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Vitor F. Ferreira*, Maria Cecilia B. V. de Souza, Anna C. Cunha, 
Leticia 0. R. Pereira and Maria L. G.  Ferreira 

Departamento de Quimica Orgrinica, Universidade Federal Fluminense 
IQ-CEG, Campus do Valonguinho s/n, CEP 24020-150, Niter&, Rio de Janeiro, BRAZIL 

INTRODUCTION 

The pyrrole unit occurs in a diversity of synthetic pharmaceutical agents, conducting poly- 
mers,) molecular optics,? electronics,7 gas sensors for organic compounds4 and, as building blocks in 
many physiologically interesting natural products, such as heme, chlorophyll, bile pigments, N- 
bridgehead pyrroles (pyrrolizidines and indolizidines alkaloids5) and, vitamin B 

Many substituted pyrroles show important biological activities. Recently, a number of alka- 
loids having the aryl or alkyl-substituted pyrrole framework were isolated from marine sources.h 
Compounds such as polycitone A and lukianol A illustrate some examples of these highly substituted 
pyrroles with important biological activities. For instance, lukianol A exhibits some activity against a 
cell line derived from human epiderrnatoid carcinoma.'. * Pharmacological studies on a series of 1,2- 
diarylpyrroles showed that these substances are very potent and selective inhibitors of the human 
cyclooxygenase-2 (COX-2) enzyme, which plays an important role in the inflammation p roce~s .~  
Other studies showed that I-phenyl-3-(aminomethyl)pyrroles have high affinities for D2, D3, and D4 
dopamine receptor subtypes,I0 while some other aroyl(aminoacy1)pyrroles displayed promising anti- 
convulsant activity." 

HO Br Br OH 

HO 

Br 

OH 
Polycitone A 

I 
OH 

Lukianol A 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

Polyhalogenated pyrroles isolated from natural sources represent also a class of substituted 
pyrroles with important biological activities. 3-Halopyrroles have been shown to possess pronounced 
physiological activities in agrochemical. Pentabromopseudilin12 and pyoluteorin" are antibacterial 
halopyrroles, which were isolated from the bacteria Alteromonas luteo-violaceus and Pseudomonas 
aemginosa, respectively. 

Br 

Pentabromopseudilin Pyoluteorin 

Due to these multiple uses and varieties of biological activities, the synthesis of this ring 
system has been subject of intense investigation. Several new synthetic methods and variations of the 
classical ones reported recently either give new types of pyrroles or result in better yields. The clas- 
sical methods of constructing pyrrole ring system include mainly Knorr, Paal-Knorr and Hantzsch 
pyrrole syntheses, which have been summarized in a number of heterocycles review articlesI4 and 
books." 

This review provides an update of significant advances since 1995 on the synthesis by the 
classical methods and on the new methodologies developed for preparation of highly substituted 
pyrroles. Although indoles are a very important class of organic compounds and represent a variation 
of the pyrrole ring, the focus of this survey is directed toward to the methods of preparing the pyrrole 
ring itself. 

I. ADVANCES IN THE CLASSICAL METHODS 
1. Knorr Pyrrole Syntheses 

The Knorr pyrrole synthesisi6* consists of the condensation of an a-aminoketone or a- 
amino-a-ketoester with a ketone or ketoester (Scheme ]), and has been widely used for the synthesis 
of pyrrole derivatives derivatives (e. g. 3-substituted-2,5-dicarbaldehyde pyrroles).'* In most cases, 
symmetrical P-diketones are used, since this reaction sequence lacks regioselectivity with asymmetric 
P-diketones. Another major drawback of this reaction is the facile self-condensation of the starting a- 
aminoketones, which can be prepared in situ from a-oximinoketones or a masked amino group. 

- 
CH3 

... R i  111 

R2 

I " T O  R2 

A2 R I  = Alkyl, - R2 = C02Et. 1 C02Me ::':H2] 
H 

i )  NaN02/AcOH; ii) Zn/ AcOH; ii i)  HjCCOCH2R2 

Knorr Pyrrole Synthesis using an a-Oximinoketone 

Scheme 1 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

Recently a number of useful variations of the Knorr methodology have been reported. Fujii 
and coworkers devised optimum experimental conditions for preparing pyrroles starting from steri- 
cally hindered asymmetric P-diketones (Scheme 2)'' The condensation of asymmetric P-diketones 
with ethyl a-oximinoacetoacetate in the presence of zinc dust and sodium acetate in acetic acid led to 
the pyrroles in reasonable yields. Only small R groups (e. g. Et) on the P-diketone led to a mixture of 
structural isomers, suggesting that steric effects are responsible for the selectivity. 

I I1 
R = Et (388) .  ratio 1/11 = 20/80 
R = i-Pr (45%'). ratio 1/11 = 01100 

R = n-Pr (49%). ratio M I =  17/83 
R = I-Bu (38%), ratio YII = 0/100 

Regioselectiviry in Knorr Pyrrole Synthesis using Asymmetric P-Diketoncs 

Scheme 2 

The Weinreb a-aminoamides (N-methoxy-N-methyl-caminocarboxamides)2" have been 
shown to be very useful reagents for the synthesis of pyrroles." Ortega and coworkers devised a 
highly improved protocol for the K ~ O K  pyrrole synthesis based on Weinreb a-aminoamides.2' The 
method explored the low tendency of these amides to undergo self-condensation. Thus, N-methoxy- 
N-methyl-a-aminoamides are easily obtained from the appropriate enamines, which in a separate step 
react with an organometallic compound (RLi or RMgX) producing a carbonyl intermediate which 
cyclizes during the work-up. Some representative examples of pyrroles that have been prepared by 
this method are shown in Scheme 3. 

OM8 OMe 
1 I Ri  

i 

Me 
1 
H 

Me 

72-85% 

R I = CN. R2 = i - h .  
RI = C02Et. R-, =Me, R3 = Me (80%) 
R I  = COZEt, R? = Me. R3 = Ph (83%) 
RI = COPh. R? = i-Pr, R-( = Me (69%) 

= Me (76%) - 
R2 

... 
111 

Me 

I 
H 

i )  MeOH. 40°C: i i )  R3Li/THF; i i i)  EtONdEtOH 
Knorr Pyrrole Synthesis Based 011 Wcinreh a-Aminoamides 

Scheme 3 

Aldol addition products of lithium enolates of ketones to Boc-a-aminoketones are quite suit- 
able for cyclization under acidic conditions to pyrroles (Scheme 4). This methodology is conceptually 
similar to the Knorr pynrole synthesis and was applied successfully to the preparation of a large 
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number of fused pyrroles.23 It is especially noteworthy that the Boc-a-amino aldehydes and Boc-a- 
amino ketones used in this protocol were easily prepared by conversion of Boc-a-amino acids to 
Weinreb amides which are subsequently reduced with lithium aluminum hydride or treated with Grig- 
nard reagents, respectively. Some selected examples are shown below. 

H 

BOC-N 
H HO R2 

' J R 2  BOC-N '3 ) n = 1 , 2  
BOC-NH 4.. - i, ii, iii 

k i 1  

I R1= H. CH3, CH2Ph R2 = H, CH.3 

I )  BOP, E13N; i i )  CHjNHOCH3; 

i i i )  LDA, THF -78°C; iv) 

V )  I1C1/ CH?C12 

n =  1 , 2 (  wR:, 
I 
Boc 

n = 2; R ,  =Me; R 2 = H (42%) 
n = 2; R I  = H; R = Me (44%) 
n = I; R, = CH,Ph R2 = Me (30%) 

Use of Boc-a-amino Aldehyde and Ketones for the Synthesis of Pyrroles 

Scheme 4 

A new application for the key intermediate in the Knorr pyrrole synthesis was developed by 
Ohta and coworkers and involves the palladium-catalyzed oxidation and cyclization of P-hydroxy- 
enamines (Scheme 9." The latter substances are easily obtained by the condensation between p- 
aminoalcohols and carbonyl compounds. Subsequent treatment with the palladium catalyst in the 
presence of mesyl bromide proceeded to give the corresponding polysubstituted pyrroles in good 
yields. This protocol can be applied also to produce pyrroles from cyclic enamines (see structure in 
the box). Despite the use of inexpensive and readily available starting materials, this method has been 
scarcely utilized. 

R1 U R *  + A3-N'y I " R,ANA% H OH I 
R3 

COzM 

RI = Me, R2 = OEt, R3 = H, & = En, Rs = H (82%) 
R I  =Me, R2 = OEt, R3 = H, R4 = Ph, R5 = H (67%) 
R I  = Me, R2 = OMe, R3 = H, R4 = Me, Rs = H (57%) 

i )  THF, Molecular sieves 4 A, 7 days; i i )  Pd(PPh3)4/KzCO3, MsBrlDMF, 150°C. 

