% yields via the reaction of carbo-
hydrates 52 with primary amines 38 in the presence of oxalic
acid in DMSO at 90 °C for 30 minutes (Scheme 12). The reaction
of p-ribose with amino-ester, resulting from the N-Boc-protected
B-amino-ester, led to the formation of N-substituted pyrroles 54
in 54% yield. In the case of p-xylose under the same condition,
the corresponding product was obtained in 51% yield.

A plausible mechanism for this practical conversion is
depicted in Scheme 13. Initially, the N-glycosylation of amines
38 from carbohydrates 52a produces the ring-opened enamine
tautomer that facilitates removal of the protonated 3-hydroxyl
group to give the imine intermediate. Addition of another
amine 38 to the imine intermediates, and then cyclization fol-
lowed by removal of the protonated 4-hydroxyl group, and
further aromatization afforded the corresponding pyrrole 53a.

OH
}
"o N, ony, —Oalicacd ol Y _r
b RNH2 Thvso, 90 °C, 30 min N
R r2
Ho™ o
52 1513 (21-53|%)
R'=H, OH; R? = Alkyl, aryl examples
OH

ElHBoc @\CHO

HO/:O”\\OH BIOL A Ns N
1. CF3CO,H, CH,Cly, r.t, 2h Etozc\\\\\\l\/Na
54

HO™ O 2. Et;N, DMSO, Oxalic acid
i 60°C,1.0h
D-ribose Yield = 54% for D-ribose
51% for D-xylose
OH NHBoc
Hob.mOH EtO2C A _Ns T
" 1. CF3CO,H, CH,Cly, 1t 2h
S 2. Et;N, DMSO, Oxalic acid
D-xylose 60°C,1.0h

Scheme 12 Conversion of carbohydrates into N-substituted pyrrole-
2-carbaldehydes.
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Scheme 14 Cu—-NHC catalyzed synthesis of N-unsubstituted pyrroles.

N-Heterocyclic carbenes (NHC) as a Lewis base organo-
catalyst have had a widespread impact on the organic chemistry
community due to their several modes of activation. Saturated
imidazolium carbene precursors 13, in combination with CuBr,
catalyzed the two-component reaction of ketones 55 and f-
amino alcohols 56 in the presence of base LiOtBu at 140 °C for
the synthesis of N-unsubstituted pyrroles 57 in 48-64% yield
after 24 hours (Scheme 14).>

3. Synthesis of pyrroles via
multicomponent reactions (MCRs)
3.1 From o,B-unsaturated compounds

In recent times, multicomponent reactions (MCRs) have
increasingly gained favor in organic synthesis due to the
formation of diverse molecular structures in a single step with
enhanced efficiency, reduced waste, and high atom economy. In
this perspective, a one-pot three-component reaction of acylsi-
lanes 58, a,B-unsaturated carbonyl compounds 59 and amines
38 catalyzed by thiazolium salt 15 in the presence of DBU for the
synthesis of highly substituted pyrroles 60 via the Sila-Stetter/
Paal-Knorr approach was developed by Ashwin and Karl in 2004
(Scheme 15).*° The reaction proceeded through the combina-
tion of thiazolium salt 15 with an amine base DBU that
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produces the N-heterocyclic carbene/zwitterionic -catalyst,
which facilitate the preferential acyl anion conjugate addition
of acylsilanes 58 to more electrophilic a,B-unsaturated ketones
59, which leads to the formation of the 1,4-dicarbonyl
compound that undergoes the Paal-Knorr condensation reac-
tion upon treatment with amines 38, acid and dehydrating
agent to produce the corresponding pyrroles 60.

In 2005, a very efficient one-pot four-component reaction of o, -
unsaturated aldehydes 46, 2,4-diones 61, acetic acid, and sodium
nitrite in the presence of secondary amine 7 in aqueous medium at
room temperature was found to provide the green construction of
polyfunctionalized N-hydroxypyrroles 48 after 24 hours. By using
water as a green solvent, the products were isolated in moderate
yield ranging from 52-65% (Scheme 16).>* This protocol displayed
various advantages, including mild reaction condition, environ-
mentally friendly nature, simple isolation process, low cost and the
catalyst could be easily recovered.

