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Preface 
 

 Heterocyclic derivatives are important in organic chemistry as products (including 

natural) and/or useful tools in the construction of more complicated molecular entities. 

Their utilization in polymeric, medicinal and agricultural chemistry is widely 

documented. Both dyestuff structures and life molecules frequently involve heterocyclic 

rings that play an important role in several biochemical processes. 

 Volume 12 (2008) keeps the international standard of THS series and contains 

fifteen chapters, covering the synthesis, reactivity, activity (including medicinal) and 

mass spectrometry of different heterorings. Authors from France, Germany, Italy, 

Norway, Portugal, Slovakia, Spain, The Netherlands and USA are present in this book. 

 Comprehensive Reviews reporting the overall state of the art on wide fields as well 

as personal Accounts highlighting significative advances by research groups dealing with 

their specific themes have been solicited from leading Authors. The submission of articles 

having the above-mentioned aims and concerning highly specialistic topics is strongly 

urged. The publication of Chapters in THS is free of charge. Firstly a brief layout of the 

contribution proposed, and then the subsequent manuscript, may be forwarded either to a 

Member of the Editorial Board or to one of the Editors. 

 The Authors, who contributed most competently to the realization of this Volume, 

and the Referees, who cooperated unselfishly (often with great patience) spending 

valuable attention and time in the review of the manuscripts, are gratefully acknowledged. 

 The Editors thank very much Dr. Lucia De Crescentini for her precious help in the 

editorial revision of the book. 

 

     Orazio A. Attanasi and Domenico Spinelli 

Editors 
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SYNTHETIC ACCESSIBILITY TO PROTOPHORPHYRIN-IX, CHLOROPHYLL a 
AND (2R)-PHYTOCHROMOBILIN AND OTHER BIOLOGICALLY IMPORTANT 

PYRROLE DERIVATIVES IN ANY 13C AND 15N ENRICHED ISOTOPIC FORM 
 

Prativa B. S. Dawadi* and Johan Lugtenburg 

Leiden Institute of Chemistry, Leiden University, P.O. Box 9502, NL-2300 RA Leiden, 

The Netherlands (e-mail: p.dawadi@chem.leidenuniv.nl) 

 

Abstract. Recently, the synthesis of 3-cyano-4-methylpyrrole and 3-formyl-4-methylpyrrole has been 

published such that 13C, 15N-incorporation of these systems at any position or a combination of positions 

have become accessible. In this review paper we explore the possibilities of a similar access to any 13C, 15N 

isotopomer of porphobilinogen, chlorophyll a, protoporphyrin-IX, (2R)-phytochromobilin,  

(2R/S)-phycocyanobilin, bilirubin and other pyrrole systems. This review is based on a small number of 

highly isotopically enriched pyrrole systems and other building blocks of isotopically enriched tetrapyrrole 

systems that have been published. Although no synthetically 13C and 15N-enriched chlorophyll a molecule 

has been published, it has been clear that based on information in the literatures chlorophyll a as well as all 

tetrapyrrole molecules we discuss in this paper are now synthetically accessible in any stable isotope 

labeled form. 
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1. Introduction 

 Heme proteins, like hemoglobin, myoglobin and cytochromes play indispensable roles in life processes 

such as an oxygen transport, storage of oxygen and transfer of electrons and the metabolism of the 

substrates.1 Proteins containing (bacterio)chlorophylls are intimately involved in the capture of light and the 

conversion of electronic energy into chemical energy stored in energy rich molecules. These processes are 

the basis for the energy and the material requirements for living systems in the earth. Both 

bacteriochlorophylls and chlorophylls have tetra- and dihydroporphyrin Mg complexes as prosthetic group, 

respectively. Phytochromobilin forms the coloured part of phytochrome, the protein that serves “colour 

vision” in plants. 

 Molecules enriched with stable isotopes such as 2H, 13C and 15N have been used as important tools to 

obtain otherwise unavailable informations about biosynthesis and metabolism, e.g. 66 g of 35% 15N-enriched 

glycine ingested by Shemin in 1945 has been used to establish the nitrogen atoms in the heme group of 

hemoglobin derived from the amino group of glycine and that the contents of the erythrocytes during their 

average life time of 127 days are not in dynamic equilibrium with the rest of the constituents of the bodies.2,3 

The use of the isotope sensitive technique 13C NMR spectroscopy in the metabolic studies allows a 

tremendous increase in the analytical power. Battersby and co-workers described the conversion of  

[2-13C]-, [11-13C]- and [2,11-13C2]-porphobilinogen (Figure 4) in the body into uroporphyrinogen III and 

coproporphyrinogen III.4 Scott and co-workers reported the formation of porphobilinogen in living 

Rhodobacter spheroides cells which have been incubated with [5-13C]-aminolevulinic acid 29 (in Scheme 4) 

via in vivo 13C NMR spectroscopy.5 

 At the same time, as more and more isotopically enriched hemes and precursors became synthetically 

available the analytical tools to detect the labeling were further developed; via 1H NMR spectroscopy the 

relative orientation of heme nucleus in ferricytochrome b5 which had been reconstituted with CD3-labeled 

heme 105 (Figure 12) have been established.6 Very recently, the 13C photo-CIDNAP MAS NMR spectra of 

membrane fragments of Heliobacillus mobilis that have been grown on media containing [4-13C]-

aminolevulinic acid have been observed.7 

 Besides NMR spectroscopy, the vibrational techniques such as resonance Raman spectroscopy has 

been applied in the heme protein field.8 In this case, some of the vibrations coupled to an electronic 

transition show enhanced inelastic light scattering up to 106 fold. In the resonance Raman spectroscopy, only 

vibrations from the heme group without interference of the vibrations of the rest of the protein are observed. 

Very recently, via coherence spectroscopy, the low frequency vibrations of heme have been investigated.9 In 

this frequency region, the vibrations in the heme group are caused by proton specific interactions with the 
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chromophore. Also resonance hyper-Raman spectra of zinc phthalocyanine have been reported.10 This new 

technique may also show great expectations for application in the field of heme protein. 

 It is clear that the full potential of these non-invasive techniques in the heme protein fields will not be 

realized as long as there will be no synthetic access to full set of isotopomers of the heme prosthetic group. 

The only way to obtain access to whole library of isotopomers in question is total organic synthesis of the 

required highly enriched isotopomers which will then be used to regenerate the functioning heme protein in 

tailor-made isotopically labeled form in the prosthetic group. These materials can then be studied with the 

noninvasive spectroscopy techniques to get structural information at the atomic level without perturbation. 

Comparison of intermediate I with those of I+1 in the biological processes will also give the required 

functional information at the atomic level such as changes in protonation state, bond length etc. on the time 

scale involved.11 In order to obtain synthetic access to all possible isotopomers of the heme group, first the 

required pyrrole building blocks have to be obtained in all isotopically enriched forms, which then 

subsequently can be utilized to obtain the biologically important porphyrin derivatives. 

 Only very recently an efficient pyrrole synthesis has been published which allows access to all stable 

isotope enriched forms.12 Although we have reported only [1-15N] isotopomer, our synthetic Scheme can be 

used to prepare any isotopomeric form without any change. A guiding principle in this study has been a 

minimal number of synthetic steps which are convergent and use of stoichiometric amounts of reagents. 

Also structural symmetric reagents which are made asymmetric via isotope substitution have been avoided 

because their use leads to mixtures of different isotopomers which are inseparable. These restrictions are 

essential to produce the target molecule in the precisely defined isotopomeric form with 99% isotope 

incorporation. Also the access to a whole library of isotopomers of pyrroles is essential because many 

pyrroles have important biological, medical and pharmaceutical properties themselves. The isotopomers of 

these systems allow the study of their metabolism in vivo in exquisite detail. Earlier a small number of 

isotopically enriched pyrroles have been reported in literature. In the meantime essential building blocks that 

are involved in these syntheses are now published in all isotopically enriched forms in the literature. They 

have been used for the syntheses of isotopically enriched biologically important systems. The use of 

published synthesis allows all the materials described under 2.1.1.–2.1.13. to be synthesized in any 

isotopically labeled form. In this paper, we will discuss all possibilities for the whole set of isotopomers of 

pyrroles, porphyrins, chlorins and other essential tetrapyrrole systems. 

 In this paper, we mainly focus on 13C and 15N-enriched building blocks such that all atoms in the 

molecular skeleton of the tetrapyrrole system can be labeled. We haven’t focus on 2H system because 2H 

occupies the peripheral positions in the molecular system and it is more prone to isotope loss and scrambling 

during the synthetic process. However the study of the chemical Schemes for 13C incorporation can easily be 

adjusted to 2H incorporation also. 

 

2. Synthesis and discussion 

2.1. Isotopically labeled pyrroles, protoporphyrins and related derivatives 

2.1.1. [1-15N]-3-Cyano-4-methyl-1H-pyrrole 

 The essential step in the sequence of Scheme 1 is the Wittig coupling between the anion of diethyl 

{1-cyano-2-[(diphenylmethylene)amino]ethyl}phosphonate 1 and 1,1-dimethoxyacetone 2 which afforded a 

E,Z mixture of 2-{[(diphenylmethylene)amino]methyl}-4,4-dimethoxy-3-methylbut-2-enenitrile 3.12 This is 
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the first time that a Wittig coupling has been applied in pyrrole synthesis. Product 3 in one pot procedure 

undergoes deprotection to form the required amino and aldehyde groups which cyclise spontaneously under 

acidic conditions to afford 4-cyano-3-methylpyrrole 4. Dibal reduction of cyano group gave  

3-methylpyrrole-4-aldehyde 5. Base catalyzed reaction of product 4 with benzyl bromide yielded 1-benzyl-

3-methyl-4-cyanopyrrole (not indicated in Scheme). 
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Figure 1. Structure and numbering of 3-cyano-4-methylpyrrole 4 and 3,5-disubstituted 4-cyanopyrrole 4A. 

 

 Phthalimide 6 is commercially obtainable in 15N-incorporated form. It is used to prepare the 
15N-enriched Wittig reagent via reactions in Scheme 2 to afford [1-15N]-3-cyano-4-methyl-1H-pyrrole 4a 

(Figure 1) via Scheme 1. 

 
CH3

O
O

CH3

CH3

NC

N

NC

N
H

CH3

NC

N

P

O

O
O

CH3

CH3

5

2.5 N HCl

32

4

OHC

N
H

CH3

DIBAL-H

+

CH3

O

CH3 O

CH3

O

1

LDA

 

Scheme 1. Reactions to obtain 3-cyano-4-methylpyrrole 4 and 3-formyl-4-methylpyrrole 5  

in any stable isotope enriched form. 

 

 In Scheme 2, it is indicated how product 1 is prepared by base (potassium phthalimide) catalyzed 

addition of phthalimide 6 to acrylonitrile 7 to give phthalimido propionitrile 8. Exchange of the phthalimido 

group for the diphenyl methyleneamino group gave 3-[(diphenylmethylene)amino]propionitrile 9 which is 

deprotonated next to the nitrile function and subsequently phosphorylated with diethyl chlorophosphate to 

give the anion of 1, directly. 
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 The C and N atoms of products 4 and 5 are derived from 1,1-dimethoxyacetone 2, phthalimide 6 and 

acrylonitrile 7. The preparation of all isotopomeric forms of acrylonitrile and 1-chloroacetone (the precursor 

of 1,1-dimethoxyacetone) have been described in the literature.11,13 It is to be expected that homologous of 4 

can also be easily prepared in all possible isotopomeric forms with different substituents at positions 3 and 5 

as indicated in structure 4A (see Figure 1). 
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Scheme 2. Preparation of diethyl{1-cyano-2-[(diphenylmethylene)amino]ethyl}-phosphonate 1  

from phthalimide 6 and acrylonitrile 7. 

 

 Besides acrylonitriles, other conjugated nitriles are expected to react in a similar way. A whole range 

of 1,1-dimethoxy ketones is available via SeO2 oxidation of methyl ketones.14 This means that also 

substituted pyrroles with general structure 4A (Figure 1) should be similarly available. Formylation gives the 

carbaldehyde function at position 2 in structure 4A that can be 13C-enriched. The basic structures of 4 and 5 

can be easily converted simply into a host of other isotopically labeled pyrroles via DIBAL, NaBH4 

reduction, base catalyzed alkylation, etc. 

 

2.1.2. Benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl-5-methyl[2-13C]-pyrrole-2-car-

boxylate, benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl[2-13C]pyrrole-2-car-

boxylate, benzyl 5-([13C]-formyl)-3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl[2-13C]-

pyrrole-2-carboxylate and 2-([13C]-formyl)-4-(2-methoxycarbonylethy)-3-methoxycarbonyl-

methyl[5-13C]-pyrrole 

 Battersby and co-workers reported the syntheses of 13C-enriched pyrroles during their porphyrin 

studies with 90% 13C-incorporation.15 At that time, building blocks with only 89% 13C-incorporation were 

available. Nowadays 99% 13C-enriched reagents are commercially available and also in the case when high 

99% incorporation is required, it can be easily reached. They carried out the reactions depicted in Scheme 3 

which started with acetic acid 10. Bromoacetic acid which is obtained from acetic acid 10 by Hell-Volhardt-

Zelinsky reaction is treated with potassium cyanide to give cyanoacetic acid 11. Cyanoacetic acid is treated 

with 10M HCl at 100 °C to get malonic acid which is treated with benzyl alcohol in the presence of acid to 

give dibenzyl malonate. The product is treated with sodium nitrite in acetic acid to give the corresponding 

oxime 12 (dibenzyl hydroxyiminomalonate). The product 15 has been prepared from tert-butyl acetoacetate 

13 which is acylated with 3-methoxycarbonylpropionyl chloride to form methyl 4,6-dioxoheptanoate 14. 

The product 14 is treated under basic conditions with methyl chloroacetate to give dimethyl 3-acetyl-4-

oxoheptanedioate 15. In the Knorr condensation of 12 and 15, besides the reported product 16, the formation 

of a second isomer is expected. However, only product benzyl 3-(2-methoxycarbonylethy)-4-methoxy-

carbonylmethyl-5-methylpyrrole-2-carboxylate 16 is mentioned in the manuscript. The methyl group at 
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position 5 is converted into an aldehyde group by the reaction with sulphuryl chloride. Subsequent 

decarbonylation with tris(triphenylphosphine)rhodium(I) chloride resulted benzyl 3-(2-methoxy-

carbonylethy)-4-methoxycarbonylmethylpyrrole-2-carboxylate 17. Via Vilsmeier-Haack formylation, an 

aldehyde is introduced at position 5 to give as product benzyl 5-formyl-3-(2-methoxycarbonylethy)-4-

methoxy-carbonylmethylpyrrole-2-carboxylate 18. Saponification and decarboxylation of benzyl 

carboxylate at position 2 gave 2-formyl-4-(2-methoxycarbonylethy)-3-methoxycarbonylmethylpyrrole 19. 
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Figure 2. Structures and numbering of benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl-5-

methylpyrrole-2-carboxylate 16, benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethylpyrrole-2-

carboxylate 17, benzyl 5-formyl-3-(2-methoxycarbonylethy)-4-methoxycarbonylmethylpyrrole-2-

carboxylate 18 and 2-formyl-4-(2-methoxycarbonylethy)-3-methoxycarbonylmethylpyrrole 19. 
 

 The authors have accomplished the conversions also by starting with [2-13C]-acetic acid. This resulted 

in the preparation of benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonyl-methyl-5-methyl[2-13C]-

pyrrole-2-carboxylate 16a and benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl[2-13C]-

pyrrole-2-carboxylate 17a. Reaction of 17 with [formyl-13C]-dimethylformamide afforded benzyl 5-([13C]-

formyl)-3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl[2-13C]-pyrrole-2-carboxylate 18a and 2-

([13C]-formyl)-4-(2-methoxycarbonylethy)-3-methoxycarbonylmethyl[5-13C]-pyrrole 19a (Figure 2). 

 Acetic acid, potassium cyanide and sodium nitrite are commercially available in all 13C and 
15N-enriched forms. This means that, besides carbon atoms at position 2 and 5, nitrogen at position 1 in 16 

can be enriched using Na15NO2 in oxime 12. Only the positions 3 and 4 that result from dimethyl 

3-acetyl-4-oxoheptanedioate 15, the central reagent in the Scheme 3, can not be isotopically enriched. 

However in the mean time a Scheme has been published for the preparation of [1,2,3,4,5-13C5]-5-

aminolevulinic acid 29a in any isotopically labeled form (Scheme 4).16 Via the Scheme 4, 

4,6-dioxoheptanoic acid is accessible in all isotopically labeled forms. Product 4,6-dioxoheptanoic acid 27 

can be easily converted into dimethyl 3-acetyl-4-oxoheptanedioate 15 (vide infra). 

 The reactions depicted in Scheme 4 starts with triethyl phosphonoacetate 20 which is obtained via an 

Arbuzov reaction between ethyl bromoacetate and triethyl phosphite.16 A Wittig coupling of 20 with acetone 

afforded ethyl 3-methylbut-2-enoate 21. Subsequent LiAlH4 reduction and bromination of allylic alcohol 
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gave 1-bromo-3-methyl-2-butene 22. A SN2 reaction of 22 with the anion of acetonitrile 23 yielded  

5-methyl-4-hexenenitrile 24. After ozonolysis and reductive work up and subsequent acetal formation 

product 3-(1’,3’-dioxolan-2’-yl)propanenitrile 25 is obtained. During this sequence, the dimethyl methylene 

protective unit of 24 is removed as acetone during ozonolysis. 
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Scheme 3. Reactions to prepare benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl-5-methyl 

[2-13C]-pyrrole-2-carboxylate 16a, benzyl 3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl 

[2-13C]pyrrole-2-carboxylate 17a, benzyl 5-([13C]-formyl)-3-(2-methoxycarbonylethy)-4-

methoxycarbonylmethyl[2-13C]-pyrrole-2-carboxylate 18a and 2-([13C]-formyl)-4- 

(2-methoxycarbonylethy)-3-methoxycarbonylmethyl[5-13C]-pyrrole 19a. 
 

 After a Blaise reaction of 25 with zinc/ethyl 2-bromoacetate product ethyl 5-(1’,3’-dioxolan-2-yl)-3-

oxopentanoate 26 is obtained. Deprotection and oxidation of aldehyde function with chromium (VI) oxide in 

acetic acid gave 6-ethoxy-4,6-dioxohexanoic acid 27. Treatment of 27 with sodium nitrite under acidic 

condition afforded the corresponding oxime which after reductive acetylation yielded 5-acetylamino-6-

ethoxy-4,6-dioxohexanoic acid 28. Treatment of 28 with 4N HCl afforded 5-aminolevulinic acid 29. All 

carbon and nitrogen atoms in 29 can be obtained in 13C and 15N-enriched forms because all atoms those 

incorporated in the system results from the commercial reagents which are available in any isotope enriched 

form. 
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Scheme 4. Preparation of 5-aminolevulinic acid 29 and 6-ethoxy 4,6-dioxohexanoic acid 27 in any stable 

isotope enriched form. Conversion of 27 into dimethyl 3-acetyl-4-oxoheptanoate 15  

(central building block of Scheme 3) via acetylation and alkylation. 
 

 6-Ethoxy-4,6-dioxohexanoic acid 27 can be simply converted into dimethyl 3-acetyl-4-oxo-

heptanedioate 15. Via acetylation with acetyl chloride, saponification and decarboxylation of 27 gives 

4,6-dioxoheptanoic acid 30 (which is the acid derivative of 14). Treatment of the anion of 30 with 

bromoacetic acid gives 3-acetyl-4-oxoheptanedioic acid which, after treatment with diazomethane, gives the 

corresponding dimethyl ester 15. All the reagents used in Scheme 4 are commercially available in any 

isotopically labeled form which means that 16, 17, 18 and 19 are now accessible in any isotopically labeled 

form via published synthetic Schemes. 
 

2.1.3. Ethyl 3,5-dimethyl-4-ethyl[1-15N]-pyrrole-2-carboxylate and ethyl 3,5-dimethyl-4-ethyl[3-13C]-

pyrrole-2-carboxylate 

 Spiro and co-workers reported the synthesis of the compounds 33a and 33b.17 
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Figure 3. Structure and numbering of ethyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 33. 
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 These products are obtained via Scheme 5. The oximation of ethyl acetoacetate 31 gave the 

corresponding oxime which is reduced with zinc dust and acetic acid in the presence of ethyl 2-ethyl-3-

oxobutyrate 32 to give ethyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 33. Using Na15NO2 for oximation of 

ethyl acetoacetate 31 and NaNO2 for oximation of ethyl [3-13C]-acetoacetate products 33a and 33b are 

obtained, respectively. 
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Scheme 5. Preparation of ethyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 33 via Knorr reaction 

of ethyl 3-oxobutyrate 31 and ethyl 2-ethyl-3-oxobutyrate 32. 

 

 In the mean time, the ethyl acetoacetate 31 has been prepared in literature in all possible isotope forms 

via Blaise reaction of ethyl bromoacetate and acetonitrile 23.11 Ethyl iodide is commercially available in all 

isotopic forms which means 32 can also be easily obtained in all 13C-enriched forms. The authors have 

converted 33a and 33b into the [15N4]- and [1,3,5,7-13C4]-etioporphyrins I. 

 In this way, all synthons in Scheme 5 are either commercially available or easily prepared in all 

isotopomers. This means that ethyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 33 is now accessible in all 

stable isotope enriched forms. Also methyl iodide is available in 13C-enriched form which means that 

Scheme 5 also leads easily to ethyl 3,4,5-trimethylpyrrole-2-carboxylate. This means that all symmetrically 
13C and 15N-labeled etioporphyrins I are now accessible. However no etioporphyrin I systems that are 

asymmetrically labeled with 13C and 15N are accessible via this method. 
 

2.1.4. [11-13C]-Porphobilinogen 

 In Scheme 3, it is indicated that product 17 [benzyl 3-(2-methoxycarbonylethy)-4-methoxy-

carbonylmethylpyrrole-2-carboxylate] under Vilsmeier-Haack formylation afforded the pyrrole aldehyde 18 

[benzyl 5-(formyl)-3-(2-methoxycarbonylethy)-4-methoxycarbonylmethyl-pyrrole-2-carboxylate] which, 

after saponification and decarboxylation, yielded product 2-(formyl)-4-(2-methoxycarbonylethy)-3-

methoxycarbonylmethylpyrrole 19.18 

 Buldain and Valasinas reported that using [formyl-13C]-dimethylformamide for the formylation of 

product 17 [benzyl 2-formyl-4-(2-methoxycarbonylethy)-3-methoxycarbonyl-methylpyrrole-5-carboxylate], 

product 18 with 13C-enrichment in the aldehyde function is obtained.19 Treatment of this product further with 

hydroxylamine and subsequent reduction gave [11-13C]-porphobilinogen 36a (Figure 4, Scheme 6). 
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Figure 4. Structure and numbering of porphobilinogen 36. 

 

 Battersby and co-workers reported earlier that reductive alkylation with 13C-formaldehyde and 

subsequent chlorination with SO2Cl2 converted 37 (the ethyl ester derivative of 17) into ethyl 5-chloro-

methyl-3-(2-ethoxycarbonylethyl)-4-ethoxycarbonylmethyl-pyrrole-2-carboxylate 38 (Scheme 6).20 The 

product 38 is converted into the corresponding azide followed by reduction with H2 and Pd as catalyst in 

acidic conditions to afford bicyclic amide 35 which upon hydrolysis afforded porphobilinogen 36. 
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Scheme 6. Preparation of porphobilinogen 36 from benzyl 3-(2-methoxycarbonylethyl)-4-

methoxycarbonylmethylpyrrole-2-carboxylate 17. 

 

 In Scheme 4, it is discussed that 6-ethoxy-4,6-dioxohexanoic acid 27 can be converted into dimethyl  

3-acetyl-4-oxoheptanedioate 15 in all possible stable isotopomeric forms. In Scheme 3, the product 15 has 

been converted into any isotopomer of 17, 18 and 19. The reactions in Scheme 6 lead to the access of 

porphobilinogen 36 with combination of isotope incorporations at any position excluding the NH2 group of 
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aminomethyl at position 2. Usually this NH2 group is lost early during the biosynthetic reaction leading to 

the porphyrins, chlorins, etc. Therefore, it is in principle not essential to have a 15NH2 group to illucidate the 

role of this atom via spectroscopy during the porphyrin biosynthesis. 

 In Scheme 7, it is indicated how any 13C-enriched levulinic acid ester 41 and 5-chloro levulinic acid 

ester 43 can be prepared and these molecules can be the starting materials for the synthesis of isotopically 

labeled porphobilinogens. 
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Scheme 7. Reactions to obtain isotopically labeled ethyl levulinate 41 and  

ethyl 5-chlorolevulinate 43 from ethyl acrylate. 

 

 Ethyl acrylate is treated with potassium cyanide in ethanol to give ethyl 3-cyanopropanoate 39 which 

is employed in a Blaise reaction to afford 40.16 Subsequent treatment with aqueous HCl in ethanol gave ethyl 

levulinate 41 or after treatment with PCl5 and subsequent hydrolysis, afforded ethyl 5-chlorolevulinate 43. 

The complete set of isotopomers of ethyl acrylate via simple starting materials has been described earlier by 

our group. That means in this approach both 41 and 43 are now accessible in any 13C-enriched form. 

 Neier and co-workers have carried out the reactions depicted in the Scheme 8 with natural abundance 

materials to synthesize N-phenyl acetyl protected porphobilinogen 53.21 Levulinic acid 44, the free acid 

corresponding to ethyl levulinate 41, is treated with bromine in methanol giving methyl 5-bromolevulinate 

45 which is converted into methyl 5-hydroxylevulinate 46 by formic acid and DBU. Presumably, 43 from 

Scheme 7 will undergo the same conversion. The product 46 with two equivalents of strong base and two 

equivalents of trimethylsilyl chloride in the presence of methyl iodide afforded methyl 4,5-di(trimethyl-

silyloxy)-3-pentenoate 47. 

 Product 47, together with methyl 5-azido-4,4-dimethoxy-pentanoate 48, in the presence of Lewis acid 

yielded an aldol product 49. Treatment of the methyl 5-bromolevulinate 45 with sodium azide and 

subsequent ketalization gave product 48. Mitsunobu reaction of the free primary OH group in 48 afforded 

the diazido derivative 50. Hydrogenolysis in the presence of palladium on charcoal and pentafloro-

phenylphenyl acetate afforded the pyrrole 51, with the loss of nitrogen and the elements of methanol. The 

aminomethyl group at position 2 is protected as phenyl acetamido derivative. The saponification of the 

carboxyclic esters is effected by lithium hydroxide. Mild hydrogenolysis of the peptide bond in 52 by 

penicillin G acylase in basic medium gave the N-phenyl acetate ammonium salt of porphobilinogen 53. 

Access to any 13C-isotopomer of 53 is possible by combining the reactions in Scheme 7 and 8. For the 

incorporation of 15N in this system, the synthetic Scheme has to be adjusted a bit. Treatment of the methyl  
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5-bromolevulinate 45 with [15N2]-hydrazine that is commercially available gives the methyl 5-hydrazido-

levulinate which on treatment with sodium nitrite in acid converts it into the methyl 5-azidolevulinate. 

Acetalization in methanol gives acetal of methyl 5-azidolevulinate. In this molecule, first nitrogen atom of 

the azide function will be labeled with 15N that will stay in the molecule after all reactions. A similar 

situation applies for other azido group which can be labeled with 15N similar way. 
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Scheme 8. Preparation of porphobilinogen 53 from levulinic acid 44. 

 

2.1.5. Dibenzyl 3,5-dimethyl[2,3,4,5-13C4]-pyrrole-2,4-dicarboxylate 
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Figure 5. Structure and numbering of dibenzyl 3,5-dimethylpyrrole-2,4-dicarboxylate 54. 

 

 Recently, the synthesis of dibenzyl 3,5-dimethyl[2,3,4,5-13C4]-pyrrole-2,4-dicarboxylate has been 

reported starting from benzyl [1,3-13C2]-acetoacetate.22 Product 54a is obtained via the reactions of Scheme 
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3. First, benzyl [1,3-13C2]-acetoacetate is treated with NaNO2 to give the corresponding oxime derivative 

which is reduced with Zn and acetic acid in the presence of benzyl [1,3-13C2]-acetoacetate to give the 

corresponding tetrasubstituted pyrrole 54a. In Scheme 5, it has been reported that all possible isotopomers of 

acetoacetate are accessible. This means that all isotopomeric forms of 54 are accessible.  

 

2.1.6. 5-Substituted 2-pyrrole esters 
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Figure 6. Structure and numbering of 5-substituted -2-pyrrole carboxylic ester 58. 

 

 Recently, a range of 2,5-disubstituted and trisubstituted pyrroles has been synthesized from dienyl 

azides at room temperature using catalytic amounts of ZnI2 or Rh2(O2CC3F7)4.
23 The dienyl azides are 

prepared via base catalyzed condensation of unsaturated aldehydes 55 and azidoacetic acid esters 56 using 

the reactions depicted in Scheme 9. Via literature procedures, unsaturated aldehydes and azidoacetic acid 

esters are accessible in any isotopically labeled form. In order to label the nitrogen of 58 [15N2]-hydrazine 

should be used as discussed above. 
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Scheme 9. Preparation of 3,5-disubstituted pyrroles 58 from dienyl azides 57. 

 

2.1.7. 3-Cyanopyrrole, 3-cyano-4-methylpyrrole, ethyl pyrrole-3-carboxylate and ethyl 4-methyl-

pyrrole-3-carboxylate 
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Figure 7. Structure and numbering of 3-cyanopyrrole 61, 3-methyl-4-cyanopyrrole 4, ethyl pyrrole-3-

carboxylate 62 and ethyl 4-methyl pyrrole-3-carboxylate 63. 
 

 Before the reactions in Scheme 1 have been described 3-cyanopyrrole 61 (R’=H, R’’=CN) and  

3-cyano-4-methylpyrrole 4 (R’=CH3, R’’=CN), ethyl pyrrole-3-carboxylate 62 (R’=H, R’’=CO2Et) and ethyl 
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4-methylpyrrole-3-carboxylate 63 (R’=CH3, R’’=CO2Et) were prepared by Van Leusen by base catalyzed 

condensation of TosMIC (tosylmethyl isocyanide) with acrylonitrile, crotonitrile, ethyl acrylate and ethyl 

crotonate, respectively.24 Acrylonitrile, crotonitrile, ethyl acrylate and ethyl crotonate are commercially 

available in any stable isotope enriched form. The preparation of TosMIC in all isotopically enriched forms 

has been described in the literature.25 This means that products 61, 4, 62 and 63 in Figure 7 are now 

accessible in any isotopically enriched form. 

 

2.1.8. [2-13C]-3-Cyano-4-methyl-3-pyrrolin-2-one and [3-13C]-3-cyano-4-methyl-3-pyrrolin-2-one 
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Figure 8. Structure and numbering of 3-cyano-4-methyl-3-pyrrolin-2-one 67. 
 

 In Scheme 10, it is indicated how [2-13C]-3-cyano-4-methyl-3-pyrrolin-2-one 67a and [3-13C]-3-

cyano-4-methyl-3-pyrrolin-2-one 67b are efficiently prepared by an extended Knoevenagel condensation.26 

1,1-Dimethoxyacetone 2 and 2-cyanoacetamide 64 condensed together in the presence of acetic acid and 

ammonium acetate to give E/Z mixture of 2-cyano-4,4-dimethoxy-3-methyl-3-butenamide 65. Simple 

NaBH4 reduction of electron poor central double bond gave an enantiomeric mixture of 66. In a one-pot 

reaction, the deprotection of aldehyde function at position 5, the cyclisation with the concomitant loss of the 

water molecule and double bond shift result pyrrolinone 67. The [2-13C] and [3-13C] isotopomers of this 

pyrrolinone molecule have been prepared via 13C-labeled 2-cyanoacetamides. The source of 13C-labeled  

2-cyanoacetamide are [1-13C]-cyanoacetic acid 59 and [2-13C]-cyanoacetic acid 60. The acids 59 and 60 are 

converted into corresponding acyl derivatives by the reaction with oxalyl chloride and reacting with NH3 to 

give [1-13C]-2-cyanoacetamide and [2-13C]-2-cyanoacetamide, respectively. Molecules 2 and 64 are 

accessible in any isotopically enriched form which means that 67 is also accessible in any isotopomeric 

form. 
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Scheme 10. The preparation of 3-cyano-4-methyl-3-pyrrolin-2-one 67 starting from  

1,1-dimethoxyacetone 2 and 2-cyanoacetamide 64. 
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 In Scheme 10, just as in Scheme 1, the first step is the formation of carbon-carbon bond that will later 

become 3-4 bond in the pyrrole derivative. The protective group functionalities present at position 1 and 5 

can be deprotected under conditions that are required to form the pyrrole system in one-pot. As far as we 

know, the reactions in Schemes 1 and 10 are the only pyrrole synthesis where isotope enrichment is effected. 

This also leads to the preparation of the required products in very few steps. 

 

2.1.9. 3,4-Disubstituted pyrrolinones and 3-(pentadeuteroethyl)-4-methylpyrrolin-2-one 
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Figure 9. Structure and numbering of 3,4-disubstituted pyrrolinones 72, 73, 76, 77, 81 

and 3-pentadeuteroethyl-4-methyl-3-pyrrolin-2-one 81a. 

 

 Plieninger et al. described the synthesis of 3,4-disubstituted pyrrolinones 72, 73, 76, 77 and 81 (Figure 

9) via the reactions depicted in Scheme 11.27 Ethyl 3-oxobutyrate 31 is condensed with methyl acrylate 68 to 

form ethyl 2-(2-ethoxycarbonylethyl)-3-oxobutyrate 69. Reaction of 69 with HCN and subsequent protection 

of the cyanohydrin afforded product 70. Catalytic reduction of the nitrile function in product 70 and lactam 

formation gave 71 which, upon deprotection and water elimination in acetic anhydride medium, gave  

3-(2-methoxycarbonylethyl)-4-methyl-3-pyrrolin-2-one 72. Treatment of pyrrolinone 72 with hydrazoic acid 

gave 3-(2-aminoethyl)-4-methyl-3-pyrrolin-2-one 73. Alkylation of ethyl 3-oxobutyrate 31 with CH3I gave 

ethyl 2-methyl 3-oxobutyrate 74. Product 74 has been treated with 3-ethoxycarbonylpropionyl chloride to 

form ethyl 2-ethoxycarbonyl-3-oxohexanoate 75. Product 75 in a similar cyanohydrin reductive treatment 

afforded product 76. The reagents 31, 68 and HCN are now commercially available in all isotopic enriched 

forms. This means that 72 and 73 are now accessible in any isotopically labeled form. Ethyl 2-ethoxy-

carbonyl-3-oxohexanoate 75 can also be obtained from 6-ethoxy-4,6-dioxohexanoic acid 27 by the 

esterification followed by alkylation with CH3I. Product 27 is accessible in any isotopically labeled form via 

the reactions depicted in Scheme 4. That means product 76 is also available in any isotope labeled form via 

reaction indicated in Scheme 11. 

 The pyrrolinones 4-ethyl-3-methyl-3-pyrrolin-2-one 77 and 3-ethyl-4-methyl-3-pyrrolin-2-one 81 are 

first synthesized through its corresponding cyanohydrin by Plieninger.27 Using ethyl 2-methyl-3-oxo-

pentanoate instead of ethyl 2-ethyl-3-oxobutyrate 32 under similar condition the reaction afforded 4-ethyl-3-

methyl-3-pyrrolin-2-one 77. The system with deuterated ethyl group has been prepared according to the 

reactions in Scheme 12.28 Addition of trimethylsilyl cyanide to ethyl 2-ethyl-3-oxobutyrate 32 afforded the 

cyano derivative 78. Reduction of nitrile function with NiCl2/NaBH4 gave corresponding methylene amine 

derivative which is converted into the benzyl carboxamide derivative 79. Debenzylation via reductive 
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cleavage and subsequent vacuum distillation gave the mixture of alcohol and its partial silylated product 80. 

Reaction of 80 with sulfuric acid afforded 2-ethyl-3-methyl-3-pyrrolin-2-one 81. 
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Scheme 11. Preparation of 3,4-disubstituted pyrrolinones 72, 73 and 76  

starting from ethyl 3-oxobutyrate 31. 
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Scheme 12. Preparation of 3-ethyl-4-methyl-3-pyrrolinone 81 from ethyl 2-ethyl-3-oxobutyrate 32. 
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 The authors have prepared the pentadeutero isotopomer 81a. In the Scheme 5 the reagent ethyl 2-ethyl-

3-oxobutyrate 32 has been prepared from acetonitrile, ethyl bromoacetate and ethyl iodide. These starting 

materials are all commercially available in any isotope enriched form. Also the cyano function of 

trimethylsilyl cyanide can be isotopically enriched. It is clear that any isotopomer of 81 is accessible via 

Scheme 12. 

 

2.1.10. Chlorophyll a 

 Woodward and co-workers reported the synthesis of chlorophyll 92 (Figure 10) in 1960.29,30 The 

pyrrole derivatives which have been used for the construction of chlorophyll a 92 are depicted in Figure 11. 

They are 3-(2-aminoethyl)-4-methylpyrrole 83 which forms the ring A, and 3,5-dimethyl-4-ethylpyrrole-2-

carbaldehyde 85 which forms ring B. Ethyl 4-methylpyrrole-3-carboxylate 63 and 2-formyl-3-(2-ethoxy-

carbonylethy)-4-methylpyrrole 91 are the bases of ring C and ring D, respectively. The preparation of 63 in 

all possible isotopically enriched forms has been discussed in section 2.1.7. The preparation of compounds 

83, 85 and 91 from building blocks such as 5 (Scheme 1) and 33 (Scheme 5) having access to any 

isotopically labeled form has also been discussed earlier. 
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Figure 10. Structure of chlorophyll a 92. 
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Figure 11. Structure and numbering of ethyl 4-methylpyrrole-3-carboxylate 63, 3-(2-aminoethyl)-4-methyl-

pyrrole 83, 2-formyl-4-ethyl-3,5-dimethylpyrrole 85 and 2-formyl-3-(2-ethoxycarbonylethy)-4-methyl-

pyrrole 91. Building blocks for the synthesis of chlorophyll a. 
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Scheme 13. Preparation of 3-(2-aminoethyl)-4-methylpyrrole 83, 3,5-dimethyl-4-ethylpyrrole-2-

carbaldehyde 85 and 2-formyl-3-(2-ethoxycarbonylethy)-4-methylpyrrole 91. 
 

 In Scheme 13, it is depicted how building blocks 83, 85 and 91 can be prepared in all isotopically 

labeled forms. Condensation of 4-methylpyrrole-3-carbaldehyde 5 which is easily accessible in any 

isotopically labeled form (via Scheme 1) with nitromethane will form 4-methyl-3-(2-nitrovinyl)pyrrole 82. 

This product can be converted into 3-(2-aminoethyl)-4-methylpyrrole 83 by double bond and nitro group 

reduction with hydrogen in the presence of platinum oxide as catalyst. 3,5-Dimethyl-4-ethylpyrrole-2-

carbaldehyde 85 can be prepared from ethyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 33 (which is 

available via Scheme 5) by saponification and decarboxylation of ethyl carboxylate group at positon 2.  

3,5-Dimethyl-4-ethylpyrrole 84 upon Vilsmeier Haack formylation gives pyrrole aldehyde 85. 

 Ethyl 4-methylpyrrole-3-carboxylate 63 has to be converted into the succinyl derivative of pyrrole 86. 

The substituent succinyl ester at position 2 is necessary to make ring E of chlorophyll macrocycle. Reaction 

of 63 with ethyl cyanopropionate is expected to give 86. The preparation of 63 in all isotopically labeled 

forms has been discussed in section 2.1.7. (Figure 7) and preparation of ethyl cyanopropionate 39 in all 

isotopically labeled forms has been discussed in Scheme 7. 
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 2-Formyl-3-(2-ethoxycarbonylethy)-4-methylpyrrole 91 is prepared from 4-methylpyrrole-3-

carbaldehyde 5 via Wittig reaction of the aldehyde function at position 3 with triethyl phosphonoacetate to 

give 3-(2-ethoxycarbonylvinyl)-4-methylpyrrole 87. Vilsmeier reaction of product 87 with dimethyl 

formamide gave a mixture of aldehydes in the ratio of 2:1. In the product 88, the aldehyde and methyl 

groups are at 2 and 3 positions, respectively, whereas in the product 89 the aldehyde and methyl groups are 

at 2 and 4 positions, respectively. They can easily be separated and a subsequent hydrogenation of 88 and 89 

results in 90 and 91, respectively. This means that all the building blocks used by Woodward et al. are now 

accessible in all possible isotopomomeric forms. This leads to the conclusion that the access to all possible 

isotopomers of chlorophyll except the phytol ester group is possible via well established chemical reactions. 
 

2.1.11.  Protoporphyrin-IX, hemin and biliverdin 

 Smith and co-workers prepared stable isotope enriched protoporphyrins-IX 104a–g via the reactions in 

Schemes 14–16.31 Acetylacetone 93 is reacted with methyl acrylate 68 to give methyl 4-acetyl-5-

oxohexanoate 94. The product 94 is treated with oximino derivative of tert-butyl acetoacetate to afford the  

t-butyl 3,5-dimethyl-4-(2-methoxycarbonylethyl)-pyrrole-2-carboxylate 95 via Knorr condensation. Lead 

tetracetate converted the �-methyl group of 95 into methylene acetate to give pyrrole 96. 
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Figure 12. Structure of protoporphyrin-IX 104, hemin 105 and biliverdin 106. 

 

 Similar Knorr condensation of 94 with dibenzyl hydroxyiminomalonate 12 (in Scheme 3) afforded 

benzyl 3,5-dimethyl-4-(2-methoxycarbonylethyl)-pyrrole-2-carboxylate 97. The �-free pyrrole 98, required 

for the synthesis of pyrromethane 99, is prepared by degradation of the �-methyl group of pyrrole 97. 
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Degradation of the �-methyl group of pyrrole is achieved via chlorination and hydrolysis of carboxylic acid 

followed by iodinative decarboxylation and hydrogenolysis of resulting iodopyrrole (Scheme 14). Pyrrole 96 

is condensed with benzyl 3-methyl-4-(2-methoxylcarbonylethyl)-pyrrole-2-carboxylate 98 to give the 

pyrromethane 99 (Scheme 15). Catalytic debenzylation afforded pyrromethane carboxylic acid which is 

condensed with 2-formyl-4-(2-chloroethy)-3,5-dimethyl pyrrole 100 in the presence of p-toluenesulfonic 

acid to yield tripyrrene hydrobromide 102. Tripyrrene hydrobromide 102 condensed with pyrrole aldehyde 

101 to give the tetrapyrrole system 103. Further treatment of a,c-biladiene hydrobromide 103 with CuCl2 in 

DMF afforded copper porphyrin. Removal of the copper ion followed by dehydrochlorination and 

saponification afforded protoporphyrin-IX 104. Using the procedure illustrated in Scheme 15 with the 

appropriate reagents such as 93 and 68 with CD3 and 13CH3 substituents protoporphyrins 104a–g have been 

prepared.  
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Scheme 14. Preparation of t-butyl 3-methyl-4-(2-methoxycarbonylethyl)-5-acetoxymethyl-pyrrole-2-

carboxylate 96 and benzyl 3-methyl-4-(2-methoxycarbonylethyl)-pyrrole-2-carboxylate 98  

starting from acetylacetone 93. 
 

 Acetylacetone 93 and methyl acrylate 68 are available in any isotope enriched form.32 It is clear that 

pyrrole 96 is accessible in any isotopically enriched form. Pyrrole 98 can be obtained in any isotopically 

enriched form via following reactions (Scheme 16). Hydrogenation of 87 gives 3-(2-methoxycarbonylethyl)-

4-methylpyrrole 107. Friedel-Crafts acylation with trichloroacetyl chloride and subsequent treatment with 

benzyl alcohol/K2CO3 gives a mixture of two benzyl esters with pyrrole 98 as the prominent isomer.33,34 All 

isotopomers in 3-(2-methoxycarbonylethyl)-4-methylpyrrole 107 are accessible. The ester function will be 

lost during the final reactions and does not need to be isotopically enriched. 
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Scheme 15. Preparation of protoporphyrin-IX 104. 

 

 2-Formyl-4-(2-chloroethy)-3,5-dimethyl pyrrole 100 and 2-formyl-3-(2-chloroethy)-4,5-dimethyl-

pyrrole 101 can be obtained in any isotopically labeled form via following synthetic route. Alkylation of 

acetylacetone 93 with ethyl bromoacetate followed by Knorr condensation with dibenzyl hydroxyl-

iminomalonate 12 (in Scheme 3) gives benzyl 3,5-dimethyl-4-ethoxycarbonylmethyl-pyrrole-2-carboxylate 

108. NaBH4 reduction of the ester at position 4 gives benzyl 3,5-dimethyl-4-(2-hydroxyethyl)-pyrrole-2-

carboxylate. The treatment with SOCl2 in pyridine and catalytic debenzylation gives pyrrole which is 

formylated via Vilsmeier procedure to obtain 2-formyl-4-(2-chloroethy)-3,5-dimethyl pyrrole 100. 

 Similarly, methyl 4-acyl-3-oxopentanoate 110 undergoes Knorr condensation to give benzyl 

4,5-dimethyl-3-methoxycarbonylmethyl-pyrrole-2-carboxylate 111. The starting methyl 4-acyl-3-

oxopentanoate 110 is accessible via the alkylation of acetylacetone 93 with methyl iodide, followed by 

reaction with dimethyl carbonate in the presence of lithium hexamethyldisilazide.35 Similar reactions as in 
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the transformations of 108 to 100 give 2-formyl-3-(2-chloroethy)-4,5-dimethyl pyrrole 101. To prepare  

2-formyl-3-(2-chloroethy)-4,5-dimethyl pyrrole 101 accessible in any isotope enriched form one can also 

start with 4-methylpyrrole-3-aldehyde 5 (in Scheme 1).12 Reduction of pyrrole aldehyde 5 with NaBH4 

results alcohol which is further treated with SOCl2 followed by NaCN to afford 3-cyanomethyl-4-

methylpyrrole 112. Vilsmeier Haack formylation of product 112 gives a mixture of the pyrrole aldehydes 

113 and 114 which can be separated as in the Scheme 12 for the pyrrole aldehydes 88 and 89 or 90 and 91. 

 Judicious application of LiAlH4 and DIBAL reductions should convert the �-aldehyde function into 

�-methyl and nitrile function into alcohol function. The conversion of OH group into chloride group and 

formylation at position 2 result in pyrrole 101 and pyrrole 100. Based on these building blocks, 

protoporphyrin-IX 104 is now accessible in any stable isotope enriched form. 
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Scheme 16. Reactions to prepare pyrroles 98, 100 and 101 in any isotopically labeled form. 
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 Protoporphyrin-IX dimethyl ester upon treatment with FeCl2 in methanol afforded haemin dimethyl 

ester which upon saponification gave haemin 105. Haemin 105 has been used to reconstitute all haem 

proteins, which allows access to haemoproteins in all isotopically enriched forms. During haem catabolism, 

haemin 105 is converted into biliverdin 106 via oxidative cleavage at C-5 position with release of CO and 

Fe3+. This process can be effective in preparative yield in vitro with the required enzyme. In this way, 

biliverdin 106 is now accessible in any isotope enriched form. For structures 105 and 106, see Figure 12. 

 

2.1.12. (2R)-Phytochromobilin and (2R/S)-phytococyanobilin 
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Figure 13. Structure and numbering of (2R)-phytochromobilin 133 and (2R/S)-phycocyanobilin 142. 

 

 Jacobi and co-workers have prepared [10-13C]- and [15-13C]-labeled phytochromobilin dimethyl esters 

133a and 133b via reactions depicted in Schemes 17 and 18.36 In Scheme 17 and Scheme 18 the 

pyrromethenones forming the A,B-ring precursor and C,D-ring precursor to phytochromobilin are depicted, 

respectively. 
 

2.1.12.1. The synthesis of pyrromethenone 124 (A,B-ring segment of phytochromobilin) 

 Scheme 17 starts with 2-benzyloxypropanal 115. Coupling with the anion of monotrimethylsilyl 

acetylene 116 and subsequent conversion of the alcohol function into a methyl ester gave 1-trimethylsilyl-3-

methoxy-4-benzyloxypent-1-yne 117. The acetylene function is protected into cobalt-complex structure 118 

by treating it with Co2(CO)8. Coupling of product 118 with boron enolate of oxazolidinone 119 followed by 

ceric ammonium nitrate treatment afforded 120. Oxidation with hydrogen peroxide in the presence of 

LiOH.H2O yielded 3-(1-benzyloxyethyl)-2-methylpent-4-ynoic acid 121. Molecule 121 upon palladium (0) 

mediated coupling with 2-iodo-3-methyl 4(2-methoxycarbonylethyl)-pyrrole-5-aldehyde 122 afforded 

product 123. The lactone function in the ring A of 123 is converted into a lactam ring A. By treatment of 123 

with ammonia, it is converted into the aminoalcohol in which the water molecule is removed to create the 

bridged double bond and simultaneously the benzyloxy function is removed by the treatment of this product 

into a two phase system (consisting of CHCl3 and HCl) to form the product 124 (A,B-ring component of 

phytochromobilin). 
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Scheme 17. Preparation of pyrromethenone 124 (A,B-ring segment of (2R)-phytochromobilin)  

starting from 2-benzyloxypropanal 115. 
 

 The pyrrole aldehyde 122 is 5-iodo derivative corresponding to pyrrole aldehyde 91 which is 

accessible in any isotopically labeled form. Iodination of the pyrrole 91 having free �-position gives product 

122. A building block 119 is derived from propionic acid which is available in any isotope enriched form. 

Also 115 is easily accessible in any isotope labeled form. The Scheme can be adjusted such that 121 will be 

accessible in any isotope labeled form. This means that the synthetic Schemes can be adjusted to give access 

to any isotopically enriched product 124. 
 

2.1.12.2. The synthesis of pyrromethenone 132 (C,D-ring segment of phytochromobilin) 

 For the C,D-ring precursor of tetrapyrrole, Scheme 18 starts with butyrolactone 125. Ring opening of 

125 occurred by reaction with p-chlorophenylselenide anion to give 1-[4-(4-chlorophenylselenyl)] butyric 

acid.37 This product is converted into the corresponding acid chloride 126 by treatment with oxalyl chloride 

and further treated with 1-amino-2,2-dimethoxypropane  hydrochloride 127 to yield amide 128. The NH of 

amide function is protected into the Boc function by treatment with (Boc)2O in the presence of Et3N and 

DMAP. This product in the presence of KOt-Bu afforded pyrrolinone 129 which is subsequently converted 

into the 1-Boc-2-trimethylsilanyloxypyrrole 130 by reacting with TBSOTf. Product 130 was treated with 

pyrrole aldehyde 131 in the presence of TiCl4 to form a hydroxyl methyl bridged dipyrrole derivative that is 

hydroxypyrromethane. Treatment with trifluoroacetic acid removed the water and the BOC protecting group 

to give 132 which forms the C,D-ring segment of phytochromobilin. 
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Scheme 18. Synthesis of pyrromethenone 132 (C,D-part of phytochromobilin) starting from  

butyrolactone 125 and final assembly to (2R)-phytochromobilin 133. 

 

2.1.12.3. Coupling of pyrromethenones 124 and 132 to form (2R)-phytochromobilin 

 A final acid catalyzed coupling between 124 and 132 afforded the structure of (2R)-phytochromobilin 

with the ring D having vinyl group protection as seleno-p-chlorophenylfunction. Oxidation with  

m-chloroperbenzoic acid resulted in (2R)-phytochromobilin 133 (Figure13). Butyrolactone 125 and 

aminoacetone dimethylacetal 127 are accessible in any isotope labeled form. It is to be expected that instead 

of t-butyl 5-formyl-3-(2-methoxycarbonylethy)-4-methylpyrrole-2-carboxylate 131 building block 2-formyl-

4-(2-ethoxycarbonylethy)-3-methylpyrrole 90 in Scheme 12 which is accessible in any isotope labeled form 

can be used. This means that (2R)-phytochromobilin 133 is accessible in any isotope labeled form.  

 Gaertner and co-workers have reported the synthesis of (2R/S)-phycocyanobilin 142a–d and [10-13C]-

(2R/S)-phytochromobilin 133c (Figure 13).38 They used Barton and Zard’s method39 to synthesize the 

pyrrole that forms ring B. In Scheme 19 the synthesis is started with methyl 5-nitrohex-4-enoate 134. A base 

catalysed condensation with t-butyl isocyanoacetate 135 afforded t-butyl 3-(2-methoxycarbonylethy)-4-
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methylpyrrole-2-carboxylate 136. Treatment of pyrrole 136 with benzyl iodoacetate and subsequent 

chlorination with SO2Cl2 gave the chloroacetyl derivative 137 which is treated with triphenyl phosphine to 

give the Wittig reagent 138. 
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Scheme 19. Preparation of (2R/S)-phycocyanobilin 142. 

 

 This product upon Wittig coupling with the monothiosuccinimide 139 afforded pyrromethenone 140 

(A,B-ring part of bilin). The product 140 is hydrogenated with palladium on charcoal to remove the benzyl 

ester function followed by coupling with pyrromethenone 141 (C,D-ring segment) to obtain phycocyanobilin 

dimethyl ester. The residue has been subsequently treated over Dowex with trifluroacetic acid and water to 

yield (2R/S)-phycocyanobilin 142. The authors have reported the synthesis of [5-13C]-, [10-13C]-, [15-13C]- 

and [10,15-13C2]-phycocyanobilin 142a, 142b, 142c and 142d, respectively. t-Butyl 3-(2-ethoxy-

carbonylethy)-4-methylpyrrole-2-carboxylate which is ethyl ester derivative of  136 can be prepared by 

introduction of the ester function at position 2 in 4-(2-ethoxycarbonylvinyl)-3-methylpyrrole 87 (Scheme 

13). Product 87 is accessible in any isotopically enriched form. Iodoacetic acid ester is available in any 

isotopically labeled form,12 which introduces 13C in the methine position at 5 in final phycocyanobilin. 

 The building block 139 has been prepared (Gossauer and co-workers) via alkylation of diethyl 

cyanomethylphosphonate with methyl 2-bromopropionate.40 A subsequent Wittig reaction with acetaldehyde 

gave basic carbon and nitrogen containing system. The product is selectively hydrolyzed to the 

corresponding carboxylic acid and subsequently transformed into chloride and amide. The latter is cyclized 
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in the presence of sodium ethoxide to get succinimidine which on treatment with H2S in pyridine afforded 

monothiosuccinimide 139. This means that monothiosuccinimide 139 is accessible in any isotopically 

enriched form. Pyrromethenone 14140 (C,D-ring segment) has been prepared by Gossauer via coupling of  

3-ethyl-4-methyl-3-pyrrolin-2-one 81 with 3,4-disubstituted pyrrole aldehyde to make C,D-ring part of 

phycocyanobilin 141. The ring D is 3-ethyl-4-methyl-3-pyrrolin-2-one 81 and it can be prepared in all 

isotopomeric forms via Scheme 12. 

 Pyrromethenone 141 (C,D-ring segment) can be easily obtained via condensation of pyrrole aldehyde 

90 (Scheme 13) and 3-ethyl-4-methyl-3-pyrrolin-2-one 81 (Scheme 12) and subsequent formylation. This 

means that pyrromethenone 141 is accessible in any isotopically enriched form. The final coupling of 

pyrromethenone 140 (A,B-ring part) with pyrromethenone 141 (C,D-ring part) afforded (2R/S)-

phycocyanobilin 142 (Figure 13) which is also accessible in any isotopically enriched form. 

 Pyrromethenone 141 (C,D-ring component) has been obtained in two steps from commercial 

biliverdin-IX� diethyl ester41 by treating with thiobarbituric acid in ethyl acetate which is formylated with 

trimethylorthoformate [13C-formyl] in TFA and finally coupled with pyrromethenone (A,B-ring segment) to 

obtain [10-13C]-(2R/S)-phytochromobilin 133c. 

 

2.1.13.  Bilirubin and its analogs 
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Figure 14. Structure and numbering of methyl xanthobilirubinate 151 and mesobilirubin-XIII� 153. 
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Scheme 20. Preparation of 5-bromomethylene-4-ethyl-3-methyl-3-pyrrolin-2-one 149  

by oxidation of 2,4-dimethyl-3-ethylpyrrole 147. 
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 Lightner and co-workers have prepared bilirubin and its analog such as [13CO2H]-labeled 

mesobilirubin-XIII� (Figure 14) via Schemes 20 and 21.42 The synthetic Scheme 20 starts with methyl  

3-bromopropionate 145 which is obtained from 2-chloroethanol 143. 

 Alkylation of acetylacetone 93 with methyl bromopropionate 145 afforded 4-acetyl-5-oxohexanoate 94 

which underwent Knorr condensation with ethyl 3-oxobutyrate to give ethyl 3,5-dimethyl-4-(2-methoxy-

carbonylethyl)-pyrrole carboxylate 150 (Scheme 21). After saponification of 150, the corresponding diacid 

is obtained which is coupled with 5-bromoethylene-4-ethyl-2-oxopyrrole 149 to afford methyl 

xanthobilirubinate 151. Oxidative coupling of 151 using p-chloranil afforded mesobiliverdin-XIII� dimethyl 

ester 152. Reduction with NaBH4 and saponification afforded mesobilirubin-XIII�-bis-[CO2H] 153. 
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Scheme 21. Preparation of mesobilirubin-XIII� 153 starting from methyl 4-acetyl-5-oxohexanoate 94. 

 

 Acetylacetone 93 and ethyl 3-oxobutyrate 31 are all accessible in any isotopically labeled form. This 

means that via Schemes 20 and 21 bilirubin analog 153 is accessible in any isotope enriched form. In 

Scheme 20, bromomethylenepyrrolinone 149 is obtained from 2,4-dimethyl-3-ethylpyrrole 147 via H2O2 

oxidation and subsequent bromination in ethyl acetate. All the reagents used in this Scheme are accessible in 

any isotopically enriched form. 
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3. Conclusion 

 This paper is written with great indebtedness to investigators who have been involved in the synthesis 

of pyrroles, protoporphyrins, chlorophyll a etc and especially to those investigators who have pioneered the 

stable isotope labeled systems in this field. It is clear that via the synthetic procedures discussed in this 

paper, all the important biological systems mentioned here are now accessible in any stable 13C, 15N isotope 

enriched form. We dedicated this paper to the future investigators who will prepare the now accessible 

isotopomers to obtain the structural and functional information without perturbation at the atomic level with 

the ultimate resolution of heme proteins and related protein systems in the life processes. We feel that this 

functional information will be useful to fully understand the essential life processes in question. 
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Abstract. Radical- and transition metal-mediated cyclizations display a large variety of similar or 

complementary approaches for the construction of α-alkylidene-γ-lactones and γ-lactams. These compounds 

that possess a range of biological activities are important targets and have stimulated the creativity of most 

synthetic chemists. The aim of this review is not to be exhaustive, but rather to give a comprehensive picture 

of the most frequently encountered methodologies. 
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1. Introduction 

 α-Methylene and more generally α-alkylidene-γ-butyrolactones and γ-butyrolactams are structural 

entities encountered in many natural products possessing a range of biological activities.1 Cytotoxic, 

antitumor, and anti-inflammatory activities have frequently been reported for these two classes of 

compounds. These properties are ascribed to the specific reactivity of the α,β-unsaturated carbonyl group 

which acts as Michael acceptor when it reacts with biological nucleophiles.2 Compared to the corresponding 

lactones, lactams exhibit moderate toxicity. 