Pd-catalyzed Oxidaiion of the Enamine-intermediate of Knorr Synthesis 

Scheme 5 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

2. Paal-Knorr Pyrrole Synthesis 

The classical Pad-Knorr pyrrole synthesis is a well-established procedure" that involves an 
acid-catalyzed condensation of akyl amines with 1,6dicarbonyl compounds (or masked 1,6dicar- 
bony1 compounds) leading to polysubstituted pyrroles. This route has been used in a variety of prepa- 
rations of pyrrole. Recently, a large series of pyrroles was prepared by this method.2h In this work it 
was found that 3-pyridyl-2,5-diaryl-pyrroles are potent, orally bioavailable inhibitors of p38 kinase, 
showing the importance of this method in the synthesis of very useful compounds. In a similar work 
using Paal-Knorr synthesis, several I -[2-(substituted pyrrol-1-yl)ethyl]-2-methyl-5-nitroimidazole 
derived from metronidazole were synthesized and their antibacterial and antifungal activities were 
assayed.27 Also, conducting polymers having multi-ring aromatic monomers with electron-rich 
terminal heterocycles were prepared by this method.28 

Several variations of this protocol which have been described recently deal mainly with 
masked (or potential) lA-dicarbonyl compounds. It is worth mentioning that when this synthesis is 
performed under classical (thermal) conditions the reaction requires at least 12 hours, but shorter 
times and much higher yields are obtained by microwave irradiation.*y 

Following the usual Paal-Knorr protocol, Le Quesne and coworkers described a short 
synthesis of (*)-funebral, an alkaloid isolated from the tree Quararibea funebris (liave) Visher 
(Bombacaceae), employing titanium isopropoxide as a weak Lewis acid for the addition of amines to 
a doubly unsaturated 1,4-dicarbonyl derivative. The use of the weak Lewis acid was the key step since 
it avoided degradation of the starting material (Scheme 6).3n 

HzN H+cH3 Ti(OiPr)4 "IC H3&1H3 

H3Ch,& 

+ H3C P 

Toluene 
reflux 0 C H 3  0 0 C H 3  

H3C 
P NaBH3CN "0-H 53% 

H3Ch& 

H3C Funebral(6 I %) 

Addition of Amines to an Unsaturated I ,4-Dicarbonyl Compound Catalyzed by Ti(Oi-Pr)4 

Scheme 6 

The development of n-conjugated pyrroles or mixed pyrrole-thiophene polymers or 
oligomeric compounds with optical, electrochemical and electrical properties is very important for the 
optical and electronic industries. The Paal-Knorr protocol has been used for the preparation of many 
of these of pyrrole-thiophene n-conjugated systems?' By a similar methodology, pentagonal 
2,3':5',2"-triheterocyclic compounds, another n-conjugated system, have been produced in a series of 
consecutive reactions starting from 1,3-bis heterocyclic propenones in 76% yield.'* Michael addition 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

involving one-carbon elongation with 2-lithio-l,3-dithiane, deprotection of dithiane, and amine addi- 
tion to the I ,Cdicarbonyl compound was used for producing these pyrrole-thiophene n-conjugated 
systems with different substitution patterns (e.  8. pentagonal). In fact, this sequence is an alternative 
procedure for transforming a$-unsaturated derivatives into 1 ,Cdicarbonyl moieties, which is neces- 
sary for the Pad-Knorr protocol (Scheme 7). 

toluene- ArNH2 AcOH b & 0 reflux 

Q,++n- + - i, 

0 - i i i  xo I 0 svs 

9 H O  0 
Pentagonal Me (76%) 0 

I )  BuLJTHF, Ar. 6h. -78°C. 73%; i i )  CuO/CuCIz/acetone~zO, reflux (85%); i i i )  MeNH2.HCI. NaOEt, 
EtOH, retlux. 

Triheterocyclcic Compounds Produced from I ,3-bi.s Heterocyclic Propenones 

Scheme 7 
Ong and coworkers reported a further example which exploits vinylogous 1,6-dicarbonyl 

compounds for preparing 1,2,5-substituted pyrroles chemoselectively.33 It was demonstrated that 1,6- 
dioxo-2,4-dienes react easily with primary amines, at the more reactive carbonyl center, forming an 
imine intermediate, which by olefin isomerization, intramolecular cyclization and aromatization led to 
I ,2,5-pyrrole derivatives (Scheme 8). 

R ,  = Me, R2 = Ph. R3 = Bn (45%) 
R, = Me, R2 = Ph, Rj = Ph (75%) 
R ,  = Me. R? = Ph. RI = NH? (70%) R2 

R ;  = Me, R; = Ph. R; = CH;C02Et (70%) I 
A3 

The Use of Vinylogous 1,6-Dicarbonyl Cornpounds for Preparing 1,2.S-Substituted Pyrroles 

Scheme 8 

2,5-Dimethoxytetrahydrofurans are masked 1 ,Cdicarbonyl compounds, which have been 
used in many reaction sequences for preparing pyrrole~.’~ For example, their condensation with alkyl 
and arylamines, amides and sulfonamides in the presence of P,O,, easily produced N-substituted 
pyrroles in good  yield^.'^ Recently, Ferreira and coworkers’6’ ’7 reported the preparation of highly 
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substituted pyrroles in two steps from dihydrofurans obtained from a&-diazocarbonyl derivatives 
(Scheme 9). Dihydrofurans bearing a carbonyl group at the 3-position are suitable starting materials 
for the synthesis of substituted pyrroles, since they have the same oxidation state as pyrroles and bear 
an a,&unsaturated carbonyl group. These compounds are very susceptible to ring opening by the 
attack of amine nucleophiles under mild conditions. This protocol represents an alternative route to 
produce substituted pyrroles presenting a carbonyl group at 3-position. 

a 

6 

0 

-n..n X C '  - = AcOH d1 - 
I MeOH 

R1= Me. R2 = Bn (70%) 
R I  = OEt. Rz = o-decyl(7~70) 

R I  = Me, R2 = n-decyl (&%) 

RI = OEt, R2 = n-Bn (76%) 

RI = Me, R2 = n-hutyl(7~8)  

+ or  
i )  Rh~(0Ac)d 

i i )  R?NH*/AcOH 
t 

R 1  = H, R2 = Bn. n = 2 (53%) 
R I =  Me, R2 = Bn, n = I  (49%) 

Use of Dihydrofurans and Dihydropyrans for the Synthesis of Substituted Pyrroles 

Scheme 9 
Masked 1,4-dicarbonyl systems can also be obtained from y-nitroketones, which are easily 

obtained from the Michael addition of a-nitro esters at a,P-unsaturated ketones. Heating these 
nitroketones with fonnamidinesulfinic acid and triethylamine in propanol produces pyrroles in good 
yields (Scheme lo).'* The presence of an electron-withdrawing group appears to be necessary for the 
reduction to take place. It is speculated that the reaction proceeds through an imine or oxime-interrne- 
diate. Another alternative to obtain 1,4-dicarbonyl systems is the addition of nitroalkanes to a,P- 
unsaturated carbonyl compounds followed by oxidation of the nitro group to a ket0ne.j" 

NH 

i) 
H#JA!302H I Et3N I I-propanol 

Preparation ot  Pyrroles by Addition of a-Nitroesters a! 

Scheme 10 
a$-Unsaturated Ketones 
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Masked 1 ,Cdicarbonyl systems may also be acquired by the Lewis acid mediated reaction 
of 2-acetoxypropanal N,N-dimethylhydrazone with various acyclic and cyclic silyl enol ethers 
(Scheme 11). This reaction easily produces N-(dimethy1amino)pyrroles in two steps from oxoaldehyde 
N&-dimethylhydrazones. Reductive cleavage of N-N bond leads to di and trisubstituted pyrroles. This 
route represents a very efficient and flexible method for the preparation of various alkyl- and aryl- 
substituted 1 H-pyrroles in good overall yields starting from easily available 2-acetoxy aldehyde N,N- 
dimethylhydrazones.m 

N R2 i ,  ii RbMe v_ R2 RxMe N 

qMe iv qMe v 

Me2N. 

-I- R l A O T M s  - R2 N 

I I 
H NMe2 

RI = R2 = (CH2)j (62%) R1= R2 = (CHZ)~ (62%) 
R I  = R2 2 (CH2)s (61%) R1= R2 = (CH& (82%) i, ii, iii 

R1 R1 

- R2 

I 

I Me 

MezN, 

i i h R 2  - R2 

H 
I 

Me 0 NMe2 

R I  =Me, R2 = t-Bu (86%) R I  = Me, R2 = t-Bu (78%) R I  = Me, Rz = t-Bu (30%) 
R I  = Me, R2 = Ph (86%) R I  = Me, R2 = Ph (76%) R ,  =Me, R2 = Ph (82%) 

i)  TiC14, CH+.&, -78 to -2O"C, ii) Na2CO1 (aq.); iii) TiC14. CH2C12, -78°C to rt; iv) PTSNtoluene reflux; 
V) Na/NHj, rt 

Reaction of 2-Acetoxypropanal N,N-dimethylhydrazone with Silyl Enol Ethers 

Scheme 11 

1 ,CDicarbonyl compounds can be generated from several olefinic compounds by oxidative 
cleavage of the double bond. Oxidation of 2,5-dialkylfurans with rn-chloroperbenzoic acid (MCPBA) 
produces cis- 1 ,Cenediones which react in siru with primary amines to afford 2,3,5-triakylpyrroles."' 
In 1997, Jacobi and coworkers extended their results on the synthesis of tetra-substituted pyrroles 
using a very interesting route to produce 1 ,Cdicarbonyl compounds (Scheme 12).4* The method takes 
the advantage of a highly orrho-selective Diels-Alder reaction of 2-alkoxy- 1,3-pentadienes with 2- 
0x0-3-butenoate esters to produce cyclohexenes, which upon ozonolysis and Paal-Knorr cyclization 
with N-aminophthalimide affords substituted pyrroles. Recently, Taber and Nakajima apllied this 
methodology for preparing tetrasubstituted pyrrole (see structure in the box)!3 
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Me 