Dawande et al. established the direct synthesis of substituted
pyrroles 64 with a new stereogenic center in good yield via the
one-pot three-component reaction of enaldiazo compounds 62,
several substituted aromatic aldehydes 63, and amines 33 (Ar =
Aryl, Boc) by introducing the cooperative catalyst Rh,(OAc), and
(£)-BINOL phosphoric acid 18 in DCM at 10 °C for 4 hours
(Scheme 17).*° It is interesting to note that due to the steric
hindrance, the amine 2-(trifluoromethyl)-aniline produces the
pyrrole in lower yield, whereas the amine 2,4,6-trimethylaniline
did not produce the corresponding pyrrole. The methodology

j\ o 15 (20 mol%) RR
2, i-|
gy RN +R3VLR5 DBU, /-PrOH, THE M
38 TsOH, 4A'sieves R! RS

58 R* 16h I}l
1_p2_ 59 R2
R"=R* = aryl, alkyl 60 (35.82%)
RI=Ro=an 22 examples
R*=H, COPh,
X =Mes, Me,Ph
o) osix i-PrOH
J RIS -
R Ssix / R desilylation
58 & i-Prosix
CHs
o Et OH
Bi
HC - @ A s
I> "

I\%H_ﬂ

CH
R =-(CH,),OH x
15 R1f\/U\
Et\ g

N

[DBU H]

R4
ch R

R2-NH, HJ,r 4A sieves,
38

60

Scheme 15 Synthesis of highly substituted pyrroles 60 via Sila-Stetter/
Paal-Knorr strategy.
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Scheme 16 Four-component synthesis of N-hydroxypyrroles 48 in
the presence of a secondary amine catalyst.
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N |
? 62 63 Ar
Ar=Ar" = Aryl, 64 (61-86%)
26 examples
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N HNT

EWGWO 33 EWG><\/§O Ary //\ Ary
Y NZ X
.

Ar-HoN M
M ® ©
M = Rhy(OAG);, ()-18 = B-H

Scheme 17 Access to pyrroles via ammonium ylide/Mannich reaction/
cyclization cascade sequence.

was found to be very efficient in the diastereoselective synthesis
of the binaphthyl-based chiral pyrrole. The transient protic
ammonium ylide generated from the rhodium enalcarbenoid
allowing for the vinylogous nucleophilic addition to the imi-
nium species afforded the Mannich product with a new ster-
eogenic center that underwent [4 + 1] cyclo-condensation
reaction to give the desired pyrroles 64.

Recently, it has been shown that the N-heterocyclic carbene
catalyzed synthesis of 1,2,4-trisubstituted pyrroles could also be
applicable in the synthesis of diverse structural precursors of ator-
vastatin. The direct one-pot three-component coupling of o,3-unsat-
urated ketones 65, glycolaldehyde dimer 66 as a novel C1 building
block, and amines 38 using thiazolium salt 14 and K;PO, at 120 °C in
MeCN for 16 hours produced the 1,2,4-trisubstituted pyrroles 67 in
28-85% yield (Scheme 18).*' The mechanism proposed for this
reaction sequence involves the addition of thiazol carbene (produces
from the reaction of thiazolium salt 14 with K;PO,) to the carbonyl
carbon of glycolaldehyde, furnishes the anionic intermediate that
could undergo retro-benzoin C-C bond cleavage reactions after
proton transfer, and thereby the formation of a carbon nucleophile
along with formaldehyde. The conjugate addition of a carbon
nucleophile with a,B-unsaturated ketones 65 as Michael acceptor via
Stetter reaction leads to the 1,4-dicarbonyl compound that provides
the corresponding pyrroles 67 after subsequent Paal-Knorr cyclo-
condensation reaction with the amines 38.
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Scheme 18 NHC-catalyzed synthesis of trisubstituted pyrroles 67.