 The purpose of this review is to summarize the different strategies leading to these heterocyclic 

compounds based on either radical- or transition metal-mediated cyclizations as key step. A parallel between 

the two classes of reactions will be tentatively established according to the selected framework. Classical 

lactone or lactam ring closure via nucleophilic substitution at carboxylic derivatives are excluded from the 

content except those where Pd(0) is the leaving group. It is to be underlined that Horner-Wadsworth-

Emmons α-olefination, through the reaction of appropriate preformed phosphorylated lactones and lactams 

with aldehydes, constitutes a valuable strategy. This methodology has already been the subject of an 

excellent review in this book series.3 

 

2. Radical cyclizations 

 Radical cyclizations are useful tools for ring construction and they are well known to be particularly 

performant for 5-membered ring closure.4,5 
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 In the case of α-alkylidene-γ-lactones and γ-lactams targets, two types of retrosynthetic disconnexion 

can be distinguished depending on whether C2-C3 or C3-C4 bond is formed in the key step. The former 

strategy consists in the cyclization of carbamoyl or alkoxycarbonyl radicals onto triple bonds (a), the latter 

may involve either the cyclization of a vinyl radical in position α relative to the carbonyl group (b), or the 

cyclization of an alkyl radical generated at C4 onto an activated triple bond (c) (Scheme 1). 
 
2.1. Intramolecular addition of alkoxycarbonyl radicals to conjugated alkyne 

 This strategy was developed by Bachi to prepare α-alkylidene-γ-lactones.6 The key intermediate, i.e. 

the alkoxycarbonyl radical, was first generated from the corresponding chloride. Far higher yields in 

cyclization product were obtained starting from the corresponding selenocarbonates (Scheme 2). 
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 The substrates are readily available from homopropargyl alcohols, themselves obtained from treatment 

of oxiranes with lithium acetylides in the presence of boron trifluoride etherate. The reactions were carried 

out by slowly adding tributyltin hydride and AIBN to a boiling solution of substrate in benzene. Owing to 

the low inversion barrier of vinyl radicals,7 the stereoselectivity is mainly determined by steric hindrance to 

the approach of the hydrogen atom donor in the last propagation step (Scheme 3). 
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 Surprisingly the cyclization of carbamoyl radical onto triple bond was not applied to the synthesis of 

α-alkylidene-γ-lactams. It can be noted however, that 4-exo cyclization of carbamoyl radical generated from 

the corresponding cobalt(II)-salophen complex onto a suitably located double bond led to the unsaturated  

β-lactam through β-elimination of the final alkyl cobalt(III) azetidinone (Scheme 4).8 
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2.2. Enyne cyclization 

 Depending on the polar character of the attacking radical, the procedure that involves intermolecular 

radical addition followed by radical ring closure may either start with radical addition to the enyne moiety 

(nucleophilic radicals) or radical addition to the non conjugated double bond (electrophilic radicals). 
 

2.2.1. Tandem addition of nucleophilic radicals to activated triple bond/5-exo ring closure 
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 Lee and co-workers have investigated the cyclization of allyl propynoates.9 The addition of tributyl- 

and triphenyl-stannane were achieved at 80 °C in benzene solution, and it led to α-(stannyl)methylene-γ-

butyrolactones (Scheme 5). The latter were easily converted into the corresponding α-methylene-γ-

butyrolactones by destannylation upon treatment with HCl or HI. 

 The main difficulty resides in the competition between 5-exo ring closure of the intermediate vinyl 

radical and hydrogen atom transfer from tin hydride which is very fast (kH=7.5 x 108 M-1 s-1 at 25 °C)10 

(Scheme 6). The ratio of cyclized/uncyclized adducts did not change much upon very high dilution (syringe 

pump addition or in situ generation of the stannane via reduction of the corresponding stannyl chloride with 

sodium cyanoborohydride). 
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 A tin-free methodology based on dialkylzinc-mediated atom transfer sequential radical 

addition/cyclization has been developed by Bertrand and Feray.11 As exemplified in Scheme 7, high yields in 

functionalized α-alkylidene-γ-lactams could be obtained. 
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Entry In. (equiv) R1I (equiv) R1 Yield (E:Z)  Yield (E:Z) 

1 Et2Zn (1.5) t-Bu I (10) t-Bu 98% (92:8)   

2 Et2Zn (0.6) t-Bu I (10) t-Bu 82% (88:12)   

3 Me2Zn (1.5) t-Bu I (10) t-Bu 95% (88:12)   

4 Et2Zn (0.9) i-Pr I (10) i-Pr 69% (80:20)  22% (78:22) 

5 Et2Zn (0.9) i-Pr I (20) i-Pr 84% (80:20)  5% (78:22) 

6 Me2Zn (1.5) i-Pr I (10) i-Pr 66%(80:20)   

7 Et3B (2) i-Pr I (10) i-Pr 74% (80:20)   

Scheme 7 
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 The competitive formation of the corresponding reduced lactams can be rationalized according to the 

mechanism shown in Scheme 8. Owing to the low C-Zn bond dissociation enthalpy, dialkylzincs readily 

undergo homolytic substitution, and therefore, when reacting with oxygen, they are convenient source of 

alkyl radical (Scheme 8). Ethyl radicals issued from diethylzinc, like methyl radicals, issued from 

dimethylzinc, can serve as relay to generate other alkyl radicals via iodine atom transfer from an appropriate 

alkyl iodide (R1I).  

 The nucleophilic alkyl radical R1• undergoes conjugate addition, the resulting vinyl radical A 

rearranges through 5-exo ring closure to give the primary radical B. The latter can either transfer an iodine 

atom from the alkyl iodide to form iodide E, which regenerates radical R1•, or reacts by homolytic 

substitution at the dialkylzinc to give a new organometallic species (C) which leads to D upon aqueous 

work-up. The amount of reduced lactam D depends on the competition between the two bimolecular steps. 

 In the case of diethylzinc, iodine atom transfer is faster whatever the amount of diethylzinc (Scheme 7, 

entries 1, 2) when the alkyl iodide is tertiary. In the presence of a secondary iodide, the rate of homolytic 

substitution at zinc leading to C competes with iodine atom transfer, unless a large excess of the alkyl iodide 

is used (Scheme 7, entries 4, 5). It is worth noting that iodine atom transfer is the only observed pathway 

when dimethylzinc (Scheme 7, entries 3, 6) or triethylborane (Scheme 7, entry 7) are used as mediators. 

Moreover, it must be pointed out that under these aerobic conditions no trace of recovered starting material 

that might result from competitive deprotonation of the triple bond via F is detected, which indicates that 

reaction with oxygen is much faster than proton transfer even for dimethylzinc. The latter is more basic than 

diethylzinc. In addition, its oxidation rate is far slower.  

 

N
allyl

O

N

allyl

O

R1

N

allyl

O

N

allyl

O

I

R1I

R2Zn

R1I
O2

R1

N

allyl

O

ZnEt

N

allyl

O

R2Zn
N O

ZnR

H2O

H2O

allyl

R1R1

R1

R1

Et2Zn

ABCD

FE

 
Scheme 8 

 

 These experimental conditions could not be applied to the synthesis of α-alkylidene-γ-lactones, since 

at room temperature the intermediate vinyl radical cannot reach the appropriate conformation to undergo 

ring closure, and the rotation around the ester bond is too slow (Scheme 9). The intermediate vinyl radical 

can either undergo iodine atom transfer or be transformed into a zinc allenoate via homolytic susbtitution at 

the dialkylzinc. The same difficulty applies to α-carbamoyl alkyl radicals, but in this case the problem can 

be overcome by selecting a suitable second substituent at the nitrogen atom.12 
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2.2.2. Tandem addition of electrophilic radicals to double bond/5-exo ring closure onto conjugated 

alkyne 

 Lu and Wang have used a similar strategy based on atom transfer radical addition followed by 5-exo 

ring closure to prepare α-alkylidene γ-lactones (Scheme 10) and γ-lactams (Scheme 11) bearing 

perfluoroalkyl chains.13 
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Scheme 10 
 

 The formation of perfluoroalkyl radical is initiated by electron transfer with sodium dithionite at 

10–15 °C. The electrophilic radical adds to the most electron reach unsaturation, i.e. the double bond, to give 

a δ-unsaturated alkyl radical which undergoes 5-exo ring closure. Regarding lactone ring closure, it must be 

underlined that, even though the reaction is performed at low temperature, the 5-exo-dig cyclization mode is 

not impeded by the rotational barrier around the ester C-O bond. In all likelihood, this is due to the linear 

structure of the alkynyl group. However, the strategy failed to prepare 6- and 7-membered analogs. 
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 Regarding the synthesis of γ-lactams, the nature of the substituent at the nitrogen atom is crucial. 

Bulky electron withdrawing groups are the best choice to favour the cyclization at the expense of iodine 
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atom transfer leading to the simple adduct of the perfluoroalkyl iodide to the double bond (Scheme  12). In 

both cases vinyl iodides are formed through the final iodine atom transfer propagation step. A mixture of E 

and Z isomers is formed, and they can be reduced by the couple Zn/AcOH to give the targets molecules. 
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2.3. Iodine atom transfer-mediated cyclization onto conjugated alkyne 

 The synthesis of racemic methylenolactocin was achieved by Weaver via ATRAC (Atom Transfer 

Radical Cyclization).14 The reaction differs from the above detailed processes since no intermolecular 

radical addition is involved, the substrate is a α-iodoester which rearrangement is driven forward by the 

relative bond strengths of the initial Csp3-I bond and the final Csp2-I bond (Scheme 13). 
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2.4. Two-step strategies involving 5-exo-dig cyclization followed by oxidation of resulting 3-alkylidene-

tetrahydrofuranes 

 Standard procedures involving tributyltin hydride-mediated cyclization of alkyl radicals onto triple 

bonds have been applied to the two-step formation of α-methylene-γ-lactones. Numerous examples have 

been reported making use of different radical precursors like bromides, or thiocarbonyl derivatives.15 As an 
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example, a xanthate precursor was used for the synthesis of discosiolide.15b Cossy and co-workers have 

achieved the synthesis of racemic isoavenaciolide via the 5-exo cyclization of a β-bromo propargylic ether 

mediated by photo-induced electron transfer with triethylamine (Scheme 14).16 
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 Other radical methodologies like titanium(III)-induced reduction of epoxides17 or cobalt(II) reduction 

of halides18 have also been investigated. Application to the preparation of racemic protolichesterinic acid is 

exemplified in Scheme 15. 
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 Kilburn and co-workers have developed an original cascade for the synthesis of paeonilactone B 

(Scheme 16).19 The process starts with 5-exo ring closure of samarium-ketyl radical. The resulting 

methylcylopropyl radical undergoes ring opening. Intramolecular trapping of the homoallylic radical by the 

triple bond is followed by hydrogen atom transfer from the solvent. 
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3. Transition metal-mediated cyclizations 

 Most of the above radical methodologies have their counterpart in transition metal-mediated 

cyclizations. However, transition metal-catalyzed processes offer a wider range of approaches. Most 

importantly, they can be more readily adapted to enantioselective synthesis via the use of appropriate 

optically pure ligands. It must be emphasized that, even though catalytic enantioselective radical additions 

are known, they have not been applied yet to lactones and lactams synthesis.20 

 

3.1. Cyclization of alkoxycarbonyl- and carbamoyl- metal complexes onto triple bond 
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 Grigg and Savic have reported the Pd(0)-catalyzed cyclization of unsaturated chloroformates.21 The 

resulting vinyl-palladium complex is further functionalized via coupling with Ph4BNa or with 

organostannanes. As shown in Scheme 17, cyclization is slowed down with non terminal triple bonds. 

Competitive direct coupling of the alkoxycarbonyl-palladium(II) complex is observed in this case. 

 Norton and co-workers were the first to develop α-methylene-γ-lactone synthesis via the cyclization of 

alkoxycarbonyl-palladium intermediates.22 The latter were generated in situ through the carbonylation of 

homopropargylic alcohols in the presence of a Pd(II) catalyst (Scheme 18). The best catalytic system was 

PdCl2 in the presence of anhydrous SnCl2 and PPh3 in acetonitrile as the solvent.  
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 Carbamoyl-rhodium complexes, generated from formamides and Rh(0) catalyst, rearrange similarly to 

give α-alkylidene-γ-lactams.23 According to the data given in Scheme 19, the presence of a bulky substituent 

at the nitrogen atom is of prime importance to favour the cyclization process. Like previously in radical 

cyclization, the rotational barrier can be too high to enable the intermediate complex to reach the 

conformation appropriate to the cyclization.12 
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 The proposed mechanism is given in Scheme 20: it involves oxidative addition of the formamide to 

Rh(0), followed by insertion of the triple bond into the Rh-H bond (cis addition) and reductive elimination of 

the lactam regenerating Rh(0). 
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3.2. Enyne cyclization 

3.2.1. Palladium-catalyzed reactions 

 Lu and co-workers have reported an extensive investigation of both α-methylene-γ-lactones and 

γ-lactams synthesis via processes starting with halo-, acetoxy-, or carbo-palladation of enynes bearing 

electron-deficient triple bonds.24–31 

 

3.2.1.1. Halopalladation 
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 In the cyclization of allyl propynoates the use of zero-valent Pd species was precluded since they 

would have led to the cleavage of the allylic C-O bond. Pd(0) active species are easily generated in situ from 

divalent palladium complexes. The use of bis(benzonitrile)palladium dichloride and dibromide enabled the 

formation of the halogenated heterocyclic targets from precursors that incorporated both a carbon-carbon 

triple bond and an allylic halide. The highest yields were observed using acetic acid as the solvent. The 

reaction could also be performed with Pd(OAc)2 as the catalyst, in the presence of lithium halides, without 

competitive acetoxylation of the product (Scheme 21). The reaction was also applied to non terminal 

activated alkynes, but led to very low yields with sterically hindered double bonds.24 

 The high stereoselectivity of the process implies the mechanism proposed in Scheme 22. External 

nucleophilic attack of the halide anion leads to trans halo-palladation of the triple bond, which is followed 

by 5-exo ring closure, then β-elimination regenerates the Pd-dihalide. 
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Scheme 22 

 

 In the allylic halide moiety, the halide can be replaced by other leaving groups like acetoxy group. The 

reaction is highly diastereoselective, leading to β,γ-trans-disubstituted lactones from unsubstituted 

propynoates and to β-γ-cis-disubstituted lactones from substituted propynoates. Advantage was taken from 

this selectivity for the total synthesis of both enantiomers of methylenelactocin,25a,b phaseolinic acid 

(Scheme 23),25c and isohomopilocarpic acid.25d 
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 The same protocols were extended to the synthesis of α-alkylidene γ-butyrolactams.26 As compared to 

allylic esters, there is little risk of cleavage of the allylic C-N bond. The rate of the reaction is dependent on 

the nature of the substituent at the nitrogen atom. N-Benzyl amides are the most reactive substrates, owing to 

the favourable influence of the benzyl group on the conformational equilibrium around the amide bond.  

 As illustrated in Scheme 24, the procedure was applied to build the γ-lactam ring in the synthesis of 

isocynometrine.26 
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Scheme 24 
 

 When the allylic halide moiety was replaced by an α,β-unsaturated aldehyde, the reaction ended with a 

protonation step (it might involve the formation of a Pd enolate readily protonated under the reaction 

conditions). The resulting lactonic bromo aldehyde was used to prepare both enantiomers of pilocarpine after 

separation of the diasteromeric acetals formed through reaction with dimethyl tartrate.25d 

 γ-Lactams analogs were also prepared in high yields (Scheme 25).27 The selectivity in favour of the 

Z-exocyclic double bond generally decreases when the substituent at the terminus of the triple bond becomes 

bulkier, as observed for the lactone ring closure.24 
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Scheme 25 

 

 When the allylic chain is unsubstituted or when it bears alkyl or phenyl groups at its terminus, chloro-

palladation carried out in the presence of an excess of cupric chloride leads to dichloro-lactams. Oxidative 

cleavage follows the ring closure step (Scheme 26).28a The same reactivity can be applied to lactone ring 

closure.25c,28b,c 



 

 45 

O N

R3

R2

R1

O N

Cl
PdCl

R1

R2

R3

NO

Cl PdCl

R2

R1 R3

NO

Cl Cl

R2

R1 R3

O

R1 R3

PdCl

R2

Cl

NO

R1 R3

Cl

R2

Cl

CuX2

CuX2

Chloropalladation exo

insertion

Oxidative

cleavage

endo

insertion

Oxidative

cleavage

 

Scheme 26 
 

 As exemplified in Scheme 27, the reaction may not be chemoselective. A clean influence of the 

conformational equilibrium of the amide is registered. Competitive chlorination of the triple bond occurred 

with terminal alkyne (R1=H) with secondary amides (R2=H). Preferential 6-endo ring closure occurred when 

the substituent was bulky (R2=Ts). 
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Scheme 27 

 

 The cyclization of enynes bearing a non functionalized ethylenic tether, was recently achieved by 

performing the reaction in imidazolium-type ionic liquids in the presence of residual water or under dry HCl 

atmosphere (Scheme 28).29 In the absence of oxidant, protonolysis of the final C-Pd bond, occurred. 
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3.2.1.2. Acetoxypalladation 

 Closely related results were obtained with Pd(OAc)2 in the presence of bipyridine in acetic acid at 

80 °C. Acetoxypalladation of the activated alkyne is followed by intramolecular insertion of the alkene. 

Protonolysis of the C-Pd bond in the presence of the bidentate ligand completes the catalytic cycle and 

regenerates the catalyst.30a However, rather low yields were observed for lactam ring closure and no 

γ-lactone could be isolated from the corresponding alkynoate (Scheme 29). 
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Scheme 29 

 

 Asymmetric synthesis was achieved in high yield with moderate enantioselectivity in the presence of 

pyridyl monooxazoline or bisoxazoline chiral ligands using the benzoyl ester of the reduced aldehyde as 

starting material (Scheme 30).30b,c In this case the last step is a β-elimination. 
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Scheme 30 

 

3.2.1.3. Carbopalladation 

 When standard conditions for Heck reaction were applied to enynes amides, i.e. 10 mol% Pd(OAc)2, 

20 mol% PPh3, 1.5 equiv of Et3N (or in the presence of Ag2CO3), in acetonitrile at 70 °C, a mixture of dienic 

γ-lactams was isolated in low yields (Scheme 31). Ending the process with a β-elimination did not meet the 

criteria of chemoselectivity for a synthetically viable methodology.31 

 However, when tandem carbopalladation/cyclization, carried out in the presence of secondary amines, 

was applied to N-(2’,4’-dienyl)alkylamides, the lactams resulting from the incorporation of the nucleophilic 

amine were isolated in yields close to 70%. However, competition with Diels-Alder reaction interfered in the 

case of electron-deficient aryl iodides. The [4+2] cycloadduct was the only product when aniline was used as 

the nucleophile instead of piperidine.31 
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 According to the mechanism in Scheme 32, 5-exo cyclization leads to a π-allyl palladium(II) 

intermediate which undergoes nucleophilic substitution at the remote site. 
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Scheme 32 
 

3.2.1.4. Tandem cyclization/Suzuki coupling 

 The above mechanism (Scheme 32), involving carbopalladation as the first step, was discarded as a 

rationale for palladium(0)-catalyzed cyclization of 1,6-enynes in the presence of arylboronic acid (Scheme 

33).32 The reaction gave very poor results when Pd(II) complexes were used as catalysts. 

 A catalytic cycle involving first oxidative addition of the allylic halide to Pd(0), followed by insertion 

of the alkyne in the π-allyl intermediate and final Suzuki coupling of the resulting vinylpalladium complex 

was proposed (Scheme 34). 
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 Asymmetric cyclization of aroylmethyl 2-alkynoates was recently achieved with in situ formation of a 

cationic aryl-palladium(II) complex. Hydroxylactones were isolated in good yields with enantiomeric 

excesses ranging between 62–92% (Scheme 35). 
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3.2.2. Rhodium(I)-catalyzed reactions  

3.2.2.1. Cycloisomerization of 1,6-enynes 

 Zhang and co-workers have developed Rh cationic complexes-catalyzed cycloisomerization of  

1,6-enynes.33 A variety of amides bearing functional groups at the allylic position were cycloisomerized.33a 

The reaction was totally regioselective and high enantiomeric excesses were observed in the presence of 

binap (Scheme 36). Enol ethers and enamides could be prepared in high yields. 

 The compatibility with allylic acetate is an advantage of Rh(I) as compared to other metals like Pd(0). 

The intermediacy of a π-allyl Rh(III) complex was ruled out. A mechanism involving coordination of the in 

situ generated cationic Rh(I) species to the enyne (a), followed by oxidative coupling leading to a 

metallacycle (b), regio- and stereoselective β-H elimination leading to (c), and reductive elimination was 

proposed (Scheme 37). 
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 The Rh(I)-catalyzed cyclization was extended to esters and amides bearing an allylic chloride moiety 

using Wilkinson catalyst.33b,c The reaction proceeded with halogen shift.  

 The formation of vinylic chlorides via reductive elimination is known to require harsh conditions, 

therefore pathway a (implying oxidative cyclometallation) and pathway b (implying 

halorhodiation/insertion/β-halogen-elimination) were discarded. Pathway c, involving the initial formation 

of a π-allyl rhodium species, was suggested (Scheme 39). It was supported by the observation that the 

isomeric allylic chlorides in Scheme 38 led to the same product. 
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3.2.2.2. Reductive cycloisomerization of 1,6-enynes and acetylenic aldehydes 

 Krische and co-workers have achieved highly enantioselective reductive cyclizations of 1,6-enynes34 

and acetylenic aldehydes.35 
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 (R)-PHANEPHOS was exceptionally efficient compared to other ligands to promote the formation of 

α-alkylidene-γ-lactams and γ-lactones in good yields with high enantiomeric excess in the case of enynes 

(Scheme 40). Mechanistic studies suggest that the reaction proceed through the formation of a metallacycle 

via a fast oxidative coupling followed by hydrogenolytic cleavage. 

 The cyclization of acetylenic aldehydes leading to 4-hydroxy-γ-lactones and 4-hydroxy-γ-lactams was 

carried out upon exposure to gaseous hydrogen in the presence of a rhodium precatalyst.35 The chiral 

modified cationic rhodium catalyst enabled the formation of the allylic alcohol moiety (Scheme 41). The 

best enantioselectivity was observed with (R)-Cl, MeO-BIPHEP as the chiral ligand. Both the rate of the 

reaction and the conversion were enhanced in the presence of a Brønsted acid additive. Aryl, alkyl and 

cyclopropyl substituents are tolerated at the alkyne terminal carbon. 
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 According to deuterium labeling experiments, the mechanism is similar to that proposed for  

1,6-enynes. The data are consistent with oxidative coupling followed by protonation and hydrogenolysis. 

The latter would occur via σ bond metathesis (hydrogen oxidative addition leading to Rh(V) intermediates is 

highly unlikely) (Scheme 42).  
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3.2.3. Alkenylative cyclization promoted by ruthenium catalyst 

 During their investigation of enyne metathesis, Mori and co-workers have discovered that ruthenium 

catalysts could be efficient to promote the cyclization of enynes.36 In the presence of ethylene, known to be 

an efficient promoter for metathesis reactions, all the carbons contained in the substrate were recovered in 

the final product and two additional carbons were incorporated. After optimization, Cp*RuCl(cod) was 

found to be the best catalyst for this transformation. The reaction led to an α-dienyl-γ-lactam in 49% yield 

when starting from the corresponding amide (Scheme 43). 
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 A tentative rationale is given in Scheme 43. Oxidative coupling would be followed by ethylene 

insertion in the Ru-Csp2 bond of the resulting metallacycle, β-elimination and reductive elimination would 

lead to the product. 
 

3.3. Two-step procedures involving Pd(0)-mediated cyclization followed by oxidation 

 This strategy to prepare α-methylene-γ-lactones can be viewed as equivalent to the radical 

methodology in § 2.4. 
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 Genêt and co-workers have devised a route to racemic podophyllotoxin based on the cyclization of an 

enyne via hydroxypalladation followed by oxidation with PCC after protection of the resulting alcohol 

(Scheme 44).37  

 In a complementary approach, Aggarwal has investigated the cascade Pd-catalyzed 

cyclization/carbonylation starting from a vinylic bromide. The resulting heterocycle was easily oxidized by 

py-CrO3 to form the α-methylene lactone (Scheme 45).38 
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3.4. Miscellaneous methodologies 

3.4.1. Cycloalkenylation of tungsten-alkynyl amines 

 Tungsten-alkynyl compounds react with carbon electrophiles at the Cβ-carbon to form tungsten-

allenylidenium cations which can be trapped by nucleophiles (Scheme 46). Tungsten-η1-α,δ-alkynyl amines 

were prepared from CpW(CO)3Cl, in the presence of diethylamine and CuI catalysts. Upon treatment with 

acetaldehyde or benzaldehyde in the presence of 1 equiv of BF3·Et2O they gave rise to tungsten-η1-

pyrrolylidenium salts. Oxidative demetallation with m-CPBA or Me3NO led to α-alkylidene-γ-lactams in 

good yields (Scheme 46). It can be noted that attempts to prepare larger nitrogen heterocycles failed via this 

methodology.39 
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3.4.2. Cyclization involving Pd(0) as the leaving group 

 Procedures, related to classical ester synthesis via either nucleophilic substitution with a carboxylate as 

the nucleophile or displacement of an acyl halide with an alcohol, can be mediated with Pd-complexes. 

 

3.4.2.1. Pd-catalyzed heteroannulation of 1,3-dienes 

 α-Alkylidene-γ-lactones are readily available through the Pd(0)-catalyzed reaction of α-iodo- or  

α-bromo-acrylic acids with 1,3-dienes. The best yields were obtained in the presence of a sterically hindered 

chelating phosphine, i.e. (di-tert-butylphosphino)ferrocene (D-t-BPF) (Scheme 47).40 

 

OO

COOH

I

10 mol % Pd(OAc)2
NaHCO3 (5 equiv)

n-Bu4NCl (1 equiv)

DMF, 60 °C

99% (E/Z : 9/1)

OO

70%

D-t-BPF (2 mol %)

(5 equiv)

Fe
P

P

t-Bu
t-Bu

t-Bu
t-Bu

 
Scheme 47 

 

 The reaction is likely to proceed via oxidative addition of the vinylic halide to Pd(0), followed by 

regioselective insertion of the 1,3-diene leading to a π-allylpalladium intermediate which undergoes 

nucleophilic displacement by the carboxylate (Scheme 48). 
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3.4.2.2. Pd-catalyzed carbonylation of 3-iodohomoallylic alcohols 

 Pd(PPh3)4 catalyzed carbonylation of vinylic iodides bearing a suitably located alcohol group lead to 

α-alkylidene-γ-lactones through nucleophilic attack at the resulting acylpalladium intermediate. Yields 

ranging from 56 to 72% have been reported for secondary alcohols (Scheme 49).41 
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3.4.3. Ti(II)-mediated cyclization of homopropargylic carbonates 

 Sato and co-workers have reported the synthesis of α-alkylidene-γ-lactones mediated with Ti(II) 

complexes (Scheme 50).42 According to the mechanism shown in Scheme 51, diisopropoxy(η2-

propene)titanium generated from Ti(Oi-Pr)4 and 2 equivalents of i-PrMgBr undergoes replacement of 

propene by the acetylenic moiety of homopropargylic carbonate. 
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 Alkyne titanium, or titanacyclopropene intermediates lead to alkylidene lactones bearing an alkenyl 

titanium moiety through intramolecular nucleophilic substitution at the acyl group via path a and/or b 

(Scheme 51). Protonation leads to the target heterocycle. 
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3.4.4. [2+2+1] Cycloaddition leading to bicyclic αααα-alkylidene-γγγγ-lactones and lactams 

 Bicyclic targets have been discarded from the main part of this review. However, [2+2+1] 

cycloaddition, which is a powerful tool for the construction of complex molecules, cannot be ignored. 
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Pauson-Khand cycloaddition has been applied by Krafft to functionalized enynes. Bicylic alkylidene-γ-

lactam was isolated in 73% yield, using catalytic Co4(CO)12 in water (Scheme 52).43 
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 The Ru (0)-catalyzed hetero-Pauson-Khand reaction was investigated by Kang.44 High yields in bicylic 

α-methylene-γ-lactones were obtained from a variety of allenic aldehydes (Scheme 53) at 120 °C under 20 

atm CO pressure. 

 A plausible mechanism involving oxidative coupling, carbon monoxide insertion and reductive 

elimination is given in Scheme 54. 

 

4. Conclusion 

 The goal of this review was to demonstrate that put together radical- and transition metal-mediated-

cyclizations offer a mosaic of methodologies for the construction of both α-alkylidene-γ-lactones and γ-

lactams. All through out the selected framework, we have tried to put in perspective, the similarities and/or 

complementarities of these approaches. It sounds evident that although some radical pathways remain to be 

explored, the transition metal chemistry displays a larger range of possibilities, and most importantly enables 

catalytic enantioselective syntheses. A few examples have now been recorded. 
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Abstract. One-pot reactions between carbonyl compounds and nitriles in the presence of trifluoro-

methanesulfonic (triflic) anhydride afford a wide variety of heterocyclic compounds from readily available 

starting materials. Thus, substituted pyrimidines, benzothiazines, oxazoles and triazines can be prepared in 

good yields. The mechanisms and intermediates of the different reactions are reported. 
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1. Introduction 

 Many years ago, the introduction of perfluoroalkanesulfonic acids and their derivatives, particularly of 

fluorosulfonic acid,1 trifluoromethanesulfonic acid (triflic acid)2 and nonafluorobutanesulfonic acid3 led to 

the preparation of their respective esters referred as fluorosulfates (1), triflates (2) and nonaflates (3) 

(Scheme 1). Conductivity measurements show that these acids are very strong Brønsted acids, stronger than 
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sulfuric and even perchloric acid.4 Hence, perfluoroalkanesulfonates are exceptionally effective leaving 

groups, exceeded only by nitrogen molecule from diazonium salts or PhI in iodonium salts.5 Detailed studies 

establish triflates to be some 2×104 to 2×105 times more reactive than comparable tosylates.6 Hammett 

substituent constants for the triflate group show that OTf (OSO2CF3) is one of the strongest inductive 

electron withdrawing group.7 
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1.1. Triflic anhydride and vinyl triflates 

 Triflic acid8 and its rare-earth metal salts9 have found many applications in the field of organic 

synthesis. In addition, trifluoromethanesulfonic anhydride (Tf2O, triflic anhydride) has also been employed 

broadly in synthetic and mechanistic organic chemistry, specially for the preparation of triflates from various 

compounds.10 Moreover, triflic anhydride is able to induce or catalyze many chemical transformations.11 

Vinyl triflates were first reported in 196912 and have been used primarily for the direct solvolytic generation 

of vinyl cations.13 Vinyl triflates have played a key role in establishing the exact geometry of vinyl cations 

and were also employed to demonstrate hydride, alkyl and aryl migrations in vinyl cations.13 Useful 

preparative procedures have involved vinylic displacements.10,14 Moreover, many synthetic procedures based 

on the cross coupling reactions of vinyl triflates have been recently reported; significant examples are given 

in the References section.15 

 

2. Initial investigations 

2.1. The reaction of vinyl triflates and nitriles. Mechanism of the reaction 

 A few years ago, we explored the synthetic applications of vinyl triflates, prepared from aldehydes and 

ketones, because the triflate group can be easily removed by different nucleophiles under mild conditions.16 

Using this approach, we planned to synthesize enamides17 from vinyl triflates. We expected that the reaction 

of 1-phenylvinyltriflate (4) with propanetrile would afford, after hydrolysis, the corresponding enamide 7 

derived from the nucleophilic attack of the nitrogen atom of the nitrile at the vinyl cation 5 generated from 4 

by heating (Scheme 2). 
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 We did not find the expected vinyl amide; a substituted pyrimidine (8) was produced instead in very 

good yield (Scheme 3).18 
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 This product was apparently formed from a dimerization of the nitrile with incorporation of the moiety 

of the starting triflate. When triflate 9 (isomeric mixture Z/E 72:28) reacted with acetonitrile, two isomeric 

pyrimidines 10 and 11 were obtained (Scheme 4).18 
 

∆
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To explain these products, we proposed a mechanism (Scheme 5) in which the first step involves an 

elimination of triflic acid from the vinyl triflate 9 to give alkyne 12. The nitrile acts as a weak base which is 

protonated by the acid. Subsequent protonation of the triple bond generates two isomeric vinyl cations 13 

and 14. Nucleophilic attack by the nitrogen atom of the nitrile forms immonium ions 15 and 16. These ions 

are then attacked by a second molecule of nitrile. Finally, the elimination of a proton and a cyclization 

process produce the pyrimidines 10 and 11. 

 To test this proposal, we carried out the reaction using an alkyne intermediate as starting material 

instead of the vinyl triflate in propanenitrile (Scheme 6). We obtained the same pyrimidine 8 when 

phenylacetylene and propanenitrile were heated in the presence of triflic acid.19 

 These reactions represent a new one-pot synthetic approach to tri- and tetrasubstituted alkyl- and 

arylpyrimidines. Alkyl- and arylpyrimidines are otherwise prepared by tedious and time consuming 

procedures involving several steps.20 Many of the synthetic routes to prepare these azaheterocycles are based 

on the condensation of amines and carbonyl compounds.21 One-pot preparations of pyrimidines have been 

recently reported that are based on the reaction of ketones with amides that are activated by pyridine and 

triflic anhydride.22,23 Our method, either from vinyl triflates which can be easily prepared from ketones or 

from alkynes, permits the synthesis of substituted pyrimidines. From the groups attached to the pyrimidine 

framework, the moieties brought by the reactants can be easily traced (Scheme 7). 
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3. Synthesis of substituted pyrimidines 

3.1. The reaction of aldehydes and ketones in the presence of triflic anhydride 

 In order to extend the findings summarized in Scheme 7, we replaced the vinyl triflates or alkynes with 

ketones which are more readily available. The reaction of ketones was therefore carried out with nitriles in 
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the presence of triflic anhydride. Carbonyl compounds react with triflic anhydride to give products having 

different structure and stereochemistry.24 The reaction of ketones with triflic anhydride to form vinyl triflates 

is well-known,10a however, the reaction of ketones with nitriles and Tf2O afforded tetrasubstituted 

pyrimidines in good yields.25 The first step of the proposed mechanism (Scheme 8) for this process involves 

the formation of a triflyloxycarbenium ion 17 from the electrophilic attack of the sulfur atom of Tf2O at the 

carbonyl moiety. In the absence of nitrile and depending on the structure of the starting carbonyl compound 

and on the reaction conditions, different substances such as vinyl triflates 18 and gem-bistriflates 19 are 

obtained. When the reaction is carried out in the presence of nitriles, pyrimidines are formed in good yields. 

This unambiguously proves that the reaction proceeds via a triflyloxycarbenium ion 17. This proposed 

intermediate is trapped by consecutive nucleophilic attacks by the nitrile to form two nitrilium-immonium 

ions (20, 21). Subsequent proton elimination and cyclization process afford the corresponding pyrimidine. 

This mechanism is supported by the fact that the reaction only takes place when equimolecular amounts of 

Tf2O and ketone are used. This indicates that triflic anhydride acts as reactant and not as a catalyst. Ketones, 

bearing at least one alpha hydrogen atom, easily react to form tetrasubstituted pyrimidines in very good 

yields. The reaction can be carried out at room temperature in solvents such as chloroform or 

dichloromethane as well as pentane and no special preventive measures must be taken.  
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 In contrast, aldehydes are slower to react than ketones due to the relative instability of the 

corresponding triflyloxycarbenium ion, affording pyrimidines in lower yield.26 We are currently studying 
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this reaction using UF-NMR in order to determine all the intermediates involved and the kinetic parameters 

of the process.27 Immonium ions such as 20 and 21 are also postulated as intermediates in the condensation 

of nitriles and amides activated by 2-chloropyridine and triflic anhydride.23a 

 

Table 1. Representative examples of the reaction of ketones 

and aldehydes with nitriles in the presence of Tf2O. 
Carbonyl compound Nitrile Pyrimidine Yield (%) 
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N

NPh

Ph

Me

 

17 
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Me
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Me

 

90 
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Ph

 

90 
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N
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85 

Cyclohexanone MeCN 

N
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87 

Phenylacetaldehyde MeCN 

N

NMe

Me
Ph

 

23 
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Scheme 9 

 

 As additional support for this proposed mechanism, we point out that some vinyl triflates formed from 

ketones and aldehydes are unable to generate the corresponding vinyl cations under the reaction conditions.13 
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Thus, cyclopentenyl triflate and primary vinyl triflates undergo solvolysis via a sulfur oxygen bond cleavage 

without formation of the expected vinyl cations. However, cyclopentanone and phenylacetaldehyde (Scheme 

9 and Table 1) react with nitriles and Tf2O to form pyrimidines.25,26 These data rule out the possibility that 

vinyl triflates or vinyl cations are intermediates in the proposed mechanism. 

 Among the pyrimidines we prepared, the di-tert-butylpyrimidines,28 obtained using pivalonitrile, have 

pKa values that make them useful as non-nucleophilic hindered bases29 in situations where strong acids are 

formed as by-products (Scheme 10). 
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 The reaction of alkyl aryl ketones with nitriles in the presence of Tf2O fails in the case of aromatic 

heterocyclic ketones. Thus, the reaction of 1-(1H-pyrrol-2-yl)ethanone with acetonitrile led to N-triflyl-

substituted pyrrole salts due to the electrophilic attack of Tf2O at the heterocyclic nitrogen atom. In order to 

prevent this side reaction, it is necessary to initially protect the nitrogen atom by forming previously its  

N-tosyl derivative.30 This compound reacts with a nitrile in the presence of Tf2O to form the corresponding 

substituted N-tosylpyrimidine, which, after basic hydrolysis, affords the free base.31 The N-tosylpyrrolidones 

react under the same conditions to form the corresponding N-tosylpyrrolopyrimidines (Scheme 11). 
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This general procedure permits the easy preparation of a wide variety of alkyl-, aryl- and cycloalkane-

fused pyrimidines. Several 5,6-dialkyl-2,4-diarylpyrimidines were prepared and their electron-impact (EI) 

mass spectra investigated. The benzylic cleavage of the alkyl chains together with an important McLafferty 

rearrangement (with hydrogen migration to the nitrogen atom) were the main fragmentations observed. The 

5-methyl- and 6-methylsubstituted 2,4-diarylpyrimidines exhibit different spectrometric behaviours that 

allow them to be distinguished.32 On the other hand, the mass spectrometric cleavage of the cycloalkane-
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fused pyrimidines depends strongly on the alkyl ring size and on the substituents attached to this ring. Thus, 

while cyclobutapyrimidines undergo consecutive elimination of two nitrile molecules, pyrimidines having 

larger fused rings fragment by ring opening with loss of alkyl rings.33 
 
3.2. Regioselectivity in the reaction of aliphatic ketones 

 When the reactions of asymmetric ketones were studied, the structures and ratio of the products 

indicate that the reaction is highly regioselective. Thus, the reaction of 2-ketones such as 2-heptanone (23) 

with benzonitrile produces only the corresponding 4-methylpyrimidine (24). However, from 3-ketones, the 

regioselectivity depends on the length of the alkyl residue attached at the carbonyl group. For 3-hexanone 

(25), the slight difference in chain lengths result in a product mixture (26, 27), while for 3-octanone (28) the 

dissimilarity of the alkyl chain length induces the formation of an exclusive product (29) (Scheme 12).34 
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 These results show that the selectivity of the process is completely controlled by small variations in the 

alkyl groups attached to the carbonyl group. A more detailed observation of the general mechanism for the 

synthesis of pyrimidines from alkyl ketones (Scheme 8) could explain the reported results. The theoretical 

values of the heat of formation of E/Z olefinic intermediates such as 22 (Scheme 8) agree with the results 

obtained and permit a rational explanation for the regioselectivity found.34 

 
3.3. Synthesis of halo- and alkoxysubstituted pyrimidines 

Using the above approach, α-haloketones react with nitriles and triflic anhydride to form 4-halo-

pyrimidines.35 Haloketones bearing chloro or bromo atoms gave good yields while iodoketones afford 

pyrimidines in lower yields. Following the same strategy, the reaction of aliphatic esters under the same 

conditions produces 4-alkoxy and 4-aryloxysubstituted pyrimidines (Scheme 13).36 The proposed 

mechanisms for both reactions involves the same pathway postulated for the reaction of ketones (see Scheme 

8). 
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In contrast to the results of the reaction of aliphatic esters, phenylacetic esters form substituted 

isoquinolines in medium to good yields (Scheme 14). The formation of these unexpected products can be 

explained with a shortened reaction path. The initial intermediate triflyloxycarbenium ion is attacked by a 

nitrile molecule to give a nitrilium-immonium ion. In this case, the structure of the cationic intermediate 

favours a cyclization process instead of a second attack by another nitrile molecule. The cyclization process 

leads, after loss of a proton and elimination of triflic acid, to isoquinolines.37 
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3.4. Synthesis of substituted benzoquinazolines and related compounds 

 Among the pyrimidines, one of the most prominent are the benzoquinazolines. In the past, the 

construction of the quinazoline moiety has involved cyclization of appropriate benzenes whose preparations 

are not always easy. Recently, two convenient procedures were reported from anilides38 and from 

naphthylamines.39 We have found that the reaction of 1- and 2-tetralone with nitriles in the presence of triflic 

anhydride affords substituted dihydrobenzo[h]quinazolines (30) and substituted dihydrobenzo[f]quinazolines 

(31), respectively (Scheme 15).40 The oxidation of compounds 30 and 31 with of 2,3-dichloro-5,6-dicyano-

benzoquinone (DDQ) affords the corresponding substituted benzoquinazolines (32 and 33) (Scheme 15). 

With two different positions alpha to the carbonyl group on 2-tetralone, one can envisage the formation of 

two possible isomeric dihydrobenzo[f]- and dihydrobenzo[g]quinazolines. In fact, the exclusive formation of 

quinazolines 31 further demonstrates the regioselectivity of this process. When 2,4-dibenzylsubstituted 

dihydrobenzoquinazolines (34) react with DDQ, two different products are obtained depending on the 

temperature of reaction. Thus, if the reaction is carried out in refluxing ortho-dichlorobenzene (ODCB), both 

methylene groups are oxidized; however, when the reaction is carried out in refluxing toluene, only the 

methylene attached at the C4 position reacts to form monocarbonyl compounds. In this case, products 

derived from aromatization are not observed. 
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 The use of 1-benzosuberone permits easy access to 2,4-disubstituted benzocycloheptapyrimidines (35) 

in good yields (Scheme 16).41 Members of this class of compounds have important pharmacological 

properties.42 
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3.5. Cyclobutapyrimidines and pyrimidine ortho-quinodimethanes in the Diels-Alder reaction 

 Following the general scheme above, the reaction of cyclobutanone with nitriles affords the 

corresponding substituted cyclobutapyrimidines (36). Compounds 36 are obtained in moderate yields due to 

competitive aldol condensation of the cyclobutanone. These compounds are excellent precursors for the in 

situ generation of the extremely reactive pyrimidine dienes (ortho-quinodimethanes) by thermolysis in 

ortho-dichlorobenzene (ODCB) at 180 ºC which are trapped with different dienophiles in a classical Diels-

Alder (DA) reaction (Scheme 17).43 
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 The stereochemistry of the DA reaction of these pyrimidine ortho-quinodimethanes (o-QDMs) was 

investigated. Thus, while diethyl maleate formed a mixture of cis and trans adducts, diethyl fumarate gave 

only the trans-cycloadduct. The reaction with methyl acetylenedicarboxylate formed a mixture of dihydro 

and quinazoline derivatives. The high temperature at which the reaction takes place causes the aromatization 

of the initially formed dihydrocompound (Scheme 18).44 

 Pyrimidine o-QDMs also react with non-classical dienophiles such as C60 fullerene (Scheme 19). 

These adducts were used to determine thermodynamic parameters of some dynamic processes such as 

intramolecular boat-to-boat interconversion of the cyclohexene moiety. The Scheme 19 shows the 1H NMR 

spectra of the methylene protons of cycloadduct 37 at various temperatures. At -15 ºC the ring 

interconversion is frozen and two AB overlapped proton systems can be observed. The coalescence 

temperature and the ∆G‡ values show a remarkable dependence on the nature of the substitution on the 

pyrimidine ring. The molecular geometry of some cycloadducts optimized at the semiempirical PM3 level 

predicts a structure in which the cyclohexene ring adopts a boat conformation, thus confirming the CS 

symmetry observed in the NMR spectra.45 
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3.6. The special reactivity of benzyl cyanides 

 Benzylic nitriles yield an unusual variety of products when treated with ketones and triflic anhydride. 

When phenylacetonitrile reacts with ketones, such as cyclopentanone, the corresponding benzyl substituted 

pyrimidines are easily formed. We use this ketone as a representative example since its vinyl triflate cannot 

produce the corresponding vinyl cation (see Scheme 9) and this lack of reactivity rules out other concomitant 

mechanisms. However, if the benzyl nitrile has two or more methoxy substituents, two new compounds are 

obtained together with a small amount of the expected dibenzyl substituted pyrimidine (DBSP) (Scheme 

20).46 
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 The amount of these unexpected substances increases with the number of methoxy substituents 

attached to the nitrile. The reaction of triflic anhydride and benzyl nitriles without ketones should lead to 

afford non-isolable complexes. The electronic nature of the substituents attached to the phenyl ring controls 

the stability of this complex. Electron acceptor groups prevent the formation of the complex affording 

pyrimidines as final products. In contrast, methoxy groups lead to a stabilized complex which reacts with 

cyclopentanone to form the unexpected compounds 38 and 39. Compound 39 was obtained together with 

small amounts of an intriguing compound 40 whose structure was determined by X ray analysis (Figure 1). 

It is clear that the number of methoxy groups modulates the pathway of the reaction. 

 

 

Figure 1 
 

 The molecule 40 is almost coplanar whereas the spirocyclopentane ring possesses an envelope 

conformation.47 
 
3.7. The use of methylthiocyanate. Synthesis of functionalized pyrimidines 

 Strategies for syntheses of particular pyrimidines require the incorporation of functional groups into 

the pyrimidine moiety that can be removed or transformed. Methylthio groups are easy to incorporate by 

using methylthiocyanate as nitrile and they can be also modified to a remarkable number of other functional 

groups.  

The reaction of aliphatic, cyclic or aromatic ketones with triflic anhydride in the presence of 

methylthiocyanate affords the corresponding 2,4-bis(methylthio) substituted pyrimidines (41).48 

Nucleophilic displacement of the methylthio groups requires harsh conditions.20 However, methylthio 

groups can be easily oxidized to methylsulfonyl groups which are much better leaving groups. Sulfones (42) 

react under normal conditions to give access to a variety of substituted pyrimidines (Scheme 21).48 
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Usually, the substitution of either MeSO2 or MeS groups at C4 takes place faster than at C2, making it 

possible to displace these groups step by step. This permits the introduction of two different nucleophiles at 

these positions. 

 The reaction of disulfones 42 with sodium methoxide in methanol produces the dimethoxypyrimidines 

43 which can be hydrolyzed in hydrochloric acid medium to form uracils 45. These same uracils 45 can also 

be obtained by basic hydrolysis of disulfones. The nucleophilic displacement of both methylsulfonyl groups 

with tetrabutylammonium cyanide forms 2,4-dicyanopyrimidines 44. Aminosulfones 46 are obtained by 

nucleophilic substitution of the methylsulfonyl group at C4 position with ammonia at room temperature. The 

use of ammonium hydroxide and a higher temperature permits the preparation of the diamino derivatives 47. 

Aminomethoxy substituted pyrimidines 48 can be prepared from aminosulfones 46 by reaction with sodium 

methoxide (Scheme 22). 
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The reaction of methylthiocyanate with aliphatic esters and Tf2O forms mainly 4-alkoxy-2,6-

bis(methylthio)pyrimidines (49) together with variable amounts of S-methyl alkanoylthiocarbamates (50) 

(Scheme 23).49 

As described above, methylthio groups can be easily converted to SO2Me groups. The differing 

reactivities of the two methylsulfonyl groups toward nucleophiles, gives access to aminoalkoxy, di- and 

trialkoxypyrimidines (Scheme 24). 
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 Surprisingly, the reaction of 2-tetralone with methylthiocyanate leads to a mixture of the expected 

dihydrobenzoquinazoline (see Section 3.4) and a new compound which was identified as a substituted 

tetrahydrodibenzo[a,i]phenanthridine (51) (Scheme 25).40 The pentacyclic structure of 51 cannot be 

explained by the general mechanism for the reaction between ketones and nitriles.24 The structure of 51 

indicates that only one nitrile molecule and two molecules of the starting ketone participate in this process. It 

appears that the first step of the reaction involves the aldol condensation of the 2-tetralone induced by traces 

of the triflic acid. This process was also observed in the reaction of cyclobutanone with different nitriles (see 

Section 3.5).45 The enone formed by this condensation is attacked by Tf2O and methylthiocyanate 

consecutively to form, after TfOH elimination and cyclization, this unexpected phenanthridine 51. 
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 In Section 3.4 (Scheme 16) the reaction of 1-benzosuberone with different nitriles was shown to afford 

the corresponding substituted benzocycloheptapyrimidines (35).41 Among these compounds, 

benzocycloheptapyrimidines bearing nitrogen substituents at positions 2 and 4 are an important class of 

compounds which exhibit interesting pharmacological applications.50 To gain access to these pyrimidine 

derivatives, we initially tried reactions in which classical nitriles are replaced with cyanamides, but these 

reacted directly with Tf2O to give triazines (see Section 5 below). However, the desired 2,4-dialkylamino 

derivatives were obtained via the initial preparation of benzocycloheptapyrimidines (52) with easily 

replaceable substituents at positions 2 and 4. Nucleophilic displacement of these groups with the appropriate 

nitrogen reagent affords the desired 2,4-dialkylamino substituted pyrimidines (53–55) (Scheme 26).51 

 We wished to pursue an alternative access to 2,4-dialkylamino substituted pyrimidines by forming the 

vinyl triflate first and then adding N,N-dialkylcyanamides. Thus, when the vinyl triflate 56, formed from  

1-benzosuberone and triflic anhydride, was treated with these cyanamides the corresponding 2,4-

dialkylamino substituted pyrimidines were formed in good yields.51 Thus, two alternative methods permit 

the synthesis of these important target pyrimidines using either amines or cyanamides (Scheme 27). 
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3.8. Synthesis of heterocycles fused pyrimidines 

 The reaction of lactones and oxyketones leads to the formation of different pyrano[2,3-d]pyrimidines 

(58) and pyrano[4,3-d]pyrimidines (59) respectively.52 When the process is carried out with other lactones 

such as butyro- or caprolactone, the reaction results in a very complex mixture from which no significant 

product could be identified. In contrast, the reaction of thiopyranone (60) with nitriles and Tf2O affords only 

products derived from the aldol condensation of the starting ketone without intervention of the nitrile 

(Scheme 28). 

 To avoid side reactions provoked by the electrophilic attack of the triflic anhydride on the nitrogen 

atom, aminoketones must be protected. Thus, the benzylic protected aminoketone reacts with nitriles to form 

a substituted pyrido[4,3-d]pyrimidine (61). During the reaction, the benzyl group is replaced by the 

trifluoromethanesulfonyl group. If the nitrile is methylthiocyanate, a substituted pyridouracil (62) is formed 

following oxidation and hydrolysis (Scheme 29).53 
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4. The reaction with carbonyl compounds containing sulfur atoms 

4.1. The reaction of thioesters with nitriles and triflic anhydride 

 4-Alkylthio substituted pyrimidines (63) and 4-arylthio substituted pyrimidines (64) are easily 

obtained from the simpler starting materials S-methylbutanethioate and S-phenylethanethioate, respectively. 

To extend this synthetic procedure to the preparation of tris(alkylthio)pyrimidines, we investigated the 

reaction of thioesters with methylthiocyanate. When the latter reacts with S-methylbutanethioate, a new 

product (65) was isolated instead of the anticipated tris(methylthio)pyrimidine (Scheme 30). The formation 

of 65 can be explained by the relative low nucleophilic character of the thiocyanate compared with 

conventional nitriles. Thus, the triflyloxycarbenium ion formed initially (see Scheme 8) is not attacked by a 

second molecule of the thiocyanate. Instead, this intermediate rearranges with migration of one of the 

methylthio groups. After hydrolysis the imidocarbonate 65 is formed.54 
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 To verify that the methylthio group migrated from the carbonyl group of the thioester, we repeated the 

reaction using ethylthiocyanate. Indeed, the product 66 obtained indicated that only one molecule of 

thiocyanate is involved and that the methylthio group comes from the starting thioester. The stereochemical 

relationship of the substituents attached at the double bond C=N of 66 was established by NOE experiments 

(Scheme 31). 
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4.2. Stereoselective synthesis of substituted 1,3-benzothiazines 

 The reaction of S-phenyl ethanethioate and S-phenylpropanethioate with substituted benzyl cyanides 

produces (4Z)-2-alkyl-4-benzylidene-4H-1,3-benzothiazines (67) in moderate yields.55 Surprisingly, the 

formation of the corresponding pyrimidines is not observed (Scheme 32). 
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 To explain the formation of the benzothiazine ring we proposed a mechanism (Scheme 33) in which 

the first steps are the previously discussed formation of triflyloxycarbenium ion and the subsequent 

nucleophilic attack by a nitrile molecule leading to the nitrilium-immonium ion (68). A ring closure through 

an intramolecular aromatic substitution forms the benzothiazine ring. This step blocks the attack of a second 

nitrile molecule, thus preventing the pyrimidine formation. This pathway explains the ring formation but the 

origin of the stereochemistry remains unclarified. The stereochemical requirements for the proton 

elimination in the last step appear to control the exclusive formation of the Z isomer (70). 

 It should be recalled that when the reaction is carried out with an aryl nitrile, only the corresponding 

pyrimidine is obtained (Scheme 30). The clear difference in products between the reactions of phenyl or 

methyl as compared to benzyl nitrile raises an intriguing question: what is the role of the methylene moiety 

bound to the cyano group? To shed light on this, we carried out the reaction with propanenitrile (with a 

methylene group bound to cyano function) and obtained only the corresponding pyrimidine. It is clear that 

the methylene group plays an important role but it is necessary that this group is attached to the phenyl ring. 

 The stereochemistry of the double bond was determined by 2D NOESY experiments. For compound 

shown in Figure 2, the correlation signals of proton 9 with protons 2´and 5 clearly show the presence of the 

Z isomer. 
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4.3. Synthesis of 1,3-oxazoles 

 As discussed above in Section 3.3, the reaction of substituted ketones such as halo35 and 

alkoxyketones56 affords the corresponding halo and alkoxy substituted pyrimidines. However, when 

methylthioacetone reacts with nitriles and triflic anhydride, methylthiopyrimidines were not found and only 

substituted 1,3-oxazoles (71) were isolated (Scheme 34).57 
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 The methylthio group at position C4 can be easily removed by reductive displacement to afford  

4-unsubstituted 1,3-oxazoles (72). The hydrogen at the C4 position in compounds such as 72 was easily 

observed in 1H NMR spectra as quartet (4J = 1.1 Hz) coupled to the doublet representing the methyl group at 
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C5. The methylthio group can also be transformed by oxidation to give 4-methylsulfonyl derivatives (73). 

The use of aromatic dinitriles and control of the reaction stoichiometry permits the preparation of mono- 

(74) and bisoxazolyl derivatives (75) (Scheme 35). 
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 The structure of the oxazole provokes a modification of the proposed general mechanism for this type 

of reaction (see Scheme 8). Thus, the structure of the final product requires that only one molecule of the 

nitrile is involved and also that a new C-O bond is formed between the carbon of the cyano group and the 

carbonyl oxygen. Relating these findings, it leads to the proposal that the nucleophilic attack of the nitrogen 

atom takes place on the carbon attached to the methylthio group (Scheme 36). Moreover, an equimolecular 

amount of triflic anhydride is necessary because catalytic amounts of this reagent do not produce a 

significant reaction. We have postulated a new ketotriflate intermediate (76).57 Unfortunately, several 

attempts to isolate or trap the intermediate 76 were unsuccessful. Lacking this, we tried to observe the 

intermediate using NMR spectroscopy at low temperature. 
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 The following figures show the 1H and 13C NMR spectra of the starting methylthioacetone (Figure 3, 

top). The addition of Tf2O at low temperature (5 ºC) causes new signals to appear (Figure 3, bottom). The 
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subsequent addition of benzonitrile (Figure 4) provokes a clear evolution of the reaction mixture. After the 

basic hydrolysis, the spectra of the corresponding oxazole can be observed. It should be noted that when the 

reaction mixture is allowed to stand at room temperature without addition of the benzonitrile, a total 

decomposition was observed after two hours. 
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 A careful study of the spectra of this reaction with aid of 2D homo and heteronuclear correlations 

permitted us to identify four intermediates, whose chemical shifts are shown (13C NMR chemical shifts are 
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parenthesized). These intermediates are: the postulated ketotriflate (76), a dimer (77) of the starting 

thioketone and two vinyl triflates (78, 79). These vinyl triflates were found in low concentration (20%) while 

ketotriflate 76 and the ketonedimer (77) were observed in 40% each (Scheme 37). 
 

Me

O

MeS

Tf2O

Me

O

MeS

OTf

Me

O

MeS

S
Me

O

Me
MeS

OTf

H
OTf

MeS
Me

H

2.14 (12.74) 5.90 (70.82)

2.49 (26.10)

(197.65) 2.09 (12.39)
2.49 (26.10)

(197.65)5.87(70.59)

2.93(24.25) 4.62(51.12)

2.38(28.59)
(198.38)

5.68
6.73

(98.18)
(171.03)

(85.79)

(171.05)

2.97(29.84)

2.96(29.80)

76 77

78 79  
Scheme 37 

 

MeS
Me

O Tf2O MeS
Me

OTf
MeS

Me

OTf

OTf

MeS
Me

O

MeS
Me

O

S
Me

O Me

MeS
O

N
C

Me
MeS

O
N
C

Me

ON

MeS Me

ON

MeS Me

H

CN

MeS
OTf

Me
H

ON

MeS Me

-H

-TfH

MeS
OTf

Me
H

Me
OTf

MeS
O

NaHCO3

H2O

, TfO

, TfO

, TfO TfO ,

- TfOH

, TfOTfO ,

, TfO

78, 79

76

77

80  
Scheme 38 



 81 

 A mechanism, outlined in Scheme 38, is consistent with these observed intermediates. Thus, the first 

formed triflyloxycarbenium ion undergoes a hydride rearrangement to form a more stable intermediate. A 

subsequent trapping by triflate anion followed by an elimination of a trifluoromethanesulfinic acid molecule 

(TfH) leads to the formation of the postulated ketotriflate 76. The vinyl triflates (78, 79) and the ketonedimer 

77 can also be explained through this mechanism. Finally, the addition of the nitrile causes the displacement 

of the triflate group followed by a cyclization process. Basic hydrolysis produces the expected oxazole 80 

(Scheme 38). 

 

5. Synthesis of 2,4,6-trisubstituted 1,3,5-triazines 

 Many synthetic procedures for the preparation of 1,3,5-triazines (or s-triazines) are known, but almost 

all require harsh conditions (specially high pressures) or a reagent obtained from a multi-step preparation.58 

As was mentioned in Section 3.7, the reaction of nitriles or cyanamides with triflic anhydride under mild 

conditions produces the cyclotrimerization of the nitrile to give very good yields of the corresponding 

triazines (Scheme 39).59 
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 The reaction takes place with acetonitrile but not with other aliphatic nitriles nor with benzyl nitriles. 