T I P S O W  
TIPSO c:?’ 0 

L 

COOTIPS 

R I  = COlBn, Rz = H (60%) 
RI  = C02Et, R? = H (66%) 
Ri = C02Et, R2 = Phth (64%) 

Ri = CH~OAC,  R2 = Phth (71%) 
RI  = CH20Me. R l  = Phth (54%) 

I 
R2 39% overall 

Med 
Methodology for Preparing I ,4-Dicarhonyl compounds by Ozonolysis of Diels-Alder Adducts 
then their Conversions to Pyrroles 

Scheme 12 

3. Hantzsch Pyrrole Synthesis and Related Reactions 

The Hantzsch reaction involves the condensation of a-haloketones or aldehydes with 0- 
ketoesters (or P-diketones) in the presence of amines (enamines or ammonia).w Furans are by-prod- 
ucts of these reactions and, in some cases, can become the main product. Despite this drawback, a 
great deal of effort has been devoted to improve the scope of this procedure. In a recent study directed 
towards the synthesis of pyrrole insecticides, Jiang and Kameswaran4’ reported the synthesis of 5- 

trifluoromethylpyrrole derivatives in good yields, by a modified Hantzsch methodology using 3- 
bromo-l,1 , 1-trifluoropropanone and enamines (Scheme 13). 

r t 
I 1 

i )  DME. 87-140°C 
R, =Me.R2= CN (67%) 

R ,  = C02Me. R l  = Me (60%) 
RI = p-CICnHj, R2 = CN (63%) 

Synthesis of 5-Tr~Iluoromethylpyrrole Denvatlve\ by Hant7sch Reaction 

Scheme 13 
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Trautwein and coworkers recently described an efficient method for the solid-phase 
synthesis of pyrroles for applications in combinatorial chemistry (Scheme 14).lh Polystyrene amide 
resinJ7 is acetoacetylated and converted into polymer-bound enaminones by treatment with primary 
amines under acidic catalysis. These enaminones then undergo a Hantzsch reaction with a-bromoke- 
tones. After cleavage with 20% trifluoroacetic acid in dichloromethane, pyrrole-3-carboxamides are 
obtained in excellent yields and in high purity. 

aNUe I 

H 
0 

H2Nh:2 Me 

I 
R i  

61 

, 2,6-di-tert-butyl-pyridinc: 
O H B ‘  

i )  RlNH2, MF, TMOF, rt; i i )  DMF, 
iii) 20% TFA, CH2C12, 30 min. 

R2 R3 

R I  = piperonyl, Rz = R? = Me (94%) 
R I  = allyl, R2 = 4-fluorophenacyl, R3 = H (97%) 
R I  = cyclopropyl, R2 = 4-cyanophenacyl, R3 = H (95%) 

Hantzsch Solid-phase Synthesis of Pyrroles 

Scheme 14 

11- ZAV’YALOV PYRROLE SYNTHESIS 

The Zav’yalov sequence for preparing pyrroles first described in 1973 involves the 
exchange of the P-dimethylamino moiety of P-dimethylaminomethylene ketones or acrylyl esters, or 
both, by an aminoacid, which in a second step cyclizes to the substituted pyrroles (Scheme 1.5).4x By 
the original Zav’yalov chemistry, Heron and coworkers reported the synthesis of several substituted 
pyrroles and an unusual ring expansion reaction forming a new oxacino[2,3-c]pyrrole system also 
illustrated in Scheme 15.49 Many variations of this methodology have been recently reported. For 
instance, Mellor and coworkers described that 4-ethoxy- I , ] ,  1 -trifluorobut-3-ene-2-one 
(EtOCH=CHCOCF,) works as well as P-dimethylaminomethylene ketone for the synthesis of trifluo- 
romethylpyrroles from several amino-acids (see example for proline in Scheme 1 5).50 

More recently, Stanovnik and coworkers developed a method for the synthesis of 2,3,4- 
trisubstituted pyrroles by using a similar protocol, but the cyclization is preceded by a-formylation 
reaction at the amino acid moiety. Thus, ethyl 2-(2-acetyl-2-benzoyI-l-ethenyl)amino-3-dimethy- 
laminopropenoate5’ was transformed into 4-benzoyl-2-ethoxycarbonyl-3-methylpyrrole by treatment 
with trifluoroacetic anhydride. (Scheme 16).52 Later on, the same group applied a slightly modified 
methodology for preparing pyrroles in low yield from active methylene compounds.’’ It seems that 
this reaction works well for preparing other heterocyclic compounds but needs to be explored further 
for use in pyrrole synthesis. 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

Et02C - )-$ R2 

A c ~ O  

,CHC02H Et3 N 
I N I  

Eto2c?o Ac I R2 
H 

R2 E t o 2 c ~ o  H2NCHC02H I 

NaOAc 
EtOH N-Me 

Me 
I 

Me 

M e w N H C H ( R 2 ) C 0 2 H  - AczO 

EtTN 

0 R = i - B u  0 R=i-Bu ( 5 0 % )  

t C F 3  H02C Q i  I 

73% 

H 
EtO 

i j  DMAP, CH2CI2; i i j  (CFlCO)?. CH2C12. 4 h 

Zav'yalov Pyrrole Synthesis 

Scheme 15 

Me 

65% 

I )  Me\~-(oMe, DMF, 90"C, 3 h. 1 1 )  (CF1COj20. rt, 5 inin. 
Me/ OMe 

I I  C02Me 

HHcooMe R1 ' 1 h  

Me 
I 
H 

Me-N NHC02Bn 

H"YoMe 
'CO:Bn Me I 96% 

R,=Mc( l7 '1 ; )  
Ri  =Ph (299)  

I )  /-BuOCH(NMez)2. toluene, reflux. I h. i i )  AcOH, reflux 

Modified Zm'yalov Scquence by a-Formylation at the Amino Acid Moiety 

Scheme 16 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

In a study to broaden the scope of iodine-promoted cyc l i za t i~n ,~~  Ferraz and coworkers 
developed a process based on this chemistry, in which iodine-cyclization of p-enaminoesters and 
ketones bearing an a-ally1 group leads to 1,Zdihydropyrroles. These substances were aromatized by a 
dehydrohalogenation elimination promoted by a strong base (Scheme 17). Several substituted pyrroles 
were synthesized by this methodology that can be considered a variation of the same protocol.ss 

R = Bn (85%) 
R = Ph (73%) 

R = Bn (93%) 
R = Ph (80%) 

q: Bn qLEt Bn Me& Me I Me 

90% 71% 87% 

Synthesis of Pyrroles by lodo-cyclization of a-Ally1 P-Enaminones 

Scheme 17 

In a search for anticonvulsive compounds, Liebscher and coworkers developed a synthetic 
route for producing 3-aminopyrroles from 3-aminothioacrylamides, which is very similar to the orig- 
inal Zav’ yalov pyrrole synthesis (Scheme 18).s6 The key step involves a base-catalyzed ring transfor- 
mation-desulfurization of substituted 5-amino-2-methyl- 1 ,Zthiazolium salts, which were generated by 
oxidative ring closure of 3-aminothioacrylamides. Further investigation on the mechanism of this 
transformation established the intermediacy of 3-alkylideneaminothioacrylamide in the formation of 
p y r r ~ l e s . ~ ~  In another similar ring closure process, highly substituted trifluoromethylpyrroles were 
obtained in moderate yields from P-enaminoketones upon cyclization under basic conditions.sx 
However, the formation of other pyrrole by-products in this reaction limits the scope of this method. 

Fottsch and coworkers recently investigated an interesting one-step approach for the 
synthesis of 3-aminopyrroles from diethyl aminomalonate and a-cyanoketone derivatives (Scheme 

19). The authors speculated that an enamine intermediate is formed initially, which upon cyclization 
and decarboxylation produces 3-aminopyrroles with several substitution patterns, in poor to moderate 
yields.5y 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROIBS 

i )  Brz. CHClj-MeOH; ii) Et3N. MeOH R I  = />-CIC~HJ, Rz = CONH?, 44% 

R3 

R1 = Ph, R? = H, R3 = CF3,64%~ 
RI  = CF3, R? = H, R3 = Ph. 4010 
R1 = H, R? = Ph. R3 = CF3.51'/"0 

- r,JozEt i. ii HO2C vR2 RI 

I 
R i q . 3  R2 Bn 

i )  NaHIDMSO, benzene; i i )  NaOH 
Preparation of Pyrroles by Ring Closure of Alkylideneaminothioacrylalnides and P-Enaminoketones 

Scheme 18 

i )  TszO. Et3N 
w EtO2C H2)$- R I  

i i )  NH*.HCI I . NaOEt H 
EtO2CACO2E1 R I  = 4-MeOPh, Rz = H (30%) 

R ,  = 2-luranyl. Rz = H (61%) 
R I  = M e ,  R? = Ph (21%)) 