3.2 From alkynes

In 2001, Braun et al. successfully synthesized a series of diverse
1,2,3,5-tetrasubstituted pyrroles 70 in 49-59% yield by exploring
(hetero)aryl halides 68, such as 4-bromo benzonitrile or 2-
bromo pyridine, terminal propargyl alcohols 69, aromatic
aldehydes 63, and primary amines 38 as starting materials in
the presence of thiazolium salt 14 (Scheme 19).*> This one-pot
four-component method initiated by the coupling-
isomerization of aryl halides 68 with propargyl alcohols 69 fol-
lowed by addition of aldehydes 63 via Stetter reaction afforded
the 1,4-dicarbonyl compound, and then the subsequent Paal-
Knorr reaction with amines 38 furnished the tetrasubstituted
pyrroles 70.

A highly efficient one-pot treatment of primary amines 38
with acetylene dicarboxylates 71 and propiolates 72 in aqueous

o o 2 % (PhaP),PdCly R
) o J . 1% Cul, 14 (20 mol%) n
rx s = at” T ORNM2 TUNEG A aceticacid, A Ar
68 69 N g 38 N
RZ
R'-X = 4-bromo benzonitrile, 70 (49-59%)
2-bromo pyridine
Ar = CgHs, 2-furyl
Ar' = CgHg, 4-CN-CgH,, 2-furyl,
4-OMe-CgH,,
R2 = Aryl, alkyl

OH o Al Al __0O
RIX + = PhsP)PdCls /\)J\ —8 m
1
8 W CulNEt, A |R A . A
69

acetic acid| 38

Scheme 19 Coupling-isomerization-Stetter—Paal—Knorr strategy for
the preparation of tetrasubstituted pyrroles.
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Scheme 20 N-Methylimidazole catalyzed three-component

synthesis of 2,3,4-trisubstituted pyrroles.

medium by using 5 mol% N-methylimidazole as an organo-
catalyst at room temperature for 1 hour afforded the function-
alized pyrroles 73 in 70-87% yield (Scheme 20).** The
mechanism proposed to explain this reaction begins with the
addition of N-methylimidazole with propiolates 72, produces
the zwitterionic intermediate, which undergoes addition reac-
tion with an enamine-ester formed in situ from 71 and 38, fol-
lowed by subsequent proton transfer and intramolecular
cyclization to give the dihydropyrrole derivatives with simulta-
neous regeneration of the catalyst. The final elimination of
hydrogen from the dihydropyrrole intermediate yielded the
corresponding product 73.

3.3 From carbonyl compounds

In 2012, Martin-Santos et al.** performed the domino three-
component reaction of aldehydes 74, (Z)-B,B-bromo-
nitroalkenes 75, and amines 38 in the presence of organo-
catalyst 6 in CH,Cl, at room temperature to form the 3,4-
disubstituted pyrroles 76 in good to excellent yield (Scheme 21).
The mechanism involved in this reaction starts with the
formation of an enamine from the addition of 6 with aldehydes
74 that undergoes Michael addition to (Z)-B,B-bromo-
nitroalkenes 75, and produces the y-bromo-y-nitro-aldehyde
intermediate after the hydrolysis and regeneration of organo-
catalyst 6. The reaction of this intermediate with amines 38,
followed by tautomerization and intramolecular cyclization,
and the subsequent syn-elimination of the nitro group afforded
the final product 76.
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Scheme 21 Synthesis of disubstituted pyrroles by domino MCRs.