The mechanism of the reaction is yet to be clarified. It is known that cyanamides react with triflic anhydride 

to form a bistriflylisourea intermediate which quickly reacts with two molecules of nitrile to give the 

corresponding triazine.60 Further work is in progress in our laboratory to determine the exact pathway of the 

reaction of nitriles with triflic anhydride and to make it possible for benzyl and alkyl nitriles.61 
 

Conclusions 

 The reaction of carbonyl compounds with nitriles and triflic anhydride represents a new synthetic 

procedure based in a one-pot reaction for the preparation of different classes of heterocycles. Thus, the 

reaction with ketones allows to prepare alkyl, aryl and cycloalkane fused pyrimidines. Among these, 

cyclobutapyrimidines are excellent precursors for the in situ generation of pyrimidine ortho-

quinodimethanes (o-QDM) which can be trapped with different dienophiles. Halo- and alkoxypyrimidines 

can be also prepared either from haloketones or from aliphatic esters. The general mechanism of the reaction 

is well established. Several examples indicate an unexpected behaviour of the benzyl nitriles when these 

compounds bear electron-donating substituents. The use of methylthiocyanate results in the synthesis of 

pyrimidines bearing methylthio groups that can be easily removed by different nucleophiles after oxidation 

to the corresponding methylsulfonyl groups. Carbonyl compounds containing sulfur atoms such as thioesters 

and thioketones react following a different pathway affording benzothiazines and oxazoles, respectively. 

Finally, the reaction of nitriles with triflic anhydride leads to the formation of s-triazines. 
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Abstract. Development of metal-mediated C–C and C–N bond forming reactions has facilitated synthesis of 

a wide variety of purine and purine nucleoside derivatives. Aryl- and alkenyl-substituents can be readily 

introduced in the purine 2-, 6- or 8-position by Pd-catalyzed Stille, Negishi, or Suzuki-Miyaura coupling on 

halopurines. The Negishi reaction is normally the method of choice for synthesis of 2-, 6- or  

8-alkylpurines, and alkynylpurines are readily available by Sonogashira coupling. C–C Bond formation has 

to some extent also been carried out via metallated purines, but such strategies seldom compete favourable 

with couplings between halopurines and organometallic reagents. Arylaminopurines can be synthesized by 

Buchwald-Hartwig reactions on halopurines or aminopurines. Arylation of purine N-9 and N-1 has been 

achieved by Cu-mediated reactions with arylboronic acids and a wide range of carbocyclic purine 

nucleosides has been prepared with Pd(0)-catalyzed allylic alkylation as a key-step. Numerous purines 

displaying interesting bioactivities, as for instance cytotoxic, antimicrobial and antiviral activities have been 

synthesized according to the methodologies discussed herein. The same is true also for adenosine receptor 

ligands, cytokinins and 15-lipoxygenase inhibitors.* 
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1. Introduction 

 Purine (1) is the most abundant nitrogen-containing heterocycle on earth (Scheme 1).1 Purine (1) itself, 

first synthesized by Emil Fischer in 1899,2 is not found in nature, but the bicyclic ring system is present in 

many of naturally occurring compounds with a wide variety of biological roles. 
 

N

N N
H

N1

2

3
4

5
6 7

8

9

1

HN

N N
H

N

O

H2N

OHO

HO OH
2

N

N

NH2

N

N

R
3:  R = H

4:  R =

OO

HO OH

5:  R =

P
O

O

OP
O

O
OP

O

O
O

O

OH

6:  R =

O
P OO
O

OO

HO OH

7:  R =

P
O

O

O

P
O

O O O

HO OH

N
CONH2

 
Scheme 1 



 

 87 

Guanine (2) and adenine (3) are DNA and RNA bases and the adenine moiety is found in adenosine (4, 

signalling substance), adenosine 5´-triphosphate (ATP, 5, energy storage) cyclic AMP (cAMP, 6, second 

messenger) and nicotinamide adenine dinucleotide (NADH/NAD+, 7, co-enzyme), all examples of important 

compounds in humans. 

Plants, microorganisms as well as marine sponges, tunicates and related organisms are also producing 

tremendous amounts of bioactive purines. Plant growth hormones of the cytokinin class, i.e. 6-benzyl-

aminopurine (8) and trans-zeatin (9) are purine derivatives3 (Scheme 2). Caffeine (10), heteromines 11 

(cytotoxic compounds from Heterostemma brownii)4 and crotonoside (12, an antibiotic compound isolated 

from Croton tiglum5 and other sources6) are other examples of bioactive purines found in higher plants. 
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Cytotoxic and antimicrobial agelasines,7 e.g. agelasine A (13), isolated from marine sponges (Agelas 

sp.), aplidiamine (14) from the marine ascidian Aplidiopsis sp.,8 cytotoxic asmarines,9 i.e. asmarine A (15), 

from the marine sponge Raspailia sp. and the extremely toxic paralytic shell fish poison saxitoxin (16) 

produced by certain dinoflagelates,10 illustrate some of the structural diversity found for purines isolated 

from microorganisms and marine sponges (Scheme 3). The same is true for the nucleoside-like compounds 

amipurimycin (17, antifungal compound from Streptomyces sp.),11 herbicidin B (18, antimicrobial 

compound from Streptomyces sp.),12 oxetanocine A (19, antiviral compound from Bacillus sp.),13 

trachycladine A (20, cytotoxic compound found in several marine sponges)14 and neplanocin A (21, 

antileucemic and antiviral compound from Streptomyces sp.).15 
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Since purines are involved in so many essential biological processes, derivatives have been extensively 

studied as potential drugs and molecular tool and several purines are clinically used as drugs, especially as 

anticancer- and antiviral compounds. The purine antimetabolites 6-mercaptopurine (22)16 and fludarabine 

phosphate (23),17 used in cancer therapy, the immunosuppressive drug azathioprine (24)16d,18 and the 

antivirals acyclovir (25, herpes)19 and didanosine (ddI, 26, HIV)20 are some examples of clinically used 

purine-derived drugs (Scheme 4). 
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 No wonder, synthesis of modified purines as potential drugs or molecular tools is an active research 

area. Development of metal-mediated reactions for C–C and C–N bond formation has facilitated the 

synthesis of a number of novel purines, many of them with highly interesting biological activities. In the 

chapters, applications of organometallic reactions for C–C and C–N bond formation in purine chemistry are 

discussed.  
 

2. C–C Bond formation  

 Before the development of modern organometallic chemistry, especially cross-coupling reactions, 

methods for the formation of C–C bonds in purines were limited. 6-Chloropurines have been transformed to 

alkyl or alkenylpurines via reaction with an alkyldienfosforane,21 and 6-thiopurines may undergo an 

Eschenmoser rearrangement.22 Furthermore, C–C bond formation under radical conditions23 are known, but 

in most instances purines containing carbon substituents in the 2-, 6- or 8-position were prepared by ring 

closing reactions of appropriately substituted pyrimidines or imidazoles. Today, such compounds may, to 

some extent, be prepared by addition of an organometallic reagent to the electron deficient purine ring 

system followed by rearomatization. More important are cross-coupling reactions on halopurines or in some 

cases, on metallated purines. These strategies are discussed in details below. This chemistry has partly been 

reviewed before.24 

 

2.1. Addition of organometallic reagents followed by rearomatization 

2.1.1. Addition of organolithium reagents 

 Phenyllithium adds to the 8-position of 6-chloro-9-methylpurine (27) to give a mixture of the adduct 

28 and rearomatized purine 29 (Scheme 5).25  
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 The reaction is facilitated by catalytic tris(dibenzoylmethido)iron [Fe(BMD)3] and one pot addition-

oxidation can be achieved with nitrobenzene as oxidizing agent. In contrast to these results, 6-chloropurine 

itself undergoes substitution in the 6-position when treated with phenyllithium (see Section 2.2.1.).26  
 

2.1.2. Addition of organomagnesium reagents 

 N,N-Dialkylated-2-oxopurines form stable adducts when reacted with Grignard reagents and the 

products can be rearomatized by DDQ or manganese dioxide. The regioselectivity of the addition is highly 

dependant on the N-alkylation pattern (Schemes 6–9).27  
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 1,9-Dialkylated 2-oxopurines 30 and 32 react in the 6-position and the adducts 31 and 33 and oxidized 

compounds 32 and 34 are generally isolated in high yields (Scheme 6).28 1,3-Dibenzyl-2-oxopurine (35) also 

reacts in the 6-position but the second addition of a Grignard reagent takes place at C-8 and the latter adduct 

is spontaneously rearomatized to give compound 38 (Scheme 7).27a 

 Addition of Grignard reagents to 1,7-dibenzyl-2-oxopurine (39) was less selective (Scheme 8),27a but 

attack at C-6 was preferred on the 6-unsubstituted 2-oxopurine 39 and at C-8 when C-6 already carried a 

substituent (compound 42). The only dibenzyl-2-oxopurine isomer which preferably adds phenylmagnesium 

bromide in the 8-position, even if C-6 is unsubstituted, is the 3,7-dibenzylpurine 45 (Scheme 9).27a 
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 The trialkylated purinium salt 52, synthesized as shown in Scheme 10, also reacts selectively with 

Grignard reagents in the 6-position to give the adducts 53.28  
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 Introduction of the allyl group at C-8 in 6-chloro-9-tetrahydropyranylpurine, probably by an addition-

oxidation mechanism, is discussed in Section 2.2.2.29 

 

2.2. Cross-coupling of halopurines 

2.2.1. Coupling with organolithium reagents 

 In most cases, purines are lithiated at C-8 when reacted with organolithium reagents (see Section 

2.3.1.), but when 6-chloropurine (54) is reacted with 2 equivs. phenyllithium substitution in the 6-position 

takes place (Scheme 11).26  
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 Since the reaction proceeds via the anion 55, metallation (see Section 2.3.1.) and adduct formation at 

C-8 (see Section 2.1.1., Scheme 5)25 are precluded. 

 

2.2.2. Coupling with organocuprates-copper-mediated couplings 

 Copper-mediated coupling reactions are attractive for the introduction of perfluoroalkyl groups, and 

the first examples of Cu-mediated C–C bond formation in purines were couplings of the organocopper 

reagent generated from CF3I and Cu, or CF3ZnBr and CuBr, with halogenated purine nucleosides 58 

(Scheme 12).30 Unfortunately, this method requires the use of highly toxic HMPA and the yields are quite 

modest. An improved method utilizes trimethyl(perfluoroalkyl)silanes.31 Some representative examples are 

shown in Scheme 12. This latter method was also used for the introduction of the trifluoromethyl group in 

the purine 2-position.32 Compound 59 has been synthesized in high yield (91%), when the 6-bromo analog 

of the nucleoside 58c was treated with FSO2CF2CO2Me and CuI,33 and the CF3-group has been introduced at 

C-2 selectively when a 6-chloro-2-iodopurine was reacted with CF2Br2, Zn and CuI, but HMPA was used as 

co-solvent in both reactions.34  
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 Also aryl and alkyl groups have been introduced by coupling between 6-halopurines and 

organocuprates.25,29,35 This methodology is especially valuable for the introduction of sec- and tert-alkyl 

groups with respect to yield and also when considering other methods for the introduction of such groups, 

see below. A few representative examples are shown in Scheme 13.35 Interestingly, the allylic reagent reacts 

at the purine 8-position to give compound 64, probably by an addition-oxidation mechanism (see also 

Section 2.1.).29 Cu(I)-mediated dimerization of iodopurines has recently been reported.36 
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2.2.3. Coupling with organomagnesium reagents 

 Addition of Grignard reagents to purines is presented in Section 2.1.2., and copper-mediated coupling 

of Grignard reagents in Section 2.2.2. Other C–C bond forming reactions involving halopurines and analogs 

and Grignard reagents are described below. Even though numerous Grignard reagents are easily available, 

the so-called Kumada-Corriu coupling37 (Pd- or Ni-catalyzed coupling between a Grignard reagent and an 

aryl- or alkenyl halide or pseudohalide) is rarely employed in purine chemistry. The low chemoselectivity of 

Grignard reagents and often the need of less stable Ni-catalysts makes the Kumada-Corriu reaction less 

attractive than the Stille (Section 2.2.4.), Negishi (Section 2.2.5.) or Suzuki-Miyaura coupling (Section 

2.2.6.). Ni- or Mn-catalyzed couplings between 6-chloro-38 or 6-methylthiopurines39 and simple aryl, alkyl 

and homoallyl Grignard reagents have been performed. It is worth noting that the use of relatively basic 

Grignard reagents is compatible with a free NH function in the purine ring (Scheme 14). Fürstner's  

Fe-catalyzed coupling of Grignard reagents has been performed successfully on halopurines.40  

8-Bromopurines, as well as O6-tosylpurines, have also been coupled with Grignard reagents in the presence 

of Pd-catalysts, but the yields are often modest.41 Some recent examples of a non-catalyzed reaction between  

6-iodopurines and Grignard reagents are discussed in Section 2.3.4. 
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2.2.4. Coupling with organotin reagents (Stille coupling) 

 The Stille coupling42 is now the most established method for C–C bond formation in purines. Pioneer 

work was done by Nair, who in the late 1980s demonstrated that 2-iodopurines participate in Pd-catalyzed 

couplings with various organostannanes and thus synthesized several purine nucleosides with carbon 

substituents at C-2.30b,c,43  
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Table 1. Coupling of 6-chloropurines with organometallic reagents.44c,54 

Position of benzyl group RMet Solvent Temp. (oC) Time (h) Yield (%) 
N-9 PhSnBu3 DMF 110 7.0 75, 68a 
N-9 PhZnBr THF 50 0.25 77, 68a 
N-9 PhB(OH)2 PhMe 

(K2CO3) 
100 24 95, 68a 

N-7 PhSnBu3 DMF 110 4.0 93, 68b 
N-7 PhZnBr THF 50 0.5 84, 68b 
N-7 PhB(OH)2 PhMe 

(K2CO3) 
 7.5 70, 68b 

N-9 SnBu4 DMF ∆ 21 18, 68c 
N-9 BuZnBr THF 50 3.0 84, 68c 
N-7 SnBu4 DMF ∆ 3.5 65, 68d 
N-7 BuZnBr THF 50 2.0 24, 68d 
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 Soon afterwards the first examples of Stille couplings in the purine 6-44 and 8-positions45 appeared. 

Protocols for selective couplings on dihalopurines were established (see Section 2.2.11.)46 and soon Stille 

couplings became the method of choice for the introduction of aryls and alkenyls in the purine 2-,47  

6-31b,47h,48 and 8-position.47b,h,48u,49 

 7-Alkylated 6-chloropurines 67b are more reactive in Stille couplings than the corresponding  

N-9 alkylated isomer 67a (Scheme 15, Table 1), the opposite is found in Negishi couplings (Section 

2.2.5.).44c Alkyl groups could also be introduced this way, but in most cases the Negishi coupling, employing 

more reactive organozinc compounds (Section 2.2.5.) would be preferred. Alkynyltin reagents react well in 

Stille couplings on purines, but generally the environmentally more benign Sonogashira coupling (Section 

2.2.9.) would be the method of choice for these transformations. 
 

2.2.5. Coupling with organozinc reagents (Negishi coupling) 

 Couplings between organozinc compounds and halopurines were first reported in 1994; the  

N-benzyl-6-chloropurines 67 reacted with aryl and alkylzinc halides in the presence of a Pd-catalyst 

(Scheme 15).44c For N-alkylated purines this is probably the most convenient way to introduce alkyl groups 

at C-2, C-6 or C-8, transformations which require harsh conditions employing organotin reagents, see for 

instance synthesis of compound 68c (Scheme 15, Table 1) and currently there are numerous reports of 

Negishi couplings50 on halopurines.40b,46a,c,47h,48q,49k,51 Nitrile group has been introduced at all purine carbons 

by Pd-catalyzed coupling with Zn(CN)2.
52 Scheme 16 shows the application of the Negishi and Stille 

reaction in the synthesis of a cyclic tetrameric purine 78, isolated as a Pd-complex.53 The purine metallation 

and regioselectivity involved in the synthetic sequence are discussed in Sections 2.3.2. and 2.2.11., 

respectively. 
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2.2.6. Coupling with organoboron reagents (Suzuki-Miyaura coupling) 

 9-Benzyl-6-phenylpurine (68a) has been synthesized in excellent yield in a reaction between the 

corresponding 6-chloropurine 67a and phenylboronic acid in the presence of catalytic Pd(0) (Scheme 15, 

Table 1). A facile introduction of alkenyl groups was also achieved by this strategy and electron deficient 

arylboronic acids reacted satisfactory when the solvent was changed from toluene to DME.54 The Suzuki-

Miyaura55 coupling is now routinely used for functionalization in the purine 2-,40b,51e,52c,56  

6-31b,c,32,40c,41b,48f,k,49q,r,51e,f,n,52b,56b,m,n,57 and 8-position.40c,49h,57l,m,58 Aryl and, to a certain extent, alkenyl groups 

are conveniently introduced. In most cases reported, the Suzuki-Miyaura coupling is performed on 

halopurines, but also O6-sulfonates41b,57c,57j and 6-azolylpurines57h have participated in the reaction even 

though a more active catalytic system [Ni(0) with imidazolium carbene ligands] may be required. The same 

is true for coupling on 6-fluoropurines.57j 

 The Suzuki-Miyaura reaction is, together with the Stille reaction, currently the most popular method 

for the introduction of aryl or heteroaryl substituents in the purine 2-, 6- or 8-position. The choice of method 

is often governed by the availability of the desired organometallic coupling partner. The Suzuki-Miyaura 

coupling may be regarded as environmentally more benign, ompared to the Stille coupling where organotin 

compounds are employed. 

 Synthesis of 8-aryl adducts of adenine and guanine nucleosides, formed by reaction of radical cation 

metabolites of carcinogenic polycyclic aromatic hydrocarbons (PAHs), has been attempted by coupling 

between 8-bromonucleosides and the required arylboronic acid. Boronic acids 80a–c gave the 8-aryladenine 

derivatives 81a–c58p (Scheme 17), or the corresponding guanines,58l but the more sterically hindered boronic 

acids 80d–f failed to participate in the coupling, instead they underwent hydrolytic deboronation. 
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2.2.7. Coupling with organoaluminium reagents 

 Since first described more than 15 years ago,59 coupling between halopurines and trialkylaluminium 

species has been employed only occationally.31b,32,40b,d,47f,48s,51f,o,56j,n,60 Trialkylalanes have a quite limited 

stability and relatively few are commercially available. Since organozinc compounds in general are easier to 

generate and handle, the Negishi coupling (Section 2.2.5.) is a far more convenient method for the 

introduction of alkyls at C-2, C-6 or C-8. Reductive dehalogenation, rather than coupling is also reported for 

Pd-mediated reaction between halopurines and triisopropylaluminum and tributylaluminum47f and it seems 

to be difficult to obtain regioselective reactions on di- or trihalopurines.40b,d,56i 
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2.2.8. Heck coupling 

 The Heck reaction,61 Pd-mediated coupling between an alkene and, for instance, an aryl or heteroaryl 

halide, would be an attractive method for the synthesis of alkenylpurines, since no organometallic coupling 

partner is required, as opposed to the Stille, Negishi or Suzuki-Miyaura reactions. Even though Heck 

couplings have been frequently carried out on heteroaryl halides,62 the only known examples of Heck 

couplings on purines are the reactions shown in Scheme 18.63 Relatively harsh conditions were required and 

the products 8363a and 8563b were isolated in moderate yields. Reaction between the 6-halopurines 67 and 71 

and Michael acceptors in the presence of thallium- or silver-acetate (Scheme 19) lead to N-1 substituted 

hypoxanthines 86 instead of 6-alkenylpurines64 and reductive Heck coupling, leading to the regioisomers 87 

and 88, took place in the presence of formic acid (Scheme 19).65 

 

N

N N

N

O

O

Br

82

CO2But

Pd(OAc)2 - P(o-Tol)3

Et3N

MeCN, 100 oC

N

N N

N

O

O

83, 38%

CO2But

OHO

HO OH

N

N N

N

NH2

I

Ph

Pd(OAc)2 - P(o-Tol)3

Et3N

MeCN, 80 oC
OHO

HO OH

N

N N

N

NH2

Ph

84 85, 53%

 
Scheme 18 

 

N

N N

N

X
Ph

67a: 9-benzyl, X = Cl
67b: 7-benzyl, X = Cl
71: 9-benzyl, X = I

EWG

Hermanns cat.,
TlOAc or AgOAc

Et3N

DMF, 80 oC

N

N N

N

O
Ph

EWG

86

EWG: CO2Bu, CN, COMe

CO2Bu

(Ph3P)2PdCl2
HCO2H

Et3N

DMF, 100 oC

N

N N

N

Ph

CO2Bu

87 
22% from 71

+
N

N N

N

Ph

CO2Bu

88 
53% from 71  

Scheme 19 
 

2.2.9. Sonogashira coupling 

 One of the earliest examples of palladium catalyzed coupling reactions performed on halopurines are 

syntheses of 2-, 6- and 8-alkynylpurines66 employing the Sonogashira reaction,67 coupling of terminal 

alkynes in the presence of catalytic Pd(0) and Cu(I) as well as base.  
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 Some of the first examples are shown in Scheme 20.66a The reaction has been used extensively for the 

introduction of alkynyl substituents in the purine 2-,1b,38b,47d,h,51e,52c,56d,f,g,63b,68 6-1b,48d,51d,e,57g,68a,s,69 and  

8-position.1b,49g,m,58h,q,r,68a,t,69a,70 Not only are many alkynylpurines associated with interesting bioactivities 

(See Section 4.), but alkynylpurines are often useful intermediates in the synthesis of other purine derivatives 

(See Section 2.2.12.). 
 

2.2.10. Direct CH alkylation and arylation 

 The so-called heteroaryl Heck reaction has been utilized for direct CH arylation of a number of 

heterocycles62 and recently purine (1) was coupled to neohexene by Rh-mediated CH activation (Scheme 

21).71 Also C-8 arylation of purines 68a and 92 (Scheme 22),56m as well as purine nucleosides72 have been 

carried out. In both cases, some coupling in the purine 6-position (when unsubstituted) took place as well. 

 

N

N N

N

R

X

1     X = R = H
68a X = Ph, R = Bn
92   X = H, R = Bn

But

[RhCl(coe)2]2, PCy3,
lutidinium chloride

THF, 150 oC

N

N N
H

N But

N

N N
H

N But

But

+

I

Pd(OAc)2, CuI, CsCO3 N

N N

N

X

Ph

N

N N

N

Ph

93 76% from 1

94 17% from 1

95a X = Ph 95% from 68a
95b X = H, 86% from 92

96 X = H, 4% from 92

+

 
Scheme 21 

 

2.2.11. Regioselectivity in cross coupling reactions of dihalopurines 

 Coupling takes place in the 6-position when 2,6- 97a or 6,8-dichloropurines 101a are subjected to 

Stille coupling under mild conditions. The selectivity is reversed when more reactive halogens are 

introduced in the 2- or 6-position (Scheme 22).46  
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 The same trends are generally observed in couplings with other organometallic reagents, but in case or 

trialkylaluminium reagents it appears that selective monoalkylation of di- or tri-halopurines is not 

possible.40b,d,56j 

 

2.2.12. Further transformation of coupling products 

 Especially alkynyl- and alkenylpurines, formed by any of the coupling reactions discussed above, may 

be valuable intermediates in the synthesis of a wide variety of purine derivatives. Early work on alkynes 

includes for instance selective reduction to Z-alkenylpurines, reduction to fully saturated alkylpurines and 

Hg-mediated transformation to methylketones. Benzofurylpurine 104 and benzofurylidenepurines 105 and 

106 are available from reaction between iodopurine 71 and alkynes under Sonogashira condition (Scheme 

23). 
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 The alkyne 108 did not cyclize, but unexpectedly rearranged to the allene 109.69d Triazoylpurines (for 

instance 111 and 113, Scheme 24) have been synthesized by Huisgen-type [3+2]-cycloaddition on 

alkynylpurines,68w,70u and 6-alkynylpurines have been subjected to cyclotrimerization; one example is shown 

in Scheme 25.73 
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 6-Alkenylpurines are electron deficient alkenes and thus undergo nucleophilic addition48b and Diels-

Alder reactions48a as well as participate in Heck couplings48d (Scheme 26). Also 8- and 2-vinyl purines 

participate in addition and cycloaddition reactions.47b 
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2.3. C–C Bond formation via metallated purines 

2.3.1. Generation and reactivity of lithiated purines 

 Several purines and purine nucleosides have been subjected to direct lithiation in the 8-position when 

treated with BuLi,74 or preferably LDA75 and the metallated purines have been trapped with a variety of 

electrophiles including simple alkyl halides and aldehydes. Metal-halogen exchange on 8-bromopurine 

nucleosides was also reported.76 2-Lithiated purines may be generated when the 8-position is protected with 

the TIPS-group and trapped with carbon electrophiles (Scheme 27).77 An electron withdrawing chloride at 

C-6 is required for lithiation at C-2 and unfortunately HMPA is employed in the TIPS-introduction step.  

6-Lithiopurine 126 has been generated when iodopurine 60a is treated with BuLi, but the compound 

rearranged to the more stable 8-lithiated purine 127, even at –70 oC (Scheme 27).74b 

 
2.3.2. Generation and reactivity of stannylated purines 

 2-Stannylated purines are available by lithitation of 6-chloropurines with an excess LTMP and 

trapping with an excess Bu3SnCl (Scheme 28)78 and the 2-stannylpurines have been subjected to Stille 
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couplings56d,78,79 and reactions with acid chlorides.78 The proposed mechanism for the formation of 2-stannyl 

or 2-silylpurines is shown in Scheme 29.78 2-Stannyl-80 and 8-stannylpurines (Scheme 16)53 have also been 

synthesized by Pd-catalyzed coupling between halopurines and hexaalkylditin. 
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2.3.3. Generation and reactivity of zincated purines 

 6-Iodopurines have been converted to organozinc species by direct insertion of zinc dust. In contrast to 

6-lithiated purines (Section 2.3.1., Scheme 27), no rearrangement took place and the zincated purines 

underwent Pd-catalyzed cross couplings with aryl iodides (Scheme 30).51a,81 This methodology has not been 

utilized extensively in purine chemistry, but an example of zincation and coupling at the purine 8-position 

can be seen in Scheme 16.53 
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2.3.4. Generation and reactivity of magnesiated purines 

 Treatment of 6-iodopurines with isopropylmagnesium chloride at –80 oC gives the magnesiated 

purines 144, which can be trapped with aldehydes (Scheme 31), but which do not react with ketones, nitriles 

and esters. The purin-6-ylmagnesium compounds 144 are far more stable than the corresponding lithiated 

purine 12674b (Section 2.3.1., Scheme 27) and migration of Mg to C-8 was not observed even at room 

temperature, even though slow decomposition to unknown compounds took place above 0 oC.82  
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 6-Chloropurines did not react with i-PrMgCl, but, when the dihalopurine 143 was reacted with 2 equiv. 

of i-PrMgCl, compound 148 or 149 is obtained depending on quenching conditions.83 It is postulated that the 

products are formed via the organomagnesium species 147, meaning that not only a chloropurine 

participated in metal-halogen exchange, but also the Grignard reagent reacted with the iodopurine in an 

uncatalyzed substitution (For a discussion of other reactions between halopurines and a Grignard derivative, 

see Section 2.2.3.). Several Grignard reagents react with compound 143 in a similar way giving products 

structurally related to purines 148 and 149. However, allylmagnesium bromide reacted at the purine  

8-position to give a mixture of the 8-allylpurines 150 and 151.84 It is worth noting that also an allylic cuprate 

is reported to add in the purine 8-position (see formation of compound 64,29 Scheme 13). The Grignard 

reagent 144a has also been reacted with allylic halides in the presence of catalytic CuI, but the yield of the  

6-allylpurines are generally modest (7–54% depending on the allylic halide).84 
 

2.3.5. Generation and reactivity of palladated purines 

 6-Chloropurine 67a was allowed to react with Pd(PPh3)4 in order to gain more knowledge of 

mechanistical aspects regarding Pd-catalyzed cross-couplings between halopurines and organometallic 

reagents (Section 2.2.). The monomer 152 and dimer 153 were formed in a 9:1 ratio (Scheme 32).85 After 

treatment with H2O2, the dimer 153 could be isolated. The complex 153 reacted with PhSnBu3 to give the 

coupling product 68a. Dimer 153 also catalyzes Stille coupling between chloropurine 67a and PhSnBu3  to 

give the coupling product 68a in essentially the same yield as when the conventional catalyst (Ph3P)2PdCl2 

was used under otherwise identical conditions. 
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3. C–N Bond formation 

3.1. Buchwald-Hartwig reaction 

 The Buchwald-Hartwig reaction,86 Pd-catalyzed coupling between an aryl halide (or psoudohalide) and 

a primary or secondary amine in the presence of a base, have been employed in purine chemistry. Coupling 

between halopurines and amines are discussed in Section 3.1.1. and between aminopurines and aryl halides 

in Section 3.1.2. Some of the early work has been reviewed before.24a 
 

3.1.1. Buchwald-Hartwig reaction on halopurines 

 Even though halopurines often may be converted to aminopurines simply by substitution reactions 

with the required primary or secondary amine or ammonia,1b Pd-catalyzed Buchwald-Hartwig coupling 

between halopurines and amines may be the preferred method when the transformation requires a sensitive 

or sterically hindered amine. The reaction was first applied in purine chemistry in a synthetic study directed 

towards spiramycins (Scheme 33)87 and soon after the syntheses of spiramycin aminonucleoside (157)88 and 

spiramycin VIII (158)89 were completed. 
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 Almost simultaneously a 2-bromopurine was coupled with a 2-aminopurine under Buchwald-Hartwig 

conditions90 and the process turned out to be a valuable method for synthesis of cross-linked nucleosides and 

nucleotides.91 This also constitutes the first example of the reaction applied on an aminopurine and it is 

discussed further in Section 3.1.2. Pd-catalyzed coupling between amines and 2-, 6- and 8-halo- or 

pseudohalopurines have become a popular way to synthesize aminopurines,56a,c,e,92 especially couplings with 

aryl amines directed towards products resembling those formed from reactions with mutagenic and 

carcinogenic compounds.58l,91c,93 Fine-tuning of reaction conditions has allowed coupling under much milder 

conditions than those reported in the early example shown in Scheme 33. Less nucleophilic N-compounds, 

like amides,94 pyrrole (159)48q (Scheme 34) and other azoles95 also participate in these kinds of C–N bond 

forming reactions. Amide synthesis by Pd-catalyzed coupling of amines with 2-iodopurines in the presence 

of CO is also reported.94c 
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3.1.2. Buchwald-Hartwig reaction on aminopurines 

 The first examples of Buchwald-Hartwig coupling on an aminopurine was Pd-catalyzed coupling 

between the 2-bromopurine 161 and the 2-aminopurine 162 (Scheme 35)90,91a leading to cross-linked 

nucleosides and nucleotides.91 The yield of compound 163 was increased to 90% when Cs2CO3 was 

employed as base.91b 
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 Just as the reversed strategy (Section 3.1.1.), Buchwald-Hartwig coupling on aminopurines has also 

been used in syntheses of mutagenic and carcinogenic compounds.92,96 The method of choice depends on the 
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availability and reactivity of the coupling partner. The latter factor is not easily predicted. Recent results 

indicate that the Xantphos ligand compares favorably to BINAP in couplings on aminopurines.93e,93f Related 

Cu-mediated reactions are discussed in Section 3.2. 

 

3.2. Cu-mediated N-arylation 

 N6-Arylation of deoxyadenosine (164) has been achieved when the adenine was reacted with aryl 

halides in the presence of stochiometric amounts of CuI and DMEDA.93n,97 One example is shown in 

Scheme 36.97 Purine itself (1) has been arylated at N-9 under similar reaction conditions, only with catalytic 

amount of CuI and a different diamine ligand (Scheme 36).98 

 Another method for N-arylation of purines is the Cu-mediated reaction with arylboronic acids. Purines 

can be arylated at N-9 with complete regioselectivity,48n,56c,99 as shown in Scheme 37. Phenylation of  

6-mercaptopurine 22 gave the diarylated product 168b, but the primary amino group in compound 167 was 

unaffected. Even though the conversion in this reaction was lower, no N2-arylation was observed.99a The  

9-benzyl derivative of compound 167 (compound 169) has been N2-arylated under relatively similar 

conditions (Scheme 37).100 Also N-9 alkenylation of purines has been achieved.99c Low yield N-9 arylation 

employing arylboronic acids without Cu-catalysis is reported under microwave conditions.101 Guanosine 

derivatives are arylated at N-1,102 again demonstrating a preference for reaction at ring nitrogens in  

Cu-mediated N-arylation reactions. 
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3.3. Palladium(0)-mediated N-allylation 

 (–)-Aristeromycin 173, an antibiotic carbocyclic nucleoside found in Streptomyces sp. (� ), was 

synthesized as a racemate by a Pd(0)-catalyzed N-allylation (Trost-Tsuji reaction103) of adenine 3 with the 

epoxide 171 as a key-step (Scheme 38).104  
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 Soon thereafter, (� )-173 was synthesized from a mixture of allylic acetates (� )-174 and (� )-175, which 

gave compound (� )-176 with the same cis-trans ratio as in the mixture of acetates in the N-allylation step. 

Only the regioisomer (� )-176 is formed since the reaction proceeds via the palladium-complex (� )-177 

which is attacked by the purine nuclephile at the least hindered allylic carbon (Scheme 38).105 (+)-Allyl 

acetate 174a gave ent-aristeromycin106 and (–)-Aristeromycin 173 have been synthesized from a close 

analog of (–)-175a (carbonate instead of acetate).107 

 In addition to synthesis of natural products like aristeromycin 173 and neoplanocin A 21108 (for 

structure, see Scheme 3), Pd-catalyzed allylic alkylation has been used extensively in synthesis of anti-HIV 

compounds like carbovir (182),107,109 the current drug abacavir (183)109l,m (Scheme 39), as well as numerous 

carbocyclic analogs60a,110 and also some dihydrofurans and pyranes.111 The guanine derivative 178 compares 

favorably to the chloride 167 with respect to regioselectivity (N-9 vs N-7) in the N-allylation step. The 

silicon based O6-protecting group is cleaved under very mild conditions (Scheme 39).109b,c 
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Enantiopure carbocyclic nucleosides are in most cases synthesized from enantiopure allylic acetates or 

carbonates. However enantioselective allylation has been achieved when the desired purine was reacted with 

a meso-diester or carbonate 184 as shown in Scheme 40.109i,j 

 

4. Biological activities 

 The development of metal-mediated methods for facile C–C and C–N bond formation in purines has, 

of course, allowed synthesis of a wide variety of derivatives, many of which exhibits interesting biological 

activities. It is beyond the scope of this text to cover all examples, only selected areas related to the authors 

own research are presented below.  

 

4.1. Cytotoxic purines 

 As mentioned in the introduction, several purines are clinically used as anticancer drugs, for example 

the antimetabolites 6-mercaptopurine (22)17 and fludarabine phosphate (23)18 (for structures, see Scheme 4). 

We found that 6-alkynylpurines 31, 32 or 186,27d,48l and to some extent 6-alkenylpurines 18748l exhibit 

profound cytotoxic activity against chronic myelogenous leukemia cells (K-562) (Scheme 41). The alkynes 

31 and 32 were synthesized by addition of Grignard reagents to oxopurines followed by rearomatization 

(compounds. 32) as described in Section 2.1.2.27d The alkynyl groups in compounds 18648l were introduced 

by Sonogashira coupling (Section 2.2.9.) and the alkenylpurines 18748l were formed by Heck coupling on  

6-vinylpurines (Section 2.2.12.). Since related alkylpurines were found to display only weak cytotoxic 

activities and 6-alkenyl- and alkynylpurines are prone to nucleophilic attack (Section 2.2.12.), we speculated 

that the compounds 31, 32, 186 and 187 exhibited their toxicity by reaction with nucleophilic sites in 

biomolecules. It is worth noting that nucleosides 188, which can be regarded as amine adducts of  

6-alkynyl- or alkenylpurines also have been associated with cytotoxicity against cancer cell lines.48m,69f Also 

6-aryl- or heteroarylpurines, synthesized mainly by Suzuki-Miyaura coupling (Section 2.2.6.),51n,57a,f (see for 

instance compound 18957f in Scheme 41) and 8-alkynyl arylpurine nucleosides70e synthesized by 

Sonogashira coupling (Section 2.2.9.) display cytostatic activities. 
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4.2. Antimicrobial purines 

 We have found that 6-aryl- or heteroaryl-9-benzylpurines are potent inhibitors of Mycobacterium 

tuberculosis in vitro.47h,48e,j,p,q The structure of some of the most active compounds as well as a SAR 
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summary is shown in Scheme 42. The 6-aryl groups are introduced by Stille (Section 2.2.4.), Negishi 

(Section 2.2.5.) or Suzuki-Miyaura coupling (Section 2.2.6.). Our class of potential TB drugs are inactive 

towards other classes of bacteria as well as several pathogenic protozoa.  
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 Furthermore, the compounds exhibit no cross-resistance with today’s commonly used TB-drugs and 

the purines are, in contrast to 6-arylpurinenucleosides,57a in general of low toxicity towards mammalian 

cells. Modified purines have otherwise attracted little attention as potential drugs against pathogenic 

microorganisms. However, some synthetic carbocyclic nucleosides, available by allylic alkylation as 

described in Section 3.3., are reported to inhibit growth of patogenic protozoa; Plasmodium falciparum 

(malaria)60a,110z,110jj and Leishmania donovani (viceral leishmaniasis)110e,112 by quite selective inhibition of 

protozoal S-adenosyl-L-homocysteine. 2-Fluoronoraristeromycin 109 (Scheme 42) is an example of 

carbocyclic nucleoside with effect on P. falciparum.110z 
 
4.3. Antiviral purines 

 Natural products like the carbocyclic nucleosides neoplanocin A 21 (see Scheme 3) and aristeromycin 

173 (see Scheme 38) manifest potent antiviral activities, but they are far to toxic for clinical use. Hence a 

number of modified carbocyclic nucleosides have been synthesized and evaluated as antivirals.113 Pd(0)-

catalyzed allylic alkylation has facilitated the synthesis of such compounds and the chemistry is discussed in 

Section 3.3. The most successful compound is abacavir 183114 (see Scheme 39), which is a clinically used 

anti-HIV drug. Compounds 191,79c 192,44a 193,115 and 19492f (Scheme 43) demonstrate some of the structural 

diversity among antiviral purines which are not carbocyclic nucleosides and were metal mediated C–C or  

C–N bond forming reactions have been applied in their synthesis.  
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 It is worth noting that several 2- or 8-ethynylpurines are potent antivirals, but also highly toxic towards 

mammalian cells.47d,115 Also a 2-ethynyl derivative of the antimycobacterial 6-arylpurines discussed in 

Section 4.2., displayed high toxicity.47h For a discussion on cytotoxic 6-alkynylpurines, see Section 4.1. 

 The 2-oxopurine adduct 195 was synthesized by the general route depicted in Scheme 6. Compound 

195 may be regarded as a purine analog of the non-nucleoside reverse transcriptase inhibitor Efavirenz 196 

(Scheme 44), clinically used anti-HIV drug, but the purine 195 was devoid of antiviral properties.27c 
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4.4. Adenosine receptor ligands 

 Adenosine 4 (Scheme 1) is a signaling substance which mediate its effects by activation of four 

different G-protein-coupled receptors (A1, A2A, A2B and A3). Selective ligands for one of these receptors may 

have a drug potential (A1 antagonists for treatment of asthma, A2A antagonists as anti-Parkinson drugs, A2B 

antagonists for treatment of chronic pulmonary diseases and A3 antagonists as anti-inflammatory agents).116 

This has led to an extensive investigation of modified purines as selective adenosine receptor ligands. Some 

examples of quite potent and selective ligands, synthesized by chemistry described herein, are compounds 

197,92h 198,48n 19963a and 20068y (Scheme 45). 
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 Compound 201 (Scheme 46), synthesized by a Diels-Alder reaction of a O-protected 6-vinylpurine as 

a key-step (see Section 2.2.12.) displayed, in contrast to the amino analog 202, no affinity for A1 

receptors.48a 
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4.5. Cytokinin analogs 

 Cytokinins (CKs) are plant growth hormones that promote cell division and cell growth.3  

6-Benzylaminopurine (BAP, 8) and trans-zeatin (t-Z, 9) (Scheme 2) are among the most potent naturally 

occurring CKs. trans-Zeatin is metabolized to inactive adenine by the enzyme system cytokinin 

oxidase/dehydrogenase. Analogs of BAP and t-Z were the NHCH2 fragment in the side chain is replaced by 

a two-carbon fragment have been studied as potential CKs with increased enzymatic stability. 
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 Compounds 66b,  203 and 204 displayed CK activity, whereas the alkyne 205 was inactive (Scheme 

47).51l Also related t-Z analogs with potent CK activity have been synthesized.27b,48d,69c An interesting 

finding was that the t-Z analog 206 was active69c even though it has been believed that unsaturation(s) in the 

side chain is a requirement for CK action.3 

 

4.6. Inhibitors of 15-lipoxygenase 

 Reactions involving free radicals are an inherent feature of plant senescence. These reactions 

contribute to oxidative deterioration that ultimately leads to cell death. Lipase mediated degradation of 

phospholipids results in release of free fatty acids. The acids may be substrate for lipoxygenases and hence 

peroxidation and oxidative deterioration is accelerated. Lipoxygenase (LO) has been found in a large number 

of higher plants, but their physiological role is still disputed. At present, it is generally believed that 

lipoxygenases play a role in the response of plants to wounding, possibly due to the toxicity of LO 

metabolites towards invading fungi and bacteria. Other activities of lipoxygenase metabolites have been 

suggested as well, for instance growth regulation and senescence. Cytotokinins (CKs, see also Section 4.5.) 

mediate antioxidant effects in plants and mammalian cells. trans-Zeatin and derivatives inhibit 

lipoperoxidation in rat kidney homogenates.117 Hence, an investigation of antioxidant properties of purine 

derivatives originally designed as CK analogs27b,48d,55l,69c (Section 4.5.) was undertaken.49k,51d,69c BAP, t-Z 

and synthetic analogs were examined as potential Dipicrylhydrazyl (DPPH) scavengers and as inhibitors of 

15-lipoxygenase (15-LO). The natural plant hormones BAP, t-Z were essentially inactive in both assays, but 

several analogs, 6-alkenyl-, 6-cyclopropyl- or 6-alkynylpurines (i.e. compounds 203–205, Scheme 47) have 

a profound inhibiting effect on 15-lipoxygenase from soybeans. A variety of substituents are tolerated in the 

purine 2-, 8- and 9-position and also N-7 alkylated isomers are active. These compounds were only weak 

DPPH scavengers and may therefore be regarded as so-called non-antioxidant inhibitors of 15-LO. 

Compounds with a –CH2CH2- fragment attached to C-6 (i.e. compound 66b, Scheme 47) were not 15-LO 

inhibitors. 
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5. Conclusions 

 The introduction of modern metal-mediated C–C and C–N bond forming reactions in purine chemistry 

has revolutionized synthesis of purine- and purine nucleoside derivatives over the last 20–25 years and 

allowed easy access to a number of potential drugs and molecular tools. Aryl, alkenyl and alkyl substituents 

can readily be introduced in the purine 2-, 6- or 8-position by Pd-catalyzed coupling reactions between 

organometallic reagents and halopurines. C–C Bond formation has to some extent also been carried out via 

metallated purines, but such strategies seldom compete favorable with couplings on halopurines. 

Traditionally, halopurines has been converted to aminopurines simply by substitution reactions with the 

required primary- or secondary amine, or ammonia. Also couplings between aminopurines and aryl halides 

have been performed. The method of choice depends on the availability and reactivity of the coupling 

partner. The latter factor is not necessarily easy to predict from current knowledge. Aryl substituents may be 

introduced at ring nitrogens by Cu-mediated reactions with arylboronic acids and a wide range of 

carbocyclic purine nucleosides have been prepared with Pd(0)-catalyzed allylic alkylation as a key-step. 

Numerous purines displaying interesting bioactivities like for instance cytotoxic-, antimicrobial- and 

antiviral activities have been synthesized by the methodologies discussed herein. The same is true also for 

adenosine receptor ligands, cytokinins and 15-lipoxygenase inhibitors as well as several other classes of 

bioactive purine derivatives not covered herein. Although not discussed in this chapter, metal mediated C–C 

or C–N bond formations are also valuable in synthesis of modified DNA and RNA. 
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SAR Structure activity relationships 
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TBAF Tetrabutylammonium fluoride 
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Abstract. Cruciferous indole phytoalexins are represented by indole, 1-methoxyindole, oxindole or indoline 

moiety with a linear side chain or substituent in the indole position 2, or 2 and 3 and/or benzene part of 

indole moiety, 3-thiazol-2-yl substituent, 2,3-fused or 3-spiro attached heterocycle. Unique structure of these 

natural products and their presence in our daily food makes investigation of their biological effects 

warranted. Besides moderate antibacterial and antifungal activity, some of these compounds were reported 

to exhibit also antiproliferative and cancer chemopreventive effects. While the quantities isolated from 

cruciferous plants are often insufficient for investigation of their biological properties, synthetic methods 

have been elaborated to allow for the detail screening of indole phytoalexins. This review provides the 

comprehensive information on structure and synthesis of cruciferous indole phytoalexins and some of their 

analogs. Inhibition of carcinogenesis and proliferation of cancer cells by indole phytoalexins is discussed 

together with their possible molecular mechanisms of action and prospective development of new anticancer 

drugs. 
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1. Introduction 

Phytoalexins are antimicrobial low molecular weight secondary metabolites, produced by plants after 

their exposure to biological (attack of phytopathogenic microorganisms), chemical (heavy metals), or 
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physical (UV radiation) stress.1 The first three indole-derived sulfur-containing phytoalexins brassinin,  

1-methoxybrassinin and cyclobrassinin were reportedly isolated in 1986 by Takasugi and co-workers from 

Pseudomonas cichorii inoculated Chinese cabbage.2a During the past two decades about forty phytoalexins 

have been isolated from the plant family Brassicaceae (syn. Cruciferae), including economically important 

oilseeds, vegetables and condiments, such as oilseed rape, cabbage, radish, mustard and many others. 

Cruciferous plants are grown all around the world and constitute the significant part of our daily food. By 

now, cruciferous indole phytoalexins have been reviewed with regard to their isolation,3 antimicrobial 

activity, occurrence,4 antiproliferative and cancer chemopreventive activity,5 synthesis, biosynthesis, 

biotransformation and their role in plant protection.6–9 However, these natural products have not yet been 

classified based on their chemical structure, synthetic methods and anticancer activity. Indole phytoalexins 

isolated from plant family Brassicaceae could be prospective natural leads for new biologically active 

compounds. However, due to their low concentrations in plant materials and tedious methods of their 

isolation and purification, synthesis of indole phytoalexins and their analogs is critically important for future 

studies of their biological properties.10b 

 

2. Structure and synthesis 

Vast majority of cruciferous phytoalexins has unique indole-derived structure that includes the sulfur 

atom in a side chain, substituent, or attached five or six-membered heterocyclic ring. Structurally, these 

natural products can be classified into five groups: (i) Phytoalexins with sulfur-containing side chain or 

substituent at the indole nucleus; (ii) Phytoalexins with a side chain or substituent at the indole nucleus not 

containing sulfur; (iii) 3-(Thiazole-2-yl)indole derived phytoalexins; (iv) 2,3-Fused indole phytoalexins, and 

(v) Spiroindoline[3,5’ ]- and spiroindoline[2,5’ ]dihydrothiazole type phytoalexins. 

 

2.1. Phytoalexins with sulfur-containing side chain or substituent at indole nucleus 

Within the group of compounds with a sulfur-containing side chain or substituent at indole nucleus  

(1–12, Figure 1), brassinin (1a), 1-methoxybrassinin (1b) isolated from Chinese cabbage2 and brassitin (1c) 

from Japanese radish11 possess the methyl dithiocarbamate (1a and 1b) or thiocarbamate group (1c). 

Compounds 1d and 1e, from Chinese cabbage2b and Brassica oleracea12 are their congeners, whereas 

compounds 2a and 2b isolated from Brassica oleracea,13 as well as 3 and 4 from wasbi14 are characterized by 

the presence of the C=N double bond in their side chain, derivable by methylation of corresponding methyl 

dithiocarbamate functionality. Wasalexin A (3), wasalexin B (4) and dithiocarbamate side chain- containing 

dioxibrassinin (5) from Brassica oleracea15 possess in their structures oxindole moiety. Interestingly, 

compounds 3 and 4 differ only in their geometric isomerism. Brussalexin A (6) found in Brussels sprouts16 is 

besides the compounds 1c and 1d the third monothiocarbamate phytoalexin; however the only one of all 

phytoalexins with sulfur atom attached to indole via methylene group. Although brussalexin B has not been 

described to date, further phytoalexins from Brussels sprouts are expected to be described soon.16 

Phytoalexins 7 isolated from cauliflower,17 8 and 9 from Chinese cabbage18 and 10 from cabbage15 are 

derivatives of indole-3-carboxaldehyde. Interestingly, brassicanal B (9) was found to be present in 

equilibrium of opened side chain and cyclic form.18 Unique structures of rapalexin A (11a) and B (11b) 

isolated from Brassica rapa19 represent the first known natural aromatic isothiocyanates. Finally the 

brassicanate A (12), isolated from rutabaga20 is a derivative of methyl idole-3-carboxylate. Two phytoalexins 



 122 

of this group (5 and 10) are chiral. While absolute configuration of (–)-brassicanal C (10) remains unknown, 

the absolute stereochemistry of (S)-(–)-dioxibrassinin (5) has recently been determined comparing calculated 

theoretical and experimental VCD (Vibrational Circular Dichroism) spectra of natural (–)-isomer obtained 

by chiral HPLC.21 
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Synthesis of brassinin (1a) has been among the most frequently investigated syntheses of cruciferous 

phytoalexins. Majority of reported syntheses start from indole-3-carboxaldehyde (13a), employing the 

reaction of (1H-indole-3-yl)methylamine (15a) as the key intermediate, with CS2 and CH3I in basic medium2 

(Scheme 1). Amine 15a was obtained either by reduction of corresponding oxime (14a) or suitable 

transformation of gramine (16). Using the oxime 14a readily available from indole-3-carboxaldehyde (13a) 

by standard procedure in 96% yield,22 various reduction systems have been developed. Thus reduction with 
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Dewardá s alloy was described to afford amine 15a in 99% yield, calculated from UV spectra.23a Isolated 

yield however did not exceed 40–45%.10b 
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 Reduction with NaBH4, catalyzed by nickel boride, in situ generated from NiCl2 and NaBH4, afforded 

amine 15a in 45% yield.10 In another procedure, oxime was reduced in methanol by hydrogen on Raney 

nickel catalyst, and the amine formed was not isolated but immediately treated with carbon disulfide and 

iodomethane to afford brassinin (1a) in 72% overall yield.23b Amine 15a was also obtained from gramine 

(16) in 60% yield by its quarternization and subsequent treatment with ammonium hydroxide23c or in 65% 

yield by transformation to phthalimido derivative and its subsequent hydrazinolysis.23d A biomimetic 

approach to brassinin (1a) was achieved via [1-(tert-butoxycarbonyl)indole-3-yl]methyl isothiocyanate 

(17),10 the only described derivative of indol-3-ylmethyl isothiocyanate, which is supposedly an unstable 
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biosynthetic intermediate of brassinin.24 Treatment of isothiocyanate 17 with sodium thiomethoxide, 

followed by deprotection under specific conditions, afforded brassinin (1a) in a high yield10 (Scheme 1).  

4-Methoxybrassinin (1e) was synthesized from 4-methoxygramine which, after quarternization and 

treatment with ammonium hydroxide, afforded 4-methoxy-(1H-indole-3-yl)methylamine (74%). Its reaction 

with CS2 and CH3I in basic medium resulted in the formation of 1e in 64% yield.23c 1-Methoxybrassinin (1b) 

was prepared analogously to brassinin (1a). Starting 1-methoxyindole-3-carboxaldehyde (13b)25a can be 

advantageously obtained by Vilsmeier formylation of 1-methoxyindole prepared from indoline by the 

Somei´s tungstate method.25b Reduction of oxime 14b25c to unstable amine 15b by LiAlH4 or NiCl2-NaBH4 

resulted in reductive removal of 1-methoxy group with the formation of (1H-indole-3-yl)methylamine 

(15a).25d Reduction with NaBH4 in the presence of methanesulfonyl chloride afforded 21% yield of amine 

15b which was transformed in 64% yield to 1-methoxybrassinin (1b) by treatment with carbon disulfide and 

iodomethane.25d Significant improvement was achieved by using TiCl3-NaBH3CN reduction system. The 

crude amine after treatment with CS2 and CH3I in basic medium afforded 1b in 60% yield from oxime 

15b.25e Simple replacement of basic solvent by methanol improved overall yield to 76% and shortened the 

reaction time from 24 h to 15 min.25f To avoid the reduction of oxime 14b, the amine 15b was also prepared 

from 1-unsubstituted amine 15a which was trifluoroacetylated at primary amino group by ethyl 

trifluoroacetate (91%) and then reduced to indoline by Et3SiH (82%). Subsequent tungstate oxidation, 

methylation and deprotection afforded 75% yield of 1-methoxyamine 15b which after treatment with CS2 

and CH3I in basic medium afforded 1-methoxybrassinin (1b).25g Brassitin (1c) was obtained in 8% yield by 

direct oxidation of brassinin (1a) with hydrogen peroxide11 or recently by acylation of (1H-indole-3-

yl)methylamine (15a) with methyl chlorothioformate26 (Scheme 1). Another approach to brassitin (1c) in 

87% yield is based on selective acid-catalyzed hydrolysis of compound 19, preserving the methylthio and 

hydrolyzing the methoxy group (Scheme 1). Intermediate 19 was synthesized in a one pot reaction from 

isothiocyanate 17, using sodium methoxide in methanol not only as a nucleophile, but also as a deprotecting 

agent and as a base, needed for methylation.10b A convenient method for transformation of thiocarbonyl 

group in 1a and 1b to carbonyl group by mesitylnitrile oxide (MNO) smoothly afforded brassitin (1c) and  

1-methoxybrassitin (1d) in 70 and 66% yield25f (Scheme 1). 

 Phytoalexins 2a, 2b, 3 and 4 characterized by the presence of the C=N double bond in their side chain 

can be obtained by alkylation of corresponding dithiocarbamate or coupling with suitable reagent already 

containing dimethyl carbonimidodithioate grouping. 1-Methoxybrassenin A (2a) was prepared by simple 

methylation of 1a with iodomethane in methanol in the presence of K2CO3 (99% yield),13 or in acetonitrile 

using lithium hydride as a base in 78% yield25f (Scheme 2). 1-Methoxyindole-3-carboxylic acid (20) 

obtained from aldehyde 13b by oxidation with NaClO2 in 84% yield27a was used as starting compound for 

the synthesis of 1-methoxybrassenin B (2b). Acid 20 was converted by treatment with PCl3 to an unstable 

acid chloride 21, which after reaction with KSCN afforded 1-methoxyindole-3-ylcarbonyl isothiocyanate 

(22). Reaction of isothiocyanate 22 with NaSH and methyl iodide resulted in the formation of thioester 23 

(25% yield from acid 20) as a side product and desired dithiocarbamate 24 (23% yield from acid 20). 

Methylation of 24 afforded 1-methoxybrassenin B (2b, 81%). Direct introduction of C=N double bond by 

coupling of acid chloride 21 with dimethyl carbonimidodithioate hydroiodide [HI.HN=C(SCH3)2] afforded 

2b in 47% overall yield27b (Scheme 2). Wassalexins A (3) and B (4) were synthesized from 1-methoxyindole 

(25) which was transformed to 1-methoxyoxindole (26) in two steps (Scheme 3) in 60% yield.28a Subsequent 
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formylation and treatment of resulting enol 27 with thionyl chloride afforded 3-chloromethyleneoxindole 

(28). 
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 Transformation to corresponding enamine (29), and its treatment with carbon disulfide and 

iodomethane in the presence of sodium hydride resulted in the synthesis of a mixture of E/Z isomeric 

phytoalexins 3 and 4 in the ratio 2:1, separated by reversed-phase TLC14 (Scheme 3). Enamine 29 was also 

prepared by the more effective method via Vilsmeier formylation of 1-methoxyoxindole and a new ammonia 

workup in 86% yield.28b 
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 The third of the oxindole sulfur-containing phytoalexins dioxibrassinin (5), was prepared from isatin 

(30) after its transformation to nitro derivative 31 which was reduced by hydrogen to amine 32 on Adams 

catalyst29a or Pd/C.29b Treatment of 32 with carbon disulfide and iodomethane in basic medium afforded 

phytoalexin 515 (Scheme 4). 
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 Synthesis of brussalexin (6) started by hydrolysis of Boc-protected indolyl-3-methylthioacetate (34) to 

Boc-protected thiol 35, which after coupling with allyl isocyanate afforded 1-Boc-brussalexin (36). The 

direct hydrolysis of indolyl-3-methylthioacetate (33) was unsuccessful. Subsequent two-step deprotection 

via corresponding N-carboxylic acid resulted in the preparation of brussalexin (6) in 73% overall yield 

(Scheme 5).16 
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 Syntheses of indole-3-carboxaldehyde phytoalexins 7–10 require the introduction of sulfur-containing 

substituent into position 2 and formyl group into position 3 of indole nucleus. A suitable starting compound 

is the indoline-2-thione (37) which can be advantageously prepared by treatment of oxindole with P2S5 in 

THF.30a,28b Starting compound 37 can be either formylated in position 3 or derivatized on sulfur and then  

3-formylated. S-Methylation to 2-methylthioindole (39)30b and subsequent formylation,18 or formylation 

followed by S-methylation30c afforded brassicanal A (8, Scheme 6, yields not given). Brassicanal B (9) was 
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prepared in 33% yield by bromoacetone alkylation and subsequent formylation of 37, whereas racemic 

brassicanal C (� )-10 resulted from iodine oxidation of aldehyde 38 in the presence of methanol.17 Analogous 

oxidation in the presence of sodium thiomethoxide afforded caulilexin A (7) in 33% yield17 (Scheme 6). 