3-Aminopyrroles from Diethyl Aminoinalonate and a-Cyanoketone Derivatives 

Scheme 19 

111. BARTON-ZARD PYRROLE SYNTHESIS AND RELATED REACTIONS 

A large number of five-membered rings have been devised from carbanion addition to 
compounds containing activated double bonds. One general process based on this concept developed 
by van Leusen and coworkers, demonstrated that tosylmethylisocyanide (TosMIC) reacts with 
Michael acceptors in the presence of a non-nucleophilic base (r-BuOK and NaH) to produce pyrroles 
(Scheme 20).6n The isocyanide anion generated by the base easily adds to the a,P-unsaturated ketones, 
esters or nitriles followed by a 5-endo-dig cyclization process and elimination of toluenesulfinate ion 
leading to pyrroles unsubstituted at the ring 1,2 and 5-positions (Scheme 20). TosMIC possesses the 
best leaving group for this reaction since the tosyl group is immediately lost during the aromatization 
step. 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

EtZO/DMSO 
TosCH2-NC 

R2 NaH 
-TosH 

I 
H 

10 - 7010 
Preparation of Pyrroles by TosMIC Condensation with Michael Acceptors 

Scheme 20 

Somewhat later, Barton and Zard demonstrated that nitroolefins or P-acetoxynitro alkanes 
condensed with a-isocyanoacetate esters in the presence of a non-nucleophilic base (DBU or guani- 
dine) to give polysubstituted pyrroles with ideal substituent patterns for the further synthesis of 
porphyrins and bile pigments.", " Basically, this method takes advantage of the ability of a nitro 
group to activate olefins towards Michael addition as well acting as a good leaving group (Scheme 
21). The present approach is very important since the substituents at 3- and 4-positions arise from the 
nitroalkene precursors and the 2-carboxylate substituents from the a-isocyanoacetates. Since 3,4- 
disubstituted pyrrole-2,5-dicarbaldehydes are irreplaceable intermediates for the synthesis of 
porphyrins and homologs, Guilard and coworkers found a process to transform the Barton-Zard 
pyrrole adducts into pyrrole-2,5-dicarbaldehyde in one step.6' The use of this methodology led to the 
synthesis of a number of antifungal pyrrole derivatives which were tested in vitro against Mycobnc- 
terium tuberculosis.". h5 

1" +R3050 THF:iPrOH ( I :  I )  
* R 3 0  v 

guanidine TFA 
50°C. 311 O H  

O2N R2 
CN 

Barton-Zard pyrroles adduct R1 = RZ = Me (49%) 

R I  = Rz = Me. R1 = r-Bu. (60%) R1 = Me, K2 = Ei 
(22%) 

Nitronlkenes Condesation with lsocyanides in the Presence of Guanidine 

Scheme 21 

R I  = Me, Rz = Et, R3 = t-Ru (68%) 

Lash and coworkers reexamined this chemistry using several nitroalkenes generated i12 situ by 
acetoxy group elimination (Scheme 22)'' The same base (DBU) was also used to promote the addition 
of anion of benzylisocyanoacetate to nitroalkenes; a proton exchange followed by HNO, elimination 
and [ 1,5]-sigmatropic rearrangement furnished 2,3,4-trisubstituted pyrroles. It was shown by the same 
group that nitroarenes (e. g. 6-nitrochrysene, I -nitroacenaphthylene, etc.) can be used in this reaction 
(DBURHF). More recently, the same group found that unreactive nitroaromatic compounds condense 
with ethyl isocyanate using a more strong base.67 Osuka and Nakajima6* applied this protocol to 
produce 9-anthryl substituted pyrroles. Adamczyk" prepared porphobilogen for porphyrin syntheses 
(structures in the boxes, Scheme 22) and, Novi and coworkers also reported a useful synthesis of 4- 
ethynylpyrroles from 2,3-dinitrobutadienes and TosMIC catalyzed by several bases.70 
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RECENT ADVANCES IN THE SYNIHESIS OF PYRROLES 

R2 - 
OAc 

i l  DBU/THF 

I 1 

R02C 7? I 
H 

R = Et. r-Bu or Bn 
X = CH or N 

EtO2C %P 
I 
H 

HO2C 

I 
H 

Porphobilogen 

Nitroalkenes Generated in sittc in the Barton-Zard Reaction 

Scheme 22 

More recently, Lash and coworkers continued their work on the preparation of pyrroles by 
this chemistry and obtained fused aromatic c-pyrroles,” which were used in preparing modified 
porphyrins with potential application in molecular wires, as photosensitizers and in photodynamic 
therapy (Scheme 23).72 In this study they found that 13- and 2,7-dinitronaphthalene condense with t- 
butyl isocyanoacetate more easily than nitronaphthalene, since it is more prone to nucleophilic attack 
by isocyanoacetate anion. It should be noted that further reaction to form dipyrrolic product was never 
observed. 

0 2 N  

Me 
DBU/THF 

C N - C H ~ C O ~ ~ - B U  

H 
45% Et 

Preparation ot fused aromatic c -pymoles 

Scheme 23 

In a similar study exploiting the Barton-Zard pyrroles synthesis, van Leusen and coworkers 
prepared a series of 3(4)-nitropyrroles (structures type I in Scheme 24) with alkenyl substituents at the 
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PERKEIRA, DE SOUZA, CUNHA. PEREIRA AND FERREIRA 

2- and 3-positions (or 3-position only), efficiently, by a base-induced addition of tosylmethyliso- 
cyanide (TosMIC), or its unsaturated homologs (condensation products between TosMIC and 
ketones), to nitr~alkenes.~' The same group demonstrated in further work that these 4-nitropyrroles 
are ideal precursors for the synthesis of 3-nitroindole~~~ by thermal 67c-electrocyclization of 2 3  
(dialkenyl)-4-nitropyrroles (structures type I1 in Scheme 24) in nitrobenzene, a solvent that promotes 
in situ aromatization of the initially formed dihydroindoles in good yields. 

tBuOK, THF ~ ph*No2 - KOH 

n = 0, R1 = H, R2 = Me (84%) n = 1, R, = H, R2 = Me (78%) 
n = 0, RI  =Me, R2 = Ph (74%) n = 2, R, = Me, R2 = Ph (80%) 

Me1 -80"C, Ih 
R1 

R2 TOS 

R2 
Ph dNo2 + R'xNc 

phvNo2 -* PhN02 retlux ' h w N o 2  

R1 . R i  

R2 Me R2 Me 
I 11 

n = 0, RI  = H, R2 = Me (93%) 
n=0 ,R1=Me,Rz=Ph(91%)  

RI = H, R2 = Me (75%) 
RI  =Me, R2 = Ph (85%) 

Synthesis and Thermal 61~:-Electrocyclization of 2,3-(Dialkenyl)-4-nitropyrroles 

Scheme 24 

The addition of &yl isocyanoacetates and isocyanoacetonitriles to a$-unsaturated sulfones 
also produces pyrrole in a similar Barton-Zard process. This alternative protocol is a broad and very 
convenient one since a$-unsaturated sulfones are easily obtained from readily available olefins 
(Scheme 25).7s 

Et02Ce C02Et 0 
SO2Ph 

\ 
S02Ph 

R = CO~I-BU, C02Et, CN 

+ + -  THF, rt 
Et02CvNZC 

2.2 eq. KOr-Bu 

R ,,NC 
THF. rt 

2.2 eq. KOr-Bu 

1 
H 43% 

Colt-BU (92'hj 
CN (77%) 

R = C02Et (87%) 

Use of a,h-Unsaturated Sulfones in a related Similar Barton-Zard Process 

Scheme 25 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

An interesting achievement in this area was the preparation of stannylated tosylmethyl 
isocyanide and its use in the synthesis of a series of substituted 2-trimethylstannylpyrroles. The stan- 
nylated tosylmethyl isocyanide is efficiently prepared in situ from TosMIC by a base-induced reaction 
and then treated with Michael acceptors leading directly to the 2-stannylpyrroles. Further reaction on 
these stannylated pyrroles by Stille cross-coupling with bromobenzene has been performed success- 
fully with the N-methyl derivative (Scheme 26).7h 

i )  n-BuLi/THF 

ii)  McISnCI 
CN-CHzOTS * 

I )  KOHMeI 

Ri  

Me THF 

Ph RI=Ph, Rz=COPh (87%) 
I 

lire 
RI=Ph, R?=COPh (65%) 

Stannylated TosMIC in the Preparation of 2-(Trimethylstannyl)pymoles 

Scheme 26 

Since the Barton-Zard pyrrole synthesis is a flexible and efficient protocol, it has been used 
in several total syntheses. Very recently, Ono and coworkers showed that this methodology is very 
useful for preparing pyrrolostatin, a novel lipid peroxidation inhibitor, and its analogues.77 Ley and 
coworkers developed a rapid and flexible method to generate libraries of tri-substituted pyrroles using 
this method in a multi-step reaction sequence based on polymer-supported reagents.7x 

IV. PYRROLES FROM 12-DICARBONYL DERIVATIVES 

P-Dimethylamino ketones are useful intermediates for the synthesis of many heterocyclic 
compounds including pyrroles with a variety of substitution patterns. These ketones can be easily 
prepared from 1,3-dicarbonyl corn pound^.^^ Similarly to the Hanstzch reaction, the P-dimethylamino 
group can be exchanged by amino acids. In a skilful work devoted to accessing several heterocyclic 
compounds, Gupton and coworkersx0 extended the knowledge of this reaction by showing that ethyl 
glycinate adds regiochemically to disubstituted vinylogous iminium salts producing several 2,3,4- 
trisubstituted pyrroles (Scheme 27). 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

i )  POCI1. CHzC12 ~ R& 
C02Et 

I 
i i )  RzNHCH2C02Et 

R2 NMe2 NaH/DMF 

RI  = R? = Me (68%) R, = Et, RZ = Me (60%) R I  = Ph, R2 = M e  (60%) 

Regiochemical Addition of Ethyl Glycinate in a Hanstzch Reaction 

Scheme 27 

Esters of alkyl, aryl, and heteroaryl substituted a-aminoacids have also been successfully 
used as synthons for the synthesis of the tetrasubstituted pyrroles (Scheme 28)'' a-Aminoacids esters 
react easily with dimethyl acetylenedicarboxylate (DMAD) in methanol at 0-20°, forming mixtures of 
(E) and (Z)-enamines in quantitative yields, which are then transformed into tetrasubstituted pyrroles 
by a sodium methoxide-catalyzed Dieckmann-like condensation. 