The highly efficient one-pot construction of several poly-
substituted pyrroles 78 in acceptable to good yield (42-87%) has
been obtained via the environmentally benign multicomponent
reaction of 1,2-diones 77, aryl amines 38, and aldehydes 63 in
the presence of 4-methylbenzenesulfonic acid monohydrate
(TsOH-H,0) as an organocatalyst in acetonitrile at room
temperature for 10-20 hours (Scheme 22).** The reaction pro-
ceeded with the formation of an iminium ion from aryl amines
38 and aldehydes 63 that experiences a nucleophilic attack from
the enamine intermediate, generated from aryl amines 38 and
1,2-diones 77, followed by an intramolecular cyclization and
tautomerization to afford the imine form amino alcohol

5 o R'  NHR?
1 TsOH.H,0 (20 mol%)
Ar RU+ ORANH, * CHyCN,rt, 1020n M\ .
o 38 63 Ar ,}‘ r
77 R2
Ar=Ar'=R? = aryl 78 (42-87%)
R = aryl, alkyl 18 examples
63 +38
H J-HQO

2 Ar
R N\Rz Il?z
R? R2 “ »
R'  NHR? P \ R
., R NH R \H AW
H +
s / \ <—H v 5 — ® H —
Ar Ar @z -H,0
N Al ONO A AN A z Art OH
R? 'a | '}l Ar
R R2 R2
78

Scheme 22 Synthesis of polysubstituted pyrroles from 1,2-diones,
aldehydes, and aryl amines.
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Scheme 23 Synthesis of pyrroles by using the Cu-NHC catalyst
system.

(Scheme 30).>° The loss of one molecule of water from the imine
amino alcohol produces the conjugate iminium ion interme-
diate that yields the final product 78 via deprotonation.

Dang et al.”® noted that the combination of CuBr with car-
bene precursors benzimidazolium salts 13 lead to the formation
of a Cu-NHC complex as an efficient non-noble metal catalyst in
the presence of a base, and was found to be a very effective
catalyst in the preparation of a variety of 1,2-, 1,2,3-, variety of
1,2-, 1,2,3-, 1,2,3,5- and fully substituted pyrroles (Scheme 23).
This Cu-NHC catalyzed one-pot protocol begins with the three-
component reaction of different substituted ketones 79, amines
80, and diols 81 at 140 °C for 24 hours to produce the corre-
sponding pyrroles 82 in 40-95% yields.

Hassani et al. reported an operationally simple and eco-
friendly one-pot four-component reaction of 1,3-dicarbonyl
compounds 83, amines 38, aldehydes 63, and nitromethane 84
in the presence of chitosan 2 as an organocatalyst under the
solvent-free and microwave-irradiation condition to afford the

0
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| + + -|
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83 h
R' = Me, OEt, OMe 85 (76-91%)
R? = Ar =aryl, 21 examples
Me R! RZ
NH O
m + RZ-NH, — ™ M
o o Me R!
R Me 38 d .
83 1 -
A +
T%H/
o) Ho o
A J + CH3-NO, Q 87
84 NH; l
63
oV @—H 9 H
J + H,C=N Rl Arq
1N —
Ar o e Ny \E/O
e
ls LT
/
HsC—N_ 88
\
o) o)
R’ Ar' 0 H o]
R! 1
Ar 4 Ary
I\ _-H0 7 oy — R |
Me™ N -HNO N ~o
L ve” N7 QN Me” “NH N7
R | 1 OH |2 |
85 R R OH

Scheme 24 Solvent-free microwave-assisted synthesis of pyrroles.
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substituted pyrroles 85 in 76-91% yields within 4-7 hours
(Scheme 24).%¢

The mechanistic pathway for this solvent-free synthesis
involves the initial reaction of dicarbonyl compounds 83 with
amines 38 in the presence of 2 to give the enamine intermedi-
ates 86, which react with the nitroalkenes 87 generated from the
reaction of aldehydes 63 and nitromethane 84 to afford the
imine 88. In both cases, the carbonyl groups were activated by
the catalyst through hydrogen bonding. Through tautomeriza-
tion and intermolecular cyclization, the imine 88 forms the
corresponding pyrroles 85, after a subsequent loss of a water
molecule and nitrosyl hydride.