 

NaH, HCOOEt

92%

Vilsmeier
I2
Pyridine/MeOH
22%

I2
Pyridine, CH3SNa
33%

N
H

S
N
H

S

HC O

N
H

SCH3

HC O
CH2N2

N
H

S

HC O

O
CH3

N

HC O

S

HO
CH3

1. BrCH2COCH3

2. Vilsmeier
    33%

N
H

S

HC O

N
H

S

HC O

CH3

O

S
CH3

37 8

9 (±)-10 7

38

39

N
H

SCH3

 
Scheme 6 

 

 (Indole-3-yl)isothiocyanate type phytoalexins 11a and 11b have been prepared by standard treatment 

of corresponding amines with thiophosgene.19 However the preparation of amines had to be designed first, 

what was done by using indoles 4031a and 4231b as starting compounds (Scheme 7). 
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 1-Boc-2-chloroindole-3-carboxaldehyde (44) was found to be a suitable starting material for the 

synthesis of brassicanate A (12)20 (Scheme 8). The key synthetic step was the nucleophilic replacement of 

activated chlorine atom in the intermediate 46 by sodium hydrogen sulfide. 
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2.2. Phytoalexins with a side chain or substituent at indole nucleus not containing sulfur 

Substances that do not contain sulfur atom in a side chain or substituent at indole moiety (48–51) are 

shown at Figure 2. Within this group of cruciferous phytoalexins, the ester 48 was isolated from wassabi,32a 

N-formyl(indole-3-ylmethyl)amine (49, caulilexin B) from cauliflower,17 indolyl-3-acetonitrile (50a) from 

brown mustard,32b whereas its derivatives 50b from cauliflower17 and 50c from stinkweed.32c  

4-Methoxyisatin (51, isalexin) was obtained from rutabaga.20 
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 Methyl 1-methoxyindole-3-carboxylate (48) was synthesized by nucleophilic addition of 

1-metoxyindole (25) to chlorosulfonylisocyanate (52), subsequent hydrolysis of chlorosulfonylamide (53) 

followed by esterification of the formed 1-methoxyindole-3-carboxylic acid in 9% overall yield32a (Scheme 

9). More effectively the phytoalexin 48 was prepared by methylation of acid 20 with diazomethane27a 

(Scheme 9). Synthesis of caulilexin B also started from 1-methoxyindole (25) which was transformed to 

oxime 14b, and amine 15b obtained after reduction (see Scheme 1) was formylated to the target compound 

4917 (Scheme 9). Dehydration of oxime 14b with acetic anhydride afforded caulilexin C (50b) that was also 

obtained from another phytoalexin 50a (this simple compound is commercially available) after reduction to 

corresponding indoline derivative 54, oxidation and methylation in 10% overall yield17 (Scheme 9). 

 The third derivative of indolyl-3-acetonitrile, arvelexin (50c) was synthesized by nucleophilic 

substitution of bromine in bromoacetonitrile with 4-methoxyindolyl magnesium bromide32c (Scheme 10). 

Structurally simple phytoalexin isalexin (51, 4-methoxyisatin) was synthesized before its isolation from 

rutabaga.20 The synthesis involves directed ortho-lithiation of N-Boc-m-anisidine (56) with BuLi followed 
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by treatment with diethyl oxalate. Acid-catalyzed hydrolysis of the obtained intermediate 57 resulted in 

spontaneous cyclization to product 5132d (Scheme 10). 
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2.3. 3-(Thiazole-2-yl)indole derived phytoalexins 

Structure of this small group of natural products (58, Figure 3) is characterized by thiazole-2-yl 

substituent attached by �-bond to indole 3-position. Camalexin (58a) and its 6-methoxy derivative 58b 
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isolated from false flax33a as well as 1-methyl derivative 58c from shepherd’s purse33b possess the biaryl 

heterocyclic scaffold with unsubstituted thiazole ring. Camalexin is among the most investigated indole 

phytoalexins.33c 
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Several different approaches to camalexin scaffold have been developed. The most straightforward 

method is the coupling of indole with thiazole using the intrinsic nucleophilic nature of indole in position 3, 

enhanced by transformation of indole (59a) or 4-methoxyindole (59b) to corresponding indolylmagnesium 

bromides (60) and subsequent coupling of these nucleophilic species with 2-bromothiazole33d (Scheme 11). 
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 Another synthesis of camalexin started from performed thiazole and indole ring was constructed. Thus 

2-bromothiazole (61) was lithiated and treated with 2-nitrobenzaldehyde. The obtained alcohol 62 was 

oxidized to ketone (64) that can also be prepared by the reaction of 2-trimethylsilyl thiazole (63, Dondoni´s 

thiazole) with 2-nitrobenzoyl chloride. Hydrogenation and subsequent formylation of resulting amino group 
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gave oxoamide (65) and its reductive cyclization resulted in the formation of camalexin (58a) in 71% yield 

(Scheme 11).33e 1-Methylcamalexin (58c) was obtained by methylation of camalexin by treatment with 

sodium hydride and methyl iodide (yield not given).7 Construction of thiazole ring on indole nucleus 

represents the less effective approach to the synthesis of 58a. Indole-3-carboxamide (66) was converted to 

camalexin in two steps in 35% overall yield by transformation to corresponding thioamide and subsequent 

reaction with chloroacetaldehyde diethyl acetal.33d 

 In a biomimetic synthesis of camalexin,33f cyclocondensation of 1-Boc protected aldehyde 67 with 

methyl L-cysteinate (68) produced a diastereoisomeric mixture of saturated derivative 69, which after 

dehydrogenation with activated MnO2, Boc removal and decarboxylation in basic medium afforded 

camalexin (58a, Scheme 12). 
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2.4. 2,3-Fused indole phytoalexins 

Compounds having the six- or five-membered heterocycle fused to 2,3-positions of indole ring (70–74, 

Figure 4) are characterized by thiazino[6,5-b]indole or isothiazolo[5,4-b]indole tricyclic systems. 

Cyclobrassinin (70a) isolated from Chinese cabbage was among the first discovered indole phytoalexins.2 

Later on, its sulphoxide 70b from brown mustard,34a corresponding 9-methoxy derivatives 70c and 70d from 

white mustard25e as well as dehydro-4-methoxybrassinin (71) from turnip34b were isolated. 4-Oxo-

thiazino[6,5-b]indole derivative 72 was described to be isolated from kohlrabi in 1994.34c In 2004 it was 

found that cyclobrassinon (72), is not a natural product and its structure corresponds to isomeric N-methyl 

derivative named rutalexin (73) isolated from rutabaga.20 Isothiazoloindole phytoalexins 74 were isolated 

from brown mustard (74a)34d and white mustard (74b).32a 

Compounds 70a, 70d and a non natural derivative 75 were prepared by modifications of the 

Huggershoff´s oxidative bromocyclization of corresponding brassinins 1a, 1b and 1e, using various 

bromination agents (Scheme 13). Thus the formation of electrophilic sulfur intermediate (sulfenyl bromide) 

was achieved by pyridinium tribromide (70a, 34%),2 NBS (N-bromosuccinimide, 70a, 35%23b 75, 20%34b), 

dioxane dibromide (70a, 45%34e) or phenyltrimethylammonium tribromide (70a, 59%23d). Sinalbin B (70d) 

was prepared in 41% yield by the above mentioned bromocyclization of 1-methoxybrassinin (1b) with 
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NBS.25e Oxidation of cyclobrassinin (70a) with MCPBA (m-chloroperbenzoic acid) afforded sulphoxide 

phytoalexin 70b in 80% yield,34f whereas analogous oxidation of 70d resulted in the formation of 70c in 

20% yield.25e Dehydrogenation of unnatural derivative of cyclobrassinin 75 by DDQ (2,3-dichloro-5,6-

dicyanobenzoquinone) was used for the preparation of dehydro-4-methoxybrassinin (71).34b 
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Whereas compounds 70a and 70d can be prepared by various modifications of the oxidative 

bromocyclization of corresponding dithiocarbamate phytoalexins brassinin (1a) and 1-methoxybrassinin (1b, 

see Scheme 13), synthesis of 1,3-thiazinone derivatives 72 and 73 requires another approach, preferably 
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using derivatives of 2-chloroindole-3-carboxaldehyde as starting compounds (Scheme 14). Initially, 

cyclobrassinon (72) was synthesized, from 1-Boc-2-chloroindole-3-carboxaldehyde (78) by radical 

bromination, reaction of the obtained acid bromide with KSCN to corresponding acyl isothiocyanate 76, 

which was treated with methanol, obtained carbamate cyclized and thus formed 9-Boc-cyclobrassinon (77) 

deprotected by heating without the solvent.35a,b In the original paper by Gross34c only the 1H NMR (CDCl3) 

and mass spectrum of putative 72 was published, melting point was not given. Although our product 72 

showed identical mass spectrum, compound was not soluble in CDCl3 and its 1H NMR (DMSO-d6) spectrum 

exhibited differences in chemical shifts of �(OCH3) at 4.18, versus 3.5534c ppm and �(NH) 12.69 versus 

8.5634c ppm which we attributed to different solvent used. 
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 Original sample for comparison was not available; however we evidenced the structure 72 by  
13C NMR and IR spectra which were in full agreement with the expected data. In 2004 Pedras et al. isolated 

from rutabaga tubers the phytoalexin rutalexin (73).20 Since its spectroscopic data were similar to that of 

cyclobrassinon, they also investigated phytoalexins produced in kohlrabi and again isolated rutalexin, but 

have not isolated or detected cyclobrassinon (72). They synthesized rutalexin (73) from 1-Boc-2-

chloroindole-3-carboxaldehyde which was oxidized with NaClO2 to 1-Boc-2-chloroindole-3-carboxylic acid 

(79), then transformed 79 with SOCl2 to acid chloride which after successive treatment with methyl amine, 

NaSH and phosgene and subsequent deprotection afforded rutalexin (73, Scheme 14), identical with the 

natural product.20 Comparison of natural rutalexin with synthetic rutalexin and cyclobrassinon showed that 

the structure of natural product first isolated from kohlrabi and named cyclobrassinon is identical to rutalexin 
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and cyclobrassinon is not a natural product. Similarly to cyclobrassinon, rutalexin showed poor solubility in 

CDCl3 and its 1H NMR spectrum recorded in DMSO-d6 exhibited differences in chemical shifts of �(OCH3) 

at 3.37, versus 3.5534c ppm and �(NH) 12.57 versus 8.5634c ppm, caused by different solvent. We have found 

that toxic phosgene in reported synthesis of rutalexin may be avoided. The advanced intermediate 77 of 

cyclobrassinon synthesis can be effectively converted to rutalexin by a three step process consisting of acid 

catalyzed hydrolysis to corresponding dione 81, subsequent N-methylation to 9-Boc-rutalexin (82) and final 

deprotection35c (Scheme 14). 

The first synthesis of brassilexin (74a) was achieved by PPA (polyphosphoric acid) catalyzed 

cyclization of sulfide 83 obtained by treatment of oxime 14a with sulfur chloride.36a In alternative synthesis, 

the reaction of aldehyde 13a with sulfur chloride produced the disulfide analogous to monosulfide 83 which 

after treatment with ammonia afforded brassilexin (74a) in 30% overall yield36b (Scheme 15).  
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Brassilexin (74a) was also obtained by sodium periodate mediated oxidative ring contraction of 

cyclobrassinin sulphoxide (70b)34f and by treatment of cyclobrassinin with the same reagent in 30% yield.36c 

In another efficient synthesis brassilexin (74a) was synthesized from indoline-2-thione (37) in four steps in 

64% overall yield (Scheme 15). Thione 37 was formylated and via oxime 85 transformed to amine which 

cyclized on activated charcoal to brassilexin (74a).36d The most efficient synthesis of brassilexin (74a) was 

achieved by Vilsmeier formylation of 37 followed by unprecedented ammonia workup. Obtained imine 

intermediate 86a gave after oxidation with iodine the high yield of target compound28b,36e (Scheme 15). The 

same procedure was successfully applied in the synthesis of sinalexin28b,36e (74b, Scheme 15). 



 135 

2.5. Spiroindoline[3,5’]- and spiroindoline[2,5’]dihydrothiazole type phytoalexins 

Cruciferous phytoalexins with the spiro-attached thiazoline ring to indole 3 or 2 position (87–91, 

Figure 5) are chiral alkaloids. Their absolute configuration however was determined quite a long time after 

isolation. (S)-(–)-Spirobrassinin (87),37a (2R,3R)-(–)-1-methoxyspirobrassinol methyl ether (89)37b and 

optically inactive 1-methoxyspirobrassinol (90)37b were isolated from Japanese radish, whereas (R)-(+)-1-

methoxyspirobrassinin (88) from kohlrabi.34c Compound 90 exists in solution as a mixture of 

diastereoisomers 90a and 90b in a 2:1 ratio owing to its unstable hemiaminal structure.37b (+)-Erucalexin 

with yet unknown absolute stereochemistry was isolated recently as a phytoalexin of dog mustard.37c 
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 Racemic spirobrassinin [(� )-87] was synthesized by thionyl chloride or methanesulfonyl chloride 

(MsCl) mediated cyclization of dioxibrassinin [(� )-5, Scheme 16].29b,37d In 2002, spirocyclization strategy 

toward spiroindoline phytoalexins was developed.34e Treatment of 1-methoxybrassinin (1b) with dioxane 

dibromide in dioxane in the presence of 5% of water produced a mixture of diastereoisomers of  

1-methoxyspirobrassinol 90a and 90b in 90% yield (Scheme 16). It was proposed that the primarily formed 

sulfenyl bromide cyclized to intermediate iminium ion A which reacted with water as a nucleophile. 

Oxidation of a mixture of diastereoisomers 90a and 90b afforded racemic 1-methoxyspirobrassinin [(� )-88] 

in 40% yield. Spirocyclization reaction in the presence of methanol produced a mixture of natural [(� )-89] 

and unnatural [(� )-94] diastereoisomer of 1-methoxyspirobrassinol methyl ether in a ratio 1:2. If the 1-Boc-

brassinin (18) was cyclized in the presence of water, corresponding mixture of diastereoisomers 92a and 92b 

afforded after oxidation with CrO3 and deprotection the racemic spirobrassinin [(� )-87, Scheme16]. 

Recently a direct biomimetic oxidation of brassinin (1a) and 1-methoxybrassinin (1b) to racemic 

spirobrassinin [(� )-87] and 1-methoxyspirobrassinin [(� )-88] was described by their treatment with 

pyridinium chlorochromate (PCC) or CrO3 in 38–40% yield.37c 

Natural enantiomer of spirobrassinin [(S)-(–)-87] was prepared by resolution of (� )-87 with (S)-(–)-1-

phenylethyl isocyanate. Separation of diastereoisomers by flash chromatography and removal of amide 

group by sodium methoxide afforded the enantiomers (–)-87 and (+)-87 (Scheme 17). 
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However diastereoisomers (+)-96 and (+)-97 were not suitable for determination of absolute 

configuration since these compounds are not crystalline. Therefore acylation with (1S,4R)-(–)-camphanoyl 

chloride (98) was employed. Flash chromatographic separation of diastereoisomers (–)-99 and (–)-100 was 

somewhat complicated by their instability on silica gel, however rapid separation, in less than 1 h, gave 

sufficient 22% yields of both diastereoisomers. The diastereoisomers (–)-99 and (–)-100 were assigned to  

(–)-87 and (+)-87 by a direct comparison of products obtained from the reactions of (–)-87 and (+)-87 with 

98 (Scheme 17). The diastereomeric amides (–)-99 and (–)-100 afforded suitable single crystals which were 

submitted to X-ray analysis and thus absolute configuration of (–)-87 was confirmed as S and that of (+)-87 

as R.29b 

 Racemic 1-methoxyspirobrassinin [(� )-88] was separated to enantiomers by chiral HPLC and the ECD 

(Electronic Circular Dichroism) and VCD spectra of natural isomer (+)-88 were compared with those of 

known (S)-(–)-spirobrassinin [(S)-(–)-87]. Because most major signals showed opposing signs, the direct 

comparison suggested that the absolute configuration of (+)-88 is R.37e Natural diastereoisomer of  
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1-methoxyspirobrassinol methyl ether [(� )-89] was prepared with improved diastereoselectivity in a ratio of 

(� )-89 : (� )-94 = 69 : 31 and 37% isolated yield, performing the spirocyclization with bromine in dry 

dichloromethane with a complex of CH3ONa with 15-crown-5 ether as nucleophile (Scheme 18).  
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 It was suggested that in this case the nucleophile preferably approaches the intermediate iminium ion 

A (see Scheme 16) from the less hindered CH2 side of thiazoline ring.37e Diastereoisomer (� )-89 was 

resolved to natural (–)-89 and unnatural enantiomer (+)-89 by chiral HPLC. Comparison of the calculated 

and observed VCD spectra of natural isomer (–)-89 suggested that the absolute configuration of natural  

(–)-89 is 2R,3R. In order to confirm this result, a chemical correlation was performed. A naturally occurring 

(–)-89 was transformed to 1-methoxyspirobrassinin 88 by oxidation with PCC (Scheme 18). Its ECD 

spectrum was identical with that of (R)-(+)-88. Analogous oxidation of unnatural (+)-89 afforded (S)-(–)-88. 

Therefore with respect to its trans-diastereoisomeric structure (sulfur and oxygen atoms on the opposite 

sides of indoline ring), absolute configuration of (–)-89 was confirmed to be 2R,3R.37e 

Stereoselective synthesis of 1-methoxyspirobrassinin [(R)-(+)-88] and 1-methoxyspirobrassinol methyl 

ether [(2R,3R)-(–)-89] was achieved by spirocyclization of 1-methoxybrassinin in the presence of 

(1S,2R,5S)-(+)-menthol as a nucleophile reacting with the iminium intermediate A (Scheme 19).37f 
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 It was supposed that the chiral secondary alcohol would approach methoxyiminium ion A from the 

less hindered CH2-side of thiazoline ring in the direction of Bürgi-Dunitz trajectory and one of the possible 

four diastereoisomers would be major. In this model, the (R)-methoxyiminium ion should be preferably 

attacked by the 1S-enantiomer of the alcohol from the less hindered CH2-side of thiazoline ring. With the 

1R-enantiomer of alcohol the situation was expected to be opposite. The reaction with (1S,2R,5S)-(+)-

menthol resulted in the formation of diastereoisomer (2R,3R)-101 as the expected major product. Other 

isomers were also formed, but the main product could be isolated by column chromatography in 37% yield 

(Scheme 19). Oxidation of (2R,3R)-101 with PCC afforded natural (R)-(+)-88, whereas its methanolysis in 

the presence of TFA resulted in the formation of a mixture of natural (2R,3R)-89 and unnatural isomer 
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(2S,3R)-89 easily separable by column chromatography.37f As expected, application of (1R,2S,5R)-(–)-

menthol resulted in the formation of products with opposite stereochemistry.37f 

 Racemic erucalexin [(� )-91] was synthesized from 1-methoxyindole (52). Its lithiation, formylation of 

2-indolyllithium with dimethylformamide (DMF) and subsequent reaction with hydroxylamine afforded 

corresponding oxime 102. The oxime was transformed to 1-methoxyisobrassinin (103) by standard 

procedure and the later submitted to oxidative cyclization affording [(� )-91, Scheme 20].37c 
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3. Anticancer activity 

Phytoalexins are structurally diverse group of generally lipophilic low molecular weight compounds 

with non-specific and not particularly potent antimicrobial activity.38 Their mode of action (MOA) against 

plant pathogens is not well understood, but it likely involves disruption of cell membranes among variety of 

other biochemical and physiological processes.39 In addition to their antimicrobial effects, some 

phytoalexins have been found to exhibit the anticancer activity against human and animal cancers. In 

particular, 4-ipomeanol from the sweet potato Ipomoea batatas infected with the fungus Fusarium solani, 

and resveratrol (trans-3,5,4',-trihydroxystilbene), found in Vitis vinifera, labrusca and muscadine grapes was 

evaluated in early clinical trials for cancer chemoprevention,40a treatment of non-small cell lung cancer40b 

and advanced hepatocellular carcinoma.40c Several indole phytoalexins from cruciferous plants have also 

been shown to exert significant anticancer activity, in addition to their antimicrobial (antifungal and 

antibacterial) activity in pre-clinical trials. For this reason, indole phytoalexins may be interesting lead 

compounds for anticancer drug development.5 

 

3.1. Cytostatic and cytotoxic effects 

Cytotoxic effects of indole phytoalexins brassinin (1a), (� )-spirobrassinin [(� )-87] and cyclobrassinin 

(70a) were tested on murine leukemia L1210 and melanoma B16 cells using the MTT (thiazolyl blue) assay 

after 24 h of cultivation. The highest cytotoxic effect was induced by brassinin that at concentration 100 

�mol × L-1 reduced the growth of L1210 and B16 cells by 35%, while at 10 �mol × L-1 it reduced 

proliferation of these cell lines by 15% and 9% of the solvent control (p<0.05). Spirobrassinin was the less 

efficient against both cell lines and at concentration 100 �mol × L-1 reduced the cell growth of L1210 by 



 140 

12% (p<0.05). Spirobrassinin did not demonstrate statistically significant cytotoxic effect on L1210 cells at 

10 �mol × L-1 and on melanoma B16 at concentrations up to 100 �mol × L-1. Similarly, under the conditions 

of reported experiment, cyclobrassinin (70a) did not exhibit significant potency against L1210 and B16 cell 

lines at concentrations up to 10 �mol × L-1.41a However, the relatively short time of exposition of cancer 

cells to tested drugs in reported experiment may have resulted in low sensitivity and false negative (no 

activity) results for some evaluated compounds at certain concentrations. 

Cyclobrassinin (70a), brassilexin (74a), and their non-natural analogs, such as homocyclobrassinin and 

5-methoxybrassilexin were evaluated as growth inhibitors with cultured human oral epidermoid carcinoma 

KB and normal monkey kidney cells. Cells were treated with tested compounds for 3 days and the effects on 

cell proliferation were evaluated by a neutral red-based assay. Under this experimental design, brassilexin, 

homocyclobrassinin and 5-methoxybrassilexin displayed comparable cytostatic/cytotoxic potencies with 

their respective IC50 values of 46, 42 and 49 �mol × L-1, while cyclobrassinin was less potent with IC50 value 

of 99.4 �mol × L-1. However, the IC50 of brassilexin on the normal monkey kidney cells was found to be the 

same as for the human KB carcinoma cells (46 �mol × L-1), and this lack of selectivity for cancer cells was 

interpreted as a general cytotoxicity effect that, together with relatively low magnitude of antiproliferative 

effect, discouraged further in vivo evaluations of these compounds.41b Furthermore, according to another 

report, some indole phytoalexins, e.g. 1-methoxyspirobrassinin (88) and 1-methoxyspirobrassinol (90) may 

in fact exhibit a stimulating effect on proliferation of human breast cancer MCF-7 and human colorectal 

carcinoma CACO-2 cells.41c In a view of the above findings, the effects of indole phytoalexins on cancer 

cells are very complex and there is a great need for an in depth understanding of their mode of action and 

structure-activity relationships. 

More promising results were obtained by an evaluation of antiproliferative activity of camalexin (58a) 

against the human breast cancer cell line SKBr3 (which overexpresses topoisomerase II�) by MTT assay. 

Camalexin exhibited remarkable antiproliferative activity against SKBr3 cells after 4-day treatment 

(IC50=2.7 �mol × L-1) and was more potent than cisplatin (IC50=7.4 �mol × L-1) and melphalan (IC50=13.0 

�mol × L-1). On the other hand, the antiproliferative activity of camalexin against SKBr3 was significantly 

lower compared to agents such as mitoxantrone (IC50=0.016 �mol × L-1), etoposide (IC50=0.60 �mol × L-1), 

and amsacrine (IC50=0.16 �mol × L-1) which are known to act via inhibition of topoisomerase II.41d For this 

reason, antiproliferative effect of camalexin presumably does not include inhibition of topoisomerase II, in 

spite of its close structural resemblance with natural thiazolyl indolequinone BE 10988 which has anticancer 

properties and acts as an inhibitor of topoisomerase II.41e 

According to another report, brassinin (1a), its non-natural isomer isobrassinin and its analog 

isocyclobrassinin exhibit significant inhibitory effects of on the growth of human cervical cancer HeLa, 

human breast adenocarcinoma MCF-7, and human epidermoid carcinoma A431 cells (MTT assay; 72 h 

treatment by drugs at 30 �mol × L-1). Isocyclobrassinin demonstrated highest potency against both MCF-7 

and A431 cells with IC50 < 10 �mol × L-1. Moreover, 2-phenylimino-1,3-thiazino[5,6-b]indole, structurally 

related to isobrassinin, at a concentration 10 �mol × L-1 showed on MCF-7 cells comparable potency to that 

of anticancer agent cisplatin with growth inhibition to about 50% of the control.41f 

Brassinin (1a), 1-methoxybrassinin (1b), (±)-spirobrassinin [(±)-87)], (±)-1-methoxyspirobrassinin 

[(±)-88)], and 1-methoxyspirobrassinol (90, mixture of diastereoisomers) were also found to inhibit growth 

of human T-ALL Jurkat cells after 72-h treatment at a concentration of 100 �mol × L-1 to 55.6%, 38.2%, 
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49.0%, 50.1%, and 49.6% respectively. In all of these cases, the growth of treated cells was significantly 

different to that of untreated control (p < 0.01). 1-Methoxybrassinin (1b), the most efficient compound in 

this report, was shown to induce apoptosis in treated Jurkat cells after 24 hours (cell cycle distribution by 

flow cytometry; DNA fragmentation assay by agarose electrophoresis), and after 72 hours (by flow 

cytometry using Annexin V/propidium iodide staining).41g 

1-Methoxybrassenin B (2b) and its demethoxy analog brassenin B demonstrated by MTT test 

cytostatic/cytotoxic effects on human breast MCF-7 and cervical HeLa cancer cells and on human T-acute 

lymphoblastic leukemia cells Jurkat, CEM and CEM-VCR, at drug concentrations of 100 �mol × L-1 and  

72-h incubation. In this experiment both compounds inhibited growth of cancer cells by at least 50% of the 

control with 1-methoxybrassenin B (2b) being more potent. In contrast, their nucleoside analogs  

1-(α-D-ribofuranosyl)brassenin B, 1-(β-D-ribofuranosyl)brassenin B and 1-(β-D-glucopyranosyl)brassenin B 

did not exhibit significant activity under the same conditions, with the notable exception of  

1-(α-D-ribofuranosyl)brassenin B that inhibited growth of HeLa cells to about 58%. Acetyl and 

isopropylidene protecting groups on sugar hydroxyls partially reversed the loss of activity caused by 

glycosylation of brassenin B, which was interpreted in terms of the increased activity with the increased 

hydrophobicity of these molecules.27b This report does not provide statistical analysis of its biological 

results, therefore it is impossible to conclude how significant are differences in potencies between 

compounds and between cell lines. Nevertheless, there appears to be small, if any difference, in potencies of 

all tested compounds between CEM and vincristine-resistant subline CEM-VCR. Phenotype of CEM-VCR 

cell line used in this screening was previously characterized by other investigators as P-glycoprotein (P-gp) 

and Lung Resistance Protein (LRP) positive.41h As a result, a conclusion can be drawn that 1-

methoxybrassenin B (2b) and brassenin B are not substrates of these multidrug resistance-related proteins. 

This conclusion, not stated in the original report, is of great significance with respect to anticancer properties 

of 1-methoxybrassenin B and brassenin B and possibly other indole phytoalexins.  

In order to investigate the effects of chirality of indole phytoalexins on anticancer response, chiral 

indole phytoalexins 1-methoxyspirobrassinin (88) and 1-methoxyspirobrassinol methyl ether (89) were 

recently prepared in their individual enantiomeric forms and their cytostatic/cytotoxic effects were 

evaluated. The natural (2R,3R) enantiomer of 1-methoxyspirobrassinol methyl ether (89) was much more 

potent inhibitor of Jurkat cells proliferation than its (2S,3S) enantiomer (cell growth 36.9% vs. 79.8% of the 

control), while in the case of 1-methoxyspirobrassinin there was overall weak activity against Jurkat cells 

with no differences between its enantiomers.37e This finding suggests that 1-methoxyspirobrassinol methyl 

ether with moderate antiproliferative activity and significant difference in activities of its enantiomers has 

some chiral molecular target in a cell, which preferably interacts with more potent (2R,3R) enantiomer 

(eutomer), while weak antiproliferative effect of 1-methoxyspirobrassinin (88) is mediated through some 

other mode of action where target is not chiral or its chirality is not involved in the underlying mode of 

action. 

The mode of action by which indole phytoalexins inhibit proliferation of cancer cells and induce 

apoptosis has not been elucidated yet. Some possible mechanisms and cellular targets have been suggested 

from structural similarities of indole phytoalexins to the other compounds with known mechanisms involved 

in anticancer activity. Specifically, brassinin, spirobrassinin as well as some of their analogs belong to the 

group of dithiocarbamates (DTC), some of which also demonstrate anticancer effects via inhibition of 
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nuclear factor kappa B (NF-�B)42a and proteasome42b activities. Some DTC, such as proline dithiocarbamate 

and diethyl dithiocarbamate induce p53-dependent expression of p21/KIP1/CIP1 leading to G1/S arrest, as 

was demonstrated in human hepatoma Hep G2 cells.42c DTC also trigger the expression of myeloid 

differentiation antigens and inhibit proliferation of human promonocytic leukemia U-937 cells through 

mechanism that involves activation of the transcription factor AP-1.42d 

NF-�B plays a pivotal role in immune response, cell growth and regulation of apoptosis. Activation of 

NF-�B associated with certain apoptotic stimuli (TNF, ionizing radiation, certain chemotherapeutic 

compounds) has been found to protect cells from apoptosis induced by these stimuli. In addition, inhibition 

of NF-�B activation potentiates apoptosis induced by these agents. As the resistance to cancer therapies 

appears to be mediated by resistance to apoptosis, these agents are less effective for cancer therapy due to 

simultaneous activation of NF-�B. For this reason, new approaches to cancer therapy that inhibit activation 

of NF-�B may prove to be highly effective in the treatment of various cancers.42e Inhibition of NF-�B by 

3,3‘ -diindolylmethane was shown to increase sensitivity of MDA-MB-231 cells to docetaxel-induced 

apoptosis42f and this finding supports prospective therapeutic value of NF-�B inhibitors in combination with 

certain apoptosis inducing chemotherapeutic agents. Inhibition of NF-�B signaling by DTC is caused, at 

least in part, by inhibition of proteasome. Proteasome inhibition prevents ubiquitin-proteasome pathway to 

degrade I�B and cyclins, which in turn blocks activation of NF-�B and cell proliferation, respectively.42g  

Spirobrassinin and some of its analogs can possibly stimulate the activity of p53 tumor suppressor 

through blocking its interaction with mdm2 oncoprotein. Spirooxindoles, including 6-chloro-4'-(3-chloro-

phenyl)-2'-(2,2-dimethylpropyl)-2-oxo-1,2-dihydrospiro[indole-3,3'-pyrrolidine]-5'-carboxylic acid 

dimethylamide, were identified by structure-based drug design and experimentally confirmed as potent 

inhibitors of p53-mdm2 interaction.42h This mechanism may be involved in activity of these compounds 

against approximately 50% of human cancers where p53 retains its wild-type form but its activity is 

inhibited by the mdm2 oncoprotein interacting directly with p53 and targeting it for degradation by 

ubiquitin-proteasome pathway.42i  

Mode of action of some indole phytoalexins, e.g. brassinin, 4-methylbrassinin and cyclobrassinin in 

estrogen receptor (ER)-positive cells can also be mediated by enhanced C2-hydroxylation of estradiol (E2) 

leading to its conversion to anticarcinogenic 2-hydroxyestrone (2-OHE1). Treatment of stable myc 

transfectant mammary epithelial cells MMEC/myc3 with above mentioned indole phytoalexins at non-

cytotoxic concentrations (10 �mol × L-1) resulted in suppression of anchorage-independent cellular growth 

and the increase of 2-OHE1.43a In ER-positive human cancer cells MCF-7, E2 increases expression of 

protooncogen c-myc, while growth-inhibiting antiestrogen tamoxifen reduces c-myc expression.43b 

Consequently, indole phytoalexins appear to inhibit cell proliferation of ER-positive cells via inhibition of  

c-myc signaling at least in part through up-regulated C2-hydroxylation of E2. 

In addition, some indole phytoalexins may exhibit their anticancer effects by depletion of cellular 

glutathione. 2-Piperidyl analogs of 1-methoxyspirobrassinol namely cis-1-methoxy-, cis-1-Boc-, trans-1-

methoxy- and trans-1-Boc-2-deoxy-2-(1-piperidyl)spirobrassinol (104a–105b, Scheme 21) were shown to 

exert a remarkable glutathione-depleting effects on MCF-7 cells. As cellular glutathione is often involved in 

multidrug resistance of cancer cells to some anticancer agents and radiation, these compounds could be 

developed as radio- and/or chemosensitizing agents for combination cancer chemotherapy.44 Potentiation of 

vincristine-induced cytostatic/cytotoxic effects on human glioblastoma U-87 MG cells has already been 
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demonstrated for brassinin (1a), spirobrassinin (87), 1-methoxyspirobrassinin (88) and 1-methoxy-

spirobrassinol (90).41c 
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3.2. Cancer chemopreventive activity 

Chemoprevention of cancer is a pharmacological approach to arrest or reverse the process of 

carcinogenesis, and thus to prevent cancer, as contrasted with conventional chemotherapy for treatment of an 

existing disease.45a In recent decades, considerable attention has been directed towards cancer prevention by 

natural products.45b According to the results of six prospective epidemiological studies, the consumption of 

brassica vegetables, including cabbages, kale, broccoli, Brussels sprouts and cauliflower, is inversely 

associated with the risk of lung cancer, stomach cancer and all cancers together. Similarly, 64% of 74 case-

control epidemiological studies found inverse association between the consumption of one or more brassica 

vegetables and risk of lung, stomach, colon and rectal cancers. The protective effect of brassica vegetables is 

attributed to indoles and isothiocyanates formed upon hydrolysis of glucosinolates by the plant enzyme 

myrosinase and gastrointestinal microflora.45c,d These findings also inspired research of the possible role of 

indole phytoalexins in chemopreventive potential of crucifers. The chemopreventive effects of brassinin 

(1a), cyclobrassinin (70a) and non-natural compound 2-methylbrassinin were evaluated in the model of 

mammary carcinogenesis based on 7,12-dimethylbenz[a]anthracene (DMBA)-induced precancerous lesions 

in mouse mammary gland organ culture.45e There appeared a good correlation between the chemopreventive 

activity in this assay and in vivo carcinogenesis, and agents showing chemopreventive activity in this organ 

culture experiment often show chemopreventive activity in N-methyl-N-nitrosourea or DMBA-induced 

mammary in vivo carcinogenesis in Sprague-Dawley rats.45f,g The obtained results indicated that brassinin 

(1a) and cyclobrassinin (70a) were comparably active inhibitors of pre-neoplastic mammary lesions 

formation in the cell culture. Both compounds inhibited the incidence of mammary lesions in a dose 

dependent manner, and at concentration 10 �mol × L-1 there was 80.0% (brassinin) and 90.9% 

(cyclobrassinin) reduction in the number of mammary glands with lesions, as compared to the control glands 

incubated with a vehicle. However, 2-methylbrassinin was not significantly active in this experiment, which 

together with the fact that cyclobrassinin is a biosynthetically derived by oxidative cyclization of brassinin 

lead to a possible conclusion, that oxidative cyclization of brassinin may be a metabolic activation step.23b 

Significant chemopreventive activity in the model of mouse mammary carcinogenesis was also 

demonstrated for cyclobrassinin (91.0%), spirobrassinin (76.3%), brassinin (73.0%) and N-ethyl-2,3-

dihydrobrassinin (66.3%) at a concentration of tested drugs 10 mg × L-1. Several methyl substituted 

analogues of brassinin (4-methylbrassinin, 5-methylbrassinin, 7-methylbrassinin) and 5-chlorobrassinin 
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exhibited destruction to the mammary glands and therefore these substances were considered to be toxic in 

this model.45h Furthermore, brassinin (1a) exhibited dose-dependent inhibition of DMBA-induced mouse 

skin tumors, promoted by TPA (12-O-tetradecanoylphorbol-13-acetate) in CD-1 mice. In this two-stage skin 

carcinogenesis model, brassinin inhibited formation of tumors only when present during the TPA treatment 

phase and additional protection was not achieved when brassinin was present during both initiation and 

promotion phases of experiment. These data support inhibition of carcinogenesis during the promotion phase 

but do not exclude inhibition during the initiation phase.23b 

The mechanism of chemopreventive activity of cruciferous indole phytoalexins has not been 

elucidated yet. According to Wattenberg,45i there are three main categories of cancer chemopreventive 

agents: (i) agents that prevent carcinogen formation; (ii) blocking agents (anti-initiators) that are effective 

when administered prior to, or simultaneously with the carcinogen and that may either inhibit the metabolic 

activation of pro-carcinogens or enhance detoxification and scavenge the ultimate carcinogens prior to their 

action; and (iii) suppressing agents (anti-promoters) that are also effective when given subsequently after 

administration of carcinogen during tumor promotion. Since the brassinin and cyclobrassinin have induced 

4- and 29-fold increase of a phase II detoxification enzyme NAD(P)H:quinone oxidoreductase activity (QR) 

in mammary gland organ culture, it appears that in this concept brassinin and cyclobrassinin belong to the 

group of anti-initiators. On the other hand, in the two stage skin carcinogenesis model brassinin acted as an 

anti-promoter showing inhibition of promotional stage of carcinogenesis.23b 

With respect to their cancer chemopreventive properties, a bit alarming is the predicted mutagenicity 

of spirobrassinin (87) and 1-methoxyspirobrassinol methyl ether (89). Although this prediction was 

performed only by in silico screening and needs to be experimentally confirmed, it casts doubts about the 

future role of some indole phytoalexins in cancer chemoprevention.41c 

 

3.3. Modulation of immune response 

Another critical finding regarding the anticancer effects of indole phytoalexins is associated with the 

activity of indoleamine 2,3-dioxygenase (IDO). IDO (EC 1.13.11.42) is an interferon-gamma (IFN-�)-

inducible enzyme that catalyzes the initial and rate-limiting step in the degradation of the essential amino 

acid tryptophan. Elevated tryptophan catabolism was found in a wide variety of human cancers and this 

finding was historically interpreted as a consequence of tumoricidal effect of IFN-�. However, IDO activity 

was later found as a requirement for physiological protection of the allogenic fetus from rejection by 

maternal immune system and the available evidence suggests that malignant tumors can exploit IDO-

mediated immune tolerance to promote immune escape.46a For this reason, IDO became an important drug 

target for anticancer drugs development that may expand the options of cancer immunotherapy by low 

molecular weight compounds.46b 

Brassinin (1a) was found to be a moderate inhibitor of IDO,26 and this finding opened a new avenue 

for anticancer drug development based on indole phytoalexins. It is important to emphasize that this mode of 

action could not be involved in reported in vitro cytotoxicity (see part 3.1.) and cancer chemopreventive 

activity (see part 3.2.), except for the mouse skin carcinogenesis model, and thus it represents an additional 

(indirect) anticancer mechanism of the indole phytoalexins in addition to their cytostatic/cytotoxic and anti-

initiator effects. Structure-activity relationships study of brassinin derivatives as IDO inhibitors revealed that 

dithiocarbamate moiety, but not indole ring, is necessary for IDO inhibition. Furthermore, substitution of S-
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methyl group of brassinin with large aromatic groups increased in vitro IDO-inhibitory activity by 3 times 

above the standard IDO inhibitor 1-methyl-tryptophan.26 Recently, the role of inhibition of IDO in 

anticancer effects of brassinin and its pharmacologically more stable derivative 5-bromobrassinin was 

validated in vivo. Specifically, in mice bearing B16-F10 melanoma isografts, treatment with 5-bromo-

brassinin produced significant suppression of tumor growth, but this effect was not observed in athymic 

nude mice and in genetically modified mice with functional disruption of both alleles for Indo gene.46c 

Furthermore, 5-bromo-brassinin administered by oral bolus at 400 mg/kg dose significantly potentiated 

paclitaxel-induced regression of autochthonous mammary gland carcinomas in MMTV-Neu mice.46c These 

results strongly support IDO inhibition as essential component of the antitumor mode of action of brassinin 

and 5-bromo-brassinin in vivo and indicate possible benefits of combined therapy by IDO-inhibitors 

targeting tumor tolerance and conventional anticancer drugs. 
 

4. Conclusion 

Chemical synthesis is a powerful tool, frequently applied in the natural products studies. Synthesis of 

cruciferous indole phytoalexins is no exception of this general rule, since the isolation from plants is time 

consuming and affords only a very small quantities of these natural products, frequently insufficient for the 

study of their structure and biological properties. Only little attention has been devoted to syntheses of chiral 

phytoalexins, probably because their absolute configuration was not known until recently. The search for 

new approaches to achieve high yielding and stereoselective syntheses of these natural products and their 

analogs is very important since these substances exhibit promising biological, particularly anticancer 

properties. Various indole phytoalexins exhibit cytostatic/cytotoxic effects on cultured leukemia and solid 

tumor cell lines in vitro, as well as cancer chemopreventive effects on models of mammary and skin 

carcinogenesis by inhibition of initiation and promotion phases of chemical carcinogenesis. Recently,  

5-bromobrassinin was reported as the first indole phytoalexin-related compound inhibiting growth of solid 

tumors in vivo both in monotherapy and in combination therapy with conventional anticancer agent 

paclitaxel. In spite of their relatively mild cytostatic/cytotoxic effects, and in some cases pro-proliferative 

and probably also mutagenic effects, some of these compounds may be developed as prospective drugs for 

combination anticancer chemo/immuno/radio-therapy due to their remarkable glutathione-depleting and/or 

immune-tolerance suppressing effects. To achieve this goal, further in vivo studies as well as identification 

of molecular targets of phytoalexins and their structure-activity relationships are needed. 
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Abstract. Phosphepines have attracted considerable attention as ligands and organocatalysts for asymmetric 

transformations. An overview of synthetic venues to achiral and chiral phosphepines is presented. Recent 

applications of these seven-membered P-heterocycles in asymmetric catalysis are considered as well. 
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1. Introduction 

 Phosphepines are unsaturated seven-membered ring heterocycles containing one phosphorous atom.1 

In contrast to saturated 7-membered ring phosphines (phosphepanes), phosphepines contain at least one 

double bond (I–III, Figure 1). 

 

 
Figure 1 

 

 Due to the trivalent phosphorus, they can act as “soft”  ligands and coordinate therefore preferentially 

to “soft”  metals (HSAB-concept). Like other acyclic and cyclic phosphines, they display considerable  

σ-donor and π-acceptor properties and may thus significantly alter the electronic properties of a metal. This 

feature has been employed in metal catalyzed reaction. Moreover, appropriate substitution of the heterocycle 

produces chiral phosphepines, which can be applied as chiral ancillary ligands in asymmetric catalysis. 

Besides this application chiral phosphepines have also been used as basic organocatalysts in stereoselective 

transformations. In last years several efforts have been carried out to evidence the large potential of chiral 

phosphepines for these purposes. In this review will be give a summary about typical and recent 

developments and trends in the synthesis of phosphepines. Their use as ligands and organocatalysts in 

asymmetric catalysis will conclude the review. 

 

2. General strategies for the synthesis of phosphepines 

 Synthesis of single ring phosphepines as well as benzo- and naphtho-fused derivatives can be 

performed in various manners. Considering general strategies in the literature, the following methodologies 

can be classified: 

a) Cyclization of a single component 

b) Ring formation by cyclization of two components 

c) Ring-expansion 
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2.1. Cyclization of a single component 

2.1.1. Thermal cyclization of arenylphosphonic acids 

 A thermally mediated cyclodephosphonation reaction for the synthesis of arylphosphepines has been 

suggested by Robinson and Pettit in 1972.2 They heated diphosphonic acid 1 in a sublimation apparatus for 

24 hours at high temperature under vacuum (Scheme 1). 
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a) 330–370 °C, 1.25 mmHg, 24 h. 

Scheme 1 
 

 The major product of this transformation is 6,7-dihydro-6-hydroxy-5H-dibenzo[c,e]phosphepin-6-

oxide (2). As a side product 4,9-diphosphapyrene derivative 3 was isolated in 10% yield. 

 

2.1.2. Electrophilic cyclizations 

 In 1975 a route to phosphepines via cyclization of alkenyl-substituted phosphonium salts in the 

presence of polyphosphoric acid was discovered by Dilbeck, Morris and Berlin.3 Thus, treatment of tertiary 

benzyl phosphines 4a,b with allylic halides gave phosphonium salts containing a β-alkenyl substituent 

(Scheme 2). Benzyldiphenylphosphine 4a could be quaternized with allyl bromide under reflux to yield 

open-chain allylbenzyldiphenylphosphonium bromide 5a. Compound 4b was reacted with crotyl bromide to 

give 5b. The cyclization was carried out with polyphosphoric acid at high temperature for a short time to 

produce the phosphepines 6a,b in yields of 24–30%. 
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a) CH3CH=CH-CH2Br, solvent, reflux 24 h, 5a (48%), 5b (35%); 
b) 115% polyphosphoric acid (PPA) 160 °C, 6a (24%), 6b (30%). 

Scheme 2 
 
 In 1995 Montchamp, Frost and co-workers have developed a route to cyclic saturated phosphinic 

acids.4 The method involves a double Arbuzov reaction of bis(trimethylsiloxy)phosphine (BTSP) with 

dielectrophiles (Scheme 3). In detail, a mixture of 1,6-dibromohexane (7), BTSP (generated from 

ammonium hypophosphite and hexamethyldisilazane (HMDS) was refluxed in mesitylene for several hours 

under argon to give phosphonium salt 8. Under these conditions, it is converted by disproportionation into 9. 

The subsequent silylation of the latter in the presence of a base generated bis(trimethylsilyl) phosphonite 10 
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and proceeded faster than the competing disproportionation of 9 into the pertinent phosphine and 

phosphonate, respectively. Intramolecular attack of phosphorus on the second electrophilic centre in 

phosphonite 10 resulted in the formation of the phosphonium salt 11 underwent elimination of Me3SiBr to 

give the trimethylsilylated cyclic phosphinate 12. Hydrolysis of the latter at room temperature with aqueous 

NaCl afforded the corresponding cyclic phosphinic acid 13 in 58% yield. 
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Scheme 3 
 
2.1.3. Reductive coupling via McMurry reaction 

 The synthesis of the first stable, monocyclic phosphepine 2,7-di-tert-butyl-1-phenyl-1H-phosphepine 

(17) was demonstrated by Märkl and Burger.5 This seven-membered P-heterocycle could be prepared as 

depicted in Scheme 4. The intermediate bisaldehyde 16 was obtained in 20% yield by addition of 

bis(hydroxymethy1)phenylphosphine (14) to 4,4-dimethyl-2-pentynal (15) in acetonitrile. Intermolecular 

reductive coupling via a McMurry reaction in the presence of TiCl3-Zn(Cu) in boiling THF gave the 2,7-di-

tert-butyl-substituted phosphepine 17. The compound revealed thermally stable and did not isomerize into 

the bicyclic analogue. 
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Scheme 4 
 

2.1.4. Via ring-closing metathesis 

 A versatile method for the synthesis of phosphepines via ring-closing metathesis was development by 

Gouverneur et al.6 Formation of seven-membered ring 20 from symmetrical diene 18 containing a 

phosphine-borane group required 12 mol% of the Grubbs catalyst 19 to give the product 20 in 63% yield 

(Scheme 5). 
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Scheme 5 

 
 Noteworthy, the isomeric seven-membered P-heterocycle 22 could be prepared from nonsymmetrical 

diene 21 in 94% yield in the presence of only 4 mol% of the Grubbs catalyst 19. 

 The groups of Lammertsma7 and Ellman8 reported a similar strategy for the synthesis of tetra-

hydrophosphepines which in turn were used as ligands in metal complexes. As substrates for the metathesis 

reaction, corresponding phosphine oxides instead of borane complexes were used. 

 Recently, the group of Gladysz reported an advance in the synthesis of phosphepines via ring-closing 

metathesis.9 The starting phosphine PhP[(CH2)2CH=CH2)2]2 could be prepared from PPhH2, n-BuLi and 

Br(CH2)2CH=CH2 and were subsequently converted into trans-(Cl)(C6F5)Pt{ PPh[(CH2)2CH=CH2]2} 2 (23) 

displaying square-planar geometry (Scheme 6). 
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a) 19, CH2Cl2, room temperature, 14 h, 79%; b) H2, 10% Pd/C, ethanol, room temperature, 69 h, 64%. 

Scheme 6 
 
 Metathesis of the ligands in the coordination sphere of Pt-complex 23 mediated by Grubbs’  catalyst 19 

gave complex (Z,Z)-24 as a main product in 86% yield. The complex could be hydrogenated to give the 

trans-complex 25. The structure of the latter was confirmed by X-ray analysis. 
 
2.2. Ring formation by cyclization of two components 

2.2.1. Via reaction of 1,6-dilithium salts with dichlorophosphines 

 Historically the first synthesis of dibenzophosphepine was demonstrated by Mann, Millar and Smith in 

1953.10 They synthesized 10,11-dihydrodibenzo[b,f]phosphepine (27) via cyclization from 2,2'-dibromo-

dibenzyl (26) with n-butyllithium and phenyldichlorophosphine as shown in Scheme 7. Phosphepine 27 was 

obtained in a yield of 23% after two crystallizations. 
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 Suggs and Freedman11 and Segall et al.12 used the same route for the synthesis of phosphepines 28–30 

(Scheme 8). In 1993 Yasuike, Tsuchiya and co-workers reported an improved protocol.13 
 

 
Scheme 7 

 

 
Scheme 8 

 

 The group of Tsuchiya disclosed the first general synthesis of 3-benzophosphepines according to 

Scheme 9.14 1,2-Bis(2-bromoviny1)benzene (32) was obtained stereoselectively in high overall yield by a 

double Wittig reaction of o-phthalaldehyde (31) with bromomethylenetriphenylphosphorane. The product 

was treated with tert-butyllithium to give the intermediate dilithium salt, with was immediately reacted with 

PhPCl2 to give the fully unsaturated phosphepine 33. 

 The preparation of chiral dinaphtho[2,1-c;1’ ,2’ -e]phosphepines according to this method will be 

discussed separately in Section 2.4. 

 

 
a) [Ph3P

+CHR1Br] Br-/t-BuOK, THF, –80 °C, 2 h, or –80 °C to room temperature, 8 h; 90%; b) 1. t-BuLi, Et2O, –80 °C, 20 min;  
2. PhPCl2, –80 °C to room temperature, 3 h, 15–40%. 

Scheme 9 

 

�
Scheme 10 
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2.2.2. Via reaction of silylphosphines with acyl chloride 

 Cowley and co-workers described the reaction of dichloride of diphenic acid 34 with 

bis(trimethylsilyl)phosphines as a route to dibenzophosphepine derivatives 35a,b (Scheme 10).15 

 

2.2.3. Via radical cyclization reactions of silylphosphines with alkenes 

 The radical reaction of Me3SiPH2 with a diolefine was examined by Schubert, Norman and  

co-workers.16 Thus, the cyclization of hexa-1.5-diene (36) with Me3SiPH2 in the presence of 

azobisisobutyronitrile (AIBN) led to the P-silyl-substituted phosphine 37 (Scheme 11). The acyclic 

dialkenylphosphine was obtained as a side-product. The target phosphepane 38 could be finally prepared 

after removal of the silylgroup by hydrolyzation. 
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a) AIBN, toluene, 85 °C, for 6 h, 46%; b) H2O. 

Scheme 11 
 

2.2.4. Nucleophilic addition reaction between 1,5-hexadiine and phosphine 

 In 1973 Märkl und Dannhardt17 described a one-step approach to aryldihydrophosphepines 40a–c by 

addition of primary arylphosphines to hexa-1.5-diynes 39a–c as shown in Scheme 12. 
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Scheme 12 
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a) KOH/18-crown-6, benzene, room temperature, 15–20 h, 100%. 

Scheme 13 
 

 Addition of phenylphosphine to 1,2-diethynylbenzene (41) catalyzed by KOH/18-crown-6 leads to  

P-phenylbenzophosphepine (42) as shown in Scheme 13.18 The desired product 42 was obtained in 

quantitative yield. Benzophosphepine 42 is thermolabile in decalin at 80 °C. 
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 In 1976 Winter described the transition-metal-catalyzed cyclization of triarylphosphine oxide based 

bisacetylene 44 as a method for the synthesis of tribenzo[b,d,f]phosphepin oxide (45) (Scheme 14).19 As 

catalyst for the ring closure dichlorobis(benzonitrile)palladium or the Wilkinson's catalyst [Rh(PPh3)3Cl] 

was used. Phosphepine oxide 45 was obtained in a yield of 20%. The corresponding phosphine could be 

obtained by the reduction of the phosphine oxide with trichlorosilane. 
 

 
a) 1. t-BuLi, Et2O, –20 °C to room temperature, 20 min; 2. PhPCl2, Et2O, reflux, 1 h, 42%; 3. aq H2O2, benzene, reflux,  

20 min., 90%; b) Rh(PPh3)3Cl or PdCl2(NCPh)2, PhCCPh, mesitylene or benzene, reflux, 6–14 h, 20%. 

Scheme 14 
 

 Winter and Luppold reported the photolysis of phosphine 46 with Fe(CO)5 followed by oxidation with 

air as a method for the preparation of dibenzophosphepine oxide 47 (Scheme 15).20 
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a) 1. hν, Fe(CO)5, THF, room temperature, 40%; 2. CH2Cl2, O2, 42%. 

Scheme 15 
 

2.3. Ring expansion 

2.3.1. From phospholes and dihydrophospholes 

 In 1970, Märkl and Schubert reported the first synthesis of a phosphepine by ring enlargement starting 

from 1-phenyl-2,5-dihydro-1H-phosphole 1-oxide (48) (Scheme 16).21 The initial step involved the 

photochemically induced [2+2]-cycloaddition of 1-phenyl-3-phospholene 1-oxide (48) with 

dichlormaleinimide to yield both cis- and trans-adduct 49. The cis-isomer of 49 was subsequently 

hydrolyzed with sulfuric acid and esterificated with diazomethane to give methyl ester 50. 

 The dichloro-compound 50 was dehalogenized with nickel tetracarbonyle to give phosphobicyclo-

[3.2.0]heptene derivate 51, which underwent thermal-catalyzed valence isomerization to afford phosphepine 

oxide 52. 

 As an alternative method for the synthesis of unsubstituted phosphepines 57 and 59 the reductive 

dehalogenation of squaric acid derivative 54 was suggested (Scheme 17).21 
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�
a) Irradiation (Philips HPK 125 W); b) 1. H2SO4, 2. CH2N2; c) Ni(CO)4, benzene, reflux, 72%; d) diphenylether, reflux, 260 °C. 

Scheme 16 
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e) Br2, 0 °C; f) Et3N, room temperature. 

Scheme 17 
 

 The resulting heterocycle 55 was transformed into phosphobicyclo[3,2,0]heptene (56) through an 

electrolysis. Phosphepine 57 was derived from compound 56 in 81% yields by thermal-catalyzed valence 

isomerization in diphenylether under reflux. It was transformed via a consecutive bromination and 

dehydrobromination step into phosphepine oxide 59. 

 A similar approach was demonstrated by Kurita, Tsuchiya and co-workers and it is depicted in Scheme 

18.22 In detail, in the first step addition of methyl acrylate to phosphindole 60 gave tricyclic compound 61. 
 

�
a) Methyl acrylate, benzene, irradiation (400 W, high-pressure Hg lamp), 3–4 h, 65%; b) 1. hydrolysis; 2. Pb(OAc)4, Cu(OAc)2, 

pyridine, benzene, 90–95 °C, 1.5 h, 55%; c) flash vacuum pyrolysis (6.0 x 10-5 mmHg, 550 °C), 85%. 

Scheme 18 
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 Ester 61 was first hydrolyzed and then oxidatively decarboxylated to give cyclobutene derivative 62. 

Flash vacuum pyrolysis at 550 °C resulted in valence isomerization with ring-opening and afforded 

phosphepine oxide 63 in an overall yield of 26%. Reduction of 63 with trichlorosilane led to 1-phenyl-

benzophosphepine. 

 Quin and Middlemas used the same strategy of for the production of 3,6-dioxo-2,3,4,5,6,7-hexa-

hydrophosphepine (66) (Scheme 19).23 1,2-Dimethylenecyclobutane (64) served as starting material for the 

McCormack cycloaddition with phosphorus(III)halides to give phosphole 65. The latter was subjected to 

ring-opening ozonolysis at low temperature to give after treatment with trimethyl phosphite 3,6-dioxo-

2,3,4,5,6,7-hexahydrophosphepine (66) in an overall yield of 90%. 
 

 
a) 1. CH3PCl2, room temperature; 2. H2O; b) 1. O3, MeOH, –78 °C; 2. P(OMe)3. 

Scheme 19 

 

 The group of Mathey demonstrated a facile synthesis of metal coordinated dihydrophosphepines 69,70 

starting from tungsten complex 68 as depicted in Scheme 20.24 The starting material was prepared from  

3,4-dimethylphosphole. Complex 68 rearranged into the chlorophosphepine W-complex 69 in the presence 

of AlCl3. After hydrolysis and treatment with methanol, dihydrophosphepine W-complex 70 was isolated in 

55% overall yield. 
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a) 1. AlCl3, CH2Cl2, room temperature, 30 min; 2. NH4Cl/H2O; b) MeOH. 

Scheme 20 

 

2.3.2. From phosphinine derivatives via ring enlargement by a carbene unit 

 For the ring enlargement of six-membered P-heterocycles (phosphinines) into seven-membered 

heterocycles (phosphepine) in the literature two main methods can be identified: a) synthesis via ring 

enlargement by addition of a carbene unit and b) valence isomerization between 1-phosphanorcaradienes and 

1-phospha-2H-tropylidenes (2H-phosphepines). 

 In 1987 Märkl et al. synthesized dihydrophosphepine 73 via addition of diphenylcarbene to the P-C 

double bond of diphenylphosphabenzene (71) to give the fused bicyclic compound 72 (Scheme 21).25 The 

targeted seven-membered P-heterocycle 73 was obtained by ring opening of the phosphocyclopropane ring 

in 72 with hydrogen chloride in almost quantitative yield. 
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Scheme 21 

 

 The reaction of the pentacarbonyl complex of phosphinine 75 with diazomethane or monosubstituted 

diazomethanes led to the metal carbonyl complexes of the type 74 (Scheme 22).25 In contrast, 75 reacts with 

diphenyldiazomethane to give 1-phosphanorcaradiene complexes 76. 
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a) RCHN2 or CH2N2; b) Ph2CN2, 76a (61%), 76b (87%). 

Scheme 22 
 

 The same research group described for the first time valence isomerization between  

1-phosphanorcaradienes 77 and 2H-phosphepines 79.25 Compound 78 could be quantitatively reconverted 

into phosphepine 77 by a base induced dehydrochlorination reaction (Scheme 23). 
 

�

Scheme 23 
 

 Keglevich and co-workers described the reaction of the isomeric dienes 80 with dichlorocarbene.26 

Under the applied reactions conditions the intermediates 81 underwent cyclopropane ring opening to give 

the single phosphepine oxide 82 (Scheme 24).  

 The yield of the desired seven-membered heterocycles 82 was low due to the subsequent 

polymerization. The highest yield reached only 15% (Y=n-Bu). This method was also employed for the 

synthesis of related phosphepines.27
�
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a) [BnEt3N]Cl, Cl3CCO2Na, CHCl3, reflux, up to 15%. 

Scheme 24 
 
2.4. Synthesis and modification of chiral dinaphthophosphepines 

2.4.1. Monodentate phosphepine 

 This section covers the synthesis and modifications of chiral dinaphtho[2,1-c;1’ ,2’ -e]phosphepines, 

which are the most studied class of arylfused phosphepines up to now. All hitherto known dinaphtho- 

[2,1-c;1’ ,2’ -e]phosphepine derivatives were synthesized by ring formation from two components: binaphthyl 

derivative (C6-synthon) that provides six-atoms to the final phosphepine ring and a P1-synthon. 