Me02C 

1$12 
R2 'LO2R1 R2 'CO~RI H I 

MeONa 

MeOH Me02C 
- NH MeOH )(::I:: 

H-.N 
-k Me02C-C02Me - 

0°C 

R I  = Me, R? = Bn (65%) R, = Me, R2 = (CH3)2CH=CH2 (68%) R I  = Me, R? = CHjSCH=CHz (54%) 

Dieckmann-like Condensation for the Synthesis of Tetrasubstituted Pyrroles 

Scheme 28 

A further example exploiting the use of p-enaminones was developed by Kascheres and 
coworkers. The reaction of carbethoxycarbene with several acyclic enaminones (RCOCH=CR,NHR2) 
lead to substituted pyrroles. Structural variations of the enaminones show that the fragments C(3)- 
C02Et and C(2)-Me are derived from the diazo compound and that the fragment C(S)-R,NHR, origi- 
nated from the enaminones. The authors did not propose a mechanism to explain the formation of the 
pyrolles, but speculated that the RCO group of the enaminones is eliminated during the course of the 
reaction (Scheme 29)'' 

0 

I 
R2 

Preparation of Pyrroles by Carbenoid Insertion at Enaminones 

Scheme 29 

Very recently, Revial and coworkers found the optimal conditions for the reaction of imines 
with nitroalkenes to produce substituted pyrroles in one step.*> This procedure is an improvement of 
the original work reported by Grob and coworkers in the early ~ O ' S , * ~  which involves reaction 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROIXS 

between secondary p-enaminoesters and 1 -nitroalkenes followed by an intramolecular displacement 
of the nitro group by the amino group to yield pyrroles (Scheme 30). The efficiency and simplicity of 
the experimental conditions make this methodology very attractive but it is limited to symmetrical 
imines. 

"3 \I toluene "'7 

Ri = R l =  H, R7 = Ph (70'70) R I  = R2 = H. Rj = El (47%) R1 = R2 = O(CH?)?O. R l =  Ph (90%) 

One Step Synthesis of Pyrroles from linines and Nitro Vinyl Derivatives 

Scheme 30 

Low-valent transition metals have been known for long time to induce C-C bond formations 
in a catalytic process (McMurry reaction). Low-valent titanium based reagents efficiently perform 
reductive carbonyl couplings.85 Continuous improvement of this reaction, since its discovery in the 
1970s, led to impressive applications in the syntheses of natural products and pharmaceuticals. 
Fiirstener and coworkers developed a new procedure to transform 0x0-amides, acylated enaminones 
or masked 1,3-dicarbonyl compounds, into several substituted pyrroles by using a low valent titanium 
reagent (Scheme 31). This methodology was applied successfully to the synthesis of some important 
alkaloids. The exact mode of action of these reagents has been scrutinized and it was shown that the 
active titanium species responsible for the coupling is not generated during the reductive coupling of 
the carbonyl-containing substrate.xh 

* 
TiCI7. Zn (dust) 

THF. retlux. 3 h 
0 

Me02Cy N, H,,,,O 
TiC13. CxK ( 1 :2) * Me02C hAr N 

DME. reflux, 3 h I 
H 

52%' 
0 

Transformation of Enaminones into Pyrroles by Low Valent Titanium Reagent 

Scheme 31 

Low-valent rhodium complexes are efficient catalysts for the activation of a-C-H bonds of 
isonitriles under neutral conditions. These metallated species easily add to electr~philes.~' Very 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIFU 

recently, Murahashi and coworkers expanded this concept to prepare highly substituted pyrroles in 
one step by the Rh,(CO),, catalyzed addition of isonitriles to 1,3-dicarbonyl compounds (Scheme 
32)." It is worthy to note that the process produces tri- and tetrasubstituted pyrroles in moderate to 
good yields, and in highly regioselective fashion on the basis of either steric or electronic effects. 

RhdCO) I z 
(3 inoI%) 

toluene 
CNAC02Et + 

I 
80°C 4 h H 0 0  

R I  = R? =Me,  R2 = H (84%) R I  = R2 = R? = Me (68%) R1 = Me, R2 = H, R? = COzEt (76'70) 
R ,  = Ph, R2 = H. R 3  = Me (52%) R, = t-Bu, R2 = H, R 3  = M e  (65%) 

One-pol Pyrrole Synthesis by Rh2(CO) I2 Catalyzed Addition ot lsonitriles to 1,3-Dicarbonyl Compound\ 

Scheme 32 

V. MULTIPLE-COMPONENT REACTIONS 

Recent efforts have been directed towards to the development of multiple-component reac- 
tions (MCRs) since these processes are very attractive to produce drug-lie small molecule libraries, 
mostly on solid supports, but also in solution.8y MCRs have several advantages over conventional 
organic reactions, such as the preparation of new molecules from several small starting materials and 
a highly convergent methodology. Amongst known MCRs, the Ugi reaction is the far most versatile. 

The Ugi four-component reaction ( ~ J Z C ) ~  is a powerful multiple-component reaction"', 'I2 

that produces in a single step dipeptides or a-acylaminoamides (called Ugi product) from aldehyde, 
amine, carboxylic acid and isonitrile (Scheme 32). These Ugi products93- 94 (see structure in Scheme 
32) have been applied successfully to the synthesis of several heterocyclic compounds. For instance, 
when heated with alkynes containing either one or two electron-withdrawing substituents or with 
nitroalkenes, they lead to pyrroles in good yields through a 1,3-dipolar cycloaddition, of the munch- 
nones ( 1,3-oxazolium-5-ones) class of mesoionic compounds in situ (Scheme 33).95s 96 

munchnone 

n = I ,  RI = Et, R2 = 4-Br-ChH4, R J  = R4 = COzMe (42%) 
n = 2, R I  = Et, R2 = 4-Br-C6H1, R? = R4 = C02Me (46%) 
n = 2, R l  = Et, R2 = 4-Br-CbH4, R? = & = C02H (49%) 
n = 2, R I  = i-Pr, R? = Bn, R? = RI = C02Me ( 7 2 8 )  NH2 

0 

I ,3-Cycloaddition of Alkynes and Munchnones lo Generate Pyrroler 

Scheme 33 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROIXS 

Other alkynyl compounds also have been used as other 1,3-dipoles in cycloaddition reac- 
tions to produce pyrr~les.'~, yx Since MCRs are superior to linear synthesis, their use in solid support 
reactions is quite adequate. Thus, Mjalli and Baiga used a solid supported reagent to obtain the Ugi 
product and its conversion into several pyrroles (see box in the Scheme 33)." 

In a recent study, Bossio and coworkers reported a simple one-pot synthesis of densely func- 
tionalized pyrroles by a four-component condensation (4-CC) protocol (Scheme 34)."' The initial step 
consists of a condensation between phenacylamine hydrochloride, cyanoacetic acid, cyclohexyl 
isocyanide, and aldehydes in the presence of potassium carbonate. The 4-CC product generated in situ 

was immediately treated with diazomethane to produce pyrroles in good yields (Scheme 34). 

-I 

Ugi's product 

NC Ph 

Densely Functionalized Pyrroles from Ugi 4-CC Intermediate 

Scheme 34 

In another study, pyrroles were synthesized by a three-component (3-CC) reaction of aldehydes, 
amines, and nitroalkanes in the presence of samarium halide under mild conditions.'"' The reaction 
involves the coupling of a$-unsaturated imines with nitroalkanes. The imines are formed in situ by the 
samarium-catalyzed condensation generated from the amines and the aldehydes, which then react with 
nitroalkanes to produces pyrroles (Scheme 35). This process can also be carried out in absence of any cata- 
lyst. For instance, when a mixture of n-butylamine, 2-butylidenecyclohexanone and nitroethane reacts at 
60" for 15 hours produces an isoindole is produced in 39% yield (see box in Scheme 33,  which is difficult 
to prepare by other conventional methods. Later on, the same group reported a short variation of the above 
method, in which imines couple with nitroalkenes under catalysis by lanthanide compounds.ln2 Amongst 
all lanthanide compounds tested they found that samarium tri-0-isopropoxide was the better catalyst for 
this kind of coupling. Very recently, an improved procedure for this methodology has been developed in 
an one-pot reaction of a,b-unsaturated aldehydedketones, amines and nitroalkanes on the surface of silica 
gel, without any solvent, under microwave irradiation, to produce pyrroles in good yields."" 