A highly convergent multi-catalytic multicomponent reac-
tion (MCR) strategy to access very constructive symmetrical and
unsymmetrical 2-aryl substituted 1,4-diketone building blocks
from readily available aldehydes and nitroalkenes as latent 1,2-
dication synthons and their utilization for the one-pot four-step
synthesis of polysubstituted pyrroles 92 by using carbene
precursor 17 and K,CO; as N-heterocyclic carbene (NHC)-
catalyst has been developed (Scheme 25) by Fuchs et al.*” For
the synthesis of symmetrical 1,4-diketones, the reaction of
aldehydes 89 and nitroalkenes 90 was carried out in the pres-
ence of 10 mol% of NHC-precursors 17 and 100 mol% of K,CO;
in Et,O at room temperature for 16 hours, followed by the
addition of a second aldehyde 91 at 50 °C for another 8 hours.
This 1,4-diketone on treatment with amines 38 in acetic acid
under heating condition afforded the corresponding symmet-
rical pyrroles 92 in 40-98% yield. However, for the synthesis of
unsymmetrical 1,4-diketones, the amount of NHC-precursors
17 was increased to 20 mol% and the amount of base was
reduced to 30 mol% in the first step, and increased to 120 mol%
in the elimination step. Its final addition with amines 38 in
heating acetic acid produced the unsymmetrical pyrroles 92 in
21-84% yield. In the case of reactive aldehydes, only NHC was
found to be very sufficient to promote the reaction. However, in
the case of aldehydes with lower reactivity, an additional thio-
urea derivative 29 as the H-bonding catalyst is required for the
activation of 1,2-bis-electrophilic nitroalkenes.

(i) 10 mol% 17
100 mol% K,COs3,

Et,0.rt, 16 h
(ii) then: 50 °C, 8h R o RE-NH,
5 38
” Ar R! (iii) acetic acid, A

Ar_ = 1
\/\No2 R

91 R=R!
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+
o
| Ar
R o R,—NH,
(i) 20 mol% 17 M R N R
20 mol% 29 (optional) Ar R! "?2
30 mol% K,COg, o
Et,O,rt,6-24 h R #R! ,
(i) then: 120 mol% unsymmetrical R=R", 40-98%
K,CO3, 40 °C, 1-2.5 days 11 examples
o R#R' 21-84%
ﬂ 7 examples

R!
91

Scheme 25 Synthesis of pyrroles via four-step one-pot multicom-
ponent reaction.
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In 2018, Singh et al. reported an efficient sequential multi-
component strategy toward the synthesis of N-aryl pyrrole-3-
carbaldehydes 95 via the secondary amine 4 catalyzed reaction
of aldehydes 89, arylamines 33, and succinaldehyde 93 in DMSO
by using IBX as the oxidant (Scheme 26).*® Not only the aryl
aldehydes, but also heteroaryl/indole-aldehydes worked well
with this methodology, and a total of 37 compounds were
synthesized in moderate to good yield. The suggested mechanism
for this transformation starts with the in situ formation of enamine
from the reaction of succinaldehyde 93 and catalyst 4, which can
then react with the N-PMP-imines 94 generated in situ from alde-
hydes 89 and amines 33, via a direct Mannich reaction, resulting in
the formation of Mannich product 96. The intermediate 96 then
undergoes intramolecular cyclization reaction with subsequent
removal of the catalyst, followed by IBX-promoted oxidative
aromatization to form the final product 95.

4. Synthesis of pyrroles via multistep
reactions
In 2012, Kumar et al. developed a robust two-step strategy

involving the reaction of succinaldehyde 93 with N-PMP aldi-
mines 94 in the presence of organocatalyst 4 in DMSO at room

temperature, followed by acid-catalyzed cyclization and
o CHO (i) 4 (20 mol%)

J . AN+ __DMSO,rt,2h d\

R 5 2 cHo i) BX (12 equiv) (1 2 equw)

70
89 93 PP
i =_aryll\l, het(alflyl), indole 95 (50-80%)
r = p-NO2CgHy 37 examples

PMP.
. e
CHO 6 94 insitu
enerated
93 H,0 CHO ¢
¥
N
O\ Pup ! Lo
N~ COH

intramolecular
cyclization

Direct Mannich

| reaction
CHO
B
N R
PMP 96
CHO
IBX U\
oxidative N R
aromatization |
95
Scheme 26 L-Proline catalyzed synthesis and mechanism of pyrroles

via sequential multicomponent reaction.
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Scheme 27 L-Proline catalyzed synthesis of trisubstituted pyrroles.