 In 1994 the Gladiali group described the synthesis of chiral 4-phenyl-4,5-dihydro-3H-dinaphtho- 

[2,1-c;1’ ,2’ -e]phosphepine (84) starting from 2,2’ -dimethyl-1,1’ -dinaphthyl (83) (Scheme 25).28 

 

 
a) 1. n-BuLi/t-BuOK/TMEDA, hexane; 2. RPCl2, 84a (30%), 84b (30%); b) CH2Cl2. 

Scheme 25 
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 The starting compound 83 was prepared from 1-bromo-2-methylnaphthalene by aryl-aryl coupling of 

1-bromo-2-methylnaphthalene with its Grignard reagent in the presence of a catalytic amount of 

bis(triphenylphosphine)dichloro-nickel.29 Metallation of 83 with n-BuLi/t-BuOK/TMEDA afforded the 

pertinent Li-salt which was quenched with P-substituted dichlorophosphines. The resulted phosphepines 

84a,b were obtained in yields of 30%. Resolution of the racemic compounds 84a,b was accomplished by 

means of an ortho-metallated enantiopure palladium amine complex.30 The resultant diastereomeric  

Pd-complexes 85 and 86 were recrystallized to give the less soluble and diastereomerically pure isomers 85a 

and 85b. Finally enantiopure phosphephines were liberated by treatment of Pd-complexes 85a,b with  

1,2-bis(diphenylphosphino)ethane. 

 In 1998 Stelzer and co-workers31 reported the first synthesis of the secondary racemic phosphepine 88. 

It has been obtained in a yield of 75% by phosphination of 2,2´-bis(halomethyl)-1,1´-binaphthyl with PH3 in 

aprotic dipolar solvents such as dimethyl sulfoxide (DMSO) as shown in Scheme 26. 
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�
a) PH3, 1.1 bar, KOH, toluene/DMSO/H2O, 20 °C, 75%; b) Ph2PCHCH2, KO-tBu, 71%; c) BH3*THF, 100%; 

d) 2-PyCH=CH2, KO-tBu, 76%; e) Et2NH. 

Scheme 26 
 

 As a base a concentrated potassium hydroxide solution was found to be advantageous. In the 31P{ 1H}  

NMR spectrum, 88 exhibits a singlet in a range typically found for secondary phosphines at δ –30.6. 

Compound 91 (δ=48.7 ppm) was prepared by addition of 2-vinylpyridine to the secondary phosphine borane 

adduct 90. Upon treatment with Et2NH the unprotected phosphepine 92 was obtained. Compared with 88, 

the 31P{ 1H}  NMR signals of its borane complex 90 (δ=19.2 ppm) is shifted downfield by ca. 50 ppm. The 

secondary phosphepine 88 or its borane adduct 90 are of special interest as starting material and building 

blocks for the synthesis of functionalized and bidentate ligands due the reactivity of the PH function. Thus, 

for example alkylation gives mixed diphosphine 89. 

 Coupling of the borane adduct of 94 with 2,2´-bromomethyl-1,1´-binaphthyl (93) leads to the borane 

complex 95 containing three units of axial asymmetry (Scheme 27).31 The 31P{ 1H}  NMR spectrum of 

bisphosphepine 95 showed four signals (δ=50.9, 50.1, 49.7 and 49.2 ppm, in C6D6), two of them being of 

about equal intensity (δ=50.1 and 49.2 ppm). Liberation of 95 with NEt2H gave the racemic phosphepine 

characterized in the 31P{ 1H}  spectrum by resonances at δ 10.9, 10.0, 8.8, and 8.7. 
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a) n-BuLi, –78 °C, THF, 2 h, 66%. 

Scheme 27 
 

 The lithium salt 94 was also used as building block for the preparation of bisphosphepines 96–99 

(Scheme 28). Thus, coupling of the borane adduct 94 with α,ω-dihalogen compounds gave the products in 

moderate to good yields (48–86%).31 
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Scheme 28 

 

 The BH3 groups in borane adducts 96–99 could be removed by heating with an excess of diethylamine 

at 50 °C for 8 h. The products were characterized by NMR spectroscopy, mass spectrometry and noteworthy 

also by X-ray structural analysis. 

 Schmutzler and co-workers used 4,4-di-tert-butyl-4,5-dihydro-3H-dinaphtho[2,1-c;1´,2´-e] 

phosphepinium bromide (100) as starting material for the synthesis of P-unsymmetrically substituted 

derivatives of NAPHOS (101) representing a widely used ligand in homogeneous catalysis (Scheme 29).32 
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a) t-Bu2PH, toluene, reflux for 8 h, 66%; b) KPPh2, DMF, room temperature, 24 h, 66%. 

Scheme 29 
 
 The synthesis of the key compound 4,4-di-tert-butyl-4,5-dihydro-3H-dinaphtho[2,1-c;1´,2´-e] 

phosphepinium bromide (100) was achieved starting from dibromide 93, which was reacted with di-tert-

butylphosphine. It was characterized by NMR, mass spectrometry and X-ray crystallography. Treatment of 

the salt with KPPh2 afforded NAPHOS.  

 Alternatively to the approach of Gladiali et al., Zhang and co-workers developed a practical route to 

the chiral phosphepine 104a based upon readily accessible enantiopure (R)-2,2’ -dimethyl-1,1’ -dinaphthyl  

[(R)-BINOL, 102] as a starting material (Scheme 30).33 
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104a  
a) Tf2O, pyridine, CH2Cl2, 99%; b) MeMgBr, NiCl2(dppp), Et2O, 99%; c) NBS, benzoyl peroxide, CCl4, 69%;  

d) LiCl, DMF, 93%; e) C6H5PH2, NaH, THF, 90%. 

Scheme 30 
 

 (R)-1,1´-Binaphthyl-2,2´-bistriflate (103) was prepared from (R)-BINOL (102) with an excess of triflic 

anhydride in pyridine. In turn the triflate was converted into 2,2’ -dimethyl-1,1’ -binaphthyl (83) via nickel-

catalysed Kumada coupling with methylmagnesium bromide in high yield (99%). Radical bromination of 83 

with N-bromosuccinimide (NBS) gave bromide 93. Halogen exchange with LiCl afforded enantiopure  

(R)-2,2´-dichloromethyl-1,1´-binaphthyl (87) in 93% yield. Ring closure to 104a was achieved by refluxing 

87 with phenylphosphine and NaH. 

 The groups of Beller34 and Zhang35 developed a related pathway for preparing monodentate chiral 

phosphorus ligands 104a–f as shown in Scheme 31. 
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a) n-BuLi/TMEDA, Et2O, –78 °C to room temperature, 60%; b) RPCl2, hexane, 0 °C then reflux 2 h; c) Et2NPCl2, hexane, 0 °C 

then reflux 2 h; d) HCl, 80%; e) RMgBr, THF, reflux 2 h; f) hexane, PCl3, 40%. 

Scheme 31 
 
 Based on (S)-2,2´-dimethyl-1,1´-binaphthyl (83), a large set of chiral monodentate phosphorus ligands 

used in asymmetric catalysis could be derived. In one approach, double metallation of 83 with n-butyl 

lithium/TMEDA (tetramethylethylendiamine) and quenching with corresponding dichlorophosphines gave 

phosphepines 104a–d in yields of 60–83%. 

 

�
a) 1. n-BuLi/TMEDA; 2. PhPCl2; 3. S8; b) 1 eq. t-BuLi, R1X; c) Ni-Raney; d) 1 eq. t-BuLi, R2X. 

Scheme 32 

 

 The second approach was based on the double metallation of 83, quenching with Et2NPCl2 and 

subsequent reaction with HCl (Beller) or direct quenching of dilithium salt with PCl3 (Zhang) to give  

4-chloro-4,5-dihydro-3H-dinaphtho[2,1-c;1´,2´-e]phosphepine (107). The chloro derivate was used as 



165 

starting material in subsequent Grignard reactions with RMgBr. The desired phosphepines 104a–f were 

isolated in 62–76% yield. The Beller group used this pathway also for the preparation of substituted  

4,5-dihydro-3H-dinaphtho[2,1-c;1´,2´-e]phosphepine ligands.36 

 Widhalm and co-workers synthesized α-substituted phosphepines (Scheme 32).37 Again  

(S)-2,2´-dimethylbinaphthyl (83) was used as starting compound. It was first converted into phosphepine 

sulphide 108�� This compound was stereoselectively deprotonated and then alkylated to give the 

asymmetrical and symmetrical, mono- and bis-α,α’ -substituted phosphepines 111 and 112. Raney nickel has 

been employed as a reducing agent for the removal of the sulfur.�

� Recently, the group of Beller utilized a similar approach to the synthesis of phosphepine 111a, but 

employing phosphepine oxide 113 instead of the sulfide 108 to obtain finally (S,S,Sp)-3,5-dimethyl-4-

phenyl-4,5-dihydro-3H-dinaphtho[2,1-c:1´,2´-e] phosphepine (111a) (Scheme 33).38 
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a) 1. n-BuLi/TMEDA; 2. RPCl2; or 1. n-BuLi/TMEDA; 2. Et2NPCl2; 3. HCl, 4. PhMgX or PhLi; b) H2O2; c) LDA/MeI; d) HSiCl3. 

Scheme 33 
 

 Main steps are the oxidation of phosphepine 104a with H2O2 followed by deprotonation and alkylation 

with CH3I (2 equiv) at room temperature. The reaction is completely stereoselective and only one of four 

possible dialkylated products was obtained. Detailed NMR-studies confirmed the formation of exclusively 

one stereoisomer. Racemization of the binaphthyl backbone in the course of reactions was excluded too. 

 

 
a) n-BuLi/TMEDA, 2. PhPCl2; 3. BH3*THF; b) 1. n-BuLi, PhCHCHCH2Br, 2. Et2NH/THF. 

Scheme 34 
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 In this connectivity, Widhalm and co-workers developed a synthetic route to an unsymmetrically  

α-substituted phosphepine (Scheme 34).39 The phosphine 117 bearing a side arm with an olefin functionality 

was prepared starting from the borane complex of (S)-4-phenyl-4,5-dihydro-3H-dinaphtho[2,1-c:1´,2´-e] 

(115) via stereoselective deprotonation with n-BuLi, followed by treatment with cinnamyl bromide. The 

borane group was removed by treatment with Et2NH to give (S,Sa,Sp)-117 in 61%. 
 
2.4.2. Bidentate phosphepine 

 In 1999, Zhang and co-workers reported a route to bisphosphepine 118 based on enantiopure  

(R)-BINOL (102) as a starting material (Scheme 35).33 
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a) Tf2O, pyridine, CH2Cl2, 99%; b) MeMgBr, NiCl2(dppp), 99 %; c) NBS, benzoyl peroxide, Cl4, 69%;  

d) LiCl, DMF, 93%; e) C6H4(PH2)2, NaH, THF, 55%. 

Scheme 35 
 

 As already described in Scheme 30, esterification of the diol with Tf2O gives the corresponding 

bistriflate 103. Kumada-coupling with MeMgBr furnished 2,2’ -dimethyl-1,1’ -binaphthyl (83) in quantitative 

yield. The dibromide 93 was obtained by radical bromination of 63. Conversion into the dichloride 87 was 

achieved via halogen exchange with LiCl in a yield of 93%. By using NaH as a base, condensation of  

(R)-2,2´-dichloromethyl-1,1´-binaphthyl (87) with 1,2-bis(phosphino)benzene yielded Binaphane 118 in a 

yield of 55%. 
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Scheme 36 
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 In a similar approach, the same group disclosed the synthesis of the air-stable, chiral 1,1'-bis-

phosphinoferrocene (119; abbreviated as f-Binaphane) (Scheme 36).40 

 Parallel to this work the group of Moberg reported on the synthesis of phosphepine 123 (Scheme 37).41 

The compound contains two different units: 4,5-dihydro-3H-dinaphatho[1,2-c:2´,1´-e]azepine and  

4,5-dihydro-3H-dinaphatho[1,2-c:2´,1´-e]phosphepine. It may therefore serve in organometallic chemistry as 

a mixed bidentate ligand. In the initial step, amino-phosphonate 120 was synthesized via reaction of  

(S)-2,2´-di(bromomethyl)-1,1´-binaphthyl 93 with (2-aminoethyl)-phosphonic acid diethyl ester in the 

presence of triethylamine. The reduction of amino-phosphonate 120 with LiAlH4 followed by treatment with 

BH3*SMe2 gave the borane protected aminophosphine 121. By using NaH as a base, the condensation of 

(S)-93 with aminophosphine yielded “pseudo-C2”  (S,S)-122 in 76%. Aminophosphine 123 was obtained 

finally by reaction with DABCO. By application of (R)-2,2´-dibromomethyl-1,1´-binaphthyl (93), the 

corresponding diastereomeric “pseudo-meso”  P,N-ligands (R,S)-122 and (R,S)-123, respectively, were 

available. 
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Scheme 37 
 

 Recently, the same group published in a similar approach the synthesis of a related N,P-hybrid, where 

the N-unit is part of a configurationally labile binaphthyl backbone (Scheme 38).42 
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Scheme 38 

 

 A 3,3’ -disubstituted bisphosphepine was generated by Zhang in 2002 (Scheme 39).35 In key steps  

2,2´-dimethyl-1,1´-binaphthyl was lithiated with 2.5 equiv. of n-butyllithium in ether to give dilithium salts 
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(S)-126a,b as a red powder in 60% yield.43 Double nucleophilic substitution of the latter with  

1,2-bis-(dichlorophosphine)ethane furnished the desired potentially bidentate ligand 127a,b. 

 

 
a) Hexane, room temperature for 24 h, yield 55%. 

Scheme 39 

 

 In 2003, the same research group designed the more rigid bisphosphepine 130 displaying besides 

atropoisomery additionally two stereogenic phosphorus centres (Scheme 40).44 Double metallation of 

enantiomerically pure (S)-83 with n-BuLi/TMEDA led to the dilithium salt 105. It was reacted with  

t-BuPCl2 and sulfur in order to get the phosphine sulfide 128. Deprotonation of 128 with t-BuLi/TMEDA in 

HMPA (hexamethyl phosphoramide)/THF, followed by Cu-mediated coupling, led to the phosphinesulfide 

129 as a single isomer. 
 

�
a) n-BuLi/TMEDA, Et2O; b) t-BuPCl2, S8, THF, 61%; c) t-BuLi, TMEDA, HMPA/THF, –78 °C, CuCl2, 25%;  

d) Si2Cl6, benzene, 90%. 

Scheme 40 
 

 Worthy of note is that non-converted starting material 128 could be recovered in 50% yield. The 

absolute configuration of 129 was confirmed by its X-ray crystallography. The free phosphepine 130 was 

obtained by desulfurization of 129 with hexachlorodisilane. 
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 The bidentate phosphepine 131 as a diastereomeric mixture was already described by the group of 

Stelzer in 1998.31 Ten years later, Junge and Beller reported the synthesis of this compound in enantiopure 

form according to Scheme 41. As starting material served dilithium salt 105 again which was generated from 

(S)-83 as shown above. The salt was quenched with chlorophosphepine 107 to give bisphosphepine 131 in a 

yield of 70%. The potentially bidentate ligand was prepared in both diastereomeric forms [(S,S,S) and 

(S,R,S)] in order to identify in asymmetric catalysis matched and mismatched correlations. 

 

 
a) Toluene, stirring for 10 h at room temperature, 70%. 

Scheme 41 

 

 A similar approach was employed for the synthesis of the trisbinaphthyl-derived bisphosphinite 132 

(Scheme 42).45 The compound was synthesized straightforward in fair yield by reaction of 

chlorophosphepine 107 with enantiopure BINOL (102) in the presence of triethylamine. Both diastereomers 

(S,S,S) and (S,R,S) were prepared based on this protocol. Crude 132 was purified by recrystallization of its 

rhodium complex. 

 

 
a) Et3N, toluene, 0 °C, then stirring for 2 h at room temperature, 81%. 

Scheme 42 
 

 A mixed phosphine-phosphinite was generated from the already mentioned compound 107 and  

(S)-(–)-2-(diphenylphosphino)-2´-hydroxy-1,1´-binaphthyl46 (133) (Scheme 43).47 The condensation was 

carried out in toluene at reflux in the presence of triethylamine as a base to remove HCl.  

 Recently, we reported an example of a phosphepine bearing a 2-pyridone unit in the backbone 

(Scheme 44).48 As a starting material enantiopure (S)- or (R)-BINOL (102) was used.  
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a) Et3N, toluene, refluxing for 5 h, 50%. 

Scheme 43 

 

 
a) 1. n-BuLi/TMEDA, 2. BH3*SMe2; b) DABCO 61%; c) HCOOH, 100%. 

Scheme 44 
 

 The diol was converted into (S)-phosphepine (107) through four synthetic steps according to protocols 

of Beller34 and Zhang.33 The coupling of 107 with o-lithiated 2-(tert-butyloxy)pyridine followed by reaction 

with BH3*SMe2 led to (S)-(–)-4-(6-tert-butoxypyrid-2-yl)-4,5-dihydro-3H-dinaphtho[2,1-a;1’ ,2’ -e]-

phosphepine (136) which was isolated and purified as its borane adduct 135. Cleavage of the tert-butyl ether 

with formic acid afforded (S)-(–)-4-(1H-pyridin-2-on-6-yl)-4,5-dihydro-3H-dinaphtho[2,1-a;1’ ,2’ -e]-

phosphepine (137) in quantitative yield.  
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Scheme 45 

 
 In the presence of a metal monodentate phosphine ligands such as 137 are able to build up self-

assembling aggregates based on hydrogen bondings (Scheme 45).49 In particular, in nonpolar solvents like 



171 

CH2Cl2 or toluene, the pyridone system with its hydroxypyridine tautomer may form strong H-bondings in 

the backbone of the complex which lead in the result to the formation of “quasi” -chelating bidentate ligands 

(II A).48 In polar solvents (MeOH) these H-bondings are cleaved (II B). 

 More recently, we showed that the self-assembling architecture of the metal complex is completely 

maintained in fluorinated alcohols too, such as 2,2,2-trifluoroethanol (TFE), 2-fluoroethanol and  

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP).50 

 

3. Asymmetric catalysis with phosphephines 

3.1. Asymmetric catalysis with transition metal complexes 

3.1.1. Asymmetric hydrogenation 

3.1.1.1. Monodentate phosphepines 

 Due to several comprehensive reviews, which have been already published,51,52 herein we will focus 

only on recent advances including results of the year 2006. 

 

3.1.1.2. Bidentate phosphepines 

 The efficiency of monodentate phosphepines in asymmetric catalysis was intensively investigated and 

described by Junge, Beller and co-workers.36,45,53,54 They also tested the bidentate phosphepines 131 and 132 

as ligands in the Rh-catalyzed hydrogenation of several benchmark substrates such as AMe (methyl  

α-acetamidocinnamate) and aMe (methyl α-acetamidoacrylate) to show their stereodiscriminating potential 

(Scheme 46).45 In order to elucidate matched- or mismatched relations, both diastereomers were tested.  

 

 
Scheme 46 

 
 The catalyst based on (S,R,S)-phosphonite 132 led only to the racemic hydrogenation product and 

represents therefore the mismatched form. In contrast, the matched (S,S,S)-phosphonites 132 afforded high 

enantioselectivities (up to 96% ee for AMe and 98% ee for aMe). It is of interest that a catalyst mixture 

based on a combination of both diastereomeric phosphepine ligands (S,S,S and S,R,S) induced only modest 

enantioselectivity (ee up to 47% for AMe and up to 69% for aMe).  

 The bidentate phosphepines 131 and 132 were also tested in the Ru-catalyzed asymmetric 

hydrogenation of �-ketoesters.36b Surprisingly, the use of the bidentate ligand 132 provided lower ee-values 

in comparison to related monodentate phosphepines 104a–h (78% vs 95%).  
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3.1.1.3. Asymmetric hydrogenation with self-assembling phosphepine catalyst 

 Recently, we investigated the application of self-assembled complexes with (S)-(–)-4-(1H-pyridin-2-

on-6-yl)-4,5-dihydro-3H-dinaphtho[2,1-a;1’ ,2’ -e]-phosphepine (137) as ligand in the asymmetric 

hydrogenation (Scheme 47).48,50 With ItMe2 (dimethyl itaconate) and AMe (methyl α-acetamidocinnamate) 

as substrates, high activity and ee-values up to 99% were noted, which exceeded results commonly obtained 

with “normal”  monodentate phosphepine ligands like 104a (< 95%ee). 
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R2 R1

COOMe

[Rh(COD)2]BF4
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HN

O

P

ItMe2: R1=CH2COOMe; R2 = H
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AMe: R1=NHAc; R2=Ph

Ligand

*

�

Scheme 47 

 

3.1.2. Rh-catalyzed asymmetric hydroformylation 

 The first application of phosphepines in asymmetric catalysis was reported 1994 by Gladiali and  

co-workers and was concerned to the Rh-catalyzed hydroformylation.28 With Rh(CO)2(acac) as a catalyst 

precursor, phosphepine 104a as ligand and styrene as substrate at 60 °C the branched aldehyde was formed 

in high chemo- and regioselectivity (93%) (Scheme 48). But only poor ee-values were noted (12%). 

Decreasing the reaction temperature to 30 °C improved both regio- and enantioselectivities up to 95% and 

20%, respectively. 

 In a similar approach, the Beller group utilized bidentate phosphepines 131–132 and the monodentate 

phosphepine ligands 104a–i in order to investigate the effect of varying steric and electronic properties.47 

 The best enantioselectivities (up to 48%ee) were obtained with ligand 104g bearing the donating 

Me2N-substituent on the phenyl group. This is up to now the highest ee-value achieved with monodentate 

ligands in asymmetric hydroformylation. The t-Bu and i-Pr substituted phosphepines 104b,c induced lower 

ee-values. Neither α-substitution to the phosphorus atom (phosphepine 111a) nor the application of 

bidentate diphosphine and diphosphonite ligands (131 and 132) improved the results.  

 The group of Klosin investigated several P-ligands in the asymmetric hydroformylation of styrene, 

allyl cyanide and vinyl acetate.55 Highest enantioselectivities were achieved with the bidentate Binapine 

(130) (with styrene: 94%ee; allyl cyanide: 94%ee, and vinyl acetate: 87%ee). Unfortunately, the catalytic 

activities were low. Binaphane (118) performed inferior (up to 50%ee). 
 

3.1.3. Pd-catalyzed asymmetric allylic alkylation and amination (Tsuji-Trost reaction) 

3.1.3.1. Pd-catalyzed asymmetric allylic alkylation 

 Palladium-catalyzed asymmetric allylic alkylation with phosphepine as ligands was first reported 2001 

by Vasse, Moberg and co-workers.41 As benchmark substrate was used 1,3-diphenyl-2-propenyl acetate 
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(140) which was alkylated with malonate using palladium acetate as the palladium source in the presence of 

bis(trimethylsilyl)acetamide (BSA) and KOAc (Scheme 49). 

 

 
Scheme 48 

 

�

Run Ligand X Y Time, [h] Conversion, [%] Ee, [%] 

1 (S,S)-123 N P 6 100 98 (S) 

2 (R,S)-123 N P 72 95 37 (R) 

3 (S,S)-127a P P 4 100 94 (S) 

4 (S,R)-127a P P 4 20 rac 

5 (S)-125 N P 4 60 87 (S) 

6 (S)-124 P N 5 55 78 (S) 

Scheme 49 
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 With “pseudo-C2”  symmetric P,N-phosphepine ligand (S,S)-123 excellent ee-values and full 

conversion was obtained after 6 h (run 1). The “pseudo-meso” P,N-ligand (S,R)-123 induced only low 

activity and enantioselectivity (run 2). Next, allylic substitutions using “pseudo-C2”  symmetric (S,S)-127a 

and “pseudo-meso” P,P-ligand (S,R)-127a were studied. Excellent enantioselectivities were achieved with 

(S,S)-127a (run 3). Interestingly, the application of (S,R)-127a led to racemic product only (run 4). The 

activity was low. Chirally flexible ligands (S)-125 and (S)-124 showed a smaller degree of variation in 

enantioselectivity (run 5 and 6). 

 rac-3-Cyclohexenyl (142) were tested in the asymmetric allylic alkylation as substrate too (Scheme 

50). Application of the “pseudo-meso” P,N-ligand (R,S)-123 provided higher enantioselectivity and activity 

(26% ee and 70% conversion after 24 h) than the “pseudo-C2” symmetric diastereoisomer (S,S)-123 (12% ee 

and 40% conversion, respectively). 

 However, no difference was found in the Pd-catalyzed substitution of cyclopentenyl acetate (144) 

using (R,S)-123 and (S,S)-123. Similar enantioselectivity (27% ee vs. 26% ee) and activity were noted. 

 

 
Scheme 50 

 

 The possibility to desymmetrize a meso-diacetyl compound employing 3,5-cyclopentenyl bisurethane 

146 as substrate was analyzed too. Unfortunately, no discrimination of the enantiotopic leaving groups and 

therefore no enantioselectivity was observed. 
 

3.1.3.2. Pd-catalyzed asymmetric allylic amination  

 As a benchmark test the reaction of rac-(E)-1,3-diphenyl-3-acetoxyprop-1-ene (140) with benzylamine 

as a nucleophile was studied (Tsuji-Trost amination) (Scheme 51).42 The Pd-catalyst based on the bidentate 

“pseudo-C2”  symmetric P,N-ligand (S,S)-123 gave only modest enantioselectivity and activity (39%ee, full 

conversion 48 h at 45 °C). Under the same conditions the application of “pseudo-meso”  P,N-ligand (R,S)-

123 led to racemic product in 10% conversion.  
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Scheme 51 

 

 Recently, our group achieved a significant improvement of enantioselectivity and activity� in the 

amination by application of a catalysts based on the self-assembled phosphepine ligand 137.56 Up to 87% ee 

and full conversion were obtained at room temperature within 4–12 h. Interestingly, with the monodentate 

phosphepine 136 only poor enantioselectivity (up to 14%) was noted. 

 By usage of organic carbonates, such as propylene carbonate, butylene carbonate and diethyl carbonate 

as alternative solvents for this reaction with phosphepine 137 as ligand moderate enantioselectivities (up to 

55%ee) and conversion (up to 74% after 14 h) yielded.57 

 

3.1.4. Enantioselective catalytic allylation of carbonyl groups by umpolung of ππππ-allyl palladium 

complexes 

 Zanoni, Gladiali and co-workers presented the first example of a catalytic asymmetric addition of 

aldehydes to an allyl zinc reagent (generated from the corresponding allyl ester and diethylzinc) in the 

presence of a catalytic amount of a Pd-complex based on phosphepine ligands as shown in Scheme 52, path 

b.58 
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 Path a means nucleophilic displacement at a π-allyl palladium species (Tsuji-Trost reaction). Path b 

involves prior nucleophilic transmetallation of the π-allyl palladium complex (“umpolung”) for example 

with with diethylzinc and subsequent reaction with aldehydes and ketones.  
 

OAc

OH

CHO

PPh
OAc

Ph

OH
H

CHO

Pd/ligand
Et2Zn

ligand
149

150

151
104a

152
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Scheme 53 
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153 154
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Ligand R1 R2 Isolated yield, [%] Ee, [%] 

104a H H 46 8 (+) 

111a Me Me 76 12 (+) 

111b Et Et 21 18 (+) 

111c Bn Bn 56 14 (+) 

112a Me H 47 10 (+) 

112b Et H 32 2 (–) 

112c Bn H 28 6 (+) 

Scheme 54 
 

 As substrates were used cinnamyl acetate (149) and cylohexenyl acetate (151) (Scheme 53). By 

employment of phosphepine 104a as ligand with olefin 149 were noted best enantioselectivities and 
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activities (up to 70%ee, yield 70%). For cyclohexenyl acetate (151) lower ee-values (52%) and conversions 

(60%) yielded. 

 

3.1.5. Pd-mediated Suzuki–Miyaura coupling 

 The palladium-catalyzed cross coupling between organoboronic acid and halides (Suzuki-Miyaura 

reaction) with monodentate phosphepines as ligands was studied by Widhalm and co-workers.37 The 

phosphepines 111 and 112 were tested in the reaction between 1-iodo-2-methoxynaphthalene (153) and  

2-methoxynaphthalene-1-boronic acid (154) (Scheme 54). 

 The α,α’ -dimethyl substituted phosphepine 112a afforded the highest yield of biaryl product 155 

(76%). However, only poor low stereoselectivities were induced (up to 18%ee, 111b).�

 

3.1.6. Asymmetric hydroboration 

 The group of Widhalm tested the mono-α- and bis-α,α’ -substituted phosphepines 111 and 112 as well 

as phosphepine 104a in the rhodium-catalyzed hydroboration of styrene 156 (Scheme 55).37 The 

hydroborations with catechol borane using phosphepines 111 and 112 as ligands followed by oxidation 

afforded predominantly the branched product 157.  
 

�

Ligand R1 R2 Conversion, [%] Ee, [%] 

104a H H 98 10 (R) 

111a Me Me 98 42 (S) 

111b Et Et 98 13 (S) 

111c Bn Bn 98 7 (R) 

112a Me H 96 10 (S) 

112b Et H 98 31 (S) 

112c Bn H 98 6 (S) 

Scheme 55 
�

 In general, high conversions (96–98%) and modest enantioselectivities were achieved. The best  

ee-value (42%) was induced under the assistance of phosphepine 111a.�



178 

3.1.7. Rh-catalyzed 1,4-additions of arylboronic acids to enones 

 The phosphepine ligand bearing an unsaturated side chain 117 was successfully used in the  

Rh-catalysed 1,4-addition of arylboronic acids.39 As substrate served cycloalkyl enones 159–161 and lactone 

165, respectively (Scheme 56). 
 

2. KOH

O

O

O

Ar-B(OH)2

Ar-B(OH)2

2. KOH

P Ph
Ph

Ar

O

O

O

Ar

1. Rh/ligand

n
n

1. Rh/ligand

117

159 n = 1
160 n = 2
161 n = 3

165

162 n = 1
163 n = 2
164 n = 3

166

Ligand

�

Run Substrate Ar Conversion, [%] Ee, [%] 

1 159 Ph 70 88 (+) 

2 160 Ph 88 98 (S) 

3 160 4-MeC6H4 82 98 (S) 

4 160 4-MeOC6H4 71 92 (–) 

5 160 4-FC6H4 76 94 (+) 

6 160 2-Naphthyl 64 97 (S) 

7 161 Ph 70 91 (S) 

8 165 Ph 72 90 (+) 

Scheme 56 
 
 In all runs fair conversions and high enantioselectivities (ee-value up to 98%, run 2) were observed. 

The highest enantioselectivity was obtained with cyclohexanone 160 as substrate (98%ee). 
 
3.1.8. Alkoxy- and hydroxycyclization of enynes catalyzed by Pt-catalysts 

 Recently Michelet, Gladiali and Genêt reported the first Pt(II)-catalyzed asymmetric alkoxycyclization 

of 1,6-enynes leading to functionalized five-membered carbo- and heterocycles (Scheme 57).59 

 As substrate for this atom-economic reaction, enynes with electron-withdrawing groups were 

employed. Ligand 104a induced up to 85% ee in this conversion. 
 
3.2. Organocatalysis 

3.2.1. Asymmetric acylations and benzoylations 

 In 1996, the group of Vedejs presented the first examples of an enantioselective acylation with chiral 

phosphines as organocatalysts. Among others 4-phenyl-4,5-dihydro-3H-dinaphtho[2,1-c;1´,2´-e]phosphepine 

(104a) was tested for the conversion of vicinal diols (Scheme 58).60 
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P Ph
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OR3
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H

Z
Pt/ligand

104a

Ligand

�

Run Z R1 R2 R3 Conversion, [%] Ee, [%] 

1 C(CO2Me)2 H Ph H 94 85 (+) 

2 NTs H Ph H 86 84 (+) 

3 C(CO2Me)2 H CH3 H 87 66 (+) 

4 NTs Me Me H 57 56 (+) 

5 NTs H Ph Me 49 78 (+) 

6 C(CO2Me)2 Me Me Me 100 50 (+) 

Scheme 57 
 

�

Scheme 58 

 

 The desymmetrization of cis-cyclohexane-1,2-diol (167) using 5–8 mol% of 104a and acetic anhydride 

produced monoacetate 168 with 11% ee and a conversion of 60%. In the stereoselective benzoylation of 

hydrobenzoin (169) slightly better enantioselectivity (22%) but significantly lower conversion (31%) was 

noted. 
 

3.2.2. Asymmetric [3+2] cycloadditions of imines with allenes 

 The reaction represents an important methodology for the construction of functionalized pyrrolines 

(Scheme 59). The group of Marinetti used phosphepines 104a,c as nucleophilic catalysts for this [3+2] 

annulation as a part of a detailed screening.61 Best results were obtained with allenic esters and  

N-tosylimines, both in terms of enantioselectivity and conversion. 
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�

product phosphepine (S)-104a phosphepine (S) -104c 
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R Ar Conversion, [%] Ee, [%] Conversion, [%] Ee, [%]  

1 Et p-NO2-Ph 70 18 85 43a 

2 Et Ph 76 45 72 71a 

3 Et p-MeO-Ph 52 21 63 79a (86)b 

4 Et o-Me-Ph 43 25 80 66a 

5 Cy 1-Naphthyl >95 64 90 41a 

6 Cy p-NO2-Ph 78 38 86 43a 

7 Cy Ph >95 42 >95 62a 

8 Cy p-MeO-Ph 69 53 84 80a 

9 Cy o-Me-Ph >95 60 >95 52a 
a In CH2Cl2; 

b in acetone 
Scheme 59 

 

104c

P(O)(OEt)2 R2

R1

P(O)(OEt)2

R2

R1
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. +
104c (10%)

CH2Cl2,rt, 24h

�

Product Conversion, [%] Ee, [%] Run 

R1 R2   

1 CO2Et CO2Et 70  91 

2 Ph COPh 35 89 

3 p-NO2-Ph COPh 61  85 

4 1-Naphthyl COPh 9 81 

Scheme 60 
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Scheme 61 

 

 

Run R Isolated yield, [%] cis:trans Ee, [%] 

1 Ph 93 91:9 98 

2 3-MeC6H4 98 93:7 98 

3 3,4,5-(MeO)3C6H2 86 96:4 45 

4 4-MeOC6H4 42 93:7 98 

5 4-ClC6H4 99 91:9 96 

6 3-BrC6H4 98 89:11 99 

7 2-NO2C6H4 98 96:4 68 

8 2-ClC6H4 75 79:21 60 

9 2-naphthyl 96 93:7 99 

10 2-furyl 98 87:13 97 

11 3-pyridyl 76 91:9 97 

Scheme 62 
 

 The usage of tert-butyl-substituted phosphepine 104c as catalyst afforded the best results (run 3). 

When acetone was employed instead of dichloromethane as a solvent, the enantioselectivity increased up to 

86% (run 3). 



182 

 Recently, the same group employed allenylphosphonates as substrates.62 As cyclization partners 

electron-poor alkenes were chosen (Scheme 60). The tert-butyl-substituted phosphepine 104c was the 

catalyst of choice. 

 Despite the harsh reaction conditions (120 °C) high enantioselectivities could be obtained. In the 

reaction between allenylphosphonates and diethyl fumarate, cyclopentenylphosphonate was obtained in up 

to 91% ee (run 1). 

 In 2006 Wilson and Fu have established the first phosphepine-catalyzed enantioselective [3+2]-cyclo-

addition of allenes with chalcones as depicted Scheme 61.63 

 When the reactions with allene and chalcone (R=R1=Ph) were performed at room temperature with 

phosphepine 104c as the catalyst, the chiral cyclopentene derivate was obtained with 88%ee. The highest  

ee-value (90%) was found with a 2-thienyl chalcone derivate (R=Ph, R1=2-thienyl) in hand. 

 

3.2.3. Asymmetric [4+2] cycloadditions of imines with allenes 

 In 2003 Kwon developed a method for the synthesis of functionalized piperidines via PBu3-catalyzed 

[4+2]-annulation of imines with allenes.64 Fu and Wurz adopted this method for an asymmetric version and 

used a chiral phosphepine as organocatalyst65 (Scheme 62). Best enantiomeric excess (99%) was obtained 

with phosphepine 104c. 

 In contrast phosphepine 104a showed only modest enantioselectivity (up to 21%) and 

diastereoselectivity (74:26), whereas bidentate Binaphane (118) revealed to be entirely ineffective in this 

reaction. 
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Abstract. We describe the different approaches towards the introduction of conformationally constraints into 

nucleic acids by means of cyclic phospho di- or triester in order to produce biological relevant structure 

mimics. Constraints along the sugar-phosphate backbone were first introduced by synthesis of macrocyclic 

structures. By use of the Ring-Closing Metathesis, medium size cyclic phosphotriester rings were reached. 

Finally, dioxaphosphorinane rings were introduced at key position along the sugar-phosphate backbone 

allowing the control of the six torsion angles. 
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1. Introduction 

While the backbone organization of double-stranded DNA and RNA is normally quite regular, there 

are many other secondary and tertiary structures that DNA and RNA molecules can adapt in vivo.1 It is now 

well established that these disparate structures, which are prone to promote a significant local 

conformational heterogeneity in the sugar-phosphate backbone, play a crucial role in fundamental biological 

processes where protein-nucleic acid interactions, RNA folding or RNA catalytic activity are involved.2 This 

conformational property allows RNA to adopt biologically important disparate structures such as bulges, 
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hairpin loops, U-turns, adenosine platforms or branched junctions. An increasing number of studies indicate 

that these structural motifs are indeed characterized by a variety of backbone conformations which markedly 

differ from the regular conformational states of double-stranded DNA and RNA molecules.3–8 The actual 

role played by the phosphate diester backbone in defining these structures is still not well understood. The 

flexibility of the phosphodiester linkage is expected to be an important component of this “second genetic 

code”.9 

Considering the importance of the relationship between the local conformational and functional 

properties of nucleic acids, conformationally restricted oligonucleotides with modifications in the 

phosphodiester backbone unit, in the sugar unit and, to a limited extent, in the base units have been designed 

to efficiently sequester specific mRNA sequences with the background of antisense applications.10–13 Since 

these modifications are introduced for the purpose of forming the strongest duplexes with the target 

complementary RNA, they do not lead to dramatic changes of the backbone torsion angles α–ζ (Figure 1) 

compared to the values observed in a natural nucleotide unit in a A- or B-form duplex.14 To our knowledge, 

much less attention has been paid to the design of conformationally restricted nucleosides with the aim of 

mimicking nucleic acid secondary structures containing non-Watson–Crick pairs or unpaired nucleotides. 

We are interested in the development of conformationally constrained dinucleotide building units in which 

the backbone torsional angles α–ζ can have predefined values that are significantly different from the typical 

values observed in DNA and RNA duplexes. In that context, the present paper will describe the last 

proposals and recent advances towards introduction of conformational constraints into nucleotides by means 

of cyclic phosphate structures. 
 

1.1. Nucleotides conformation 

Nucleic acids are made of nucleotide building blocks. Each nucleoside consists of a sugar, a 

nucleobase and a phosphodiester linkage. Each nucleotide has six variable backbone torsional angles 

(denoted as α to ζ) and a glycosidic torsion angle (χ) (Figure 1). 
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Figure 1. The main torsion angles that describe the nucleic acid backbone structure (α to ζ) and torsion 

angle χ that describes the orientation of the nucleobase relative to the sugar. 
 

 The major difference between DNA and RNA is the presence of the 2'-hydroxyl function in RNA 

which is lacking in DNA. This change in the sugar gives rise to a distinctly different conformation 

preference of the sugar ring (Figure 2). The predominant conformation of the sugar moiety in RNA is 

referred to as North conformation (3'-endo) and to as South conformation in DNA (2'-endo). 
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Figure 2. Ribose conformations. 

 

 This subtle change in the puckering of the ribose ring will be responsible of the two distinctive 

morphologies of A- and B-type duplex structures of nucleic acids. 

 

1.2. Nucleic acids primary and secondary structures 

 Two consecutive nucleotides are connected to each others by a phosphodiester linkage between the 

5'-O and 3'-O in a DNA or RNA strand. Each strand can therefore be associated with its complementary 

counterpart following the Watson-Crick base pairing rules. 

 

 

Figure 3. A- and B-type duplex of DNA. 
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 The most usual structure of DNA (B-type) is a double-stranded right-handed helix with a negatively 

charged backbone on the outside and stacked base pairs on the inside (Figure 3).15–17 RNA can adopt a so 

called A-type duplex that differs from the B-type by the size of the grooves, the number of nucleotides per 

helix step and the level of hydration. The difference between these two duplex structures originate from the 

sugar puckering and can be characterized by a transition of the torsional angles δ and ζ from 

gauche(+)/gauche(–) in the A-type to anticlinal(+)/anticlinal(–)in the B-type duplex. The average values 

observed for the torsional angles α to ζ in A- or B-type duplex are summarized in Table 1 and would be 

designate as canonical values.18 

 Among the highly regular double helix structure, nucleic acids can fold in a wide variety of complex 

structures that may involve numerous non-Watson-Crick base pairing or unpaired bases (Figure 4). These 

bulge, junction or hairpin structures are characterized by phosphate-sugar backbone torsional angles values 

that greatly differ from those observed in the regular states of the duplex. These disparate structures are 

involved in many relevant biological processes such as DNA replication, nucleic acid/protein recognition, 

nucleic acids interaction and nucleic acids catalytic activities.19 

 

 

Figure 4. Secondary structures of nucleic acids. 

 

1.3. Modified nucleic acids 

 Because most, if not all, of the expected applications of DNA analogues rely on their ability to form 

stable and specific helical complexes to a target nucleic acid, much attention has been devoted to the design 

of synthetic analogues with enhanced binding properties and/or enzymatic stability.20 In that context, among 

all the introduced modifications that cannot be reviewed here, a few emerged as prominent examples of class 

of compounds that induced conformational restriction to nucleic acids (Figure 5). Thiol-modified 

nucleosides developed by Glick and co-workers are compounds bearing a sulphide function on the base.21 

They were designed to be incorporated at precise location within each strand of the DNA or RNA in order to 

form disulfide cross-linked structure.22 Among all the sugar puckering conformational restriction described, 
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the tricyclo-DNA described by Leumann's group23 and the LNA/BNA synthesized in the Imanishi's24 and 

Wengel's laboratory25 are two modifications inducing high duplex stabilisation (up to +3 ° and +8 °C/mod, 

respectively) mainly due to the entropic benefit provided by a preorganized sugar conformation. 
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Figure 5. Examples of conformational constrains inducing nucleosides analogues. 

 

 On the other hand, conformational rigidity have also being introduced by replacing the internucleotidic 

phosphodiester moiety by amide linkages with a nice success.26 Nevertheless, to date the Peptidic Nucleic 

Acids (PNA) stand for the modification that induce the major stabilization effect in nucleic acids.27,28 In 

these molecules, both the sugar and the phosphate have been replaced by amide. 
 

2. Macrocyclic phosphate esters 

 A successful approach developed to stabilize duplexes, hairpins, higher order structures like triplexes, 

no ground-state conformations and even tRNAs, was to connect the strands that comprise such structures 

with disulfide cross-links.22 However, this chemistry was devoted to fix a pre-existing conformation of a 

defined structure. The introduction of constraint on the sugar-phosphate backbone by connecting a 

phosphate to a base, a sugar moiety or another phosphate of the same strand will provide new opportunity to 

provide conformationally constrained nucleic acids mimics. 
 

2.1. U-Turn model 

 In the late 90's, Sekine and co-workers were interested in developing mimics of the U-turn structure.29 

This sharply bent conformation has been commonly found in the anticodon loop of tRNAs and latter 

discovered at the active site of the crystal structure of hammerhead ribozymes. In order to clarify the 

conformational significance of the U-turn structural element, this group has synthesized sterically fixed  

U-turn mimics. The conformational properties of the U-turn region could originate from an interresidual 

hydrogen bonding between the 2'-hydroxyl group of the 33rd uridine (U33) and the amino group of 34th  

5-[(methylamino)-methyl]thiouridine (mnm5s2U34). Therefore, they focused on the preparation of two cyclic 

diuridylates in which the two nucleosides moieties were connected either by an aminomethyl group or by a 

carbamate function (Figure 6). 
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Figure 6. The minimum U-turn motif and structures of conformationaly constrained dinucleotides mimics. 

 

 The two macrocyclic structures 1 and 2 were prepared from a common intermediate 3 bearing an 

aminomethyl group at position 5 of the uridine (Scheme 1). This compound was synthesized in three steps 

from 5-(hydroxymethyl)-2',3'-O-isopropylideneuridine30 by a chlorination followed by displacement with 

sodium azide and a Letsinger's reduction31 provided 3 in 35% overall yield. On the other hand, suitably 

functionalized 2'-O-uridine have to be prepared either to build an amide (4) or a carbamate junction (5). 

Starting from uridine, selective protection of the 5' and 3' hydroxyl functions and of the imide group 

permitted the 2'-O-alkylation with tert-butylbromoacetate. Therefore, selective protection/deprotection 

procedures provided 4 in eight steps from uridine (~30% yield). Access to 5 was more straightforward in 

nearly quantitative yield and in two steps from uridine after silylation of the 5' and 3' hydroxyl functions and 

introduction of the reactive 4-nitrophenylcarbonate function at 2'-O-position by action of 4-nitrophenyl-

chloroformate. 
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Scheme 1. Building blocks for the elaboration of amide- and carbamate-linked diuridines. 

 

 The amide-linked dinucleotide 1 was then accessible from conjugation of 3 and 4 (Scheme 2). 

Activation of the carboxylic function of 4 with N-hydroxysuccinimide favoured the formation of the amide 

when reacted with 3. Subsequent phosphorylation of the primary hydroxyl function and removal of the silyl 

protective group provided the key acyclic intermediate 6 that was cyclized using isodurenedisulfonyl 
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dichloride and 1H-tetrazole32 in a moderate 50% yield. Further, two deprotection steps gave the desired 

amino-linked dinucleotide 1 in 23% overall yield from 3 and 4. 
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Scheme 2. Synthesis of U-turn mimics, amide- and carbamate linked diuridines 1 and 2. 

 

 The carbamate-linked cyclic diurudine monophosphate 2 was obtained via a similar methodology than 

1. The carbamate function was generated by the nucleophilic attack of the amino function of 3 on the 

reactive 2'-O-carbonate ester 5 in good yield (89%). After a series of protection/deprotection steps of the 

hydroxyl functions of the acyclic dinucleotide, phosphorylation was performed on the 3'-hydroxyl function 

of the upstream uridine following the same procedure as described for 6 and gave the key intermediate 7. 

Cyclization of the macrocyclic structure and acidic deprotection of the hydroxyl functions gave the 

carbamate-linked cyclic diurudine monophosphate 2 in 21% overall yield from 3 and 5. 

 Both the amide-linked and carbamate linked dimer 1 and 2, exhibited conformational rigidity as 

outlined by circular dichroism experiments, in which, compared with unmodified UpU, these compounds did 

not showed variation of the positive Cotton effect around 270 nm. Conformational studies by means of 31P, 
1H NMR and molecular mechanics calculations showed that the carbamate-linked diuridine 2 stand as a 

better U-turn mimic than the amide-linked 1. This latter compound can serves to extend the nucleic acid 

chain toward both the 5' and 3' directions and to induce a bend motif of duplexes. Indeed, when incorporated 

into oligothymidylate, the authors showed for the first time that this motif was able to induce a bent into a 

DNA oligomer.33,34 

 

2.2. 5'-Cyclouridylic acid and derivatives 

 At the same time, the Sekine's group has developed intramoleculary cyclized nucleosides with the aim 

to obtain derivatives having an N-type sugar conformation. They choose, for that special purpose, to prepare 
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5'-cyclouridilic acids by introducing a bridge between the 5'-phosphate group and the 5-C position of the 

uracil moiety (Figure 7).35 
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Figure 7. 5'-Cyclouridylic acids and derivatives. 

 

 To synthesize the 5'-cyclouridylic acid 8, the authors employed 5-(cyanomethyl)-2',3'-O-

isopropylideneuridine 10 as starting material (Scheme 3).36After protection of the primary hydroxyl 

function, the cyano group was converted into an hydroxyl function by an NaOH mediated hydrolysis 

followed by a borane reduction of the formed carboxylic acid. After release of the 5'-O-hydroxyl group,  

5-(hydroxyethyl)-uridine 11 was obtained in 36% overall yield. The two hydroxyl functions were then 

reacted with bis(diisopropylamino)(2-cyanoethoxy)phosphine to built the 12-membered ring phosphotriester. 

Successive oxidation of the phosphine, followed by removal of the phosphate and hydroxyl protective 

groups gave 5'-cyclouridylic acid 8 in 22% overall yield from 10. 
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Scheme 3. Synthesis of 5'-cyclouridylic acid 8. 

 

 The study of the conformational property of 8 demonstrated that the sugar puckering equilibrium was 

displaced in favour of the N-type conformer and that this cyclic uridilic acid should be useful as a rigid 

model of A-form nucleotides. Further experiments showed that replacing the ethyl bridge by a propyl 

increased the C3'-endo conformation population to a larger extend and when incorporated at 5'-terminal site 

of an oligothymidilate considerably contribute to the stabilization of A-type duplexes.37 

 They also retain this structure of cyclouridylic acid to build diuridine motif such as Umpc3Um 9 

(Figure 7) in order to provide new tools to induce distorted nucleic acids structures.33 

 The hydroxypropyl chain at the 5 position of the uridine was introduced on 5-iodouridine by palladium 

catalyzed displacement of iodine with propargyl alcohol followed by an hydrogenation of the triple bond. 

The 5-iodouridine was obtained from suitably protected 2'-O-methyluridine by action of ICl (Scheme 4).  

5-(Hydroxylpropyl)uridine 12 was then obtained in 36% overall yield. Interestingly, the 13-membered 
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macrocyclic diuridine was prepared without using any techniques such as the high dilution method by 

reacting 12 with the di(diisopropylamino)phosphite of the 5'-O-dimethoxytrityl-2'-O-methyluridine in 80% 

yield. Removal of the 3'-O-acetyl protective group gave the opportunity to separate the two diastereoisomers 

that were independently deprotected in acidic medium to provide 9a,b. 
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Scheme 4. Synthesis of the diastereoisomeric diuridine 9a,b incorporating a cyclouridylic acid motif. 

 

 Conformational analysis of 9a,b involving a cyclic phosphotriester structure showed that due to the 

neutral phosphoryl moiety, the conformation of the ribose of the 5'-upstream uridine was strongly affected 

and was maintained predominantly in the C2'-endo (South or B-type) conformation whereas the ribose 

moiety of 3'-downstream uridine was kept in the original C3'-endo (North or A-type). Therefore, these 

ribodinucleotides exhibit a South/North junction that is observed in yeast tRNAPhe sharply bent motif as the 

authors have observed by a careful examination of the protein data bank. 
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Figure 8. Schematic drawing of oligonucleotides incorporating RP or SP  

configured rigid cyclouridilic acid derivative. 
 

 When incorporated into oligothymidilates both 9a and 9b induced a decrease of the overall stability of 

the duplex formed with complementary oligoadenylate with a significantly more pronounced impact of the 

SP configured dimer. Molecular mechanics calculations indicated that the RP configured diuridine could be 

capable of duplex formation with a disordered local structure whereas the SP isomer, which is rather 

unfavourable for the duplex formation, could be a very good motif to induce a strong bended structure into 

nucleic acids (Figure 8). 
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2.3. Synthesis of cyclic di- and trinucleotide by Ring Closure Metathesis (RCM) 

 Latter on, the Poul Nielsen's group showed that the ring-closing metathesis (RCM) method was 

suitable in the construction of conformationally restricted dinucleotide structures. They develop this 

methodology to prepare targeted nucleosidic structures as new tools to preorganize a single stranded nucleic 

acid either to form stabilized duplexes or to induce stabilization in others secondary structures. They first, 

demonstrated the introduction of isolated conformational restriction to the intact phosphodiester linkage by 

the synthesis of cyclophosphate dinucleotides 13 in which α and β torsional angles are constrained (Figure 

9).38,39 After that, they extended the methodology to the preparation of cyclouridilic acids derivatives 14,40 

1541,42 constraining α, β, γ and ε,ζ torsional angle sets respectively, and to macrocylic diphosphotriester 

trinucleotide compounds 16 in which the whole set of torsional angle is restrained.43 As it can been easily 

observed, all these compounds present new chiral centres either at the phosphorus atom or at the sugar 

carbon involved in the cyclic structure. Therefore, they were synthesized as mixture of diastereoisomers and 

separated. 
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Figure 9. Cyclophosphotriester obtained by ring-closing metathesis reaction. 

 

 Their general methodology is based on the synthesis of dinucleotide units (or trinucleotide units) with 

a phosphotriester linkage in which the classical cyanoethyl phosphate protective group has been replaced by 

an allyl group. On the other hand, another double bond has to be introduced at the appropriate location on 

one of the nucleoside either on the sugar or on the base moiety to provide the substrate for the Ring-Closing 

Metathesis reaction.44 

 As a first example, the Nielsen's group prepared a conformationally restricted dinucleotide with the 

smallest possible ring (7-membered) including a phosphotriester group (Scheme 5).38 Starting from the 

thymidine aldehyde 17, that can be easily prepared from thymidine in a four steps procedure using either the 

Pfitzner-Moffat45 or Dess-Martin46 oxidation procedure, the first double bond was introduced trough a 

Grignard reaction with vinyl magnesium bromide in a moderate 41% yield to give 18 in a 1:1 

diastereoisomeric ratio. The dinucleotide precursor 20 was synthesized from 18 by coupling with the known 

allyl phosphoramidite 1947 using standard phosphoramidite coupling conditions.48 After oxidation 20 was 

obtained in 87% yield as a mixture of four diastereoisomers in equimolecular ratio. The RCM reaction with 

20 as the substrate proceeded nicely when using the second generation Grubbs' catalyst49,50 in a very good 

91% yield.  
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Scheme 5. Synthesis of diastereoisomeric cyclophosphate dinucleotides. 

 

 NMR studies in combination with restrained molecular dynamics simulations showed that at least one 

out of the four diastereoisomers including the seven membered phosphepine ring in the inter-nucleoside 

linkage was found to favour base stacking and therefore could be a good candidate to stabilize duplexes. 

 The backbone angles measured for the others isomers showed an increased deviation from the 

canonical values.42 

 The RCM methodology was applied to the preparation of cyclouridilic acid derivative introduced by 

Sekine few years before (Scheme 6).40,43 Starting from uridine, an allyl group was appended at the 5-position 

of the uracil base51 and the secondary hydroxyl functions protected as an acetal to provide 21 in 65% overall 

yield. The allyl phosphoramidite 19 was then coupled in a quantitative manner to afford after oxidation of 

the phosphite the RCM substrate dinucleotide 22 as a mixture of two epimers. Approximately 5 mol% of 

1,3-dimesityl-4,5-dihydroimidazol-2-ylidene-substituted ruthenium-based complexe49 was used for this 

RCM reaction affording the cyclouridlic acid derivative with a the 14-membered ring structure in 43% yield. 

After acidic deprotection of all the hydroxyl function, the dinucleotides 14 were recovered as a mixture of 

four isomers in a 10:10:1:1 ratio. The two major isomers were supposed to be those with E-configuration of 

the double bond and with epimeric phosphorous. 
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Scheme 6. Synthesis by ring-closing metathesis procedure of the Sekine's cyclouridilic acid derivative. 
 

 The last phosphotriester constrained dinucleotide structure investigated by the Nielsen's group 

involved a connection between the 2'-carbon and the phosphate (Scheme 7). The dinucleotide 25 suitably 

functionalized to undergo the RCM reaction was constructed in 85% yield from the previously published  

2'-allyl-2'-deoxyuridine 23,52 by coupling with the 5'-O-allylphosphoramidite 24 under standard 

phosphoramidite conditions. The application of a tandem RCM-hydrogenation protocol53 with 25 as 

substrate and with the second generation Grubbs' catalyst gave the saturated 9-membered ring 
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phosphotriester structure 15 in 65% yield after deprotection of the hydroxyl function, as a mixture of two 

phosphorus epimers in a 3:1 ratio in favour of the RP isomer.  
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Scheme 7. Synthesis by ring-closing metathesis procedure  

of a 2'-C to 3'-O-phosphate cyclophosphate dinucleotide. 

 

 Finally, this group demonstrated that large macrocycle including all the torsional angle α to ζ can be 

reached by the RCM methodology as exemplified by the synthesis of a trinucleotide 16 in which two 

adjacent phosphate groups are connected (Scheme 8).43 Thus the bisallylated trinucleotide 27, substrate for 

the RCM reaction was elaborated in 63% yield by two phosphoramidite coupling of the allyl 

phosphoramidite 19 starting from the 3'-O-protected thymidine 26. The RCM reaction have been carried out 

in refluxing dichloromethane for 48 hours with 10 mol% of second generation Grubbs' catalyst and provided 

the 13-membered rings containing trinucleotides 16 in 60% yield as a mixture of isomers arising from the 

two chiral phosphotriesters in combination with E- and Z-configuration of the double bond. 
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Scheme 8. Synthesis by ring-closing metathesis procedure of trinucleotide diphosphotriester. 
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 In order to obtain constrained cyclic dinucleotides with an intact, charged and achiral, phosphate 

internucleoside linkage (Figure 10), the Nielsen's group approached couplings of nucleoside monomers on 

which terminal double bonds are placed either on the 4'-C or on the 5'-C positions and involved these 

dinucleotides in RCM-reactions.54,55 

 Thymidine aldehyde 17 was the starting material for the elaboration of the key synthons for the 

construction of the 9-membered cyclic phosphodiester (4'-C/5'-C connected) 28 and for the 11-membered 

cyclic phosphodiester (5'-C/5'-C connected) 29. Phosphoramidite 30 (Scheme 9) was prepared by 

phosphitylation with dicyanoimidazole as the activating agent56 in 77% yield of 5'-C-allylthymidine obtained 

in a complete diastereoselective manner (85% yield) by a Sakuraï's reaction on 17.57 4'-C-Vinylthymidine 31 

was synthesized from 17 after conversion of the latter compound into 4'-C-hydroxymethylthymidine,58 

protecting group manipulation and Dess-Martin oxidation of the 5''-hydroxyl function followed by a Wittig 

methylenation in six steps and in a 19% overall yield after removal of the 3'-O-protective group. Thus, the 

nucleosides 30 and 31 were coupled using standard phosphoramidite coupling conditions in a good 89% 

yield. RCM cyclization of this dinucleotide did proceed to give after 5 days in dichloromethane at 80 °C 

with 15 mol% of catalyst, one major product 28 as well as smaller amount of the others isomers, in 38% 

yield. 
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Scheme 9. Synthesis of 4'-C/5'-C connected dinucleotides. 

 

 11-Membered cyclic phosphodiester 5'-C/5'-C connected dinucleoside 29 was prepared from  

5'-O-phosphite-5'-C-allyl-3'-O-protectedthymidine 30 and 5'-C-allyl-3'-O-protectedthymidine 32 (Scheme 

10).55 Phosphoramidite coupling did proceed in 63% yield after careful choice of 5'-O-protective group to 

ensure solubility of 32. The following RCM reaction using Grubbs' 2nd generation catalyst (7 mol%) 

provided the unsaturated dinucleotide in 74% yield. The resulting cyclic dinucleotide required the removal 

of the 5'-O-di-methoxytrityl protective before being hydrogenated under high pressure (1000 psi) in a 

moderate 63% yield. Finally, fluoride deprotection of the 3'-hydroxyl function, followed by treatment with 

saturated ammonia gave the desired constrained dinucleotide 29 as a single isomer. 
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 Most of the modified dinucleotide structures synthesized by the Nielsen's group have been evaluated as 

parts in duplex and some of them in different secondary structures such as bulged duplex and three-way 

junction with both DNA and RNA complements (Figure 11).41,55  

 

Bulge

Three-way junction  
Figure 11. Evaluated secondary nucleic acid structures for stabilization. 