Combinatorial chemistry has become an important tool for the discovery of new biological 
active compounds and solid phase is by far the technique most utilized for preparing small organic mole- 
cule libraries. Three-component reactions are also very suitable for combinatorial synthesis in the solid 
phase method. Jung and Trautwein"' applied a slrmlar methodology for the synthesis of pyrrole libraries. 
The reactions were performed with aromatic aldehydes, nitroalkanes, enaminones supported on a solid 
resin, and piperidine as the base in DMF leading to pyrrole 3-carboxamides in reasonable yields (Scheme 

36). 
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FERREIHA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

Synthesis of Pyrroles hy a 3-Component Coupling Reaction 

Scheme 35 

RI  = piperonyl, Rz = Me, R3 = 3.4.5-trimethoxyphenyl (60%) 
RI = furfuryl, R2 = Me, R j  = 4-lluoroyphenyl (88%) 
Ri = cyclopropyl. Rz = M e ,  R3 = 4-nitrophenyl(74%,) 

i )  RXH2N02 ,  RKHO, DMFEtOH ( I : 1 ), 70°C 5 h.  i i )  20% TFA, CHzC12,30 min. 

3-CC Synthesis of Pyrroles in Solid Phase 

Scheme 36 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

Ti(0-CPr)p 

In another study, a very straight favored 3-CC process for preparing pyrroles in good yields 
from alkynes, imines and carbon monoxide via organotitanium intermediate was developed by Sato 
and coworkers.l". I oh  The one-pot process involves the facile formation of ($-propene)Ti(OiPr), 
generated in siru from acetylenes, Ti(OiPr), and 2 equivalents of i-PrMgC1. Its reaction with imines 
affords azatitanacyclopentene complexes. Finally, CO insertion into the Ti-C bond leads to substituted 
pyrr~les."'~ This sequence uses nontoxic and commercially available reagents and also tolerates a 
variety of functional groups in the acetylenic reagent (Schetne 37). 

R ~ A ' N - R ~  

CO R3 

Ti(O-i-Pr), 

2 i-PrMgCI 
R1 = R2 - 

TMS lp" 
n = 1. 8 4 8  A n = 2.82% 

Synthesis of Suhstituted Pyrroles by CO Insertion into Azatitanacyclopentene Complexes 

Scheme 37 

Very recently, a new 3-CC approach for the construction of pyrrole rings was developed 
from alkynes, isothiocyanates and alkyl lithiums. The utility of this process was demonstrated by the 
synthesis of 1,2,3,5-tetrasubstituted pyrroles starting from alkyl isothiocyanates and alkynylamines or 
alkynyl ethers. The key step of this process is the regiospecific functionalization of lithiated 2-alkyny- 
lamines, or the analogous ethers, with alkyl isothiocyanates. Despite the fact that only two examples 
of pyrroles were reported from this approach, it can be anticipated to be a useful method for preparing 
pyrrole derivatives (Scheme 38).In8 

R I  = NEt?. R l =  NEtl, R 1 =  Et (87%) R I  = OMe, Rz = 2-furyl. R j  = Me (63%)) 

3-CC Approach for the Construction of Pyrrole Rings 

Scheme 38 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

VI - SYNTHESES OF PYRROLES FROM ALKYNYL COMPOUNDS 

Alkynes are important building blocks in material science and organic synthesis. The utiliza- 
tion of these substances in the synthesis of pyrroles represents one of the most versatile and efficient 
tools for the preparation of this class of compounds. A number of processes, which allow for the 
construction of properly functionalized pyrroles from acetylenic building blocks, have been developed 
lately, providing an important new dimension in the design of synthetic strategies. 

In this regards, Katrizky and LiIo9 reported an extended method"O for the synthesis of poly- 
substituted pyrroles having a CH,-benzotriazole substituent (Scheme 39). Thus, benzotriazole-pyrroles 
were easily prepared by 5-endo-cyclization from an aminoalcohol intermediate generated from the 
reaction of 5-(benzotriazol- 1 -yl)- 1,2-epoxy-3-pentynes with primary amines in i-PrOH. The 2-(benzo- 
triazol- 1 -yl)methyl side chains were elaborated by nucleophilic substitution followed by replacement 
or elimination of the benzotriazolyl moiety" I to afford a variety of polysubstituted pyrroles. The 
Scheme 39 illustrates some selected examples of pyrroles prepared by using this methodology. 

R3 i )  n-BuLi/ THF 
k 

i-propanol R i  

R3 - 
I 

R I  = Ph (76%) 
R1= ~ - B u  (76%) 

ii) 

CH3 - 
R2 

R I  = Ph, R2 = Bn (65%) 

I 
R2 R2 

Rl = Ph, R2 = Bn (87%) R l  = Ph, R2 = C6HsCH2 (82%) 
RI = r-Bu, R? = n-Bu (63%) 

Use of 5-(Benzotriazole-l -yl)- 1,2-epoxy-3-pentynes for Pyrrole Synthesis 

Scheme 39 

Yeh and coworkers showed the preparation of substituted pyrroles by 5-endo-dig and 5-exo- 

dig cyclizations. Treatment of cobalt-stabilized propargylium complexes with BF,.Et20 and the 
appropriate amine give the propargyl amines, which are deprotonated with LDA and then converted to 
dihydropyrroles in one-step intramolecular cyclization reaction. These dihydropyrroles can be further 
transformed into pyrroles by oxidation with DDQ (Scheme 40). Salermo and coworkers recently 
reported another similar ring closure, presumably initiated by nitrogen attack on Pd-complex triple 
bond. I I 2  They obtained tetrasubstituted pyrroles in one-step Pd-catalyzed cycloisomerization of (Z)- 
(2en-4-yny1)amines. Also, Gevorgyan and coworkers reported a novel and general method for the 
construction of a variety of substituted pyrroles via Cu-assisted cycloisomerization of alkynyl 
irnines'l3 (see boxes in Scheme 40). 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

c 

R 

E = CN, R = H (48%) 

E = CN, R = Ph (72%) 
E = CN, R = Me (48%) I 

Me E = CN, R = H (46%) 
E = COZEt, R = H (9%) 

E = COIEt, R = Et (64%) I E = CN, R = Me (53%) 
M~ 

R3 R2 z Ny+R2%R4 
Ri 
5 1-93% R1 

i) CuI (30 mol%), EtlNlDMA (l:7), 110°C 

Carbanion Addition to Carbon-carbon Triple Bond by 5-endo-dig and 5-en-o-dig Cyclization 

Scheme 40 

Obrecht and coworkers have studied a general route for the synthesis of N-protected-3- 
halopyrr01es~~~~ I I s  in good yields from acid catalyzed cyclization of the corresponding acetylenic 
ketones or acetylenic acetals (Scheme 41). 

Br 

NHTs + i O y - J  NHTs - 11 QR, 

... ii $l1 BocNwoEt R i  OEt - I 

Ri  I 
d 

Ts 
R I  = 2-fury1 (976,) 
RI = 2-thienyl (94%) 

R I  = 2-fury1 ( 6 2 8 )  
R1 = 2-thienyl (65%) 
R I  = Ph (758) R1 = Ph (82%)) 

Boc 

- 
= i O E t  OEt - R1 OEt 

R I  = CgH17 (56%) 
Ri = C S H ~ I  (85%) 

RI  = CSH17 (64%) 
RI = C ~ H I ~ ,  (64%) 

i )  LDA, THF, -78°C; HMPT/R,CHO: MnOl, CH2C12; ii) HBdAcOH, 33%; i i i )  nBuLi, THF, -78°C; 
RICHO: iv) MsCI. BocNH. 

Pyrrole Synthesis from Propynaldehyde Diethylacetal or N-protected Propynylamine 

Scheme 41 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

In a recent paper, Ghosez and coworkers expanded the above method applying the Suzuki 
reaction for the coupling of 3-halopyrroles with arylboronic acids catalyzed by Pd(PPh,),. I I h  For 
instance, the coupling of halopyrroles with o-nitrophenylboronic acid took place in 5 minutes at 80" in 
98% yield with this catalyst (Scheme 42). Gukritte and coworkers recently described the preparation 
of di-nor-secorhazinilam, an analogue of (-)-rhazinilam, by a similar methodology using 
PdBnCl(PPh,), as the catalyst for the Suzuki cross-coupling reaction'". ' I 8  

I. 

Ph 
i )  HI aq., -10°C. 71%; i i )  K M n 0 4  aq., 4 h, 48%; 
i i i )  ArB(OH)]/DMF-H20, Pd(PPh?), 

o& H Ts 
-0 iii & 

H Ts 

Ar = o-N02C6H4 (988) 
Ar = m-N02ChH4 (88%) 
Ar = o-MeOC6Hd (88%) 
Ar = C ~ H ~  (92%) j 

Coupling of 3-Halopyrroles with Arylhoronic Acids by Suzuki Protocol 

Scheme 42 

Another route which employs alkynyl compounds in the synthesis of pyrroles was reported 
by Gleiter who found an interesting rearrangement of 1,6-diisopropyl- 1,6-diazacyclodecadiyne in an 
one-pot PdC catalyzed reaction leading to 3,3'-bispyrroles (Scheme 43.' l 9  

t 
\ 

R 
R = H (95%) 
R = i-Pr (95%) 
R = Ph ( 5 3 8 )  

f2-Q - - 
PdlC 5% 

R-N N-R 

d - MeOH, 80- 140°C - 

3,3'-Bispyrrolcs Obtained from Alkynyl Compounds 
Scheme 43 

Barluenga and coworkers developed an efficient two-step synthesis of polysubstituted 
pyrroles by metallation of 1 -azabutadiene forming propargylic-substituted 4-amino- 1 -azabutadiene 
followed by a 5-exo-dig type thermal cycloamination (Scheme 44).120 Several points are worthy of 

note here. The starting azadienes and their alkylated derivatives are easily prepared in multigram 
quantities. The cycloamination takes place chemoselectively at the substituted nitrogen since it is 
nearly coplanar with the triple bond. In very recent works, Arcadi and coworkers also studied several 
routes for producing substituted and fused pyrroles by 5-exo-dig cyclization of y-ketoalkyne deriva- 
tives (4-pentynones) in the presence of primary amines.'*I 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

Ri = />-MeC,Hj. R 2  = Ph, R3 = Ph. R4 = H (90%)) 
R I  = R 2  = RI = Ph, R4 = H (95%) 

R I  = R3 = / J -M~C~HJ ,  R2 = Ph, R, = H (96%) 
i )  ,i-Btili/THF; ii) BrCH2 = R4; R I  = WBU, R? = Ph, R l  = Ph. R4 = H (91%) 
i i i )  toluene. 60T ,  4h: i v )  aq. HCI. rt. 