aromatization under the influence of DDQ in toluene at 70 °C
for the synthesis of substituted pyrroles 95 in 58-82% yield
(Scheme 27).*° This transformation was completed through the
formation of an enamine intermediate 96 from the reaction of
succinaldehyde 93 and amine catalyst 4, which reacts with the
N-PMP aldimines 94 via a direct Mannich reaction, followed by
intramolecular cyclization with the simultaneous regeneration
of 4, acid-catalyzed dehydration and final aromatization by DDQ
with a subsequent loss of the water molecule to provide the
pyrroles 95.

In 2013, Jean et al. reported the regioselective construction of
2-heteroarylmethylene decorated N-aryl pyrroles 101 via two-
step sequence from readily available aldehydes, imines, and
phosphonium 99 in the presence of organocatalyst 5 in DMF at
—40 °C. The Mannich coupling of aldehydes 97 and imines 98,
followed by Wittig olefination with phosphonium 99 along with
proton mediated hydroamination, leads to the rapid access of
pyrrolidine 100 (Scheme 28).*° Isomerization of pyrrolidine 100
by simply using the amine base DBU in CH,Cl, at room
temperature afforded the substituted pyrroles 101 in 41-98%
yield after 1 hour. The formation of pyrrolidine 100 and
subsequent isomerization steps to 101 is shown in Scheme 28.
After the formation of pyrrolidine 100, the deconjugation of the
acrylate moiety followed by aromatization in the presence of the
DBU base yielded the final product 101.

In 2016, Niknam et al. synthesized a variety of 2,3,4,5-tetra-
substituted pyrroles 103 in 85-91% yield through the one-pot
multistep reaction of substituted aldehydes 63, NH,OAc 102,
and 1,3-dicarbonyl compound 83 by using carbene precursors
16 in the presence of NaOH in absolute ethanol under reflux
condition (Scheme 29).** The reaction of aldehydes 63 in the
presence of N-heterocyclic carbene 16a (generated in situ from
16 and NaOH) produced the corresponding benzoin 104 via in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 28 Synthesis of 2-heteroarylmethylene decorated pyrroles.
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Scheme 29 NHC-catalyzed tandem sequence to access pyrroles 103.

situ condensation reactions after 30 minutes, which reacts with
the imine 105 formed in situ from the NHC-mediated addition
of 1,3-dicarbonyl compound 83 and NH,OAc 102. An intra-
molecular cyclization and aromatization by loss of a water
molecule gave the desired product 103.

5. Synthesis of pyrroles via formal [3 +
2] cycloaddition reactions

For the construction of five-membered heterocyclic scaffolds,
the [3 + 2] cycloaddition reaction has emerged as one of the
most promising approaches, and a vast array of [3 + 2]

© 2021 The Author(s). Published by the Royal Society of Chemistry

cycloaddition reactions has been developed for the organo-
catalytic synthesis of pyrroles. In 2005, Kamijo and co-workers
developed an organophosphine 11 catalyzed formal [3 + 2]
cycloaddition reaction for the synthesis of 2,3-di-EWG-
substituted pyrroles 108 from activated alkynes 106 and iso-
cyanides 107 in dioxane at 100 °C for 0.5-24 hours in 18-79%
yield (Scheme 30).** The mechanism for this [3 + 2] cycloaddi-
tion reaction begins with the 1,4-addition of a nucleophilic
catalyst 11 to the activated alkynes 106. It then produces the
zwitterionic intermediate, which after abstraction of acidic
proton in the isocyanides 107, afforded the cationic interme-
diate 109 and the carbanion 110 that undergoes [3 + 2]

R EWG'
11 (15 mol%)
R EWG' + N7 Ewg: ——— 1R
* 14-dioxane, 100°C, __{/ )
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Scheme 30 Synthesis of pyrroles from alkynes and isocyanides via [3 +
2] cycloaddition reaction.
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