 

 Whereas all the constrained dinucleotide structures evaluated in duplex context showed destabilizating 

behaviour, 29 was found to slightly stabilise a three-way junction in high Mg2+-concentrations (+0.5 °C) and 

the RP isomer of 15 provided the first example of stabilized three-way junction, especially with stem-loop 

sequence being RNA with an increase stability of +2.2 °C rising to 2.7 °C with the addition of Mg2+. 
 Therefore, the general RCM-based strategy for the synthesis of mimics and stabilizating units of 

nucleic acid secondary structures stands for a highly valuable approach. 
 

3. Dioxaphosphorinane-Constrained Nucleic Acid 

 The previously described approaches towards the synthesis of conformationally constrained nucleic 

acids rely on the preparation of macrocylic structures and as a consequence the conformation of such 

molecules are not well defined and relatively flexible due to the lack of rigidity of cycles larger than  

6-membered ring. 

 For the purpose of constructing covalently constrained nucleic acids (CNA) with specific canonical or 

noncanonical backbone conformations, we have developed dimeric building units, referred to as D-CNA, in 

which two or three backbone torsion angles α−ζ are part of a six-membered ring structure at key position 

along the sugar-phosphate backbone (Figure 12). 
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Figure 12. The Dioxaphosphorinane-Constrained Nucleic Acid family (D-CNA). 
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 D-CNA are oligonucleotides that contain one or more D-CNA dimer in which a set of backbone 

torsion angles α–ζ is stereocontrolled to canonical or noncanonical values by a 1,3,2-dioxaphosphorinane 

ring structure. For a given dinucleotide step, there are fourteen possible [β-D-deoxyribo]-configured D-CNA 

stereoisomers which formally result from the introduction of a methylene/ethylene linker between the 

nonbridging phosphate oxygens and the 2’ /4’ -carbons (methylene linker, blue arrows) or 3’ /5’ -carbons 

(ethylene linker, red arrows). 

 Herein, we disclose the synthesis of each member of the D-CNA family, structural parameters will be 

establish by means of X-ray diffraction analysis or NMR and finally behaviour of α,β-D-CNA within duplex 

will be presented. 

 

3.1. Diastereoselective synthesis of α,βα,βα,βα,β-D-CNA 

 Our retrosynthetic analysis for the synthesis of the four possible stereoisomers of a given α,β-D-CNA 

dinucleotide step is summarized in Figure 13. It is based on the very simple strategy that consists of using 

both steric and anomeric effects to stereocontrol the cyclization reaction of a dinucleotide precursor in which 

the pro-(R)- and pro-(S)-phosphate oxyanions can attack an electrophilic tosyloxy-substituted carbon atom.  
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Figure 13. Retrosynthetic pathway for the diastereoselective synthesis of the four possible stereoisomers of 

α,β-D-CNA dimers. N1 and N2 stand for the remaining atomic fragments that define the upper and lower 

nucleoside units, respectively. The expected gauche(+), gauche(–), or trans conformations of α (P–O5’) and 

β (O–C5’) are indicated for the hypothetical true chair conformations associated with each diastereoisomer. 

 

 Among the four possible α,β-D-CNA diastereoisomers, we anticipated that the (SC5’,RP)- and (RC5’,SP)-

isomers with the alkoxy group ON1 axial (equatorial P=O)59 and the carbon group N2 equatorial would be 

formed preferentially due to the sterically and anomerically favorable trans relationship between ON1 and 

N2 in the corresponding six-membered chair conformations. As shown in Figure 11, the key starting material 

for the preparation of this diastereoisomer is the diastereopure 5’ (S)-C-tosyloxyethyl-substituted nucleoside. 

Similarly, the preparation of the (RC5’,SP)-stereoisomer featuring the canonical { α(g–), β(t)}  conformation 

requires the preparation of the 5’ (R)-C-tosyloxyethyl-substituted nucleoside. 

 We first reported on the diastereoselective synthesis of α,β-D-CNA (SC, RP) 36 that represented the 

very first example of totally stereoselective preparation of a phosphotriester.60 
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 The corresponding precursor 5’ (S)-C-tosyloxyethylthymidine 34 was prepared from the diastereopure 

compound 33 in 77% yield after reduction of the ester function with sodium borohydride and selective 

tosylation of the resulting primary hydroxyl function (Scheme 11). The 5'-C-methylester thymidine 

derivative 33 was obtained from the 5’ -C-thymidine aldehyde 17 via a Mukayama’s reaction catalyzed by 

BiCl3/ZnI2
61 as a single isomer with a (S)-configuration at the newly created asymmetric centre 5’ -C in 90% 

yield.62 
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 The 5’ (S)-C-tosyloxyethylthymidine 34 was coupled with the commercially available thymidine 

phosphoramidite under standard phosphoramidite procedure to give the acyclic dinucleotide 35 in 89% yield 

after the oxidation step. The cyclization reaction occurred by treatment of 35 with triethylamine in dry 

dimethylformamide at 90 °C, to provide, after removal of the protective groups, a single diastereoisomer 

α,β-D-CNA (SC, RP) 36 in 72% overall yield from 34. 

 The preparation of the RC5' stereoisomers of the α,β-D-CNA requires the preparation of the 

corresponding 5’ (R)-C-tosyloxyethylthymidine 38 (Scheme 12).63 Our synthesis of compound 38 involves 

the preparation of the diastereopure 5’ (R)-C-hydroxyethyl thymidine. The latter compound was obtained in 

64% combined yield via a three-step oxidative cleavage procedure of the double bond of the available  

5’ (R)-C-hydroxypentenyl thymidine 37 prepared by a Sakuraï’s allylation reaction of the 5’ -C-thymidine 

aldehyde.64 Selective tosylation of the primary hydroxyl function was achieved in 77% yield by reaction 

with tosyl chloride in the presence of pyridine.65 5’ (R)-C-Tosyloxyethylthymidine 38 was then coupled with 

the commercially available thymidine phosphoramidite using standard phosphoramidite technology to give 

two diastereoisomeric dinucleotides in an equimolar ratio. In the reaction conditions used to release the 

charged phosphodiester function of 4 (Et3N, DMF, 90 °C), cyclization occurred in a 90% yield providing a 

7/3 diastereoisomeric mixture of the (RC5’,SP) and (RC5’,RP) diastereoisomers, as observed by 31P NMR  

(δP -9.1 and -5.9). The cyclization reaction from the 5’ (R)-configured acyclic phosphate precursor (de 70%) 

appears therefore less diastereoselective than that previously observed from the corresponding 5’ (S)-isomer 

(de 100%). Finally, the sequential removal of the protective groups using fluoride ion and trifluoroacetic 

acid provided the final compounds (RC5’,SP) 40 and (RC5’,RP) 41 in ca. 21% and 9% overall yields from 37, 

respectively. 

 The determination of the absolute configuration of the α,β-D-CNA was greatly simplified by the X-ray 

structure solved for 40 identified as the (RC5', SP) diastereoisomer. 

 Although the synthetic pathway of Scheme 12 gives access to the diastereopure 5’ (R)-C-

tosyloxyethylthymidine 38 in almost 50% yield from 37, the overall yield from the starting 5’ -C-thymidine 

aldehyde 17 is rather low (25%). In an attempt to increase the overall yield of 38 and to prepare all 
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accessible diastereoisomers of the α,β-D-CNA dimers in a one pot procedure, we opted for a more 

pragmatic strategy which takes advantage of the easier accessibility of the 5’ -epimer of 38 (the latter 

compound, referred to as 34 in Scheme 11, is obtained from the starting aldehyde in ca. 70% overall yield). 

Oxidation of the 5’ -hydroxyl function of 34 with the pyridinium dichromate reagent immediately followed 

by the reduction of the corresponding ketone (with NaBH4) gave a 4/6 diastereoisomeric mixture of 34 and 

38, respectively, in 90% combined yield.  
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Scheme 12. Synthesis of the (RC, SP) and (RC, RP) α,β-D-CNA diastereoisomers. 
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 This strategy was extended to prepare α,β-D-CNAs with all the four possible nucleosides (A, T, G and 

C) as upper nucleoside and also the LNA/α,β-D-CNAs with a LNA structure on the upper nucleoside 

(Figure 14).66 

 

3.2. Synthesis of α,β,γα,β,γα,β,γα,β,γ-D-CNA and δ,ε,ζδ,ε,ζδ,ε,ζδ,ε,ζ-D-CNA 

 As described in Figure 12, depending on the dioxaphosphorinane ring position along the sugar-

phosphate backbone different set of torsional angles can be controlled. In this section, we will described the 

D-CNA obtained when connecting the phosphate group to the 4'-carbon either of the upper or the lower 

nucleoside of the dinucleotide unit, providing constrained on the α,β,γ or δ,ε,ζ torsional angles.67 

 For the synthesis of α,β,γ-D-CNA, the dioxaphosphorinane ring structure was introduced as previously 

described, i.e. from the cyclization reaction of a dinucleotide precursor in which the phosphate oxyanions 
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can attack an electrophilic tosyloxy-substituted carbon atom (Scheme 13). The corresponding acyclic 

precursor involved is the diastereoisomeric 4’ -substituted dithymidine 43 prepared by coupling 5’ -O-tosyl-

4’ -C-hydroxymethylthymidine with the commercially available thymidine phosphoramidite using standard 

phosphoramidite technology in 80% yield. 5’ -O-Tosyl-4’ -C-hydroxymethyl modified thymidine has been 

obtained in three steps by treatment of 4'-C-hydroxymethyl-thymidine 42, first with dimethoxytrityl chloride 

and then with tosyl chloride in the presence of pyridine followed by the removal (with trifluoroacetic acid) 

of the dimethoxytrityl group selectively introduced on the 5''-hydroxyl function, in 63% overall yield. 

 By treatment with K2CO3 in dry dimethylformamide at 90 °C for 2 h, 43 quantitatively cyclized into 

the cis and trans isomers of phosphotriester in a 2:1 ratio as observed by 31P NMR (δP -9.6 and -7.8 ppm), 

respectively. Removal of the silyl protective group with fluoride ion provided the corresponding mixture of 

cis and trans isomers, which were separated at this stage. Finally, α,β,γ-D-CNA cis 44 and trans 45 were 

obtained upon removal of the remaining dimethoxytrityl protective group in acidic conditions in 28 and 14% 

yield from 42, respectively.  
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Scheme 13. Synthesis of α,δ,γ- and δ,ε,ζ-D-CNA from 4'-C-hydroxymethyl thymidine. 

 

 Because of the poor yield obtained for the selective introduction of the tosyl group at the 5''-position of 

the 4'-C-hydroxymethyl-thymidine 42, we decided to take advantage of the greater reactivity of the  

5''-hydroxyl function later on the synthetic pathway of the δ,ε,ζ-D-CNA, i.e. right at the cyclization step 

producing the dioxaphosphorinane structure (dinucleotides 48/49 in Scheme 13). Thus, we applied the well 

known phosphotriester methodology68 in the presence of the 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole 

(MSNT) as an activating agent69,70 to quantitatively prepare the (SC4', RP) and (SC4', SP) diastereoisomers 48 

and 49, respectively. The acyclic phosphodiester 47 was obtained in a good overall yield (80%) from starting 

nucleoside 42 in a five-step sequence (Scheme 13). Dimethoxytritylation of both primary hydroxyl functions 

of 42 followed by desilylation of the O3' oxygen atom (with tetrabutylamonium fluoride) gave nucleoside 46 

in a high 85% combined yield. After coupling 46 with a thymidine bearing a phosphoramidite function at the 

5' position, both dimethoxytrityl groups were removed under acidic conditions to give an expected 1/1 
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diastereoisomeric mixture. The negatively charged phosphodiester was released by treatment with 

triethylamine, producing the acyclic precursor 47 which, in the presence of MSNT in hot pyridine, 

quantitatively cyclized into the 1/1 diastereoisomeric mixture of 48 and 49 as observed by 31P NMR  

(δP= –2.3 and –3.8 ppm).  

 That the dioxaphosphorinane ring was actually formed by reaction of the 5''-hydroxyl group was 

shown by the X-ray structure solved for 49 that also gave us the absolute configuration at the newly created 

asymmetric centres 4'-C and P of δ,ε,ζ-D-CNA 48 and 49. 

 

3.3. Nucleosidic and sugar based approach towards ε,ζε,ζε,ζε,ζ-D-CNA 

 In order to enlarge the ε/ζ set combination, and therefore to have access to an increase variety of 

structures, we choose to introduce the dioxaphosphorinane ring by connecting the 3’ -C (by an ethylene 

bridge) or the 2’ -C (by a methylene bridge) to the oxygen atom of the phosphate group, providing ε,ζ-D-

CNA and ν2,ε,ζ-D-CNA, respectively (Figure 10). 

 The first approach, by introduction of an ethylene bridge between the 3'-carbon and one oxygen of the 

phosphate group, generate a spiro structure with four diastereoisomers expected. We actually reported the 

synthesis of diastereoisomers with 3’ -C (S) configuration termed as xylo,ε,ζ-D-CNAs (Scheme 14).71  

 The synthesis in 50% yield of the key intermediate 3'-C-(methoxycarbonylmethyl)xylouridine 51 

involves the stereoselective Mukaïyama's addition of the tert-butyldimethylsilyl-methyl-ketene acetal72 on 

the keto-uridine obtained from the known 2',5'-di-O-terbutyldimethylsilyl uridine 5073 by Dess-Martin 

oxidation procedure. We chose to start from the keto-uridine instead of the obvious keto-thymidine analogue 

because the latter is prone to base elimination in basic and in acidic conditions due to the high acidic 

character of the 2'-protons.  
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Scheme 14. Synthesis of spiro xylo-ε,ζ-D-CNA diastereoisomers. 

 

 The ester function of 51 was then reduced by the diisobutylaluminium hydride in a moderate 46% 

yield before selective introduction of a tosyl group on newly generate primary hydroxyl function in 64% 

yield. This 3'-C-substituted nucleoside was then coupled with the readily available 3'-O-tert-

butyldiphenylsilyl-5'-O-phosphoramidite thymidine according to standard phosphoramidite procedure to give 
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two diastereoisomeric dinucleotides 52 in an equimolar ratio and in 64% yield. Xylo-ε,ζ-D-CNA 53 and 54 

were obtained as a mixture of diastereoisomers (1/1 ratio as depicted by 31P NMR: δP= –6.4 and –8.9 ppm), 

in good yield (81%) by treatment of 52 with K2CO3 in anhydrous dimethylformamide at room temperature 

followed by removal of the silylated protective groups with fluoride ion. In this particular case, no 

diastereoselectivity was observed certainly because the substitution on 4'-C and 2'-C are sterically equivalent 

and therefore there is no discrimination in the transition state to favour one dioxaphosphorinane 

diastereoisomer. Because of the spiro structure with a "S" configuration of 3'-C between the upper sugar ring 

and the dioxaphosphorinane cycle, the relative position of the 2'-hydroxyl function with respect to the 

phosphorus atom does not allow any trans-esterification process since the favourable "on line" conformation 

can not be reached.74 This particular conformation provide a stable phosphotriester function regardless of the 

presence of the usually reactive free 2'-hydroxyl function. 

 Regarding the synthesis of ν2,ε,ζ-D-CNA, we have to introduce a hydroxymethyl function at the  

2'-position.75 A survey of the literature, showed that a nice precursor for our purpose could be the protected 

2-deoxy-2-hydroxymethyl-D-ribofuranose 55 prepared from D-glucose76 (Scheme 15) that offer us the 

opportunity to have a key synthon for the preparation of all the 2'-C-hydroxymethyl nucleosides (A, T, G or 

C). 
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Scheme 15. Synthesis of ν2,ε,ζ-D-CNA from D-glucose. 

 

 Introduction of the thymine base by the Vorbrüggen's procedure77 proceeds in a moderate 56% yield in 

favor of the β-anomer (β/α=9/1 as depicted by 1H NMR) as expected for 3-O-formyl-ribose 55 (Scheme 15). 

This could be explained by the fact that the 2'-benzoyloxymethyl group is less efficient in the stabilization of 

the intermediate carbocation and therefore allow a small level of undesirable α-face attack. The 3'-hydroxyl 

function was released by treatment of the intermediate nucleoside with ammonia. The resulting nucleoside 

was then coupled with the readily available 3'-O-tert-butyldiphenylsilyl-5'-O-phosphoramidite thymidine 

according to standard phosphoramidite procedure to give dinucleotides 56 as a diastereoisomeric mixture 

(1/1 ratio as depicted by 31P NMR: δP= –1.8 and –2.1 ppm), in 38% overall yield from 55. Removal of the 

benzoyl and cyanoethyl protective groups proceeded in moderate yield (45%) and we noticed a concomitant 

cleavage of the 3'-O-tert-butyldiphenylsilyl protective group. Nevertheless, when submitted to action of 1-

(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole 56 underwent a slightly diasteroselective cyclization to 
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provide the  ν2,ε,ζ-D-CNA 57 and 58 in a 1/1.4 ratio (depicted by 31P NMR: δP= –6.6 and –7.8 ppm, 

respectively), in 60% yield.  

 

3.4. Structural assignment of the D-CNA dimers 

 Each of the synthesized dinucleotide D-CNA was studied by means of X-ray diffraction analysis when 

accessible and by NMR in all cases. The conformation of the dioxaphosphorinane structures can be clearly 

established from the 1H NMR spectra, with the observation of the 3JH/P coupling constants between the 

relevant protons and the phosphorus. Indeed, typical upper and lower limits observed for the 3JH/P coupling 

constants for dioxaphosphorinane structures in chair conformation are 3JHax/P < ca. 3 Hz and 3JHeq/P > ca. 20 

Hz, respectively.78  

 

Table 2. Summary of the backbone torsion angles derived from the canonical BI-,  

A-DNA duplex structures and of the synthesized D-CNA.a 

ββββ γγγγ δδδδ εεεε ζζζζαααα
Torsion angles

IsomerName

(SC3', SP)

(SC3', RP)
εεεε,,,,ζζζζ-D-CNA

νννν2222,,,,εεεε,,,,ζζζζ-D-CNA

αααα,,,,ββββ-D-CNA

a-/ta+

tg-

a+/ta-

tg+

(RC5', RP)

(RC5', SP)

(SC5', SP)

(SC5', RP)

αααα,,,,ββββ,,,,γγγγ-D-CNA
trans

cis

c/g+

g-

g-/a-

g-

g+

g-

(RC2', RP)

(RC2', SP)

g+
t

a
+ g+ g-

a
+

t g-

c g+

c

t

BI-Type

A-Type

a+/tg-
t g+

a-/t

t g-/a-

g-g+/a+g+
tg-

LNA/αααα,,,,ββββ-D-CNA (RC5', RP)

(RC5', SP)

(SC5', SP)

tg-

a+/ta-

tg+

g+/a+

g+/a+

g+/a+

δδδδ,,,,εεεε,,,,ζζζζ-D-CNA
(SC4', SP)

(SC4', RP)

a
+
/t g- a+/t

a
+
/t g- g-

 
aThe following 6-fold staggered pattern of the torsional angles is used: cis = 0 � 30° (c), gauche(+) = 60 
� 30° (g+), anticlinal(+) = 120 � 30° (a+), trans = 180 � 30° (t), anticlinal(–) = 240 � 30° (a-), gauche(–) = 
300 � 30° (g-). The notation a+/t is used to designate a torsion angle on the border of anticlinal(+) and trans. 
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 Therefore, by careful examination of these data, we have been able to determine the conformational 

behaviour of the D-CNA and therefore to precise the value of the constrained torsional angles. The 

conformational ranges of the torsional angles are summarized in Table 2 together with those of A- or BI-type 

duplex given as reference. 

 It is noteworthy that only one isomer of the α,β-D-CNA (and its analogue LNA/ α,β-D-CNA) fit with 

the canonical values observed for A- or B- type duplex. To better visualize the impact of the introduction of 

a constraint on the sugar-phosphate backbone by the dioxaphosphorinane structure, superimposition of the 

major isomers of α,β-D-CNA and of α,β,γ-D-CNA with an unmodified dinucleotide79 are reported in Figure 

15. 

 Whereas, the (RC5', SP) α,β-D-CNA isomer perfectly fits with the unmodified structure of its 

dinucleotide counterpart, introducing noncanonical torsion angle values into the backbone results in an 

extraordinary change in the relative spatial arrangement of the bases which is nicely illustrated by the 

superimposition of the (SC5', RP) α,β-D-CNA and both of the  cis and trans α,β,γ-D-CNA with the X-ray 

structure of pTpT, showing that the relative orientation of the bases can be switched up to 180°. 
 

(RC5', , , , SP) α,β α,β α,β α,β-D-CNA (dark grey) 

/unmodified (light grey) 

(SC5', , , , RP) α,β α,β α,β α,β-D-CNA (black) 

/unmodified (light grey) 

Cis (grey) and trans (light grey) 

 α,β,γ α,β,γ α,β,γ α,β,γ-D-CNA/unmodified (black) 

  
  

Figure 15. Examples of superimposition of D-CNA structures and X-ray structure of unmodified pTpT.79 
 

 In most cases, the chair and twist-chair conformations of dioxaphosphorinane within D-CNA allow the 

stabilization of unusual conformational states, which greatly differ from the canonical (g-, t, g+) backbone 

conformation adopted by the B- and A-forms of the DNA double helix (Table 2 and Figure 15). Although a 

thorough analysis is required to precisely determine what structural consequences can be expected from 

these alternative backbone conformations, it is likely that once incorporated into DNA or RNA oligomers, 

D-CNA dinucleotides will either favour the formation of unpaired secondary motifs or induce a significant 

conformational distortion from the ideal B- or A-form helical geometry. 
 

3.5. Preliminary results on DNA duplex stabilization 

 The synthesis of the phosphoramidite derivatives of (RC5', SP) and (SC5', RP) α,β-D-CNA featuring 

either canonical and noncanonical α/β combination has been realized and hybridizing properties of 

oligonucleotides containing these dimeric units evaluated.80,81 
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 The major result is that a remarkable stabilizing effect is observed against DNA (∆Tm=+5.0 °C/mod) 

when the canonical (RC5', SP) α,β-D-CNA is introduced once or more into oligonucleotides (Figure 16). This 

result contrasts with the rather moderate effect observed against RNA (∆Tm=+0.9 to +3.0 °C/mod). This 

difference can originate from the reluctance of the 5'-furanose unit of the α,β-D-CNA to undergo a 

significant conformational change from 2'-endo to 3'-endo in the hybrid duplex DNA/RNA due to the neutral 

phosphotriester linkage that strongly push the 5'-thymidine moiety to adopt the C2'-endo conformation.82  
 

0,76

0,78

0,8

0,82

0,84

0,86

0,88

0,9

15 25 35 45 55 65 75 85

T°C

O
D

 
Figure 16. Thermal denaturation curves, for 3'-d(CGCGAACGGC) with unmodified 5'-d(GCGCTTGCCG) 

black, or with 5'-d(GCGCTTGCCG) including (RC5', SP) α,β-D-CNA dotted grey or (SC5', RP)α,β-D-CNA 

dotted black. 
 

 On the other hand, as expected, incorporation of  (SC5', RP) α,β-D-CNA featuring noncanonical 

(gauche(+), trans) α/β combination into oligonucleotides results in an important duplex destabilization  

(-5.0 ° to -9.0 °C/mod). However, one must consider that controlling this torsion at about +70° in a duplex 

while maintaining a completely Watson-Crick helical structure, allows the stabilization of distorted duplexes 

that are only observed in DNA/protein complex.83 Nevertheless, we showed that with canonical or 

noncanonical restriction within oligonucleotide a high level of sequence discrimination was maintained as 

natural duplexes do. 
 

 

Figure 17. Tentative model derived from NMR data of the conformation. 

of the (SC5’,RP) α,β-D-CNA within a T4 tetranucleotide. 



 208 

 A noncanonical gauche(+) conformation of α seems to play an important role in many bulge and 

hairpin loop regions of nucleic acids.84 Consequently we decided to explore the intimate conformation of the 

(SC5’,RP)� α,β-D-CNA TT dimer and its behaviour within a single stranded tetranucleotide composed of four 

thymidines, a loop motif well studied in hairpin structure. We founded that when incorporated into a 

tetranucleotide, the α,β-D-CNA induced a sharp bent into the structure providing a hairpin loop shape to the 

structure of the single stranded oligonucleotide (Figure 17).85 

 We therefore are disposing of a building unit featuring the noncanonical value gauche(+) of the  

α torsional angles, providing the unique opportunity to pre-organize single stranded oligonucleotide in order 

to explore its capability to stabilize unpaired structures of nucleic acids such as bulges or hairpin loops. As a 

first experiment in this direction we prepared hairpin loop structures incorporating either the (SC5’,RP) α,β-D-

CNA in the loop moiety or the (RC5’,SP) α,β-D-CNA in the stem of the hairpin (Figure 18). 
 

TT = α,β-D-CNA (gauche(–), trans)

C AGTTTAC
TGTAAAC
  

T
TT

TT = α,β-D-CNA (gauche(+), trans)

∆Tm = +7.4°C

C AGTTTAC
TGTAAAC
  

T
TT

∆Tm = +11.0°C

 

Figure 18. α,β-D-CNA induced stabilization of a hairpin. 
 

 The α,β-D-CNA featuring the canonical (gauche(–), trans) α/β combination induced a very high 

stabilization of the hairpin structure with a ∆Tm of +11.0 °C due to a magnified effect of stabilization of the 

stem duplex. On the other hand, for the first time, the preorganization concept is successfully applied to the 

stabilization of an unpaired motif of nucleic acid by incorporation of α,β-D-CNA featuring the noncanonical 

(gauche(+), trans) α/β combination within the loop and provided a very promising ∆Tm of +7.4 °C.  
 

4. Conclusions 

 At the end of its review on DNA analogues in 2002, C. Leumann mentioned that "A large field that 

has not yet been tapped is the use of conformationally constrained nucleosides for the stabilization of 

secondary structural elements as, for example hairpin loops and bulges".11 

 After the pioneering work of Sekine, followed by the Nielsen's approach and more recently by the 

Dioxaphosphorinane-Constrained Nucleic Acid development, it is now clear that the rational of using cyclic 

phospho di- or triester structures to induce conformationally constraints into nucleic acids, is valid. 

 As can be seen, all of these structures are associated with very different backbone conformations and 

could provide interesting tool to discriminate between the impact of sugar puckering and backbone 

constrains on DNA structure formation ability. The incorporation of these constrained building blocks  

(D-CNA or others) at preselected positions in an oligonucleotide is expected to create a remarkable variety 

of different shapes including helical distortions of B-DNA or non-helical secondary structures of functional 

DNA or RNA. 
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Abstract. Pyrido[3,4-b]indoles, commonly known as β-carbolines, are present in a deeply investigated 

family of indole alkaloids that possess a wide diversity of important biological activities. Herein we review 

briefly the main structural types found in nature and their biological actions, with a brief summary of 

synthetic biologically active β-carbolines. Then, we cover the most recent aspects of the chemistry of β-

carbolines with focus on the main synthetic approaches devoted to the construction of the heterocyclic 

system, further functionalization of β-carbolines and transformations into other interesting compounds. 

Literature regarding total syntheses of natural  β-carboline alkaloids is summarized in the final part of the 

paper. 

 

Contents 

1. Introduction 

1.1. Naturally occurring β-carbolines 

1.2. Biological activity of β-carbolines 

2. Synthesis of β-carbolines 

2.1. The Pictet-Spengler reaction for the construction of the pyridine ring 

2.1.1. Catalytic PS reaction 

2.1.2. Solid-phase supported PS 

2.1.3. Pictet-Spengler combined with other processes 

2.2. The Bischler-Napieralski reaction 

2.3. Organometallic based methods 

2.4. Construction of the pyrrole ring 

2.5. Cycloaddition methodologies 

2.6. Other strategies 

3. Transformations of β-carbolines 

3.1. Oxidations 

3.2. Reductions 

3.3. Stereoselective alkylations 

3.4. Metathesis 

3.5. Reactions with activated alkynes 

3.6. β-Carbolines as chiral ligands 

4. Total syntheses of natural alkaloids containing the β-carboline system 

5. Conclusions 

Acknowledgments 

References 



 213 

1. Introduction 

 There is great interest in the chemistry of β-carboline-containing compounds. This interest comprises 

the isolation and structural elucidation of new natural products, the evaluation of their biological activity, 

and the synthesis of derivatives as possible drug candidates. These efforts demand efficient synthetic 

methodologies, both for the construction of the heterocyclic system and for its functionalization. This 

chapter will focus on these latter aspects of the chemistry of β-carbolines, although we will include a brief 

Section with some outstanding examples of natural β-carboline containing alkaloids and with a summary of 

the main biological activities found for these compounds. Some synthetic β-carbolines specifically designed 

as potential drug candidates will be shown. Then, Sections 2 and 3 will cover the most recent advances in the 

synthesis and functionalization of β-carbolines, excluding those previously reviewed by other authors. 

Finally, it is not the aim of this chapter to include all reports regarding total synthesis of natural compounds 

containing the β-carboline system, but we will summarize the literature appeared in recent years concerning 

these syntheses in Section 4. 
 

1.1. Naturally occurring ββββ-carbolines 

 The β-carboline core is found abundantly in naturally occurring compounds and is part of numerous 

alkaloids, which often exhibit high biological activity. One can divide these natural compounds into those of 

low molecular weight and those more complex systems also present in a vast amount of alkaloid-related 

unnatural compounds. In addition to their importance as natural products with biological activity, some  

β-carbolines have gained importance as synthetic chiral ligands for certain catalytic processes. The 

importance of these compounds is the cause of the great efforts devoted to their synthesis, especially in a 

stereoselective manner.1 

 Simple low molecular weight β-carbolines are so often found in nature due probably to their simple 

biogenesis from tryptamine/tryptophan and carbonyl compounds. Thus, the harmane family, the most simple 

from the structural point of view, is found in many plant families sometimes bearing substituents. 

Eudistomines, from marine origin, are included in this group, as well as manzamines, a group of complex 

molecules in which the β-carboline appears as a substituent of a polycyclic motif (Figure 1). Initially known 

for their potent psychoactive and hallucinogenic properties, harmane, harmine and harmaline β-carboline 

alkaloids isolated from various medicinal plants have been shown to exert a wide range of pharmacological 

properties including antimicrobial and anti-HIV activities.2 
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 Canthines, with an additional fused cycle, are also found widespread in the Rutacaceae and 

Simaroubaceae families (Figure 2). Some of them possess antifungal activity.3 
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 More complex structures including the β-carboline motif generally arise from mixed biogenetic origin. 

These generally include a C5 subunit derived from mevalonate. Eburnamine alkaloids are a vast family of 

compounds with at least five fused cycles that can be divided into several sub-groups, such as eburnamine 

itself, occurring in several plant groups, vincamine, from the Vinca species and those from Schizozygia 

species (Figure 3). Quite a few of these alkaloids exert varied pharmacological activities on cell 

multiplication, cardiovascular system and brain functions. For example, (+)-vincamine is being used in the 

treatment of cerebral, vascular and metabolic diseases.4 
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 An important group of biologically related complex alkaloids are those included in the 

heteroyohimban family. These include corynantheidine, ajmalicine, pleiocarpamine, vobasine and sarpagine. 

(–)-Ajmalicine is prescribed widely in the treatment of cardiovascular diseases. The sarpagine alkaloid  

(+)-vellosimine is used for the treatment of neuralgia, migraine and hypertension, and (+)-ajmaline is an 

antiarrhythmic agent (Figure 4).5 
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 The group of yohimban alkaloids is possibly the most popular among the organic synthesis community 

as many efforts devoted to their synthesis have been made. This group comprises yohimbine, which has been 

used to treat erectile dysfunction and reserpine, an antipsychotic and antihypertensive drug. These are two 

natural compounds found in nature jointly with several of their isomers and derivatives (Figure 5).  

 In addition to the examples mentioned above, a great number of oligomeric alkaloids bear the  

β-carboline skeleton (Figure 6). Most of these arise biogenetically from the dimerization via condensation, 
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Mannich, Michael reactions or coupling by phenol oxidations of two units of the monomeric classes of 

alkaloids. Figure 6 shows two examples of these classes of compounds.  
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1.2. Biological activity of ββββ-carbolines 

 Alkaloids with a β-carboline nucleus possess widespread and potent biological activities and this has 

prompted many groups to design new derivatives as potential drugs for the treatment of various diseases. 

The number of biological activities described for β-carboline containing compounds is huge and we will 

only summarize those more frequently found, showing a bunch of selected examples. 

 Some natural β-carboline alkaloids display antineoplastic activity. This has prompted many groups to 

design and synthesize new compounds that exhibit this activity. For example, lavendamycin, a naturally 

occurring 7-aminoquinoline-5,8-dione antitumor antibiotic, has been the focus of several synthetic studies to 

elucidate the structural features that are required for its cytotoxic activity and to develop improved analogues 

with potent antitumor properties and lower animal toxicity (Figure 7).6,7 
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 Based on the pharmacore reported for benzodiazepine receptor agonist ligands, ethyl 4-(methoxy-

methyl)-6-propoxy-9H-β-carboline-3-carboxylate, 6-PBC, (IC5=8.1 nM) was designed, synthesized and 

evaluated (Figure 8). When evaluated in vivo this compound exhibited anticonvulsant/anxiolytic activity but 

was devoid of the muscle relaxant/ataxic effects of “classical”  1,4-benzodiazepines (i.e. diazepam).8 
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 Regarding antiviral activity, some β-carboline derivatives bearing guanidinium groups or amino 

group-terminated side chains were synthesized targeting the trans-activation response region (TAR) element. 

Compounds shown in Figure 9, with a terminal guanidinium group, showed inhibitory activities on protein 

Tat-TAR interaction as well as to HIV-1 in MT4 cells (Figure 9).9 

 

N
H

N

R

R1

R= H, Me
R1= CONH(CH2)3NH2, CONH(CH2)3NHC(=NH)NH2  

Figure 9 
 

 Many β-carbolines show antimalarial and antiparasite activity. In a very recent example, a series of 

hybrid molecules 2-[3-(7-chloro-quinolin-4-ylamino)-alkyl]-1-(substituted phenyl)-2,3,4,9-tetrahydro-1H-β-

carbolines were synthesized and screened for their in vitro antimalarial activity against chloroquine-sensitive 

strains of Plasmodium falciparum. Compounds shown in Figure 10 have exhibited minimum inhibitory 

concentration values in the range of 0.05–0.11 µM and are several folds more active in vitro than 

chloroquine.10,11 
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 A series of hexahydropyrazino[10,20:1,6]pyrido[3,4-b]indole-1,4-diones (Figure 11) were disclosed 

recently as potential anti-thrombosis agents. The anti-thrombosis activity from both in vitro and in vivo 

studies revealed that these compounds may be a new class of anti-thrombosis agents.12,13 
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 Many other biological activities have been described for β-carboline containing compounds, both from 

natural and synthetic origin.   β-Carbolines were designed recently showing important inhibition ability of 

the TNF-α production.14 Related with this work was the description of a series of potent, carboline-based, 

protein kinase MK2 inhibitors.15 6-Hydroxy- and 6-methoxy-β-carbolines were described as acetyl- and 

butyrylcholinesterase inhibitors.16 Very recently, analogues of eudistomin D, a β-carboline alkaloid from 

marine origin were synthesized and showed affinity and selectivity for adenosine receptors A3.
17 A new class 

of mGluR1 (metabotropic glutamate receptor 1) antagonists was designed bearing a tricyclic  

β-carboline template.18 Moreover, certain β-carbolines were found to stimulate insulin secretion in a glucose-

dependent manner, probably by acting on I3-binding site.19 A series of ring-substituted 3,4-dihydro- and 

1,2,3,4-tetrahydro-β-carbolines was examined at 5-HT2A and 5-HT2C serotonin receptors. Some bromo 

substituted β-carbolines displayed enhanced affinity.20 Bromo substituted tetrahydro-β-carbolines were also 

described as neurotoxic agents.21,22 

 

2. Synthesis of ββββ-carbolines 

 In principle, two main strategies are possible to construct the β-carboline system, i.e. the formation of 

the pyridine ring and the synthesis of the pyrrole ring. The latter option has been used fewer times, possibly 

due to the availability of suitable functionalized indoles which are activated substrates that give efficiently 

Friedel-Crafts (FC) reactions. Indeed, the intramolecular alkylation of aromatics has become a matter of 

increasing importance as it allows the synthesis of challenging polycyclic fused compounds from 

inexpensive materials. This Section will revise the most recent contributions to the synthesis of the  

β-carboline system. The first three Sections are devoted to the formation of the pyridine ring by means of 

Friedel-Crafts-type reactions followed by methodologies based on organometallic mediation or catalysis. 

Section 2.4 deals with the synthesis of the pyrrole ring, Section 2.5 some cycloaddition methodologies and 

Section 2.6 gathers the rest of strategies appeared in the literature.23 

 Over the past years, a great number of highly chemo- and regioselective intramolecular Friedel-Crafts-

type alkylations of aromatic compounds have been described in the literature that allow remarkable synthetic 

shortcuts. Both transition metals and Lewis acids have been described to promote ring-closing reactions even 

in the presence of polyfunctionalized cyclization precursors. The emerging field of catalytic enantioselective 

FC alkylations has recently concerned also intramolecular transformations both in the presence of chiral 

organic and organometallic promoters.24 
 

2.1. The Pictet-Spengler reaction for the construction of the pyridine ring 

 The Pictet-Spengler (PS) reaction is the most commonly employed synthetic route toward  

β-carbolines. This process, known since 1911,25 was initially applied to the synthesis of 1,2,3,4-tetrahydro-

isoquinolines 1 but was soon used with tryptamine derivatives for the preparation of tetrahydro-β-carbolines 
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2 (Scheme 1). It consists of a condensation of an aliphatic amine with an aldehyde or an activated ketone and 

cyclization of the imine formed. The latter step is normally activated by Brönsted or Lewis acids. The 

resulting product is a tetrahydro-β-carboline. Many efforts have been made to improve the scope and the 

efficiency of this reaction in the past years. Thus, reactions in non-acidic or aprotic media or activation of 

the intermediate imine by formation of N-acyl or N-sulfonyl imines have widened the range of substrates 

that cyclize efficiently. Other improvements in the reaction conditions include biomimetic approaches using 

enzymes,26 acceleration using microwaves or zeolites27 and reactions under photochemical conditions.28 

 In addition to aldehydes, ketals, acetals, enol ethers, thioorthoesters, several α-chloro 

chalcogenocarbonyls, enamines, azlactones or alkynes can act as electrophilic partners in PS reactions. On 

the other hand, only tryptophan or tryptamine derived amines have been used. 
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 Numerous alkaloid syntheses demand the availability of efficient methods to introduce asymmetry in 

the PS reaction. The C1 centre, generated in the cyclization process, is stereogenic and chirality transfer can 

be achieved from enantiomerically pure substrates or if chiral auxiliaries are appropriately situated. 

Tryptophan derived esters have been used many times, as they are easily available. Chiral auxiliaries have 

mainly been attached to the nitrogen of the ethylamino chain, either prior to the reaction or by acylating the 

intermediate imine with a chiral acyl chloride. Thus, the condensation is in this case performed with 

secondary amines, leading to iminium ions as reactive intermediates. The PS reaction of iminium ions has 

been recently reviewed, especially with emphasis on the stereochemical outcome of this mode of cyclization 

(Scheme 2).29 
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 Chiral aldehydes lead in many cases to high enantiomeric excess. Oppolzer-Sultam, chiral α-amino-

aldehydes and sugar-derived aldehydes are some of the examples found in the literature. Chiral acids are the 

other possible asymmetry inducers, but they have been used fewer times.30 All these advances and the main 
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synthetic applications of this reaction to the synthesis of potentially active β-carbolines or naturally 

occurring alkaloids have been reviewed by Youn in 2006,31 so that we will only consider the most recent 

contributions in this field.32 

 The lack of suitable amine substrates for the PS reaction, apart from tryptophan derivatives, have 

prompted some groups to develop synthesis of substituted tryptamines leading to tetrahydro-β-carboline 

with new substitution patterns. Thus, chiral hydrogen-bonding bis-sulfonamides were used as effective 

catalysts for the enantioselective FC addition of indoles to nitro-olefins. The optically active products are  

β-substituted nitrocompounds 3, obtained in high yields but with modest enantioselectivities (up to 64% ee, 

improvable to >98% ee by recrystallization). Reduction of the nitro group to the amine and stereocontrolled 

PS cyclization gave enantiopure tetrahydro-β-carbolines 4 (Scheme 3).33 
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 Kusurkar recently reported a microwave-assisted conjugate addition of indole on nitro-olefins that 

furnished nitro compounds 5, which were reduced to tryptamines. These compounds gave 1,4-disubstituted-

β-carbolines 6 in a diastereoselective manner. In some of the cases, PS condensation and dehydrogenation 

gave a mixture of 1,4-disubstituted-β-carbolines and 1,4-disubstituted-γ-carbolines (Scheme 4).34 
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 Newly disclosed reaction conditions have expanded the scope of the reaction. Thus, most PS reactions 

are carried out with aldehydes or activated ketones such as 1,2-dicarbonyl compounds. Lingam developed an 

iodine-induced PS reaction with non-activated ketones yielding 1,1-disubstituted tetrahydro-β-carbolines 8 

as the only products (Scheme 5).35 
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 Similarly, condensation of ninhydrin with tryptamide or tryptamine, followed by Lewis acid-induced 

rearrangement, provided yohimbanones 9 that were readily converted to β-carbolines 10 via oxidative ring 

cleavage (Scheme 6).36  
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 Modified PS reaction conditions were tuned up for the synthesis of 1-substituted β-carbolines without 

formation of the tetrahydro derivatives. In one step, L-tryptophan reacted with aldehydes (1,2-dicarbonyl 

compounds) giving β-carbolines. The procedure was applied to the synthesis of a natural alkaloid from 

Illigera luzonensis.37 

 As indicated above, in addition to imines and iminium ions, many functional groups act as 

electrophilic partners in the PS reaction. Many early works dealt with this aspect and have been reviewed 

before.31 The most recent contributions of PS reactions with new electrophilic groups follow. Thus, the use 

of thioorthoesters as electrophilic partners in the PS has improved the scope of the PS cyclization. Silveira 

reported the synthesis of 1-arylthio- and 1-alkylthio-tetrahydro-β-carboline derivatives 11 (Scheme 7). The 

reaction of N-tosyltryptamines with thioorthoesters as electrophiles under Lewis acid conditions gave access 

to this new family of compounds, some of them otherwise difficult to obtain.38 
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 A new PS-like reaction based upon the ring opening of indole substituted methyleneaziridines has 

appeared recently. This approach is a new entry into 1,1-disubstituted tetrahydro-β-carbolines, which are 

difficult to obtain by classical PS methods. The treatment of 12 with an equimolar quantity of BF3
.OEt2, then 

an alcohol as nucleophile and the subsequent warming of the reaction mixture to room temperature overnight 

afforded 13 in moderate to good yields (Scheme 8).39 
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 Unsaturated 5(4H)-oxazolones have been used in modified intermolecular and intramolecular PS 

reactions as arylacetaldehyde equivalents. These compounds are hydrolyzed to arylpyruvic acid, which is the 

reactive species. In a recent example, compound 14 was shown to undergo an intramolecular reaction in the 

presence of CF3CO2H, to afford �-carboline 15 and a cyclopenta[b]indolone 16 by nucleophilic addition at 

C2 and C5, respectively (Scheme 9). The distribution of these two products was found to be dependent on 

the reaction temperature, with lower temperatures favouring the formation of the �-carboline 15.40 
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 In the field of asymmetric PS, a recent contribution studied the reaction of tryptophan with α-amino-

aldehydes derived from L- and D-amino acids in terms of double stereodifferentiation. When the reaction is 

performed with L-Trp-OMe, the results observed for D-amino aldehydes represent ‘matched’  situation (one 

diastereoisomer was formed exclusively, Scheme 10), whereas with L-amino aldehydes ‘mismatched’  (two 

diastereoisomers were formed with the dominance of the trans isomer). Condensation of D-Trp-OMe and  

L-aldehydes gives only the cis-17 isomer while the reaction with D-aldehydes provides a mixture of 

cis/trans-17 isomers with dominance of the trans-17 compound.41  
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 In a related contribution, acid-catalyzed condensation of tryptophan with different �-aminoaldehyde 

derivatives gave compounds containing a tetrahydro-�-carboline. This study was extended to the synthesis of 

novel octahydropyrrolo[3’ ,2’ :3,4]pyrrolo[2,3-b]indole systems.42 

 

2.1.1. Catalytic PS reaction 

 The growing trend to substitute traditional stoichiometric transformations by more environmentally 

benign catalytic processes has reached PS chemistry. Catalysis allows improving waste balance, because of 

high atom efficiency and selectivity as well as tolerance of a broad range of functional groups. Although 

indoles are reactive substrates for C-H alkylation reactions, most cases of PS cyclization need activation. 

There is a growing interest in making this activation in a catalytic way. There are two possibilities, as the 

catalyst may active the tethered electrophilic partner or the aromatic compound. As in the non-catalyzed 
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version, the electrophilic centre can be activated by Brönsted or Lewis acids, or by formation of acyl or 

sulfonyl imines. Alternatively, the insertion of metal species in low oxidation states into a sp2-hybridized  

C-H bond forms highly reactive organometallic species that can be successfully trapped with the 

electrophilic partner. 

 Ganesan has reported a parallel screening approach for the discovery of effective Lewis acid catalysts 

for PS reactions. From this study it appears that both aldehyde- and imine-selective Lewis acids are effective 

in catalyzing the cyclization. The best catalyst was Yb(OTf)3 with which the loading was significantly low 

(5%) using microwave irradiation (Scheme 11).43 
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 An impressive example of a catalytic and enantioselective PS condensation was recently disclosed by 

Jacobsen and Taylor appeared recently. A family of chiral thioureas 18 were able to catalyze the cyclization 

of both pre-formed and in situ obtained indolylimines, 19. The reaction conditions involved the activation of 

the imine with acetyl chloride and reaction of the thiourea with the highly reactive N-acyliminium 

intermediate. This methodology gave 1-substituted-tetrahydro-β-carbolines 20 with 93% ee, with R being 

aliphatic (Scheme 12).44 
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 Soon afterwards, an efficient and highly enantioselective Brönsted acid-catalyzed PS reaction of 

substituted tryptamines to the corresponding tetrahydro-β-carbolines using a chiral phosphoric acid catalyst 

was disclosed. The process works both with aromatic and aliphatic aldehydes which are treated with chiral 

Brönsted acid catalyst 21. As the main limitation, the methodology requires that the substrate bears a 

geminal diester functionality (Scheme 13).30 

 Hiemstra circumvented the limitation of the former procedure and reported a catalytic asymmetric PS 

reaction via an N-sulfenyliminium ion catalyzed by a bis-trifluoromethylphenyl-substituted (R)-BINOL 

phosphoric acid. Both alkyl- and aryl-substituted tetrahydro-β-carbolines were obtained in 77–90% yields 

after cyclization and removal of the tritylsulfenyl group in a one-pot procedure, with ee values up to 87%.45 

More recently they synthesized optically active N-benzylprotected tetrahydro-β-carbolines in high yields and 
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with ee values up to 87%. The triphenylsilyl-substituted BINOL-phosphoric acid (BINOL-PA) proved to be 

the catalyst of choice for the reaction with aromatic aldehydes. For aliphatic aldehydes, 3,5-bis-trifluoro-

methylphenyl-substituted BINOL-phosphoric acid was identified as the best catalyst (Scheme 14). The 

method is scalable and was applied to the synthesis of the pharmaceutically relevant phosphodiesterase type 

5 (PDE5) inhibitors of the pyrroloquinolone class by means of a Winterfeldt oxidation.46 
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 Hsung’s group has made many contributions enhancing the synthetic utility of ynamides. In particular, 

arene-ynamides are suitable substrates for the synthesis of different polycyclic compounds.47 The best acid 

to catalyze this reactions was p-nitrobenzenesulfonic acid which proved to be superior to Lewis acids 

including transition metal salts such as PtCl2, PtCl4, and AgNTf2. In particular, the cyclization of C-tethered 

arene-ynamides 22 to give tetrahydro-β-carboline 23 worked smoothly, giving rise to excellent yields within 

a few minutes. The authors postulate that these PS cyclizations proceed via a highly reactive keteniminum 

ions that undergo intramolecular nucleophilic attack by the aromatic ring (Scheme 15).48  
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 Youn reported AuCl3/AgOTf-catalyzed PS reactions that afforded a variety of tetrahydroisoquinolines 

and β-carbolines/tetrahydro-β-carbolines. In this reaction the role of the gold(III) complex is probably the 

coordination and activation of the imine (Scheme 16).49 
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 A mild and efficient protocol for PS reactions in water using CF3CO2H as acid catalyst has been 

described. The procedure was general from the aldehyde side giving good isolated yields. The authors 

observed a general trend of Trp-OMe and aryl/aliphatic aldehydes to furnish diastereomeric mixtures with a 

preference for the cis-isomer (Scheme 17).50 
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2.1.2. Solid-phase supported PS 

 Several solid-phase versions of the PS reaction have been reported, where the solid support is linked to 

the reactives at different positions. Figure 12 summarizes the approaches that are included in previously 

published reviews.51 Below we show the most relevant or recent examples of each approach appeared in the 

literature. 
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 The most typical approach comprises the Brönsted acid-catalyzed intermolecular condensation of an 

aldehyde with the amino terminal of a solid-supported tryptophan derivative, which is bound to the solid 

resin through a linker at the carboxylic group. For example, parallel synthesis of β-carbolines on soluble 

polyethylene glycol (PEG-OH) support can be achieved by condensation of polymer-bound tryptophan 

residues 24 with various aldehydes and ketones in the presence of 4-methylbenzenesulfonic acid (Scheme 

18).52 Alternatively, elaborated masked aldehydes were incorporated to a resin bound dipeptide were 

tryptophan was present. Treatment with acidic conditions liberated the aldehyde giving rise to  

β-carbolines.53 
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 Less frequent is the use of indoles linked by the benzene ring or through auxiliaries bound to the amine 

group. An example of the first approach is the synthesis of a library of biologically relevant 6-hydroxy-

tetrahydro-β-carbolines 25 based on the L-5-OH-tryptophan scaffold (Scheme 19). The library was designed 

such that three points of diversity would be readily introduced.54 
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 Alternatively to these general precedents in the field of solid-phase PS reactions, some contributions 

have focused on the intermolecular condensation of solid-supported aldehydes with tryptophan and 
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tryptamine derivatives. Examples of this latter methodology include a triple process carried out with masked 

aldehyde building blocks protected as their N-Boc-1,3-oxazinanes 26. In one synthetic step, by simple 

treatment of 27 with 10% CF3CO2H, an intramolecular PS reaction sequence takes place, comprising the 

steps of aldehyde generation, formation of N-acyliminium ion and cyclization giving 28 (Scheme 20). 

Overall, two new fused rings are appended to the reactive aromatic side chain in excellent yields (>95%).55  

 A solid-phase PS tandem cyclization on in situ generated acyl-iminium during acidic cleavage from 

polymer supports was reported. A pilot library with two diversity elements was synthesized to demonstrate 

the efficacy of this strategy (Scheme 21).56  
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The most recent contribution in this field is a multistep microwave-assisted reaction for the synthesis 

of hydantoin-fused tricyclic tetrahydro-β-carbolines 29 on a soluble polymer support (Scheme 22). After 

constructing the β-carboline system from polymer-bound tryptophan and various aldehydes, the terminal 
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hydantoinyl moiety was formed by the reaction of the products with various isocyanates under microwave 

irradiation to form an urea intermediate. Simultaneous intramolecular cyclization of the urea followed by 

cleavage of the polymer support lead to the desired tetracyclic scaffolds in high yield and high purity.57 

 
2.1.3. Pictet-Spengler combined with other processes 

 Multi-component reactions and sequential one-pot processes are gaining a considerable and increasing 

academic, economic and ecological interest as they imply great synthetic efficiency. Additionally, the 

modular aspect of one-pot reactions can be readily expanded into combinatorial and solid phase synthesis so 

that great opportunities for developing novel lead structures of pharmaceuticals are possible. Thus, the 

concept of integrating the PS reaction with other transformations has been addressed in the β-carboline 

chemistry, both for the synthesis of the starting indolylethylamine and subsequent PS cyclization and for the 

combination of this reaction with further transformations of the β-carboline system. 