Chemoselective Cycloarnination of Propargylic-a~abutadiene 

Scheme 44 

Very recently, Dieter expanded his early work on I ,4-conjugate addition of a-aminoalkyl- 
cuprates122 to a$-allenyl esters and developed one broad strategy employing the same type of addi- 
tion to a,b-alkynyl ketones catalyzed by copper in order to construct the carbon skeleton of the 
pyrrole ring.123 This protocol is divided in two steps: conjugate addition of a-aminoalkylcuprates to 
alkynyl ketones generating y-amino-a$-enones; in a second step, treatment with PhOWTMSCl in 
CH,CI, - -  effected deprotection of the amine and subsequent cyclization afforded polysubstituted 
pyrroles (Scheme 45). It is worth noting that this synthetic strategy provides an efficient and rapid 
entry to the synthesis of several highly substituted pyrroles using readily available starting materials. 
Also, addition of ketoxime to propyne or allene in strongly basic medium produces in one step 2,5-di 
and 2,3.5-trisubstituted pyrroles in good yields.'?' 

R3 

R = R I =  H, R? = Bu, R 1 =  Me (79%) R = R I =  H, R l  = Ph, R l  = M e  (66%) 

Pyrrole Synthcm by a-Aininoalkylcuprate Addition to Alkynyl Ketones 

Scheme 45 

R = Ri= H. Rz = Bu, R l =  f-Bu (66%) R = R3 = H, R I =  Ph. Rz = B U  (41%) 

Fully substituted pyrroles are obtained from alkynyl compounds using a reported method by 
Iwasawa and coworkers,"'. I" who explored a special migration pattern of the Fischer carbene 
complexe~.~?' Thus, addition of alkynyllithium to Fischer-type carbene tungsten complexes forms an 
intermediate that reacts with several electrophilesi'x, leading to butenolides or dihydropyrroles. 
Upon oxidation with iodine, the compounds produce furans or pyrroles, respectively (Scheme 46). 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

The most special feature of this methodology is the synchronized heterocycloaddition to a Fischer- 
type carbene followed by [ 1,2]-metallopentacarbonyl migration of the metal group. Other types of 
heterocyclizations such as [4 + 31 and [3 + 31 involving metallopentacarbonyl complexes have been 
used to prepare pyrroles.'") 

R3 
- Meokf R1 

i) 12. Et3N 

i i )  McOH 
iii) TFA I-78"C I 

SOpPh 

RI = Ph, R2 = n-Hex, R3 = Ph (76'%) 
R I  = i-Pr, R2 = n-Hex, R3 = Ph (72%) 
RI = i-Pr, R2 = R1= Ph (708) 
R I  = Ph, Rz = n-Hex, R? = PhCH=CH (70%) 

Use of Fischer-lype Carbeiie Coiiiplexes for the Synthesis of Pyrroles 

Scheme 46 

VII- OTHER REACTIONS 

Wong and coworkers developed a versatile method for the synthesis of 3,4-disubstituted 
pyrroles. The starting material in this method was 3,4-bis(trimethylsilyl)- 1 H-pyrrole. Through a 
highly regioselective monoiodination reaction only one trimethylsilyl group was substituted. Subse- 
quent palladium-catalyzed cross-coupling reactions led to alkyl or aryl substitution of the iodine on 
the resulting pyrrole, which again underwent further iodination replacement of the remaining 
trimethylsilyl group; finally then another palladium-catal yzed cross-coupling reactions led to symmet- 
rical or unsymmetrical l-protected-3,4-disubstituted I H-pyrroles (Scheme 47). This protocol repre- 
sents a rapid and efficient method for obtaining regioselectively 3,4-disubstit~ted-pyrroles.~~~~ I " The 
scope of this methodology was broadened by a combination of a-lithiation and nucleophilic substitu- 
tions of 3,4-bis(trimethylsilyl)-pyrrole derivatives leading to several 2-substituted 3,4- 
bis(trimethylsily1)- 1 H-pyrrole- I-sulfonamides.I3' Taking the advantage of the p-effect of the 
trimethylsilyl group, a highly regioselective synthesis of 2,3,4-trisubstituted 1H-pyrroles was accom- 
plished in good yields. By using this methodology, the marine natural product lukianol A was 
prepared in few steps (see box in Scheme 47). 

Carbene and metal carbenoids are very useful reactive intermediates in the syntheses of 
several heterocycle rings. Liu and coworkers prepared 1,2,3-tnsubstituted pyrroles in good yields 
from the reaction of chlorocarbenes with l-azabuta-l,3-diene in one step (Scheme 48).174 Although 
only moderate yields were obtained in thermal catalyzed reactions, the process is still valuable for the 
synthesis of pyrroles due to the fact that arylchlorodiazirines and l-azabuta-l,3-diene are easily 
prepared from commercially available reagents. 
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RECENT ADVANCES Lh' THE SYNTHESIS OF PYRROLES 

Iodination Cross-coupling Iodination 

R 

Cross-coupling 

I Lukianol A 

I )  12ICFqCOrAg. THF, -78"C, Ih, 1 1 )  PhB(OH)>, Pd(PPh7)z. Cut, Et2NH. 22-24 h, 
1 1 1 )  1#2F?CO?Ag, THF. 1 h ,  i v )  PhB(0H)I. Pd(PPh?)z, Na2COI. MeOH-PhMe, 80°C 

Preparation of Pyrroles by Substitutions of TMS Groups at the Pyrrole Ring 

Scheme 47 

Ar = Ph. R I  = Me, R2 = Ph (54'10) 
Ar =p-MeCbH4, R I  = Bn. R? = Ph ( 5 8 9 )  

Ar = p-MeC6Hd. R I  = Me, R? = Ph (65%)) 

One-step Cyclization of Chlorocarbenes with 1 -Arabuta- I .3-dienes 

Scheme 48 

Among many reports concerning the use of isocyanides in pyrrole synthesis, the formal [ 1 + 
41 cycloaddition of aldimines (or protonated aldimines) and isocyanides represents a new route to 
access to 2-aminopyrroles in one-pot reaction. The starting aldimines are readily prepared from the 
corresponding aldehydes and appropriate primary amines. The main feature of this method is the 
construction of the ring by simultaneous formation of N(l)-C(2) and C(2)-C(3) bonds, which can be 
classified as a C3 + C1 reaction in terms of the number of carbon atoms supplied to the heterocycle 
(Scheme 49). 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

RJ-NC 
___) 

I 
RI 

MeCN 
R3 ")i"""' reflux, 4 h 

K1= Ts, Rl = Me, U j  = Ph. RJ = r-Bu (71%) 
R I  = Ts, K? = Ph, R? = Me. RJ = I-Bu (63%1) 

One-pot [ I  + 41 Cycloaddition of Aldiinines and Isocyanides 

Scheme 49 

Continuing his extensive work on the synthesis of heterocyclic compounds exploring the 
strong electron withdrawing and nucleofugicity of the benzotriazolyl group Katritzky and coworkers 
have developed several new routes to 1.2-diarylpyrroles (Scheme 50)'75 and recently reported the 
extension of this methodology to construct trisubstituted pyrroles in good yields in one-step synthesis. 
The key step of this approach was a double alkylation of N-benzylbenzotriazole derivatives 
(BtCH,Ar) leading to an intermediate which cyclizes in acid medium producing pyrroles (Scheme 
50).' The same group showed also that N-allylbenzotriazolyl derivatives is also suitable for alkyla- 
tion with diarylimines leading to benzotriazolyl-anilines. The process involves Pd (11)-catalyzed 
intramolecular y-amination-cyclization by generating in situ dihydropyrroles, which then by an oxida- 
tion step led to 1 ,Zdiarylpyrroles in moderate to high ~ie1ds.I~' Cord and coworkers found that dihy- 
dropyrroles can be oxidized also to pyrroles by MCPBA in CH,C12.118 

i )  n-BuLi 

ii) ArlCH=NArz 

H+ - 
I 

Ar2 
I ,2-Diaiylpyrroles 

i )  n-RuLi, THF; ii) Br Y O E t  : i i i )  PhCH=NPh; i v )  formic acid 

OEt 
Ar2 
I ... 