 One example of the first possibility has used the Yonemitsu-type trimolecular condensation as the first 

step, followed by a PS transformation for the preparation of 3,4-heterocycle (furanone-, pyrrolidinone- and 

pyranone-) annulated tetrahydro-β-carbolines, 30. The chirality of D-glyceraldehyde or that of Garner’s 

aldehyde ensured a high and predictable diastereocontrol of the additional newly created stereocentres 

(Scheme 23).58  
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 Another spectacular example by Müller and collaborators is a consecutive four-component synthesis 

consisting of a coupling-amination-aza-annulation-Pictet-Spengler (CAAPS) sequence creating five new σ-

bonds and four new stereocentres in a one-pot fashion. Starting materials were diverse acid chlorides and 

aliphatic or aromatic alkynes as well as TMS-acetylene and a tryptamine derivative (Scheme 24).59 

 Finally, the pentacyclic benzo[f]indolo[2,3-a]quinolizine intermediate 31 was constructed in an overall 

yield of 54% by means of a tandem intermolecular formal aza-[3+3] cycloaddition/PS cyclization. The 

strategy constitutes a new effective general synthetic approach toward the indoloquinolizine family of 

alkaloids (Scheme 25).60 Very recently, these N-indolylalkyl substituted 4-piperidinenones have been readily 

obtained upon reaction of the corresponding 4-piperidones with mercuric acetate and used in PS reactions.61  
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2.2. The Bischler-Napieralski reaction 

 The Bischler-Napieralski (BN) reaction62 is widely used in the synthesis of β-carboline derivatives. As 

the PS, it is an ancient reaction discovered in the XIXth century. The starting material is usually an aliphatic 

amine that is converted into an amide by acylation with an acid chloride. This amide undergoes 

intramolecular cyclization onto an aromatic ring when it is treated with dehydrating agents forming a 

dihydropyridine ring. Alternatively to acid chlorides, a recent contribution used polarized ketone N,S-acetals 

in a BS reaction.63 In order to achieve milder reaction conditions, BN reactions have been promoted with 

(PhO)3PCl2 instead of POCl3.
64 Many indole alkaloids have been synthesized with the help of this reaction 

though it has been less used due to the rather drastic conditions needed with many amides (Scheme 26). 
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 A recent example of synthetic application of this reaction is the synthesis of the quinazolinocarboline 

alkaloids rutaecarpine, euxylophoricine A, euxylophoricine C and dehydroevodiamine (Figure 13). The 

quinazoline ring was efficiently formed from the ring opened β-carboline derivative by a one-pot reductive-

cyclization reaction.65  
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 Another recent example devoted to the formal synthesis of indolo[2,3-a]quinolizine alkaloids used 

piperidin-2-ones as the electrophilic partner of the BN reaction. An intermolecular aza-double Michael 

reaction was used to obtain functionalized piperidin-2-ones, 32, from simple starting materials, which 

formed β-carboline 33 via BN reaction (Scheme 27).66 
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 Synthesis of annulated 1,2,3,4-tetrahydro-β-carbolines has been achieved in a single diastereoisomeric 

form and in high yields through a tandem BN-intramolecular aminoalkylation process starting from 2-[1-(ω-
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nitroalkyl)-1H-indol-3-yl]ethylformamides 34 (Scheme 28). Compounds 35 are promising starting materials 

for indole alkaloid synthesis.67 

 In principle, the asymmetric version of the BN reaction is carried out by combining the process with: 

(i) the stereoselective reduction of a 1-substitued 3,4-dihydro-β-carbolinium salt possessing a chiral 

auxiliary, (ii) nucleophilic additions to N-substituted-β-carbolinium salts, or (iii) by catalytic asymmetric 

hydrogenation with chiral organometallic complexes of the iminium salt. These approaches have been used 

mainly in tetrahydroisoquinoline synthesis, although some examples have appeared in the literature with  

β-carbolines. Thus, L-(+)-tartaric acid has proved to be an effective chiral precursor in the asymmetric 

synthesis of β-carboline derivatives. Cyclization of amide 36 was carried out under modified BN conditions 

which consists of a conversion of the amide into a thioamide followed by methyl iodide-assisted 

cyclization.68 The catalytic hydrogenation of 37 and acetylation of the intermediate gave compound 38 in 

70% yield which was transformed into 39 (Scheme 29).69 
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 An example of asymmetric hydrogenation of the intermediate iminium salt was used recently for the 

synthesis of several natural alkaloids (Scheme 30). Thus, the condensation of butyrolactone with tryptamine 

afforded hydroxyamide 40 in 78% yield. Its subsequent treatment with POCl3 gave unstable iminium salt 41 

which was subjected to asymmetric transfer hydrogenation using (S,S)-42 as the catalyst giving  

(+)-harmicine in 81% chemical yield.70 
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 With certain formamides, an anomalous result was observed under BN reaction conditions. When  

L-N-formyl tryptophan methyl ester 43 was treated with POCl3 at room temperature or under microwave 

irradiation, the unusual formation of β-carboline dimers 44 and 45 was observed (Scheme 31). Dimers 44 

and 45 were acetylated separately with Ac2O, both affording β-carboline 46.71 
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2.3. Organometallic based methods 

 The limitations of PS and BN procedures, such as the requirement of harsh conditions and a restricted 

applicability to the synthesis of 4-substituted-tetrahydro-β-carbolines have encouraged the development of 

new and milder complementary protocols for the synthesis of polycyclic β-carbolines. Organometallic 

catalyzed reactions, mainly carbon-carbon coupling processes for the functionalization of indoles at C3 are 

the most used. Before addressing those contributions, a few works appeared using copper iodide to activate 

the cyclization of 3-alkynyl-2-tert-butylindolimines. Thus, a variety of 3-substituted β- and γ-carbolines 

have been synthesized from N-substituted-3-iodoindole-2-carboxaldehydes and 2-bromoindole-3-

carboxaldehydes, respectively. Two different approaches were developed. The first one consisted of 

coupling of aldehydes 47 with various terminal acetylenes to afford the corresponding alkynylindole 

carboxaldehydes 48, and then conversion to the corresponding tert-butylimines and cyclization to  

β-carbolines 49 by either copper-catalyzed or thermal processes.72 In the second approach, the palladium-

catalyzed annulation of internal and terminal acetylenes by the pre-formed tert-butylimines 50 gave a 

general entry to β-carbolines 51. This latter method gives two regioisomers of 51 when an unsymmetrical 

internal alkyne is employed (Scheme 32).73 
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 Synthetic alternatives to the PS and BN reactions involving intramolecular alkylation of indoles at the 

C3 position are a promising complement for the synthesis of 4-substituted-β-carbolines. The first example of 

this C4-C4a disconnection was reported by Widenhoefer who obtained tetrahydro-β-carbolinone 53 by 

cyclization/carboalkoxylation of alkenyl indole 52 in the presence of palladium catalysts and 3 equivalents 

of Cu salts (Scheme 33). The protocol proceeds by a chemoselective 6-exo-trig ring-closure.74 
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 A similar procedure but without carbonylation was developed by Broggini. His group has described 

numerous versions of Pd-catalyzed intramolecular cyclizations, such as intramolecular Heck cyclization 

from the corresponding 3-iodo-1H-indole-2-carboxylic acid allyl-amides and 2-iodo-1H-indole-3-carboxylic 

acid allyl-amides.75 In a more recent work, these authors described a catalytic amination of a nonactivated 

double bond. Indole 2-carboxamide derivatives 54 underwent palladium-catalyzed intramolecular 

cyclization reactions to afford β-carbolinones 55 or pyrazino[1,2-a]indoles 56 according to different reaction 

pathways. Using PdCl2(CH3CN)2 as catalyst and benzoquinone as reoxidant the reaction switched to the 

alternative cyclization path, giving β-carbolinone 55 as the predominant or exclusive product (Scheme 34).76  
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 Palladium-mediated intramolecular Heck cyclization was used as a new access to the tetracyclic 

tetrahydro-β-carboline framework of the ajmaline/sarpagine alkaloids (58). An aza-Diels-Alder reaction of 

2-iodo-3-indole-acetaldehydes in the presence of zinc triflate [Zn(OTf)2] was used for the synthesis of the 

starting 2-(2-iodoindolylmethyl)-4-pyridones 57 (Scheme 35).77 
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 The group of Bandini and Umani-Ronchi has been very active in the development of intramolecular 

Michael-type FC reaction for the synthesis of 4-substituted-tetrahydro-�-carbolines. They first reported on 

the effectiveness of InBr3 as a Lewis acid catalysing intramolecular FC-type Michael conjugate addition of 

indole to enones giving racemic 4-functionalized-tetrahydro-β-carbolines.78 Cross-metathesis reactions were 

used as a direct route to the cyclization precursors. Then, a stereocontrolled version of this cyclization using 

[salenAlCl] was carried out (ee of less than 27%) (Scheme 36).79  
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 The same group developed a Pd-catalyzed intramolecular allylic alkylation as an alternative procedure 

to conventional FC strategies. The optimized catalytic conditions allowed intramolecular allylic alkylation of 
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indolyl carbonate 59 with high yield that furnished regioselectively 4-vinyl- tetrahydro-β-carbolines 60 

(Scheme 37).80 

 The hot field of gold catalysis has recently entered the β-carboline chemistry. As gold salts are prone 

to coordinate with triple bonds, Padwa’s group used a series of N-propargylindole-2-carboxamides 62 in 

AuCl3-catalyzed cycloisomerization reactions to give β-carbolinones 63 in high yield. The corresponding  

β-chlorocarboline derivative was prepared and used for Pd(0)-catalyzed cross-coupling chemistry directed 

toward the synthesis of lavendamycin analogues 64 (Scheme 38).81  
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2.4. Construction of the pyrrole ring 

 Most synthesis of the β-carboline system start from preformed indoles. However, some examples of 

the construction of the pyrrole ring as the key step for the synthesis of β-carbolines have appeared in the 

literature. The early examples by Queguiner82 and Boger83 used amination reactions catalyzed by palladium 

salts to cyclize biaromatic compounds of type 65 (Scheme 39). These contributions are covered in previous 

reviews.23 
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 A similar approach was used for the synthesis of two naturally occurring β-carbolines, 6-methoxy-2-

methyl-1,2,3,4-tetrahydro-β-carbolines 66, using a Stille-type coupling, followed by a palladium-phosphine 

catalyzed N-heteroannulation as the key steps (Scheme 40).84  
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 More recently, (S)-brevicolline was synthesized in six steps from (S)-nicotine including a 

regioselective trisubstitution of the pyridine ring of nicotine, followed by successive Suzuki cross-coupling 

and Buchwald amination reactions. All along this synthesis, the configuration on the pyrrolidine ring was 

retained (Scheme 41).85 A complementary approach used bromoenaminones derived from 1-substituted-3,5-

piperidin-3,5-diones to reach 4-oxo-tetrahydro-β-carbolines via a palladium catalyzed cyclization.86 
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 Engler developed a new route to oxygenated carboline platforms. The process involved a Lewis acid 

directed cyclocondensation of piperidone enol ethers with 2-methoxy-4-(N-phenylsulfonyl)-1,4-

benzoquinoneimine. This new indole approach was extended to the synthesis of β-carbolines starting from 

suitable functionalized substrates. The procedure needs the use of excess amounts of TiCl4:Ti(OiPr)4 

(Scheme 42).87 
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 Fischer indole synthesis with piperidine substituted hydrazines constitutes a classical alternative to 

these methodologies. In a recent example, 4-oxo-β-carboline derivatives were obtained by indolization of 

enehydrazine of 1-tosylpiperidine-3,5-diones (Scheme 43).88  



 236 

X

NHNH2·HCl
N

O

O Ts

NaOAc X

NHNH
N

O

Ts
N

N
H

Ts

X O

+
AcOH

rt

BF3·OEt2

(CHCl2)2
120 °C

X= H, Me, Cl, OMe, NO2
61-73% 28-84%

 

Scheme 43 

 

 In a very recent contribution a hydroformylation/Fischer indole synthesis, two component one-pot, of 

2,5-dihydropyrroles and phenylhydrazines allowed access to tetrahydro-β-carbolines in moderate to good 

yields. As the building blocks were highly functionalized, flexible determination of the substitution pattern 

in the products is possible. The reaction sequence was regioselective in the hydroformylation step and 

selective in the migration of one of the two available positions (Scheme 44).89 

 

N

R

PG +

NHNH2

R1

[Rh]

CO/H2, H+
N
H

N
PG

R

N

N
H

PG
R1

R

N

N
H

PG
R1

R

+

 

Scheme 44 

 

2.5. Cycloaddition methodologies 

 Some methods have used cycloaddition strategies to prepare the β-carboline system. Thus, Snyder has 

developed a cycloaddition reaction of indoles with 1,2,4-triazines tethered from C3 to the indole nitrogen 

through an urea linker. The intramolecular inverse electron demand Diels-Alder cycloaddition gave the  

β-carboline (Scheme 45).90 The same group used this strategy to access the canthine skeleton.91 
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 More recently, a microwave-mediated protocol for the one pot synthesis of the canthine alkaloid 

skeleton was developed. The method provided high yielding access to a number of canthine and canthin-6-

one alkaloids, reducing reaction times 10- to 700-fold over conventional thermal methods (Scheme 46).92 

 

2.6. Other strategies 

 A couple of works have appeared in recent years that use the C1-N2 disconection for the synthesis of 

the β-carboline unit. Thus, functionalized imidazolo-β-carboline ring systems 71 were constructed based on 

thermally or copper induced ring closure of ethyl 3-(4-amino-1-benzyl-1H-imidazol-5-yl)-1H-indole-2-

carboxylate 70 (Scheme 47). Synthesis of 69, precursor of 70, was envisaged through coupling of 

imidazolostannane 68 with 3-iodoindole 67.93 
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 The same approach was combined recently with an elegant synthesis of the starting materials. Indole 

and several C2 funtionalized indoles were condensed with oxiranes, vinyloxiranes, aziridines and 

vinylaziridines in the solid state on the silica’s surface. The yields of these reactions were superior to those 

carried out with Lewis acids in solution. This solid-phase aziridine opening was a key step in the synthesis of 

a β-carbolin-1-one mimic of pancratistatin (Scheme 48).94 
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 We have already seen that the synthesis of 4-oxygenated β-carbolines is not easy, because the classical 

synthetic methods such as PS or BN reactions could not be applied. In addition to other approaches 

commented above, starting from elaborated indoles 72, an acid mediated cyclization of 73 gave a series of  

4-oxo-tetrahydro-β-carbolines 74 which were further oxidised (Scheme 49).95 
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 There are a few routes in which electrocyclization reactions have been used for the synthesis of  

β-carbolines. Early examples by Molina used a tandem aza-Wittig/electrocyclic ring closure process to form 

1-phenylacetyl-β-carboline (Scheme 50). The methodology was applied for the synthesis of the alkaloid 

xestomanzamine.96  
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 More recently, electrocyclization reactions of monoazahexatriene systems were used as key steps for 

the synthesis of harman, harmine and their derivatives (Scheme 51).97 
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 Hiemstra and Rutjes recently reported the use of low loadings of Sn(OTf)2 as a catalyst for the 

formation of �-vinyl-substituted isoquinolines and �-carbolines in good yields via the allylic N-sulfonyl-

iminium intermediate 75 (Scheme 52).98 
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 The use of diketoindoles in the synthesis of carbazoles and β-carbolines was described by Cuny. The 

starting materials 76, prepared by Friedel-Crafts acylations of 3-substituted indoles, were converted into  

β-carbolines 77 in good yields (Scheme 53). This method also allowed for the formation of 4-substituted  
β-carbolines.99 
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 Some syntheses of the β-carboline system use the N2-C3 disconnection approach, generally featuring 

an intramolecular nucleophilic substitution reaction of a good leaving group situated at C3.100 

 

3. Transformations of ββββ-carbolines 

 Once we have reviewed the main methods for the construction of the β-carboline motif, it is interesting 

to consider the most significant transformations of these compounds. Obviously, β-carboline containing 
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natural products. Here we will show a few representative modifications of this system and we will focus on 

the transformation of the β-carboline system into other heterocycles or synthetically useful compounds, i.e. 

those cases in which the β-carboline is used as synthetic intermediate. 
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 Although the construction of tetrahydro-β-carbolines with substitution in positions 1-3 can be 

conveniently accomplished by adopting the PS or BN cyclization, obtaining 4-functionalized-tetrahydro-β-
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carbolines still often requires multistep procedures. A new entry into 4-substituted derivatives was achieved 

by the introduction of the N,N-dimethylsulfamoyl moiety as a stable but easily removed blocking group for 

the 9-N position of 3-carboxy-β-carbolines. This allowed the preparation, via ortho-directed metalation 

techniques, of 4-substituted derivatives. As an example, the combination of ortho-directed metalation, 

palladium-catalyzed cross-coupling and SmI2-promoted removal of the 9-N-protecting group was used to 

prepare 4-amino-3-carboxy-β-carboline derivatives (Scheme 54).101 

 In this context, Busacca described a useful approach to the preparation of 4-aryl, 4-alkyl and  

4-carboxylate carboline derivatives via Pd-mediated cross-coupling of arylboronic acids and Grignard 

reagents to β-carboline 79. This compound was obtained from 78 by selective oxidation of THBC and 

aromatization of the pyridine (Scheme 55).102 
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 A few dipolar cycloadditions have been reported. Thus, azomethine ylides derived from β-carbolines 

can be effectively generated by fluoride ion-induced desilylation of 2-N-[(trimethylsilyl)methyl] triflate 

salts. These ylides undergo in situ [3+2] dipolar cycloaddition reactions with electron-deficient olefins and 

acetylenes to give indolizino[8,7-b]indoles (Scheme 56). Yields of cycloaddition products were only 

satisfactory using 3,4-dihydro-β-carbolines and the reaction gave most times mixtures of regio- and 

diastereomers.103 
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 Recently, 1,7-electrocyclization of azomethine ylides was used to afford benzo[5,6]azepino[2,1-a]-β-

carbolines from 1-vinyl-2-substituted-dihydro-β-carbolinium ions.104 
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 One of the first reports regarding these cycloadditions was the 1,3-dipolar cycloaddition reaction of 

3,4-dihydro-β-carboline 2-oxide 80 with different dipolarophiles giving mixtures of cis and trans 

cycloadducts.105 The authors have published recently a NMR study on the thermal stereo-isomerization 

between cis and trans 1,3-di-cycloadducts 81 (Scheme 57).106 
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 β-Carbolines obtained through a PS reaction were further functionalised using Pd catalyzed reactions 

with allene and with carbon monoxide providing rapid access to a range of tetrahydro-β-carboline 

derivatives via intramolecular trapping of intermediate π-allyl- and acyl-palladium(II) complexes by the 

indolic or secondary amino moieties. Fused azepine and δ-lactam derivatives were synthesized (Scheme 

58).107 
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 Another approach devoted to the formation of additionally fused cycles to the β-carboline is the 

cyclization of nitro-aryl substrates using SnCl2 (Scheme 59). The mechanistic course of the reaction suggests 

the involvement of a hydroxylamine intermediate leading to an intramolecular cyclization via N-N bond 

formation.108 
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 The synthesis of fused polycyclic-nitrogen containing heterocycles to the β-carboline system via 

cascade cyclization was carried out by condensation of 1-(2-aminophenyl)-9H-β-carboline-3-carboxamide 

with isothiocyanates followed by in situ treatment of the resulting thioureas with HgCl2 (Scheme 60).109 
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3.1. Oxidations  

 The Winterfeldt reaction is an important transformation that converts β-carbolines into 

pyrroloquinolones, a structure present in numerous biologically active compounds. This reaction is generally 

carried out with strong bases such as NaH or KOt-Bu.110 Substrates bearing functional groups sensitive to 

strong bases can be oxidised following a recently reported procedure, which uses potassium superoxide. This 

alternative oxidation reagent was found to be superior to the original Winterfeldt protocol for base-sensitive 

substrates (Scheme 61).111 
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3.2. Reductions 

 Many natural products contain 1-substituted-β-carbolines and thus synthesis of enantiomerically pure 

forms of these products have been an important synthetic challenge. Two main strategies are found in the 

literature: asymmetric alkylation of C1 using organocatalytic methodologies or from β-carbolines bearing 

chiral auxiliaries, or asymmetric hydrogenation, which offers one of the most versatile and elegant tool with 

respect to selectivity, generality and atom efficiency. Tietze reported a desymetrization approach in which 

simple racemic C1 substituted-tetrahydro-β-carbolines were oxidised with potassium permanganate and 

hydrogenated in formic acid/triethylamine with the Ru catalyst 82. The products were obtained in good 

yields and 95–99% ee. Since both (R,R)-82 and (S,S)-82 are available, (1S)-tetrahydro-β-carbolines as well 

as their enantiomers can be prepared (Scheme 62).112 
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 Indeed, catalytic transfer hydrogenation has been well established by Noyori’s group113 and others114 

for the synthesis of tetrahydro-β-carbolines. These ruthenium-catalyzed transfer hydrogenation of dihydro-β-

carboline imines in the presence of Noyori or Noyori-based catalysts give enantioselectivities of >99% ee 

with formic acid as the hydrogen source. Furthermore, Morimoto reported the catalytic reduction of similar 

substrates with molecular hydrogen in the presence of iridium diphosphane complexes, reaching 95% ee.115 

In a very recent report, different dihydro-β-carboline derivatives were submitted to rhodium-catalyzed 

asymmetric hydrogenation in the presence of chiral phosphorus ligands (Scheme 63). Enantioselectivities of 

up to 99% ee were obtained after ligand screening and optimization of the reaction conditions.116  
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 An alternative to the above methods is the asymmetric reduction of dihydro-β-carboline derivatives to 

the corresponding tetrahydro-β-carboline based on the supramolecular complex formed from 

calix[6]arene/chiral amine as an enzyme mimetic and NaBH4 as the reducing agent (Scheme 64).117 
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3.3. Stereoselective alkylations 

 The alternative way to reach enantiomerically enriched or pure tetrahydro-β-carbolines is to effect an 

asymmetric alkylation. Early examples included nucleophilic addition of chiral enolates to iminium ions 

bearing chiral groups (Scheme 65).118 

 

N

N
H H

PhCl2

H

Me

N

N
H

PhCl2

H

Me

X
N

CO2R

P

P

*

*

P

N

O
M

P OR*

P= protecting group
R*= (-) or (+)-8-phenylmenthol
M= Li, Na, SiMe3, SitBuMe2

22-59%

 

Scheme 65 
 

 Another chiral auxiliary, this time derived from 2,3,4,6-di-O-isopropylidene-2-keto-L-gulonic acid, 

was used to induce asymmetry and activate the lithiation of C1 and subsequent alkylation with alkyl halides 

giving 1-substituted-tetrahydro-β-carbolines (Scheme 66).119 
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 Similarly, β-carbolines acylated at N2 with a proline derived group gave diastereoselectively 1-allyl-

1,2,3,4-tetrahydro-β-carbolines upon reaction with allyltributyltin as reported by Itoh. The stereochemical 

outcome of this reaction was reversed using tetrallyltin, giving an entry into both enantiomers of  

1-allyl-1,2,3,4-tetrahydro-β-carboline after elimination of the chiral auxiliary and reduction.120 A similar 

chiral auxiliary, i.e. a pyroglutamic acid was also linked to the N9 position. In this case, reaction with a silyl 

enol ether in the presence of 2,2,2-trichloroethyl chloroformate gave 1,2-addition product 83 (Scheme 67). 

Changing the protecting group of the pyroglutamic ring from alkyl to acyl lead to the opposite configuration 

of the final product.121 Enantioselective syntheses of various alkaloids were carried out using this 

methodology.122 
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Finally, the same group developed an organocatalyzed version of their approach. Asymmetric 

reactions catalyzed by metal-free chiral organic compounds have become a rapidly expanded research area 

in organic synthesis being the proline-catalyzed asymmetric reaction among the most useful processes. Thus, 
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they performed a catalytic asymmetric addition reaction of 3,4-dihydro-β-carbolines using (S)-proline as the 

chiral catalyst reaching high chemical yields and ee. In the process, a small amount of water was found to 

affect the stereoselectivity of the products (Scheme 68).123 
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the enyne 84, was described. The compound 85 may serve as a key structural subunit in the synthesis of 

complex indole alkaloids of the Sarpagine and Ajmaline families (Scheme 69). 
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 We have shown recently that enynes and dienynes, based on the β-carboline system, give metathesis 

products with ruthenium catalysts. The enyne RCM of compound 86 resulted in the formation of the pyrrole 

88 in addition to the desired diene (Scheme 70).126 
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3.5. Reactions with activated alkynes 

 Tetrahydro-β-carbolines react with activated alkynes giving interesting rearrangements that lead to 

other heterocyclic systems. In an early report of this reactivity, compounds 89 reacted with one molecule of 

activated alkyne (dimethylacetylenedicarboxylate) to give, depending on the solvent, either enamines 90 or 

heterocyclic derivatives 91,92 (Scheme 71). The enamines 90 can be quantitatively transformed into 91,92. 

The application of acidic or basic catalysis determined the position of the double bond in the pyrrole ring.127 
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 Voskressensky has reported various reactions of tetrahydro-β-carbolines and other heterocycles with 

activated alkynes. Thus, tetrahydro-β-carbolines produced biologically active tetrahydroazocino 

[4,3-b]indoles 93,94 directly upon treatment with dimethyl acetylenedicarboxylate or ethylpropiolate in 

ethanol, respectively (Scheme 72). The reaction begins with the nucleophilic attack to the alkyne that 

behaves as a Michael acceptor and subsequent reaction of the intermediate with carbon α to the nitrogen at 

the carboline system. This transformation required the presence of methanol to stabilize the intermediate.128 
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 We have shown recently that vinylpyrrolo-[2,1-a]-β-carbolines 95 give different products upon 

reaction with dienophiles. With dimethyl acetylenedicarboxylate, a novel domino process takes place, 

involving Michael attack and rearrangement, affording complex polycycles like 96 and 97. Diels-Alder 

cycloadditions are favored in the presence of Lewis acids and are the only reactions with dimethyl maleate. 
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When 3-butyn-2-one is used as dienophile, a Stevens rearrangement is observed giving product 98 (Scheme 

73).129 
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3.6. ββββ-Carbolines as chiral ligands 

 1,2,3,4-Tetrahydro-β-carboline amino acid esters, derived from a natural alkaloid, act as chiral ligands, 

in the addition of diethylzinc to benzaldehyde. The enantioselectivities of the resulting 1-phenyl-1-propanol 

were, in most cases, related to the conformational populations of the free ligand (Scheme 74).130 
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4. Total syntheses of natural alkaloids containing the ββββ-carboline system 

 It is not the aim of this review to cover the vast number of reports dedicated to the total synthesis of 

natural products, mainly indole alkaloids, containing the β-carboline skeleton. We will just outline some 

very recent and impressive syntheses, highlighting the methodology used for the construction of the  

β-carboline and we will summarize the literature dedicated to the total syntheses of β-carboline alkaloids of 

the last ten years.  

 The total synthesis of several members of the vinca and tacaman classes of indole alkaloids has been 

accomplished recently. The central step in the synthesis consists of an intramolecular [3+2]-cycloaddition 

reaction of a α-diazo indoloamide which delivers the pentacyclic skeleton of the natural product in excellent 
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yield. A base induced keto-amide ring contraction was utilized to generate the E-ring of the natural product 

(Scheme 75).131 
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In another recent contribution, a stereoselective total synthesis of suaveoline and norsuaveoline was 

presented. Central features of the synthetic strategy were the conversion of L-tryptophan methyl ester 99 into 

the oxazole derivative 100, subsequent BN reaction to give 101 and the intramolecular Diels-Alder reaction 

of the oxazole-olefin 102 leading to the pentacyclic pyridine derivative suaveoline whith 10% overall yied 

(Scheme 76).132  
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A BN reaction was also the choice for the construction of the β-carboline in a total synthesis of the 

corynanthe alkaloid dihydrocorynantheol and the formal syntheses of the indole alkaloids tacamonine, 

rhynchophylline and hirsutine. The strategy comprised the construction of variously substituted piperidinone 

D-rings via RCM followed by a 1,4-addition of organocuprates to introduce the requisite side chain at C15 

(Scheme 77).133 
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In a recent total synthesis of (+)-milnamide A, the key feature was the high-yielding preparation of  

β-carboline amino acid 106, which is made possible through the facile oxidative rearrangement of oxazoline 

103 to the corresponding substituted dihydrooxazinone 104, which was cyclized into 105 trough a reduction-

PS reaction sequence (Scheme 78).134 

Other total syntheses appeared in the last decade are: a biomimetic, enantioselective synthesis of the 

sarpagine alkaloids (+)-Na-methylvellosimine,135 (+)-Na-methylsarpagine, (+)-majvinine and (+)-10-

methoxyaffinisine,136 and the synthesis of (� )-bengacarboline,137 (� )-tangutorine,138 (–)-raumacline,139  

(� )-strychnofoline,140 chrysotricine,141 eudistomidin-A142 and arborescidines A, B and C143 (Figure 14). 
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 Finally, the synthesis of manzamines (Figure 15 shows representative examples), a marine group of 

alkaloids, received considerable synthetic attention some years ago.144 

 

5. Conclusions 

 Over the years, the tetrahydro-β-carbolines and the β-carboline systems have been found in a 

widespread of natural products, with intriguing and useful biological activities. In recent times, new 

compounds are being isolated and characterized and their potential activities being explored, while relatively 

simple synthetic β-carbolines are found to possess biological activities previously unknown for these 

structures. These facts explain the great interest in developing efficient synthetic and functionalization 

strategies for these heterocycles. The traditional PS and BN reactions continue to find use, especially under 

newly developed reaction conditions, and in catalytic/asymmetric versions. Increasing utility is being found 

for new methods like those based on organometallic catalysis. The functionalization of the β-carboline 

system and its use as synthetic intermediate for the synthesis of more complex heterocycles have reached a 

mature state with the use of various reactions like carbon-carbon coupling, RCM, diverse cycloadditions and 

stereoselective organocatalytic functionalizations. The most exciting future will deal with catalytic new 

synthesis of β-carbolines, with focus on tandem reactions, and their application to the total synthesis of 

natural products. On the other hand, biological evaluation of β-carbolines will continue to give exciting 

surprises and new drug candidates. 
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Abstract. In this paper, methods available for the synthesis of meso-substituted porphyrins will be reviewed. 

Nowadays, most of the meso-substituted porphyrins are synthesized according to one of two methodologies: 

condensation reaction of pyrrole with the corresponding aldehyde followed by cyclization to the 

porphyrinogen and subsequent oxidation to the corresponding porphyrin in just one pot; or condensation-

cyclization reaction of pyrrole with the corresponding aldehyde in one step, followed by the oxidation of the 

porphyrinogen to the corresponding porphyrin using different oxidizing agents, in a separated step. Clearly, 

the production of sustainable products contributes to economic profit for innovative enterprises and thereby 

affords an opportunity for competitive advantage compared to production and marketing in old-fashioned 

concepts. Some new approaches of meso-substituted porphyrin synthesis using more sustainable chemical 

processes, avoiding the use of chlorinated solvents and/or the use of inorganic acids as catalysts, is also 

described. In this review we will focus on the landmark methods until 2000 and in more detail the papers 

between 2001–2008. 
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1. Introduction 

Porphyrin chemistry has grown significantly in the last two decades, owing to its multiple applications 

in several fields, including new materials,1 solar energy conversion,2 medicine3 and catalysis.4 

 This review does not intend to be an extensive compilation of all the papers so far published, because 

it has been widely covered in books5,6 and several recent reviews7–9 on the development of meso-porphyrin 

synthesis. 



 259 

 Since Lindsey10 has provided an excellent review in “The Porphyrin Handbook”  (2000), this paper will 

focus primarily on examples published since then. 

 Metalloporphyrins and derivatives perform an enormous diversity of functions in live systems. They 

are the essential pigments in the transportation of oxygen by hemoglobin in the oxidative degradation of 

drugs, by cytocrome enzyme P-450, and in the photosynthetic processes, by green plants.11 

 There are two accepted nomenclature systems for porphyrins. Hans Fischer12 proposed a simple 

numbering system where the β-pyrrolic positions are numbered from 1–8 and the α,β,γ,δ positions are called 

meso positions (Scheme 1A). The Fischer nomenclature system leaves several carbon atoms unassigned in 

more complicated structures, so, IUPAC has subsequently adopted another system13 which involves the 

serial numbering of all carbon atoms (Scheme 1B). Since many steps are involved in the synthesis of the 

majority of natural porphyrins, the most useful compounds for large scale applications are the artificial ones 

with substituents in the meso positions and, in most cases, with β-positions free (Scheme 1A).  

 

�

�� �

��

�

��

�

�

��������������

�

�

�

�

�

	




�

�

�
�

�

�
	

� 

�

�� �

�

��
��

����

�

�	
���


��
��

�

��

�� ��

����

� �

�

�

�

�

�

	

����������

��
��

��

 
Scheme 1 

 

 So, there is an increased interest in the development of meso-substituted porphyrin synthesis. They can 

be used as ligands of metal ions, as biomimetic catalysis,14–17 in the photodegradation of pollutants18,19 and 

also for therapeutic purposes.20–23 

 Advancing knowledge of the so-called Rothemund24,25 reaction to broaden its applicability as an 

efficient preparative method is still a challenge. The principal attraction of finding a synthetic solution to 

building the meso-tetrapyrrolic macrocycles is the fact that the necessary raw materials are the inexpensive 

pyrrole and an aldehyde. Through a sequence of condensation reactions, these compounds would cyclize to 

give the porphyrinogen that can be oxidize into the respective porphyrin. The various easy and cheaper 

synthetic methodologies for meso-substituted porphyrins, so far developed, have opened the way for their 

large scale synthesis and potential industrial application.  

 This paper presents a comparative review of the different synthetic strategies used for the synthesis of 

meso-substituted porphyrin derived from monopyrrole.  

 

2. Meso-substituted porphyrin synthesis 

2.1. One-pot synthesis 

In a pioneering work, Rothemund24 (1935) described the preparation of symmetric porphyrins by 

simple condensation of pyrrole with the appropriate aldehyde dissolved in pyridine/methanol, under 

anaerobic conditions, heated at 100 ºC in a sealed tube. According to the author, these conditions allowed 

him to obtain 25 new porphyrins with different substituents in the meso positions (Scheme 2A). This strategy 

became a landmark in meso-porphyrin synthesis but not to the degree that its author initially expected, 
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because the yields were always very low, except with benzaldehyde. Rothemund quickly realized that only 

the condensation reaction of pyrrole with this aldehyde yields satisfactory and reproducible results (10% 

yield).26 However, in this work the author reports finding 10–20% of an unidentified isomeric porphyrinic 

contaminant. Later on, in the meso-tetrakisphenylporphyrin (TPP) synthesis, Calvin showed, for the first 

time, that the contaminant was not the isomeric porphyrin, claimed by Rothemund, but the corresponding 

reduced product, chlorin.27,28 He observed that the amount of chlorin is not only strongly dependent on the 

temperature but also on the presence of metal salts. He also observed that, when the condensation of pyrrole 

with benzaldehyde is carried out in the presence of zinc acetate using pyridine as solvent, better TPP yield is 

obtained without chlorin contamination. In this work, Calvin also gave a remarkable contribution for the 

quantification of the amount of chlorin in a mixture of porphyrin/chlorin using the UV-visible spectra of the 

zinc porphyrin and zinc chlorin metal complexes.29 Adler’s contribution30–32 to the definitive establishment 

of the Rothemund reaction as a potential synthetic method should be emphasized. He observed,31 for the first 

time, that the yields are considerably better when the reaction occurs in acidic medium. Mixing equimolar 

amounts of pyrrole and benzaldehyde in propionic acid and heating it to the reflux temperature, the TPP 

directly precipitates with yields of ~20%, despite being contaminated with about 10% of the corresponding 

chlorin (Scheme 2B).  
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A. Rothemund's reaction conditions: pyridine/methanol; 115 °C; sealed tube.
B. Adler's reaction conditions: propionic acid; 130 °C; air.  

Scheme 2 
 

 Meanwhile, despite this work by Adler being the fundamental contribution for obtaining a true TPP 

synthetic method, he did not arrive at the universal solution for meso-tetrasubstituted porphyrin synthesis. 

Using the conditions he described, it was still impossible to obtain porphyrins in reasonable yields through 

the pyrrole condensation reaction with a large number of aldehydes, viz., alkyl and orto-substituted 

arylaldehydes. The methods of chlorin oxidation to the corresponding porphyrins were slow and an 

expensive reflux with DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) or chloranil (2,3,5,6-tetrachloro-1,4-

benzoquinone) taking several hours, are required.33,34 Despite that, Adler’s methodology paved the way for 

the synthesis of a large number of porphyrins, as can be seen by the original paper having more than 1500 

citations and being well reviewed by Lindsey.10 Table 1 gives selected examples of aldehydes that have been 

condensed with pyrrole to yield the corresponding meso-tetraarylporphyrin via Adler’s synthetic 

methodology, published since 2000. 
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Table 1. Selected examples of meso-tetraarylporphyrin synthesis using Adler’s methodology. 
Aldehyde Yield (%) Reference 

 

 

      

20–25 35 

 
72 36 

 

6 
 

9.3 

37 
 

a)  

5 38 

a)  

4–8 39,40 

a)  

b) 41 

a)  

25 42 

a)  

3 43 

a)  

b) 44,45 

a)  

b) 46 

a)Condensation of pyrrole with the appropriate mixture of aldehydes A+B. 
b)Yields are not available. 
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 It is well established that the appropriate substituents of meso-tetraarylporphyrins, for catalytic studies, 

are bulky groups on the o-positions of the phenyl ring to avoid µ-oxo or µ-peroxo dimer formation on 

oxygenation.47 In order to attain new oxidation catalysts, different authors set out to develop the synthesis of 

meso-tetramesitylporphyrin (TMP), meso-tetra(2,6-dichlorophenyl)porphyrin (TDCPP) and meso-tetra- 

(2,6-dimethoxyphenyl)porphyrin (TDOMePP) (Scheme 3). 
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Scheme 3 

 

 Badger48 made the first attempt to prepare TMP by modifying the Rothemund procedure using 

pyridine, mesitaldehyde and pyrrole in the presence of zinc(II) acetate, as template. Only 1% of TMP was 

obtained and it was always contaminated with a large amount of the corresponding chlorin. Other 

modifications have been tried by Traylor49 and Meunier,50 replacing pyridine by 2,4,6-collidine in the 

presence of air (temperature of the reaction was 170 ºC) and using anhydrous zinc acetate. With these 

methods it was possible to obtain a 5.8% yield of TMP. Hill51,52 did a similar adaptation for the synthesis of 

TDCPP. In the modified method, 2,4,6-collidine was the solvent and the pyrrole condensation reaction with 

2,6-dichlorobenzaldehyde took place in the presence of zinc acetate at 160 ºC over 3 hours. The authors 

report achieving a maximum of 3.7% porphyrin yield concomitantly with the preferential formation of  

meso-[(2,6-diclorophenyl)-5,5’ -bis(dichlorobenzyl)]-dipyrromethene (Scheme 4). 
 

 
Scheme 4 

 

 Attempts in the Coimbra laboratory to obtain TDCPP through this method never led to the isolation of 

any porphyrin. The problem of TDCPP synthesis thus could not be solved satisfactorily in a reproducible 

way, to obtain the necessary amounts of porphyrin to carry out catalytic studies. The Coimbra group53a,b 

observed a beneficial influence of the presence of nitrated solvents, namely the nitrobenzene, in the one-pot 

Rothemund reaction. The experiment of making the pyrrole react with 2,6-dichlorobenzaldehyde in acetic 

acid/nitrobenzene (7:3) at a temperature of 120 ºC leads to the formation of porphyrin, that crystallizes 

directly from the reaction medium during cooling or after methanol addition, giving 5% of pure TDCPP 

(Scheme 5). 
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Scheme 5 

 
Table 2. Selected examples of meso-tetra substituted porphyrins synthesis 

using the nitrobenzene synthetic method. 
Aldehyde Yield (%) References 

 
20 54,55 

 

20 
9 
25 

54 

 

46 55 

 

78 
18 
45 

54,55 

 
27 55 

 

56 
9 
5 
22 

54,55 

 

37 55 

 
9 55 

 
 

13 
12 

55 

 

a) 56 
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10 
23 

54 
57 

b)  

5 
 

58 

 

40 59 

 

26 60 

 

 

7 
 
 
 

25 

61 

 

8 
 

15 

62 
 

63 

c)  

7–13 63 

b)  

a) 64 

 

a) 65–67 

 
20 68 

a)Yields are not available. 
b)Condensation of pyrrole with the appropriate mixture of aldehydes A+B. 
c)Condensation of pyrrole with the appropriate mixture of aldehydes A+B+C. 
 

 Given the favourable influence of the presence of nitrobenzene in the formation of the TDCPP, this 

new method was extended to the synthesis of other porphyrins.54,55 Using this synthetic strategy, the 

porphyrins generally crystallize directly from the reaction medium in pure form, without any contamination 

with the corresponding chlorins. Nitrobenzene/air at 120 ºC are efficient oxidants to promote the direct 
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transformation of the porphyrinogen to the corresponding porphyrins. Evidence of an electron transfer 

mechanism involving nitrobenzene, both as solvent and oxidizing agent in aromatization reactions, with 

concomitant reduction to N-hydroxyaniline and aniline is well documented.53 Simplex optimization was 

employed in order to achieve the best reaction conditions (valeric acid/nitrobenzene: 2.3/1; temperature:  

160 ºC) and meso-tetra(4-methoxyphenyl)porphyrin was obtained with 78% yield without any chlorin 

contamination. These advantages make the nitrobenzene synthetic method a really alternative to the 

previously described methodology for meso-porphyrin synthesis. Selected examples of meso-substituted 

porphyrins using this synthetic approach are listed in Table 2. 

 The synthesis of the meso-tetra(4-nitrophenyl)porphyrin with 22% of yield and of the meso-tetra- 

(4-carboxyphenyl)porphyrin with 32% of yield are good examples to show the potential of this method to 

solve the problem of inaccessible porphyrin synthesis under the conditions previously described in 

literature.69,70 The main advantages of the acetic acid/nitrobenzene method over the Adler conditions are the 

easy crystallisation of the porphyrins directly from the reaction medium and the total absence of chlorins in 

the final products. At higher temperatures nitrobenzene is not only a good inductor of crystallization of the 

porphyrins but also a good oxidant of the intermediates, porphyrinogen and/or chlorin to the corresponding 

porphyrins. 

 

2.2. Two-step meso-substituted porphyrin synthesis 

Despite the good synthetic approach obtained using one-pot Adler’s methodology, the synthesis of 

both, the meso-tetraalkylporphyrin and porphyrins with bulky substituents on the ortho-positions of the 

phenyl ring, was still a complicated synthetic problem until 1985. By that time, Gonsalves and Pereira71 had 

described a new synthetic strategy for the meso-tatraalkylporphyrin synthesis. The method consists of 

separating the condensation-cyclization step of pyrrole with aldehydes or acetals [using carbon tetrachloride 

as solvent and catalytic amounts of trifluoracetic acid (TFA) under inert atmosphere] from the oxidation step 

of the porphyrinogen into the corresponding porphyrins, using a stoichiometric amount of quinones (Scheme 

6A) or even by photochemical methods (Scheme 6B). 

 

 
Scheme 6 

 
 Later on, the two-step synthetic methodology was extended by Drenth72 and Lindsey73–75 to the  

meso-tetraarylporphyrin synthesis. In this method, the condensation of pyrrole with the desired 

arylaldehydes is carried out in mild reaction conditions using chlorinated solvents (CHCl3 or CH2Cl2), with 

strong acids as catalysts, using high dilutions under inert atmosphere. The use of a Lewis acid, as catalyst, 

allowed a significant improvement in the synthesis of porphyrins with bulky substituents in the ortho 

positions, attaining yields of 30% of TDCPP. This porphyrin is impossible to synthesize by Adler’s method31 

and yields of 5% were obtained with the nitrobenzene approach.54 The meso-arylporphyrinogens are 

oxidized into the corresponding porphyrins using high potential quinones, chloranil or DDQ, in a separately 



 266 

step, as for meso-tetraalkylporphyrins. The Lindsey’s method is now a strong landmark in meso-substituted 

porphyrin synthesis due to the quite good yields, so far achieved, and also because the final products do not 

show any contamination with the corresponding chlorins. The huge number of applications of meso-tetra-

arylporphyrins is a good reason for the high number of recent papers centred on the optimization of reaction 

conditions, to improve the overall yield of the two-step porphyrin synthesis, as well as to understand the 

reaction mechanism. It is well established that the two-step approach requires the optimization of two major 

aspects: i) the condensation of pyrrole with the aldehydes and preferential cyclization to the porphyrinogen 

stage and ii) oxidation of the porphyrinogen to the corresponding porphyrins. In the condensation of pyrrole 

with benzaldehyde, it was demonstrated by several authors41,76–88 and in particular by the extensive work of 

Lindsey,73–75,89,90 that the condensation process is very sensitive to the concentration and nature of the 

reagents, acid catalyst74,91,92 and also co-catalysts, such as ethanol77,93 or salts.94,95 Yields of TPP in the range 

of 5% up to 58% were obtained by selective modulation of these parameters and BF3-Et2O (1 mM) with 

NaCl (25 mM) and a solution of pyrrole (10 mM) and aldehyde (10 mM), using CH2Cl2 as solvent, are the 

best reaction conditions so far obtained for TPP synthesis.92 However, it should be emphasized that these are 

not general conditions and the optimized reactions are strongly dependent on the aldehyde and catalyst 

used.96  
 

 
Scheme 7 

 

 Several mechanistic studies have been carried out involving the chromatographic separation and 

characterization of the side products97,98 but, difficulties in the final interpretation of the results make almost 
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all of them inconclusive. It still has not been well established if the first step involves the condensation of 

pyrrole with benzaldehyde to give pirrylcarbynol (1) and phenyldipyrromethane (2), followed by ciclyzation 

into the corresponding porphyrinogen (3), or if it preferentially involves the autocondensation of 

pirrylcarbynol (1) to form the linear tetrapyrrolic (4) species, followed by cyclization into the desired 

porphyrinogen (3). 

 From Lindsey’s studies of TPP synthesis, evidence has been found for the formation of α-substituted 

tetrapyrrole oligomers that, on cyclization, yields the porphyrinogen (3) (Via A, Scheme 7) or alternatively it 

can pursue by condensation of pyrrole with pirrylcarbynol unit to form phenyldipyrromethane (2) (Via B, 

Scheme 7). The oligomers are indubitably critical intermediates in the formation of porphyrinogens and they 

can amount to 50% or more of the side products derived from the starting materials (Via C, Scheme 7). In a 

recent extensive study Lindsey97 employed laser desorption mass spectrometry (LD-MS) to complement 

other analytical methods for the characterization of oligomers. They observed the main oligomer peaks in a 

range of m/z 155–1900 and organized them in four series, based on the termini chain groups: i) a pyrrole 

terminus and an aldehyde terminus, [PA]n; ii) pyrrole units at both termini, [PA]nP; iii) aldehyde units at 

both termini, A[PA]n; iv) pyrrole groups at both termini series and internal 2,2’ -bipyrrole group, P[PA]nP. 

This study allowed the conclusion that the maximum yield of TPP and of oligomers is obtained 

concomitantly and in similar reaction times. With longer reaction times, the yield of porphyrins, and also of 

large oligomers, diminishes. This may be due to the reversibility of some steps of the polymerization 

process. Lindsey98 also analysed the direct condensation of phenyldipyrromethane with benzaldehyde, by 

LD-MS and obtained similar results to those obtained from the direct condensation of pyrrole with 

benzaldehyde, after 1 hour. However, in earlier reaction times longer oligomers were observed, suggesting 

that they can undergo cleavage during the reaction period.  
 

Table 3. Selected examples of meso-tetraarylporphyrin synthesis using Lindsey’s methodology. 
Aldehyde Yield (%) Reference 

 

 

 

33 
32 

 
 
 
 

15 
 
 
 
 

34 
33 

76 

 

7 77 
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30–54 79 

 
6 80 

 

25 81 

 
32 82 

 

48 83 

 
20 84 

 

17 85 

 

30 86 

 
3 87 

 
5.3 41 

 

41 88 

Br

MeO

CHO

Br

CHO
Br

MeO

 

22 
 
 
 

18 

99 
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a)  

10.5 100 

a)  

10 101 

a)  

11 102 

a)  

22 
 

103 

a)  

31 104 

a)

���

	 �

���

���

 

11 105 

a)  

18 
 

106 

a)Condensation of pyrrole with the appropriate mixture of aldehydes A+B. 
 

 On the other hand, in situ NMR studies of the condensation of pyrrole with alkylaldehydes undertaken 

by Gonsalves and Pereira71 (CCl4 as solvent and TFA as catalyst) showed the exclusive formation of 

dipyrrylmethane and porphyrinogen. From all these studies it is important to notice that despite the large 

number of papers so far published the optimization of meso-tetraarylporphyrin synthesis is still a challenge 

and a matter of great interest in the porphyrin scientific community. 

 Since an extensive review of the meso-tetraarylporphyrin synthesis was published by Lindsey10 in 

2000, we give here a set of selected examples obtained by Lindsey’s synthetic methodology, published in the 

period 2000–2008 (Table 3).  
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 The major drawback of this method, for the potential large scale application, is the use of very 

expensive quinones as oxidizing agents, very high dilutions, in the first step, and the elaborate and costly 

purification procedures needed to isolate the porphyrin. 

 The use of hydrogen peroxide, for the oxidation of the porphyrinogen into the corresponding 

porphyrins, is an interesting alternative for replacing the expensive quinones (Scheme 8).55 Recently, Serra107 

extended this method to the synthesis of brominated and iodinated derivatives of meso-tetraarylporphyrins 

bearing hydroxyl groups (Scheme 8).  

 

 
Scheme 8 

 

 Sharghi further developed the system to combine the mild reaction conditions of Lindsey’s method 

with the air oxidation of Adler’s methodology. This method allows the preparation of a large number of 

meso-tetraarylporphyrins, using PCl5
108 or CF3SO2Cl109 as catalyst and air as oxidant, at room temperature. 

These catalysts gave excellent activities to promote the condensation/cyclization reaction of pyrrole and 

aromatic aldehydes. The use of air, as oxidant, instead of high potential quinones allowed the synthesis of 

meso-tetraarylporphyrins bearing sensitive functional groups in the phenyl ring. The reported reaction 

conditions afford meso-tetraarylporphyrins in 20–65% yields. The authors observed that the condensation of 

the monomers, as well as the cyclization of the tetrapyrrolic oligomers, using CF3SO2Cl as catalyst, are 

irreversible reactions and claim that the main advantages of this method are the reasonable porphyrin yields 

with easy work-up and the use of air as oxidant. 

 Lu110 described the synthesis of meso-tetra(oligocarbazole)porphyrins using xylene as solvent and  

p-nitrobenzoic acid as catalyst for the condensation-cyclization reaction of pyrrole with the aldehyde of 

interest. The oxidation of the porphyrinogen to the corresponding porphyrins was carried out by air with  

18–26% of yield. 

 

3. Meso-tetraarylporphyrin synthesis using sustainable chemistry approaches 

The multitude of porphyrin applications, in the last few years, has transformed the interest of these 

compounds from purely academic to industrial processes. There is an increasing demand for development of 

new synthetic processes involving sustainable chemistry principles avoiding dangerous solvents, reactants 
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and excessive energy consumption.� It is very relevant to implement new, more selective and efficient 

synthetic methods with low environmental impact. In this section, we will address some new strategies to 

synthesize meso-porphyrins using alternative reaction media and catalysts.�

 

3.1. Solvent-free reactions 

A clean and efficient one step synthesis of meso-tetraarylporphyrins was described by Drain111 using 

pyrrole and aryl aldehydes in gas phase reaction, without the use of any organic solvent or catalyst.112 The 

pyrrole is slowly added into the reaction vessel where the aldehyde was submitted to temperatures 10–15 ºC 

above its boiling point. After 2 or 3 seconds a brown-purple vapor is formed and the porphyrins precipitate 

concomitantly with black tars. A wide variety of meso-substituted porphyrins have been synthesized by this 

method without contamination with chlorins, with yields ranging from 7 to 23%. The oxidation of the 

porphyrinogen into the corresponding porphyrin was made by air, since no porphyrin was obtained when the 

reaction was carried out under inert atmosphere. The use of one-pot porphyrin synthesis, in a solvent-free 

gas phase reaction, was also described by Krausz113 using charcoal, treated with nitric acid, as solid acid 

catalyst for the condensation of pyrrole with arylaldehydes (Scheme 9). The main limitation of these solvent-

free synthetic methods is the low stability of pyrrole at the high temperatures required, along with the high 

energy consumption.  

 

��� �����

� �� �

�� �

��

�

�

��� ����
�
�

� � ����� �� 

���!"�

�#$�%�"����!"�

�#��&�'&�"����!"�

�#%�'%#()%"����!"�

�#*��&'&���!"�

�#$�%�&+"���!"�

�#$�%�"�%��&���!"

�#�"'��"�

$��"%��

��

�

��

�	

�

�

�

�




 
Scheme 9 

 

3.2. Microwave synthesis 

Microwave-assisted processes have been recently used as a fast and clean tools for organic 

synthesis.114 The one-pot condensation of pyrrole with arylaldehydes using a very low quantity of propionic 

acid (modification of Adler’s method) followed by microwave irradiation in a very short time period (10–15 

min.) gave reasonable yields for a wide range of meso-tetraarylporphyrins.115–118 This microwave-assisted 

synthesis was also applied to obtain meso-tetrarylporphyrin via the nitrobenzene method.119 When equimolar 

amounts of pyrrole and arylaldehydes were dissolved in a very small amount of propionic acid/nitrobenzene 

followed by microwave irradiation (5 min.), the desired porphyrins were formed in good yields, without any 

contamination with chlorins (Scheme 10). These authors also described the efficient preparation of 

metalloporphyrins with very small amounts of organic solvents.  

 A new microwave-assisted method using iodine as catalyst was proposed by Krausz and co-workers120 

for meso-tetraphenylporphyrin synthesis. The two-step approach was optimized and the best reaction 
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conditions were equimolar amounts of pyrrole and benzaldehyde at 30 ºC and 100W of microwave 

activation, yielding 47% of TPP, after 21 minutes (Scheme 11). 
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Scheme 10 

 

 
Scheme 11 

 

 The microwave synthetic strategy presents three main advantages relative to previously described 

methods: i) it can be done in high concentration of pyrrole and aldehydes; ii) the contamination with the 

corresponding chlorins was almost zero; iii) reduction of energy consumption is attained due to the lower 

reaction times used. 

 

3.3. Ionic liquids 

Ionic liquids have been widely used as alternative solvents for promoting several organic reactions.121 

The two-step approach for porphyrin synthesis still present some critical aspects that need considerable 

attention, in particular the use of large amounts of chlorinated solvents and the use of toxic acids, as 

catalysts. Recently, Ishikawa122,123 proposed the use of an acidic ionic liquid to catalyze the condensation of 

pyrrole with benzaldehyde. The use of 3-butyl-1-(butyl-4-sulfonyl) imidazolium trifluoroethanesulfonate as 

solvent and catalyst, with dichloromethane as second immiscible phase, followed by oxidation of the 

porphyrinogen with DDQ, allowed the synthesis of meso-tetraarylporphyrins in similar yields to those 

previously obtained by Lindsey’s method. By this methodology, the authors also observed the formation of 

the corresponding N-confused porphyrin. The acidic ionic liquid was reusable ten times, without loss of 

activity (Scheme 12). 
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Scheme 12 

 

 It should be emphasized that the synthesis of porphyrins using ionic liquids as solvents without 

dichloromethane was not possible due to the formation of black tars that did not allow the subsequent 

reutilization of the ionic liquid. 

 

3.4. Heterogeneous catalysts: zeolites and clays  

It has been indicated that minerals were the potential catalysts for porphyrins biogenesis from pyrroles 

and aldehydes in prebiotic era.124 As previously referred, the disadvantage of two-step porphyrin synthesis is 

the use of expensive and toxic acid catalysts. Their substitution by reusable inorganic acidic solids is an 

important goal.125–129 Onaka128 observed that the mesoporous acid FSM-16 is an efficient catalyst to promote 

the condensation of pyrrole with aromatic aldehydes using dichloromethane as solvent (Table 4). 
 

Table 4. meso-Tetraarylporphyrin synthesis in the presence of zeolites. 
Aldehyde Yield (%) References 

 

23.5a);28b) 

56.5a);50.4b)  
38c) 

125 
126 
128 

 
31c) 128 

 

40.1a) 
37c) 

125 
128 

 
41c) 128 

 

16a) 125 

 

3c) 
7c) 

126 

a)Al-MCM-41; b)HZSM-5; c) FSM-16 (2.8 nm). 
 

 More recently, zeolites such as HZSM-5 and MCM-41 have been used as catalysts for solvent free 

porphyrin synthesis.125–127 HZSM-5 and MCM-41 have been also used as TLC plates and support for 
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condensation of pyrrole with aldehyde under microwave irradiation.126 After microwave irradiation during 

12 min., the plate was developed using chloroform/methanol as eluent. This is an alternative method that 

allows the porphyrin synthesis and purification in just one step (Table 4). 

 Acidic clays have also been used as efficient and reusable catalysts, to catalyze the condensation of 

pyrrole with aldehydes according to the previously described methods.128,130–133 After oxidation with 

chloranil, the porphyrin yields, using zeolites and clays, are very similar to those obtained by Lindsey89 with 

BF3OEt2 as catalyst. 
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Abstract. 1,3- And 1,2-oxazolopyridines are well known and characterized class of heterocyclic compounds 

having a wide range of properties and applications. Different reactions, mainly consisting in 

derivatization/cyclization of suitable acyclic compounds, can be used for their preparation. Both thermal 

and photochemical modifications of their annular system are possible, opening the easy access to a wide 

family of monocyclic and condensed ring systems. 
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1. Introduction 

 The fusion of a pyridine with 1,3- or 1,2-oxazole ring gives rise to the condensed heterocycles reported 

in the Scheme 1. Compounds 9–12 are the aza-analogues of benzo[c]isoxazole, the other of the 

corresponding benzo[d]-fused molecules. 

 As reported in the present review, this wide family of compounds shows a very interesting chemical 

reactivity, due to the easy of functionalization and/or rearrangement of both ring systems. Consequently, 

1,2- and 1,3-oxazolopyridines can be considered useful building blocks in the heterocycles syntheses. 

 Biological significance of this class of compounds, with particular attention to the oxazolopyridines 

1–4 is also well documented. Taking into account very recent articles only, they are studied as histamine H3 
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receptor ligands,1 sirtuin [Silent information regulator 2 (Sir2) proteins] and somatostatin receptor 

modulators,2 enzymatic inhibitors,3 for treatment of muscular dystrophy, cachexia, atherosclerosis, CNS 

disorders and nonsense suppression.4 Quantum chemical and modelling investigations on biological 

activities of oxazolopyridines are also reported.5 
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Scheme 1 

 

 Luminescence properties of some oxazolopyridines are useful for the preparation of image formation 

and recording materials, electroluminescent devices and for fluorescent staining of DNA.6 
 
1.1. Availability 

1.1.1. Oxazolopyridines 

 Synthetic accesses to the title compounds are well known and were widely described in recent 

reviews.7 The oxazolopyridines are usually prepared by acylation/cyclization of suitable o-aminopyridinols. 

Some improvements to this protocol were recently introduced. For instance, reaction of o-aminopyridinols 

with carboxylic acids to give amides 13, followed by condensation with exachloroethane/triphenylphosphine 

at room temperature, affords oxazolopyridines 14 in very good yields (Scheme 2). The mild reaction 

conditions are compatible with a wide number of functional groups.8 
 

OH

N
H

N
O

N
RN

COR
CH2Cl2, r.t.

C2Cl6, PPh3, TEA

13 14  
Scheme 2 

 
 In addition, microwave irradiation offers a rapid and very useful way to prepare a library of 

oxazolopyridines. The reaction can be carried out directly on the acylaminopyridinols alone,9 or in presence 

of silica gel,10 ionic liquids,11 Bi(III) salts and solvents12 or phase transfer catalyst and bases.13 The latter 

reaction is reported in the Scheme 3. 



 281 

Br

N
N
H

O

N N
CMe3

COCMe3

MW

TBAB, base

 
Scheme 3 

 

1.1.2. Isoxazolopyridines 

 The bicyclic system of isoxazolopyridines can be obtained by using a five or a six membered ring as 

starting material. As an example, the preparation of isoxazolo[5,4-b]pyridines is depicted in Scheme 4. 
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Scheme 4 

 
 According to the type of fusion and substitution pattern required, different kinds of reagents and 

starting materials can be used.7 In a recent procedure (Scheme 5), activation of the 5-methylisoxazole-4-

carboxamide by butyl lithium followed by reaction with Weinreb amide affords a library of isoxazolo 

[4,5-c]pyridine-4-ones 15, useful as activators of nuclear receptor related 1 (NURR1) signalling pathway.14 

Other procedures for recent preparation of isoxazolopyridines 16, 17 and N-oxides 18 have been also 

reported (Scheme 5).15,16 
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 For compounds 9–12 very few data are reported in the literature. Some possible synthetic approaches 

involve oxidative cyclization of o-aminopyridyl ketones 19 or thermal reactions of o-azidopyridyl ketones 

20 and o-nitropyridyl activated esters 21 (Scheme 6).17,18 
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 In conclusion, a plethora of differently substituted derivatives of all these heterocycles are well known. 

However, it is to be noted that parent compounds 2, 6, 7 and 10–12 are not reported in the literature. 

 

2. Structural characterization 

2.1. Nuclear Magnetic Resonance 
 1H and 13C-NMR data of title compounds have been well described. It is to be noted that 1,2- and  

1,3-oxazolopyridines are hardly distinguished on the basis of chemical shift and coupling constant pattern 

considerations, due to the similarity of data of the two corresponding molecules. However, when a methyl 

substituent is present on the five membered ring, an easy structure assignment can be done based on the  
13C spectrum. In fact, in the case of isoxazolopyridines δMe=9.0–12.5 ppm, whereas in the corresponding  

1,3-oxazolopyridines a deshielding effect is present (δMe=14.0–14.8 ppm). Significant differences are also 

found for C2/C3, C3a and C7a.19 
 

2.2. X-Ray crystallography 

 Only few oxazolopyridine derivatives have been characterized by X-ray crystallography. 2-((2'-Cyclo-

propylamino)-3'-pyridyl)-7-methyloxazolo[5,4-b]pyridine20 has been obtained as alternative cyclization 

product by heating the 2’-alkylamido-amine derivative with sodium carbonate in dimethylformamide. Its 

crystal structure is depicted in Figure 1. 

 

 
Figure 1. Crystal structure of 2-((2'-cyclopropylamino)-3'-pyridyl)-7-methyloxazolo-[5,4-b]pyridine.20 

Ellipsoids are in arbitrary units. 

2.098Å 
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 A strong hydrogen bonding interaction between N(3)-H...N(2) (d H...N=2.098Å) allows the formation 

of a six-membered ring and it constrains the pendant pyridine ring to be almost coplanar with the oxazole 

moiety. The dihedral angle between the two planes is 4.3°. Further, a non-conventional hydrogen bond 

occurs between C(11)-H and O(1) with a distance H...O of 2.456Å. 

 In 2,5-diphenyl-7-methyloxazolo[5,4-b]pyridine, the two phenyl rings form a dihedral angle of 4° [Ph 

at C(1)] and 22° [Ph at C(2)] with the oxazolopyridine system (Figure 2).21 Two non conventional hydrogen 

bonding interactions are present: one intramolecular between the oxygen atom and a hydrogen of the phenyl 

ring in position 2 of the oxazole moiety [O(1)...H-C(13), d O...H= 2.472Å] and another intermolecular 

between the pyridine N and a hydrogen atom of the pendant phenyl ring in position 2 of the oxazole moiety 

(d N...H= 2.525Å, Figure 2). 

 

 
Figure 2. View of two molecules (x,y,z and 1-x, -y, -z) in the crystal structure of 2,5-diphenyl-7-methyl-

oxazolo[5,4-b]pyridine.21 Hydrogen bonding interactions are evidenced as dashed lines. Ellipsoids are in 

arbitrary units. 
 

 The crystal structures of a series of methyl(is)oxazolopyridines have been recently determined.22 Their 

crystal data are summarized in Table 1. Most of the isomeric analogues crystallize in centric space group and 

their cell parameters are quite similar each other, with some exceptions. One is represented by  

3-methylisoxazolo[4,5-b]pyridine which, differently from the other analogues, crystallizes in a acentric 

group, indicating crystal chirality. Further its cell volume is one half in comparison with those of the other 

isoxazolo analogues, implying that only two molecules are contained in the cell. Differently from the others, 

2-methyloxazolo[5,4-b]pyridine shows a cell that contains eight molecules, while the asymmetric unit of  

3-methylisoxazolo[4,5-c]pyridine is distinctively constituted by two crystallographic independent molecules. 

All the derivatives show similar geometrical parameters. 

 To evaluate the role playing by regiochemistry and structure on the supramolecular assessment, their 

packing and in particular stacking �-� interactions between the aromatic systems have been studied (Table 

2). Two main arrangements are found: one consists in parallel layers of translated molecules. It is shown by 

two isoxazolopyridine derivatives (panels 1 and 3 in Table 2) with interplanar distances equal to 3.481 and 

3.364Å, respectively. In the other isoxazolo and in the three oxazolo derivatives stacking �-� interactions 

between the aromatic systems occur between molecules related by an inversion centre. It implies that 

pyridine is mainly stacked with the (is)oxazole moiety and viceversa. The interplanar distances range 

2.525Å 

2.472Å 
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between 3.330 and 3.579Å. In the latter case (panel 6, Table 2), only the oxazole moiety is involved in 

stacking with another oxazole with a N...O distance equal to 3.627Å, while the pyridine lies on the methyl 

group of the other molecule.22 

 

Table 1. Crystal data for methyl(is)oxazolopyridines. 