111 Arlc - t3t- - 
Bt 

Ar2 

Arl= Ph, Ar2 = Ph (8501) 
Arl= 4-CIPh, Arz = Ph (80%') 

i )  wBuLi. THF; ArlCH=NArI: i i i )  Pd(OAc)2/PPh3/CuC12/K2CO3/THF 
Use of Benzotriazol Methodology for the Synthesis of Substituted Pymoles 

Scheme 50 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

A more versatile one-pot synthesis to obtain highly substituted pyrroles by benzotriazole 
methodology was recently reported by Katritzky and coworkers (Scheme 51).13') Thioamides react 
easily with hydroxymethyltriazole to produce benzotriazole-tioamides in high yields. The treatment of 
these amides with t-BuOK and Me1 forms in siru S-methylhioamidates that react with several Michael 
acceptors producing tri- and tetrasubstituted pyrroles in good yields. This method provides at least 
four points of diversification. It allows obtaining a variety of highly substituted pyrroles containing 
ester, amide, sulfone, and various aryl, and heterocyclic groups. 

X 

K N , H  S + 1 - I R i  lNl R3 111) I-BuOK, THF, Mel. 0°C R1 vR2 R3 

I 
R4 

HO R3 or I I  I I V )  R2CH=CHX, /-BuOK 
H 

I 
R1 

For tor R7 = H I )  BtCHzOH, toluene rellux 
For R3 = dlkyi or aryl 11) BtCH20H. R3CH0, PTSA x = C N ,  R i  = R L  = Ph. R3 = R j  = H ( 9 9 8 )  

v )  NaH, R4-1 (some examples) H 

X = SO,Ph, R i  = Rz = Ph, R3 = R4 = H (90%) 
X = COZEt, R I  = Ph. R? = CF?, R3 = H ,  R j  = Me ( 6 7 8 )  
X = C02Et. R1 = R 2 =  Ph, R7 = H. R4 = Me (89%) 

Use ot Beniotriaiole-tinamides in the Synthew ot Highly Substituted Pyrroles 

Scheme 51 

A very interesting approach for preparing trisubstituted pyrroles was developed by Baba and 
coworkers, in which the coupling of organotin enamines with a-haloaldehyde compounds was 
performed in one-step reaction in high yields (Scheme 52).14(' 

R i  
R I  = i-Bu, Rz = H, R 3  = CsHII ( ~ 9 0 % )  

R1 = i-Pr. R2 = Me, R 1 =  C S H I  I (74%) 
R I  = i-Pr, Rz = H, R 3  = Ph (94%)) 

R1 = ~ - B u ,  R2 = H. R3 = CSHI I (>998)  

Synthesis of Substituted Pyrroles from Tin Enamines 

Scheme 52 

Very recently, Nakamura and coworkers reported a completely new strategy to prepare 1-  

(dimethylamino)-lH-pyrroles through 13 + 21 coupling of ketone hydrazones and a vinylstannane in 
one-pot reaction (Scheme 53).13' The key step of this process is the carbometalation reaction of zincate 
hydrazones with a vinylstannane producing gem-ZdSn dimetallic species. Oxidative work-up with 
oxygen and ZnC1, decomposes the stanne-zincate intermediate producing dimethylamino- 1 H-pyrroles 
in moderate yield. 
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FERREIRA, DE SOUZA, CUNHA, PEREIRA AND FERREIRA 

L 
R I  = R2 = Bn (63%)) 
R, = Pr, R2 = i-Pr (77%) 
R ,  = Ph, R2 = Bn (53%)) 

i )  t-Buli, EtzO; i i )  BuZnI; iii)- JSnBu3 ; iv) ZnCI;?; v )  0 2 ,  -45°C to 25°C 2-20 h. 

NMe2 NMe2 

29% 50% 

One-pot Synthesis of Pyrroles via Carhonzincation Reaction of Hydrazones 
Scheme 53 

In 1995, Hewson and coworkers described a new route to prepare 2,3-dialkyl pyrroles by an 
intramolecular Wittig reaction as the key step (Scheme 54).14* More recently, the same group opti- 
mized the last step of this sequence making this protocol more u~efu1.l~’ Thus, treatment of a -  
amidoketone with a a-phenylmercapto-a-triphenylphosphonium iodide under basic conditions, 
followed by oxidation with MCPBA, led to sulfonyl dihydropyrroles. Further treatment of this inter- 
mediate with KOt-Bu produced substituted pyrroles by deconjugation of the vinyl sulfone followed by 
elimination of benzenesulfinic acid. 

S02Ph 

KOr-Bu 

\ 

PPh3T 
iii) MCPBA 

R I  = R? = Me (79%) 
R I  = Et, R;? = Bn (40%) 
R I  = M e ,  R l =  H (57%) 

Preparation of 2,3-Dialkylpyrroles hy an Intramolecular Wittig Reaction 

Scheme 54 

De Kimpe and coworkers disclosed a totally new entry into 2,3-disubstituted pyrroles, in 
which the key step is an a-alkylation of carbonyl compounds with P-haloazides. These azides upon 
reduction furnish pyrroles in good overall yields (Scheme 55). This methodology can also be applied 
to prepare other nitrogen containing heterocyclic compounds depending upon the length of the carbon 
chain of haloazides.I4 
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RECENT ADVANCES IN THE SYNTHESIS OF PYRROLES 

R = /-Pr. R I  = Me, Rz = M e  (81%) - 97% 
R = 1-Bu. R I  = Et, R? = Me (77%) - 84% 
R = i-Pr. R I  = CI. Rz = Ph (96%) - 7 6 8  

- 98% 
* 78% 
s- 95% 

i)LDAIHMPA.THF -78°C then I-(CH2)2N3 to 0°C. 1 1 )  SnC12.MeOH.4-5 h. iii)NaOMe/MeOH 

Preparation ot Pyrroles by Alkylation of Cai bony1 Coinpounds with Hnloazides 

Scheme 55 

Several small ring opening and cyclization reactions have been explored in the synthesis of 
pyrroles. An unusual approach for preparing di- or tri-substituted pyrroles was reported by Quast and 
coworkers. i45  Reaction of cyclopropane- 1,2-diarnmonium salts with aromatic aldehydes produes 
pyrroles in moderate to good yields. This method provides other points of diversification by using 
substituted cyclopropane-diamines (Scheme 56). Also azetidine ring can be rearranged to pyrroles by 
catalysis with diethylaluminum chloride.'" 

Br- MeOH OR + RCHO - 
AcONa I 

Bn 
R = Ph (64%) R = 2-(NaOlS)-CbH5Ph (32%) R = 4-Me2N-ChHy (75%) 

SPh 3 P h  
p h o g S P h  - AlEtzCl 

CH2C12 
I 

N, R 
R 

R = 4-MeOC& (55%) R = Bn (55%) 
Preparation of Substituted Pyrroles from Cyclopropane and Azetidine Rings 

Scheme 56 

A very unusual approach for preparing substituted pyrroles in two-step reaction was 
reported by Shioiri and coworkers, which explored the addition of lithium trimethylsilyldiazomethane 
(TMSC(Li)N,) to P-aminoketones. The reaction involves an attack of TMSC(Li)N, to the carbonyl 
forming an alkylidene carbene intermediate, which upon an intramolecular N-H insertion produces 
pyrrolines. Oxidation of the later compounds with MnO, produces pyrroles in high to moderate yields 
(Scheme 57).14' 
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R I  = R l =  Me, R7 = H, & = Bn (81 %) - 59'70 
Rl = Et, R2 = Me, R? = H, R4 = Bn (8370) - 68% 
R I  = n-Pr, R2 = Et, R l =  H, RJ = Bn (79%) - 55% 

1) MqSiC(Li)N?, THF. 1 1 )  Mn02. CH2C12, 12 h 

Pyrrolines and Pyrroles from Alkylidene Carbene Intramolecular N-H Insertion 

Scheme 57 

VIJI. SUMMARY 

Recent advances in the synthesis of highly substituted pyrroles have been reviewed. 
Although the first synthesis of pyrrole was described more than 100 years ago, and pyrrole synthesis 
have been extensively studied during these years, novel methodologies concerning the preparation of 
pyiroles continue to be reported. Many versatile, and in several cases unique heterocyclizations were 
reported, which may provide an important new dimension in the design of synthetic strategies for the 
construction of the pyrrole ring. A few of the more notable highlights reported within the last five 
years include mainly organometallic mediated heterocyclizations such as Pd-catalyzed oxidation of 
the enamine-intermediate of Knorr synthesis, the preparation of 2-(trimethy1stannyl)pyrroles from 
stannylated TosMIC, pyrrole syntheses by three-component coupling reaction catalyzed by samarium, 
enaminone (enamines) transformation into pyrroles by low valent titanium (or tin) and, carbonzinca- 
tion reaction of hydrazones. Processes using alkynyl compounds are also still valuable since the 
acetylenic derivatives are readily available. Also noteworthy: a-aminoalkylcuprate addition to alkynyl 
ketones, CO insertion into azatitaniumcyclopentenes and chromium Fischer-type carbene complexes. 
In the past five years, some advances in the field of the classical methods has continued under investi- 
gation mainly towards their improvement by the introduction of solid phase synthesis, e. g. MCRs in 
solid-phase. Other approaches should be noted: Knorr pyrrole synthesis based on Weinreb a- 
aminoamides and iodo-cyclization of p-enaminone vinylogous 1,6dicarbonyl compounds, including 
3-carbonyldihydrofuran. It is important to mention that considerable work has been devoted to 
improve the Barton-Zard reaction, 1,3-~ycloadditions involving miinchnone intermediates, and the use 
of benzotriazol group in the synthesis of pyrroles. 
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