Formula:   C7H6N2O               M   134.14             Radiation graphite monochr.:   MoKα (λ= 0.71073 Å) 
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Crystal System Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space Group Pn (n. 7) P-1 (n. 2) P21/n 

(n. 14) 

P21/n 

(n. 14) 

P21/c 

(n. 14) 

C 2/c (n. 15) 

a/Å 3.849(1) 7.262(2) 3.892(1) 9.477(1) 6.806(1) 12.806(1) 

b/Å 7.383(2) 8.896(2) 5.525(2) 6.777(1) 14.406(3) 8.274(1) 

c/Å 11.350(3) 10.058(3) 28.964(10) 10.345(1) 6.750(1) 12.096(1) 

α/°  86.00(2)     

β/° 96.92(2) 75.42(2) 90.35(2) 104.06(1) 105.77(2) 97.21(1) 

γ/°  83.83(2)     

U/Å3 320.2(1) 624.7(3) 622.8(4) 644.5(1) 636.9(2) 1271.5(2) 

Z 2 4 4 4 4 8 

F(000) 140 280 280 280 280 560 

Dc/g cm-3 1.391 1.426 1.431 1.382 1.399 1.401 

µ (Mo-Kα)/cm-1 0.097 0.100 0.100 0.097 0.098 0.098 

Scan mode ω ω ω ω ω ω 

Scan range/° 3≤θ≤25 3≤θ≤25 2≤θ≤25 2≤θ≤25 2≤θ≤25 2≤θ≤27 

Scan width/° 1.7 1.5 1.2 1.0 1.3 1.1 

Scan speed/° min-1 3.0 3.0 3.0 3.0 3.0 3.0 

Temperature /°C -90 -90 -90 -90 -90 -90 

Unique reflections 724 

(Rint=0.07) 

2186 

(Rint=0.05) 

1088 

(Rint=0.10) 

1140 

(Rint=0.01) 

1070 

(Rint=0.03) 

1115 

(Rint=0.01) 

N. parameters refined 95 190 94 94 93 94 

R1 (I > 2σ(I)) 0.042 0.128 0.066 0.038 0.044 0.034 

wR2 (I > 2σ(I)) 0.110 0.303 0.137 0.086 0.108 0.078 

 

 Another derivative, i.e. 6,6'-dibromo-3,3'-dimethyl-4,4'-biisoxazolo[4,5-c]pyridine, has been recently 

characterized by X-ray crystallography (Figure 3).22 The structure crystallizes in the monoclinic crystal 

system, space group C2/c and its asymmetric unit is constituted by half molecule. The dihedral angle 

between the least-squares planed defined by the two isoxazolopyridine nuclei is 41.27°. The packing 

arrangement consists in interactions between the pyridine rings of two molecules with an interplanar 

distance of 3.458 Å. 
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Table 2. Perpendicular view to the molecular plane of stacking �-� interactions between the aromatic 

systems in methyl(is)oxazolopyridines. Symmetry operations and interplanar distances (Å) are also reported. 
 

   

3.481 

A: x,y,z  

B: -1+x, y, z 

   3.423            3.444 

A, D: x, y, z 

B: -x, 1-y, 1-z 

C: 1-x, 2-y, -z 

3.364 

A: x, y, z 

B: -1+x, y, z 

 
 

  

3.456 

A: x,y,z 

B: 1-x, -y, -z 

3.330 

A: x,y,z 

B: 1-x, -y, -z 

3.579 

A: x,y,z 

B: -x, -y, 1-z 
 

 

 

Figure 3. Crystal structure of 6,6'-dibromo-3,3'-dimethyl-4,4'-biisoxazolo[4,5-c]pyridine (left) and packing 

arrangement viewed along c axis (right). Ellipsoids enclose 50% probability.22 

 

  
Figure 4. Crystal structure of (R)-2-(2-(1H-1,2,4-triazol-1-yl)benzyl)-N-(2,2-difluoro-2-(piperidin-2-

yl)ethyl)oxazolo[4,5-c]pyridin-4-amine (left) and its complex with thrombin (right). 
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 It has been shown that a series of 1,3-oxazolo[4,5-c]pyridine derivatives are thrombin-factor Xa 

inhibitors.3f The crystal structure of a representative member with thrombin shows the existence of weak 

hydrogen bonding interactions between the heterocycle and thrombin. In particular, the oxazole nitrogen is 

engaged in hydrogen bonding with Gly-216 with a N...N distance of 3.6Å (Figure 4). 
 

2.3. Mass spectrometry 

 Simple (is)oxazolopyridines are apolar and volatile molecules and can be ionized by electron 

ionization, while for substituted derivatives, characterized by a higher polarity, other ionization techniques, 

such as electrospray, can be used. 
 

 

 
Figure 5. Electron ionization mass spectrum of 3-methylisoxazolo[5,4-b]pyridine. 

 

 
Figure 6. Metastable mass ion kinetic energy spectra of methylisoxazolopyridines (top row) and their 

oxazole isomers (bottom row). 
 

 The electron ionization (EI) mass spectra of 3-methyl-1,2- and 2-methyl-1,3-oxazolopyridines show 

the molecular ion and abundant fragment ions.23a Although it is possible to well differentiate  
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3-methylisoxazolo[5,4-b]pyridine and 3-methylisoxazolo[4,5-b]pyridine from the others, it is very difficult 

to distinguish among corresponding compounds of the 1,2- and 1,3-oxazole series. This is due to the fact that 

the same fragmentation pattern, which consists mainly of losses of CO, HCN and CH3CN from the 

molecular ion, occurs in the source region for all of these compounds (Figure 5).23a 

 Tandem mass spectrometry and mass-analyzed ion kinetic energy (MIKE) experiments on molecular 

ions and abundant fragments formed by CO and CH3CN losses show characteristic differences that allow 

distinction among the isomers dependent on the position of the nitrogen atom in the pyridine ring and 

distinction of isoxazole derivatives from oxazoles (Figure 6).23b 

 These data indicate that the isomerization of the isoxazole moiety to oxazole proposed for other 

analogous compounds does not occur in these heterocyclic systems. Molecular orbital calculations carried 

out both on neutral molecules and on molecular and fragment ions have allowed to elucidate the gas-phase 

decomposition pathways followed by these compounds.23b 

 The electron ionization mass spectrum of 2-((2'-cyclopropylamino)-3'-pyridyl)-7-methyloxazolo 

[5,4-b]pyridine shows intense molecular ion at m/z 266 together with fragment ions at m/z 251, that 

constitute the base peak, and another fragment ion at m/z 238.20 They are due to losses of •CH3 and C2H2, as 

confirmed by accurate mass measurements. In particular, the loss of ethylene, reasonably occurring from the 

pendant cyclopropyl moiety, might yield a fused four membered ring (Scheme 7). 
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Scheme 7 

 
3. Chemical properties 

3.1. General aspects 

 In spite of their very similar structure, oxazolopyridines and isoxazolopyridines show a different 

chemical reactivity.  
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 Thus, the first system is quite inert towards catalytic hydrogenation and ultraviolet irradiation (at least 

in absence of suitable reagents, see below), whereas it is very subject to acidic hydrolysis. On the other hand, 

the latter is stable to hydrolytic conditions but the N–O bond is easily cleaved by catalytic hydrogenation, 

reaction with molybdenum exacarbonyl or by photon absorption, giving spiro-azirinopyridones 22, acyl (or 

imino) pyridones 23, nitrenes 24 or ketenimines 25 (Scheme 8). 

 Taking into account that the condensation of isoxazole and pyridine systems strongly increases 

mobility of the halogens on the latter ring towards nucleophilic substitutions, a large family of 4-, 6- or  

4,6-functionalized derivatives can be easily prepared. In a second time, masked functionality inside 

isoxazole nucleus can be revealed, according to the possibilities outlined in Scheme 8. Thus, in this way, 

very interesting procedures to non usual heterocyclic systems can be achieved (see below). 

 

3.2. Oxazolopyridines reactivity 

 A catalytic amount of acids is sufficient for hydrolytic ring opening to give o-acylaminopyridones 26 

(Scheme 9).24a 
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 As a consequence, only careful attention to the experimental conditions can avoid this type of 

reactivity. For example, during the preparation of heterocyclic dyes by coupling of 2-aryloxazolopyridines 

with diazonium salts, depending on the reaction temperature, both compound 27 and the corresponding 

amide 28 are formed (Scheme 10).24b,c 
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 On the other hand, the oxazole system is not subject to catalytic hydrogenation, allowing the selective 

reduction of acyl substituent to hydroxyethyl analogue or chlorine atoms removal to give unsubstituted 

oxazolopyridines.25 

 In view of the biological activity of these substrates, derivatization of the system has been widely 

utilized. Homolytic acylation of 2-aryloxazolo[4,5-b]- or [5,4-b] pyridines can be achieved by reaction with 

aldehydes or α-oxocarboxylic acids in presence of tert-butyl hydroperoxide or ammonium peroxidisulphate. 

The former heterocyclic system is more reactive while the latter is more selective, giving only substitution in 

position 7 (Scheme 11).26a 
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 Lithiation of 2-phenyloxazolopyridines by LDA in THF at –78 °C selectively occurs in position 7. 

Further reaction with electrophyles allows the easy preparation of a series of secondary alcohols (29) and, by 

oxidation, of the corresponding ketones 30 (Scheme 12). In each case, the five membered ring is unaffected 

during the reaction. Analogous results were obtained in the case of the [5,4-b] system.26b 
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 Pd catalyzed attack on parent oxazolo[4,5-b]pyridine in 2-position offers a very good synthetic 

protocol for the access to the 2-aryloxazoles 31 (Scheme 13). The reaction conditions are very mild, 

allowing also the use of chiral arylating agents without racemization. The reaction mechanism is accounted 

on the basis of the anionic intermediate formed by facile deprotonation of 2-position of the oxazole ring.27 
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31  
Scheme 13 

 

 The oxazole nucleus is quite stable towards ultraviolet irradiation. In presence of suitable reagents, 

photochemical attack on pyridine ring eventually occurs. Thus, irradiation of a dilute solution of 

oxazolopyridine 32 in diethyl ether gives the 4-ethyl derivative 33 through a radical mechanism (Scheme 

14). No ring opening products are found.24a 

 A detailed study of photoreactions of 2-methyloxazolopyridines with unsaturated molecules was 

carried out. Surprisingly, whereas compounds belonging to the 2–4 series were unable to react,  

2-methyloxazolo[5,4-b]pyridine (type 1) easily gives photocycloaddition with alkenes, mainly on the six 

membered ring. The primary photoadducts undergo further thermal/photochemical rearrangement to give a 
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lot of interesting heterocyclic derivatives, as outlined in Schemes 15–19. The electron attracting or donating 

character of the alkene strongly affects the reaction mechanism and the structure of the final products. In the 

case of an electron poor alkene (i.e. acrylonitrile) the oxazoloazocines 34 and 36 and the bis-adduct 35 were 

obtained (Scheme 15). The complete stereochemical assignment of 35 has been done by X-ray 

diffractometric analysis (Figure 7).28a 
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 The crystal packing of compound 35 shows a network of hydrogen bonding interactions mainly 

involving the nitrogen atoms of both the cyano and the oxazole moieties. 

 These compounds can be formed by the 2+2 photoaddition of acrylonitrile on 3a-4, 4,5 and 5,6 bonds 

to give cyclobutapyridines 34a, 35a or 36a, respectively. Evolution of these intermediates by ring opening or 

by further acrylonitrile addition affords the final products 34–36. When the above photoreaction was carried 

out using cis- or trans-2-butenenitrile, only the azocines 37a or 37b were obtained (Scheme 16). In this case 

the site specificity is strongly increased and the reaction is stereospecific. 
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Figure 7. Crystal packing of compound 35. N…H interactions are evidenced (distances in Å). 
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 Irradiation of the same oxazolopyridine with methacrylonitrile gave, in addition to the expected 

azocines 38 and 39, a new type of compounds, identified as a Z/E mixture of fulvenes 40 (Scheme 17). The 

structure of Z isomer was unambiguously assigned by X-ray crystallographic analysis. It is to be noted that 

compounds 40, absent in the crude reaction mixture, are formed during chromatographic work up. 
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 A possible rationale for the fulvenes formation is reported in Scheme 18. In this case, steric hindrance 

prevents further cycloaddition of acrylonitrile on the cyclobutapyridine 41, which rearranges to the 

oxazoloazocine 42, unstable on silica gel, to finally give the fulvenes 40. 

2.748 
2.699 2.725 

2.742 
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 A confirm of this mechanism was obtained by trapping the intermediate 41 by addition of acrylonitrile 

to give the stable Diels-Alder adduct 43, instead of the fulvenes 40.28b 
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 A significantly different result was obtained by irradiation of the same oxazolopyridine in the presence 

of ethyl vinyl ether, an electron rich alkene (Scheme 19). In fact, whereas formation of the ethoxy 

oxazoloazocines 44 and 46 is expected on the basis of the previously reported mechanism (Scheme 15), ring 

opened products 45, 47 and pyrrolopyridine 48 were also obtained (Scheme 19). The latter compound, 

absent in the photochemical reaction mixture, is formed during chromatographic separation.28b 
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Scheme 19 

 
 Compound 48 can be accounted on the basis of vinyl ether photoaddition on 1,7a bond with formation 

of a pyridooxazine which rearranges during chromatographic separation.28b Photoreaction of the same 
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oxazolopyridine in the presence of furan selectively gives a 2-furylpyridin-3-acetamide through an 

analogous addition of the electron rich heterocyclic system on the 1,7a-bond followed by spontaneous 

rearrangement of the seven membered ring (Scheme 20). 
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3.3. Isoxazolopyridine reactivity 

 Both thermal and photochemical activations of this type of systems can be used. Quite different results 

are obtained. 

 

3.3.1. Thermal reactivity 

 Fusion of an isoxazole with a pyridine ring strongly increases chlorine mobility towards nucleophilic 

substitution as a consequence of negative charge delocalization in intermediate σ-complexes. Kinetic 

measurements of methoxydechlorination rates in dichloro- or chloroisoxazolopyridines 49-51 (R, R1=Cl or 

R/R1=Cl, H) indicate a maximum effect for 4-position of compounds 50 and 51 (Scheme 21).29 
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 High reactivity of the chlorine atoms allows their substitution with a phenoxide ion yielding aryl ethers 

52 of potential activity as antioxidant agents. Molecular diversity of these derivatives can be increased 

through photochemical activation. As a first event, photo-Fries rearrangement of compound 52 gives the 

corresponding hydroquinones 53 (Scheme 22). Afterwards, the corresponding oxazolopyridines 54 are 

obtained by further irradiation of these compounds through the well known five membered ring 

rearrangement.30 

 Interesting cage molecules 55 and 56 belonging to the family of heteracalixarenes can be prepared by 

reaction of fluoroglucinol with 4,6-dichloroisoxazolo[4,5-c]pyridine in the presence of a base (Scheme 23). 

X-ray structure of 56 confirmed the high symmetry of this compound (Figure 8). One third of the atoms 

constitute the asymmetric unit, while the remaining others are generated by symmetry. It causes the two 

phenyl rings to be parallel and eclipsed each other with a distance between their centroids of 4.437(1)Å. The 

three nitrogen atoms of the pyridine moieties, that may act as possible nucleophilic sites for the interactions 
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with included ligands, point into the cavity in a trigonal planar array with N...N distances equal to 4.81(1)Å. 

The three methyl groups are cis-oriented. 
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 Density functional theory calculations [B3LYP/6-31g(d,p)] have determined almost the same value of 

energy for 55 and 56, suggesting that the alternate orientation of the methylisoxazolo moiety does not 

influence the stability of the entire molecule.32 

 

 
Figure 8. Crystal structure of heteracalixarene 56×CHCl3. Ellipsoids enclose 50% probability. The site-

occupation factor for the reported chloroform molecule is 0.55(4). 
 

 Owing to their scarce polarity, both compounds 55 and 56 do not give any ESI-MS signal, neither as 

positive nor as negative ions. On the other hand, they can be ionized as protonated molecules by atmospheric 

pressure chemical ionization that produces intense ions suitable for MS/MS experiments for structural 

characterization. The atmospheric pressure chemical ionization (APCI) MS/MS spectrum obtained by 

selecting [55+H]+ as precursor ion is reported in Figure 9.  
 

 

Figure 9. APCI MS/MS spectrum of [55+H]+ (m/z 643) selected as precursor ion. 
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 As it is shown, the main gas phase decomposition pathways involve successive losses of HCN and CO, 

mainly due to the dismantling of the isoxazole moieties. It is noteworthy that, after one electron removal, 

neither radical cations of methylisoxazolopyridines23 nor of benzisoxazoles31 show elimination of HCN. In 

the present case, both the effect of protonation and the linkage of the isoxazolopyridine moiety in the calix 

assembly play crucial roles in driving gas phase decompositions. 

 The oxabicyclocalyxarenes 55 and 56 obtained by this way are selective complexing agents for silver 

or nickel cations, as shown by electrospray measurements. Five ring system of these compounds is easily 

modified by hydrogenation to give the corresponding pyridones 57 and 58.32 

 Very strong nucleophiles are able to react also with non halogenated isoxazolopyridines. Thus, as 

reported in Scheme 24, alkyl lithium attack on 6 position of 3-methylisoxazolo[4,5-c]pyridine gives, 

according to the reaction conditions, compounds 59–61. 
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 Electrophilic reagents selectively attack pyridine nitrogen as it occurs in the borane reaction on 

isoxazolo[4,5-c]pyridine 62 (R=H) yielding the intermediate complex 63 and, on further borane addition, the 

tetrahydropyridine 64 (Scheme 25).33 
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 On the other hand, the attack can be directed to the five membered ring nitrogen as a consequence of 

steric and electronic factors. In fact, dichloroisoxazolopyridine 62 (R=Cl) with the same reagent gives the 

aminoethylpyridone 65 (Scheme 25). 

 With reference to the general behaviour of isoxazolopyridine systems outlined in Scheme 8, many 

synthetically useful strategies can be accounted. Thus, introduction of a suitable substituent (ZNH2) on  

4-position followed by ring opening of isoxazolo[4,5-c]-pyridines with molibdenum hexacarbonyl in 

refluxing methanol is an efficient and versatile procedure for the preparation of a library of functionalized 

pyridocondensed heterocycles, containing from five to height atoms in the ring (Scheme 26). 
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 Following this synthetic protocol, the pyrido-condensed heterocycles 66–72 can be prepared (Scheme 

27).34a,b 
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 This procedure is of general application: molibdenum hexacarbonyl opening of the corresponding  

[5,4-b] derivatives generally gives similar results, with the exception of the o-aminobenylamino-

isoxazolopyridine 73 which, instead of the pyridodiazocine 74, gives the corresponding N-benzylpyrazolo-

pyridine 75 (Scheme 28). Formation of this compound involves the attack of benzylamine nitrogen on a 

nitrene like intermediate, as previously outlined in Scheme 8.34c 

 A different pathway is followed in the case of 4,6-diazido isoxazolopyridine 76 which, by reduction of 

both five membered ring and the functional groups, followed by azido-tetrazole tautomerism, gives the 

diamine 77 (Scheme 29).34d 
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3.3.2. Photochemical reactions 

 Some years ago, it was reported the photochemical rearrangement of isoxazolo[5,4-b] pyridines to the 

corresponding oxazolo[5,4-b] analogues.35 Afterwards, further insight into this reaction has been obtained by 

flash-photolysis and trapping experiments that showed the presence of two kind of intermediates, the 

ketenimine 78 and the spiroazirine 79 (Scheme 30).36 The former can add a suitable nucleophile to give the 

stable pyridone 80, whereas the latter gives the corresponding oxazolo-pyridine. This behaviour stimulates 

the searching for synthetically useful photochemical rearrangements of 4-substituted isoxazolopyridines 

having a suitable group for intramolecular attack on the above reported intermediates. The results of this 

type of investigations are depicted in the Scheme 31. 
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 The photochemical transformation of the starting isoxazolopyridine into compounds 81, 82, 84 and 86 

is well accounted on the basis of the corresponding nitrene/ketenimine intermediates, whereas a spiroazirine 

is involved in the formation of compounds 83, 85 and 87.37 

 It is worth to note the wide range of pyridine derivatives which can be obtained following this simple 

synthetic approach. 
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4. Conclusions 

 Preparation, properties and reactivity of (is)oxazolopyridine derivatives have been presented.  

 Derivatization/cyclization of suitable acyclic compounds can be used for their preparation. 

(Is)oxazolopyridine are useful synthons for accessing different classes of heterocyclic species while their 

ring dismantling may yield to cyclic and acyclic organic compounds. They can undergo thermal and 

photochemical modifications of their nuclei as well as substitution and addition reactions. Different methods, 

and in particular nuclear magnetic resonance, X-ray crystallography and mass spectrometry, can be 

efficiently used for their structural characterization. 
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Abstract. The asymmetric synthesis of substituted piperidines and pyrrolidines is a major field of research in 

organic chemistry. Our group has developed efficient protocols for the asymmetric synthesis of many of 

these interesting heterocycles by two conceptually different approaches such as the chiral auxiliary 

methodology and asymmetric organocatalysis. In this context, we have recently developed complementary 

protocols for the stereoselective synthesis of 2-alkylpiperidines, including the naturally occurring  

(R)-pipecoline and (S)-coniine, and an α-hydroxyalkyl-substituted piperidine like (–)-β-conhydrine using the 

commercially available and cheap aminoalcohol (S,S)-(+)-pseudoephedrine as chiral auxiliary. 

Alternatively, the access to complex and highly substituted pyrrolidines has been achieved by 

organocatalytic stereocontrolled transformations applying an enantioselective [3+2] cycloaddition reaction 

using azomethine ylides as dipoles or, alternatively, using an asymmetric Michael reaction between 

aldehydes and β-nitroacrolein dimethylacetal as key step. Both methodologies have been successfully set up 

in our laboratories very recently. 
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1. Introduction 

 The piperidine and pyrrolidine heterocyclic rings are found as key structural constituents in many 

natural products and pharmaceutical compounds, attracting considerable attention, especially due to their 

broad and important biological activities. As a consequence, the development of new methods for the 

synthesis of pyrrolidine-1 or piperidine-based2 compounds is of remarkable importance. Moreover, when 

chiral derivatives have to be prepared, the development of stereocontrolled protocols for their synthesis is a 
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key field of research for the organic chemists and, therefore, many research groups worldwide have carried 

out intensive research focussed in the development of new more efficient and flexible methodologies for the 

preparation of these important five- and six-membered N-heterocycles in an enantioenriched way. In this 

context, although many reports have been directed to the use of chiral pool reagents as starting materials,1,2 

the de novo asymmetric synthesis of pyrrolidines and piperidines has attracted a higher level of attention due 

to the wider applicability and efficiency attained by many of the procedures developed up to date. 

 Two general methodologies can be applied when the stereocontrolled synthesis of piperidines and 

pyrrolidines has to be carried out starting from achiral starting materials, namely the use of chiral auxiliaries 

or, alternatively, carrying out the reaction in the presence of a chiral catalyst. These two methodologies can 

be in fact considered as complementary, choosing one or the other depending on the desired synthetic 

objective. In this way, compared to catalytic processes, chiral auxiliary-controlled asymmetric reactions can 

generally be scaled-up easier and are not as sensitive as the related catalytic asymmetric processes to minor 

perturbations such as impurities present in starting materials, solvents or reagents. Moreover, in the case that 

the reaction is not fully stereoselective, the diastereoisomeric nature of the by-products allows an easier 

purification and isolation of the major isomer from the product mixture. However, the chiral auxiliary-based 

approach shows important drawbacks with respect to the use of catalytic processes. On one hand, it requires 

two extra synthetic steps for attaching the chiral auxiliary to the starting material and for its removal from 

the final adduct. On the other hand, the requirement of stoichiometric amounts of the primary chirality 

source can not compete with the low amount of chiral inductor required in the catalytic asymmetric 

transformations, although in some cases this problem can be circumvented by developing effective protocols 

for recovering and recycling the chiral auxiliary after its removal. 

 Taking these facts into account, our group has explored different approaches to the synthesis of several 

piperidine natural alkaloids and highly functionalized polysubstituted pyrrolidines employing both types of 

methodologies. In particular, we have described the synthesis of (R)-pipecoline and (S)-coniine using the 

commercially available and cheap reagent (S,S)-pseudoephedrine as chiral auxiliary3,4 and we have 

synthesized a related piperidine alkaloid such as conhydrine using also this aminoalcohol. Alternatively, we 

have also devised new procedures for the asymmetric synthesis of highly substituted pyrrolidine derivatives 

employing enantioselective organocatalytic transformations developed in our laboratories. 

 

2. Asymmetr ic synthesis of piper idine alkaloids using (S,S)-(+)-pseudoephedr ine as chiral auxiliary 

 We have developed an efficient protocol for the asymmetric synthesis of (R)-pipecoline and  

(S)-coniine together with other non natural 2-alkylpiperidines using a novel stereodivergent approach mainly 

relying on a stereocontrolled aza-Michael reaction using the commercially available and cheap reagent  

(S,S)-(+)-pseudoephedrine as chiral auxiliary. We have also carried out the synthesis of the β-isomer of 

conhydrine, a different piperidine alkaloid, in this case by exploiting the 1,2-addition reaction of Grignard 

reagents to α-iminoamides incorporating the same reagent as chiral auxiliary. 

 

2.1. A general and stereodivergent method for  the asymmetr ic synthesis of 2-alkylpiper idine alkaloids 

 As it has been previously mentioned, the piperidine ring is an ubiquitous structural feature shared by 

many natural products and therapeutics. In particular, simple 2-alkyl substituted piperidines play an 

important role as key targets for the pharmaceutical chemistry because they exhibit an extensive range of 
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biological activities. For example, pipecoline and coniine (Figure 1) are alkaloids found as constituents of 

the poisonous hemlock (Conium Maculatum L.) and they have been considered as excellent targets for the 

demonstration of the performance achieved by the new methodologies developed for the asymmetric 

synthesis of piperidines. 
 

N
H

N
H

(R)-Pipecoline (S)-Coniine  
Figure 1 

 

 As it can be seen in the two examples shown in Figure 1, it is very often found in naturally occurring 

2-alkylpiperidines that the configuration of the stereogenic centre present at the heterocycle moiety varies 

across the different members of this family of compounds. In this context, when planning the asymmetric 

synthesis of any member of this family using many of the already reported procedures, a careful election of 

the chiral starting material, auxiliary, ligand or catalyst employed in the generation of this stereocentre is 

necessary in order to prepare the final compound with the right configuration. This means that if one wants 

to employ a general and modular route for the synthesis of a wide number of 2-alkylpiperidines both 

enantiomers of this chiral starting material, auxiliary, ligand or catalyst have to be commercially available. 

 As a consequence of this, the design of enantiodivergent protocols, which allow the stereoselective 

preparation of a chiral compound in any desired configuration using the same chirality source, is a 

challenging task for the synthetic organic chemists. In this context, we have recently shown that (S,S)-(+)-

pseudoephedrine can play the role as an excellent chiral auxiliary in asymmetric aza-Michael reactions.5 

More interestingly, a simple modification of its structure, such as the derivatization of the hydroxy group as 

a bulky trialkylsilyl ether, leads to the formation of the corresponding aza-Michael adduct with the opposite 

configuration at the newly created stereogenic centre, if compared with the same reaction using the 

unmodified chiral auxiliary, therefore presenting a stereodivergent protocol for the asymmetric synthesis of 

�-amino carbonyl compounds (Scheme 1).6 
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 Therefore, using these N-protected-�-amino amides derived from (S,S)-(+)-pseudoephedrine which 

were prepared through our aza-Michael reaction protocol, we planned the synthesis of chiral enantioenriched 

2-alkylpiperidines according to the retrosynthetic approach shown in Scheme 2.7 The disconnection of the 

C6-N bond of the piperidine ring would lead to a �-amino aldehyde structure, which could be obtained by a 

chain-elongation process from the corresponding conveniently protected �-aminoaldehyde. This could be 

hypothetically prepared directly from a chiral nonracemic �-amino alcohol, the latter being easily accessible 

from the already mentioned aza-Michael �-amino amide adducts. This strategy would allow us to synthesize 

two naturally occurring piperidine alkaloids such as (R)-pipecoline and (S)-coniine and other non natural 

derivatives. The preparation of these two natural alkaloids with opposite configuration has been approached 

by applying the stereodivergent procedure shown in Scheme 1 which has also been optimized in our 

laboratories. 

 

 
Scheme 2 

 

 We started our investigations with the preparation of enantioenriched chiral �-amino alcohols 4a–d 

starting from the corresponding (S,S)-(+)-pseudoephedrine derived enamides 1a–d, as it had been previously 

described by us (Scheme 3).6 The employed protocol involved an aza-Michael reaction with lithium 

dibenzylamide as the key step regarding the stereocontrolled installation of the stereogenic centre. In this 

case, different experimental conditions had to be used depending upon the nature of the R alkyl chain 

introduced at the enamide precursor in order to reach to the highest possible yield and diastereoselectivity 

(Table 1). Next, we needed to carry out a protecting-group interconversion at the adducts 2a–d in order to 

proceed to the removal of the chiral auxiliary by reduction, yielding cleanly the required �-amino alcohols 

4a–d. We have already demonstrated that this protecting-group interconversion strategy was absolutely 

necessary in order to avoid epimerization at the stereogenic centre during this reduction process. 
 

R N

O
Ph

OH
R N

O
Ph

OH

N
BnBn

R N

O
Ph

OH

NH
Cbz

R OH

NH
Cbz

Bn2NLi

Method
A or B

1a-d 2a-d

1) H2, Pd/C
2) (Cbz)2O

3a-d

LiBH3NH2

THF, 0 °C

4a-d  
Scheme 3 



 

 306 

Table 1. Asymmetric synthesis of �-aminoalcohols 4a–d. 

Entry R Prod. Conditionsa Yieldb (%) dr c Prod. Yieldb (%) Prod. Yieldb (%) eed (%) 

1 Me 2a A 85 >99:1 3a 70 4a 85 98 

2 Et 2b B 88 94:6 3b 75 4b 76 88 

3 t-Bu 2c C 50 >99:1 3c 64 4c 72 98 

4 Ph 2d A 15 98:2 3d 43 4d 90e 98 
aMethod A: Bn2NLi, toluene, –90 ºC. Method B: Bn2NLi/TMEDA (1:1), toluene, –90 ºC. Method C: Bn2NLi/CuI/TMEDA 
(2:1:2), THF, –90 ºC. bYield of pure product after flash column chromatography purification. cDetermined by HPLC (Chiralcel 
OD column, UV detector, hexanes/iso-propanol 95:5, flow rate: 1.00mL/min). dDetermined by HPLC (Chiralcel OJ column, UV 
detector, hexanes/iso-propanol 99:1, flow rate: 1.00mL/min). eBased on recovered 3d.  
 

 We next proceeded to carry out the oxidation of �-amino alcohols 4a–d under standard Swern-type 

conditions, isolating the corresponding �-amino aldehydes 5a–d in good yields (Scheme 4, Table 2). This 

oxidation step proceeded in an extremely clean and smooth way, rendering directly the target compounds 

almost pure after work-up, which allowed us to use these �-amino aldehydes in the following transformation 

with no need of further purification. Nevertheless, as we also found that aldehydes 5a–d showed an 

unexpected stability we proceeded to purify them by flash chromatography for better characterization 

process. The subsequent chain-elongation strategy was performed by a Wittig reaction with a suitable and 

commercially available phosphorous ylide reagent such as 6, which allowed us to obtain the corresponding 

conjugated �-amino aldehydes 7a–d in moderate to good yields after flash column chromatography 

purification (Scheme 4, Table 2). The Wittig olefination proceeded with very high diastereoselectivity 

providing the expected E isomers in very high purity (1H-NMR analysis).  
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Table 2. Asymmetric synthesis of (R)-2-alkylpiperidine hydrochlorides 8a–d. 

Entry R Prod. Yielda (%) Prod. Yielda (%) Prod. Yield (%) 

1 Me 5a 79 7a 71 8a 84 

2 Et 5b 62 7b 56 8b 78 

3 t-Bu 5c 66 7c 37 8c 99 

4 Ph 5d 77 7d 84 8d 91 
aYield of pure product after flash column chromatography purification. 
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Indeed, these �-amino aldehydes 7a–d represent very suitable precursors of the desired piperidine 

structures via a cascade process involving hydrogenation of the C=C double bond, followed by removal of 

the N-Cbz protecting group and a final intramolecular reductive amination step.8 Therefore, derivatives 7a–d 

were treated with H2 in the presence of 10% Pd/C, yielding cleanly the final heterocycles in excellent yield. 

In order to easily handle these compounds, in particular those of high volatility, the crude reaction mixture 

was treated with concentrated HCl and hence, the corresponding piperidine hydrochlorides 8a–d were 

isolated after crystallization (Scheme 4). It has to be mentioned that hydrochloride 8a, a derivative of the 

naturally occurring alkaloid (R)-pipecoline, was obtained in a 47% overall yield from the corresponding 

alcohol 4a and in 29% yield from the corresponding aza-Michael adduct 2a. The recorded data for the 

specific rotation value of compound 8a matched with the reported data for natural (R)-pipecoline 

hydrochloride9 and the same applies to the other non-natural piperidines prepared by this synthetic 

pathway.10 

On the other hand, and as it was previously mentioned, the aza-Michael reaction of lithium 

dibenzylamide with O-TBS-protected enamides derived from (S,S)-(+)-pseudoephedrine has been exploited 

in our group for the preparation of �-amino amide adducts presenting the opposite configuration at the newly 

created stereogenic centre (Scheme 1). With this precedent in mind enamide 1e, in which an n-Pr substituent 

was conveniently placed at the �-carbon of the conjugate acceptor was chosen as an appropriate precursor to 

the target alkaloid (S)-coniine. The preparation of substrate 9 was carried out by standard O-silylation of the 

corresponding (S,S)-pseudoepherine enamide 1e with TBSOTf (Scheme 5). The aza-Michael reaction of 

lithium dibenzylamide with enamide 9 yielded the corresponding �-amino amide 2’e after removal of the 

TBS group by treatment of the crude reaction mixture with TBAF. HPLC analysis showed that the obtained 

major diastereomer corresponded to 2’e with the opposite configuration at C3 with respect to that found in 

adducts 2a–d, which was in good agreement with our previously reported diastereodivergent approach. 

Fortunately, and despite the moderate diastereoselectivity obtained in this aza-Michael reaction, compound 

2’e could be isolated in 98% d.e. after flash column chromatography, affording the necessary 

diastereomerically enriched material required in order to synthesize the desired piperidine alkaloid. 
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Next, debenzylation followed by treatment with dibenzyldicarbonate afforded the N-protected �-amino 

amide 3’e in good yield and with no isomerization at C3 (Scheme 6). The LAB-mediated reduction of 3’e 

led to the corresponding �-amino alcohol ent-4e in good yield and with no loss of optical purity as confirmed 

by chiral HPLC. Subsequently, and following the strategy described before, alcohol ent-4e was oxidized to 

the corresponding �-amino aldehyde ent-5e, which was transformed into the corresponding �,�-unsaturated 

�-amino aldehyde ent-7e after Wittig reaction with commercially available stabilized ylide 6. The 

hydrogenation/deprotection/reductive amination sequence took place smoothly furnishing (S)-coniine 



 

 308 

hydrochloride ent-8e after acidic treatment. The obtained specific rotation value for a sample of ent-8e 

matched with that reported in literature.11 

 

 
Scheme 6 

 

To sum up, we have shown that our previously reported protocol for carrying out stereodivergent aza-

Michael reactions using (S,S)-(+)-pseudoephedrine as chiral auxiliary can be a very reliable tool for the 

asymmetric synthesis of valuable chiral compounds such as 2-alkylpiperidines, including naturally occurring 

(R)-pipecoline and (S)-coniine. The synthetic route presented herein is very straightforward, employs simple 

transformations and furnishes the final heterocycles in very high optical purity. The most remarkable feature 

of this methodology is that the final compounds can be obtained with any desired configuration at their 

stereogenic centre using in all cases the same chirality source for exerting the desired high degree of 

stereocontrol, with no need for the availability of both enantiomeric forms of the chiral auxiliary employed. 

 

2.2. Asymmetr ic synthesis of (–)-�-conhydrine 

Conhydrine belongs to the family of 2-(1-hydroxyalkyl)piperidines, which have attracted considerable 

attention from the synthetic organic chemists due to the potent antiviral and antitumour activity displayed.12 

In the particular case of conhydrine, two different diastereoisomers, namely α-conhydrine and β-conhydrine 

(Figure 2), have been isolated from the seeds and leaves of the poisonous plant Conium Maculatum L.. 

 

 

Figure 2 
 

Since its first isolation in 1856,13 several non-stereocontrolled14 and stereocontrolled15 syntheses have 

been reported. However, in contrast to the wide number of reports describing the asymmetric synthesis of 

the α-isomer of conhydrine, the examples related to the asymmetric synthesis of β-conhydrine are much 
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scarce. In fact, to the best of our knowledge, there are only three literature precedents related to the synthesis 

of the natural enantiomer (+)-β-conhydrine15a,j,n and other two papers have shown the preparation of the non 

natural enantiomer, (–)-β-conhydrine.15f,i  

With these precedents in mind, we became interested in carrying out the synthesis of (–)-β-conhydrine 

as a test molecule for us to check the applicability of our recently developed methodology for the 

stereoselective modular synthesis of α-amino ketones (Scheme 7). In this transformation, we have set up an 

efficient protocol for carrying out the addition of Grignard reagents to the azomethine moiety of an �-imino 

glyoxylamide derived from (+)-(S,S)-pseudoephedrine affording the expected �-amino adducts in good 

yields and diastereoselectivities.16 The access to enantioenriched �-amino ketones was subsequently 

achieved by selective and almost epimerization-free 1,2-addition of organolithium reagents across the amide 

C=O bond. 
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Scheme 7 

 

Therefore, the synthesis of the target alkaloid was planned according to the retrosynthetic approach 

shown in Scheme 8, in which the piperidine alkaloid could be obtained from a 6-acylpiperidin-2-one 

precursor through several consecutive reductions, being the diastereoselective reduction of the ketone moiety 

a critical step of the synthesis. The building up of the piperidinone skeleton is proposed to be carried out by 

ring closing metathesis (RCM) from a conveniently functionalized α-amino ketone, which in turn should be 

accessible in an enantioenriched form by applying the already mentioned protocol set up by our research 

group.  

 

 

Scheme 8 

 

We started the synthesis with the preparation of the enantioenriched chiral �-amino ketone 13, starting 

from (S,S)-(+)-pseudoephedrine �-imino glyoxylamide 11, according to our described procedure (Scheme 
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9).16 Therefore, α-iminoamide 11 was prepared by condensation between morpholinone 10 and benzylamine 

and next, we proceeded to carry out the diastereoselective addition of allylmagnesium chloride to this 

substrate 11, which is found to be present in the reaction medium as a mixture of tautomeric cyclic and 

acyclic forms and in which the open-chain tautomer readily undergoes the diastereoselective 1,2-addition 

reaction to the azomethine moiety. Next, the enantioenriched �-amino ketone 13 was obtained by carrying 

out the selective monoaddition of ethyllithium across the C=O bond of the amide moiety, leading to the 

target compound in moderate yield and remarkably, with no epimerization of its stereocentre. In this case, 

the pseudoephedrine amino alcohol moiety showed to play a crucial role in the reaction by stabilizing the 

tetrahedral intermediate formed during this step and avoiding the competitive overaddition reaction, with 

similar efficiency as morpholine or Weinreb amides do.17 
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Scheme 10 

 

We next proceeded with the N-acylation of �-amino ketone 13 under standard conditions, isolating the 

corresponding ketoamide 14 in good yield (Scheme 10) and then, after refluxing a solution of 14 in dry 
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dichloromethane for 48 hours in the presence of second generation Grubbs catalyst, we were able to isolate 

the expected dihydropiridinone 15 in 75% yield. Catalytic hydrogenation with Pd/C furnished derivative 16 

with no presence of any by-product arising from a debenzylation process which could eventually occur 

under the reaction conditions employed. The diastereoselective reduction of the ketone moiety was achieved 

using lithium borohydride as the reducing agent and working at low temperatures, which allowed us to 

isolate piperidinone 17 in a moderate yield as a single diastereomer, as indicated by 1H- and 13C-NMR 

analysis. The synthesis was completed by LAH-promoted reduction of the lactam moiety followed by 

debenzylation under hydrogenolytic conditions, which led us to the target compound 19. Disappointingly, 

when we compared the [�]D
20 value obtained for our synthesized sample of (–)-β-conhydrine 19 with the one 

reported in the literature for the same isomer,18 we found a significant difference between both values, which 

seemed to indicate that the stereoisomeric purity of the obtained compound was not as high as it was 

expected. As the NMR spectrum of 19 indicated the presence of a single diastereoisomer, this should 

indicate that a certain degree of racemization should have occurred during the synthetic route. After 

analysing the performed steps and all the compounds obtained, we hypothesized that the racemization side 

reaction should most probably occur on the metathesis step, due to the high temperatures and rather long 

reaction times needed for the conversion of α-amino ketone 14 into piperidinone 15 and given the known 

ability of these kind of compounds to racemize because of the rather high acidity of the α-hydrogen present 

at the stereogenic centre. 

We therefore modified the synthetic route according to the retrosynthetic approach shown in Scheme 

11. In this second approach, we still maintained the metathesis reaction as the key step regarding the 

formation of the piperidine ring but we decided to carry out the reduction of the ketone moiety before the 

metathesis step, therefore avoiding the possibility of racemisation at this stage. We also modified the 

approach by introducing an allyl group as the N-substituent of the starting (S,S)-(+)-pseudoephedrine 

glyoxylimine, which would reduce the synthetic steps by avoiding the reduction of the lactam moiety and 

also would help in the metathesis reaction due to the higher reactivity of the allyl group vs the acyloyl 

towards the metathesis reaction.19 

 

 
Scheme 11 

 

We prepared the starting chiral N-allyl-�-imino amide 20 derived from pseudoephedrine (Scheme 12), 

starting from morpholinone 10 and allylamine, following the same procedure as the one employed for the 

preparation of imino amide 11, also observing that, as it happened with 11, α-imino amide 20 was obtained 

mainly as its cyclic morpholinine tautomer as its NMR spectra indicated. Next, we proceeded to carry out 
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the addition of allylmagnesium chloride to α-imino amide 20 under our optimized conditions, which 

furnished the expected α-amino amide, adduct was then obtained in moderate yield but with a comparable 

diastereoselectivity as the one obtained in the addition of allylmagnesium bromide to 11 (see Scheme 9). 

After that, we continued with the formation of the enantioenriched �-amino ketone 22 carrying out the 

addition of ethyllithium to the pseudoephedrine amide moiety, obtaining N-allyl-α-amino ketone 22 in 

moderate yield. We were not able to determine the optical purity of 22 at this stage because it was not 

possible for us to find the appropriate conditions to separate the corresponding racemic mixture either by 

chiral HPLC or GC.  
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Continuing with the synthesis, we proceeded to create the second setereogenic centre of the final 

product through diastereoselective reduction of the ketone moiety, also employing lithium borohydride as 

the reducing agent and working at low temperatures (Scheme 13). 
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The resulting amino alcohol 23 was obtained in a moderate yield and as a 4:1 mixture of 

diastereoisomers, judging by its 13C-NMR spectra. We tried directly the metathesis reaction on substrate 23 

but with no success in many reaction conditions tested and therefore we decided to carry out the protection 
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of the amine moiety prior to the metathesis step. With protected derivative 24 in hands, the metathesis 

reaction took place smoothly providing piperidinone 25 in good yield and requiring a much shorter reaction 

time than the metathesis reaction employed in our first approach to (–)-β-conhydrine. We also carried out a 

chiral HPLC analysis on piperidinone 25 obtaining a 74:17:5:4 ratio of isomers, which is consistent with the 

diastereomeric purity observed for the formation of precursor 21, in which the first stereocentre was 

generated, and with the 4:1 syn/anti diastereomer ratio observed in the diastereoselective reduction of 22. 

Finally, completion of the synthesis was achieved by catalytic hydrogenation, which also led to removal of 

the Cbz protecting group and therefore delivering (–)-β-conhydrine. The obtained specific rotation value for 

the sample of (–)-β-conhydrine 19 obtained by this new approach, was this time much more similar to that 

reported in the literature.20 

To sum up, we have shown that our recently reported protocol for carrying out the stereoselective 

synthesis of α-amino ketones can be a reliable tool for the asymmetric synthesis of key chiral building 

blocks applicable to the synthesis of valuable natural products such as the piperidine alkaloid  

(–)-�-conhydrine. This strategy relies on a sequence of reactions consisting on the diastereoselective  

1,2-addition of Grignard reagents to �-imino amides derived from (S,S)-(+)-pseudoephedrine followed by 

selective 1,2-addition of organolithium reagents across the amide moiety and delivers α-amino ketones in 

high optical purities. Simple subsequent transformations, in which another key step consists on the formation 

of the piperidine heterocycle by ring closing metathesis reaction promoted by Grubbs catalyst, has allowed 

us to prepare the target compound in a simple and reliable way. 

 

3. Organocatalytic asymmetr ic synthesis of pyrrolidines 

Although it was already known many decades ago that small organic molecules were able to catalyze 

reactions in a stereoselective way, it was not until the last few years that asymmetric organocatalysis has 

become one of the most active fields of research in organic chemistry.21 The high efficiencies and 

selectivities attained by many organocatalytic transformations have been the “driving force” for many 

research groups to engage in the development of novel organocatalytic procedures for performing 

transformations which were typically run using transition-metal catalysis. Further advantages of this 

methodology are connected to the operational simplicity and to the fact that organic catalysts are very often 

more robust, economic and easier to handle when compared to the corresponding transition-metal species 

typically employed to promote the same reactions. Moreover, the fact that the presence of hazardous metals 

is precluded, makes this methodology even more interesting from the environmental point of view. 

However, despite the impressive advance gained in this field in the last years, many transformations still 

remain elusive and it is also very often found that the substrate scope is rather narrow compared with the 

corresponding transition-metal catalyzed transformation (e.g. the amine-catalyzed reactions are restricted to 

the use of aldehydes or ketones able to form azomethine compounds). For this reason, it is very often found 

at present that asymmetric organocatalysis more conveniently complements rather than competes with 

transition-metal catalysis or biocatalysis. 

Proline and other chiral secondary amines have proven to be extremely useful catalysts for many C-C 

and C-X bond-forming reactions and, in this context, our research group has also made some important 

contributions in the field. In particular, we have faced the asymmetric synthesis of pyrrolidines by two 

different approaches. On the one hand, we have optimized an extremely efficient and versatile protocol for 
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carrying out the enantioselective [3+2] cycloaddition of azomethine ylides and α,β-unsaturated aldehydes, 

which delivers directly the target pyrrolidines in excellent yields, diastereo- and enantioselectivities. 

Alternatively, we have also set up the enantioselective Michael reaction of aldehydes to a particular 

functionalized nitroalkene such as β-nitroacrolein dimethylacetal and afterwards we have applied the 

obtained Michael adducts to the asymmetric synthesis of pyrrolidines containing two or three contiguous 

stereocentres by simple procedures mainly based on cascade processes. 

 

3.1. Organocatalytic enantioselective [3+2] cycloaddition of azomethine ylides and �,�-unsaturated 

aldehydes 

The catalytic asymmetric [3+2] cycloaddition reaction can be considered as one of the most powerful 

and reliable tools for the enantioselective synthesis of five-membered heterocyclic systems.22 The 

asymmetric [3+2] cycloaddition of azomethine ylides and alkenes is of particular interest because it allows 

the preparation of enantiomerically enriched pyrrolidine structures,23 which are constituents of many natural 

products and pharmaceuticals. However, despite the intensive efforts made in the last years by several 

research groups, which have developed several very efficient protocols for performing this reaction using 

chiral metal complexes as catalysts,24 the organocatalytic asymmetric version of this important 

transformation still remains elusive. 

In this context, McMillan and co-workers have recently shown that Diels-Alder cycloaddition 

reactions can take place in a very efficient manner under organocatalytic conditions owing to the formation 

of an iminium ion intermediate and a consequent decrease in the energy of the lowest unoccupied molecular 

orbital (LUMO) of the dienophile.25,26 The group of MacMillan have also applied this concept to the [3+2] 

cycloaddition using nitrones as 1,3-dipoles.27 With these precedents in mind, we have recently developed the 

first example of an organocatalytic enantioselective [3+2] cycloaddition reaction using azomethine ylides as 

1,3-dipoles (Scheme 14).28 Our reaction design is based on the known ability showed by �-amino acid 

imines to undergo thermal 1,2-prototropy to produce azomethine ylides in a kinetically controlled process,29 

being the acidity of the � hydrogen atom a key parameter in terms of whether or not this process might 

occur.30 We envisaged that imines of type 26 would undergo this 1,2-prototropy process very readily to 

afford a stabilized azomethine ylide, which would react with an �,�-unsaturated aldehyde under 

organocatalytic conditions upon the activation of the aldehyde as an iminium ion. Differentiation of the 

enantiotopic faces of the dienophile as a result of the chirality of the secondary amine catalyst would lead to 

the formation of an enantiomerically enriched pyrrolidine 27. 
 

 
Scheme 14 

 

After a number of experiments directed to the identification of the most efficient chiral secondary 

amine catalyst, employing the cycloaddition of imine 26a (R1=Ph) and crotonaldehyde (R2=Me) as a model 

reaction, we came to the conclusion that �,�-diphenylprolinol (28) provided the best results, obtaining the 
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cycloaddition product as a single endo isomer and with excellent enantioselectivity (Scheme 15). We also 

found that the reaction proceeded more efficiently in polar solvents such as THF or DMF, most probably as 

a result of their ability to stabilize the 1,3-dipole formed upon 1,2-prototropy, and very interestingly, we also 

found that the inclusion of water as an additive in the transformation resulted in a significant acceleration of 

the reaction. Having established an optimal protocol for the reaction, we examined the scope and limitations 

of the method with regard to the �,�-unsaturated aldehyde and imine substrates (Table 3). 
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Table 3. Scope of the organocatalytic enantioselective [3+2] cycloaddition reaction between  

α,β-unsaturated aldehydes and azomethine ylides developed in our group. 

Entry Prod. R1 R2 Yielda (%) endo/exob e.e.c (%) 

1 27a Ph Me 89 >95:5 98 

2 27b Ph Et 91 >95:5 97 

3 27c Ph n-Pr 87 >95:5 97 

4 27d Ph i-Pr 85 >95:5 95 

5 27e Ph n-Bu 88 >95:5 99 

6 27f Ph Ph 82 >95:5 >99 

7 27g Ph p-NO2C6H4 80 >95:5 94 

8 27h Ph p-MeOC6H4 91 92:8 >99 

9 27i Ph 2-furyl 90 >95:5 99 

10 27j  p-MeOC6H6 Me 88 93:7 85 

11 27k (3,4-OCH2O)C6H3 Me 93 >95:5 >99 

12 27l 3,5-(MeO)2C6H3 Me 91 >95:5 94 

13 27m o-MeOC6H4 Me 86 99:1 93 

14 27n p-FC6H4 Me 74 >95:5 98 

15 27o o-FC6H4 Me 72 >95:5 93 

16 27p o-tolyl Me 91 >95:5 99 

17 27q 2-furyl Me 84 >95:5 98 

18 27r  (E)-CH3CH=CH Me 57 91:9 97 
aYield of isolated product. bDetermined by 1H NMR spectroscopic analysis of the crude reaction mixture. cDetermined by 
chiral HPLC analysis of the corresponding alcohol obtained by reduction. 

 

In all cases, the reaction proceeded smoothly to furnish the desired pyrrolidines 27 in excellent yields 

and with excellent diastereo- and enantioselectivities. Both linear and branched aliphatic α,β-unsaturated 

aldehydes, as well as enals with an aryl or heteroaryl substituents at the � position, were found to be suitable 

dipolarophiles in the [3+2] cycloaddition reaction with the azomethine ylide derived from 26a (Table 3, 
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entries 1–9). Good results were also obtained for a variety of imine substrates 26 (Table 3, entries 10–18). It 

has to be pointed out that pyrrolidines 27a–r  were found to be somewhat unstable compounds and therefore, 

after isolation, we proceeded to carry out the reduction of the formyl group to form stable amino alcohols 

29a–r  that could be characterized and stored for several weeks without decomposition (Scheme 16). 
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COOEt
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27a-r

MeOH, 0 °C

 
Scheme 16 

 

The relative configuration between the three newly generated stereogenic centres on the cycloadducts 

27 was determined by the usual n.O.e. experiments and the absolute configuration was determined by 

chemical correlation (Scheme 17). The [3+2] cycloaddtion of imine 30 and crotonaldehyde under the 

optimized conditions, followed by reduction, furnished pyrrolidine 31 as a single endo isomer with 98% ee. 

Next, diastereoselective monohydrolysis followed by decarboxylation gave the proline derivative 32 as a 

single 2,5-cis diastereomer. Finally, 32 was converted into the known compound 3331 by standard 

procedures. A new stereocentre was generated with complete selectivity in this sequence, which should 

facilitate the future preparation of a wide range of proline derivatives. The absolute configuration assigned to 

adducts 27a–r  is in agreement with the stereochemical outcome reported for other reactions in which 

catalyst 28 has been involved through iminium activation.32 
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     K2CO3 (aq.), r.t.

33

2) NaBH4, MeOH, 0 °C
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2) H2, Pd/C
     MeOH, r.t.

Yield: 79%
endo/exo: >95:5

e.e.: 98%
Yield: 73%
d.r. >95:5

22% (4 steps)  
Scheme 17 

 

In this context, we propose that the reaction should proceed via a mechanism as depicted in Scheme 

18. Condensation of the α,β-unsaturated aldehyde with the catalyst would deliver the corresponding iminium 

ion intermediate in which the energy of the LUMO of the dipolarophile should be decreased, therefore 

becoming activated for the cycloaddition process. This should occur by interaction with the azomethine 

ylide, generated in situ from the starting imine after the 1,2-prototropy process, via a transition state 

involving an endo-type approach of these two reagents. The formed cycloadduct should finally undergo 

hydrolysis, delivering the final compound and releasing the catalyst ready to participate in a subsequent 
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catalytic cycle. Regarding the stereochemical outcome of the reaction, we propose that efficient facial 

discrimination of the chiral iminium intermediate by the bulky aryl groups of 28 leads to stereoselective 

endo-type approach of the (E)-1,3-dipole to the intermediate (E)-iminium ion across its less sterically 

hindered Re face. With regard to the role played by the water additive incorporated to the reaction in the 

optimal conditions, we interpret this positive influence in terms of avoiding the formation of oxazolidine  

by-products both in the intermediate iminium ion or in the adduct still containing the catalyst incorporated. 

The formation of these stable oxazolidine by-products would reduce the amount of active catalyst present in 

the reaction medium, consequently avoiding the progress of the reaction. 
 

 
Scheme 18 

 

In summary, we have presented the first organocatalytic enantioselective [3+2] cycloaddition reaction 

between �,�-unsaturated aldehydes and azomethine ylides. The reaction proceeds with complete 

regioselectivity and with very high diastereo- and enantioselectivity to furnish almost stereoisomerically 

pure highly functionalized polysubstitued pyrrolidines in excellent yields. The utility of this reaction was 

exemplified in the synthesis of a proline derivative in which an additional stereogenic centre was created 

with complete stereoselectivity. 
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3.2. Organocatalytic Michael reaction of aldehydes and nitroacrolein dimethylacetal. Synthesis of  

3,4-disubstituted and 2,3,4-tr isubstituted pyr rolidines 

The organocatalytic Michael reaction has also become a powerful tool for the stereocontrolled 

synthesis of chiral compounds containing two or more stereogenic centres.33 A particularly interesting 

variant of this transformation is the chiral amine-catalyzed conjugate addition of aldehydes to 

nitroalkenes,34,35 in which the obtained adducts constitute versatile molecules which can be transformed into 

many useful chiral compounds by exploiting the intrinsic reactivity of the formyl moiety and, specially, the 

nitro group.36 However, although this transformation has been extensively studied by different research 

groups, the use of functionalized starting materials directed to the preparation of polyfunctionalized 

compounds as intermediates for the synthesis of biologically relevant molecules still remains rather 

unexplored.37 

Related to this topic, previous results in our research group (Scheme 19) have demonstrated that  

�,�-diphenylprolinol silyl ether 35, easily prepared from commercially available �,�-diphenylprolinol 28, 

can be used as an excellent organocatalyst in the conjugate addition of structurally different aldehydes to  

�-nitroacrolein dimethyl acetal 37 (a funtionalized nitroalkene).38 The reaction proceeded with good yields 

and diastereoselectivities, and with excellent enantioselectivities, on a wide range of different aldehyde 

donors (Table 4) and, remarkably, requiring the use of 1:1 molar nucleophile/electrophile ratio. In this 

context, the use of �-nitroacrolein dimethyl acetal as Michael acceptor represents a truly advantage in this 

reaction because its high electrophilicity allows the complete consumption of the starting aldehyde donor 

reagent in the presence of small amounts of catalyst, in deep contrast with many of the examples previously 

described in the literature, in which a large excess of the aldehyde donor reagent is necessary in order to 

obtain complete conversion during this transformation.39 

 The observed absolute configuration on adducts 38 can be explained according to a mechanistic 

pathway such as that depicted in Scheme 20. In a first step, the starting aldehyde and catalyst 35 would 

condense to form a stereodefined nucleophilic enamine intermediate. Next, this enamine would react with 

the nitroalkene electrophile and a final hydrolysis step should release the Michael adduct and the catalyst, 

which would be ready to participate in a subsequent catalytic cycle. The key for the success of catalyst 35 

relies on the effect exerted by the substituent at the pyrrolidine ring, which results in a very efficient 

geometry control of the enamine intermediate together with an excellent ability to discriminate between its 

diastereotopic faces, which is achieved by the presence of a bulky diphenyl(trimethylsililoxy)methyl 

substituent in the pyrrolidine ring. The observed syn-diastereoselectivity is explained by means of an acyclic 

synclinal transition state, as proposed by Seebach and Golinski,40 in which electrostatic interactions between 

the partially positive nitrogen of the enamine and the negatively charged oxygen atoms at the nitro group are 

invoked. 
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Table 4. Organocatalytic enantioselective Michael reaction of 37 and different aldehydes catalyzed by 35. 

Entry Aldehyde Product Time (h) Yielda (%) syn/antib ee (%)c 

1 O 

 

24 86 6.0:1 >99d 

2 O 

 

48 63 11.0:1 >99 

3 O( )4  

 

72 85 26:1 >99 

4 O( )7  

 

72 61 >99:1 92 

5 
O

 

 

72 75 >99:1 >99 

6 

O

( )3

 

 

72 81 2.0:1 >99 

7 O
Ph  

 

48 85 1.5:1 >99 

aIsolated yield after flash column chromatography purification. bDetermined by NMR spectroscopy of the reaction 
mixture. cCalculated by chiral GC or HPLC analysis of the corresponding acetates, except nitro aldehyde 38a. 
dCalculated by chiral GC after transformation to the corresponding acetal derived from propane-1,3-diol. 
 

After studying the scope and limitations of our reaction, we decided to employ this new developed 

methodology to the synthesis of a number of different derivatives with a homoproline general structure. 

Thus, a short retrosynthetic analysis as shown in Scheme 21, shows that pyrrolidines can be obtained after an 

intramolecular aza-Michael reaction of a conveniently substituted �-amino-�,�-unsaturated ester 

intermediate in which the amino group can be formed from the corresponding nitro derivative by 

chemoselective reduction. This �-nitro-�,�-unsaturated ester derivative should be easily accessible from our 

adducts 38a–g by a simple olefination procedure. It has to be pointed out that a key step in this synthesis 

relies upon the intramolecular aza-Michael step in which a third new stereogenic centre will be created. In 

this context, it is expected that the chiral information already present at the aminoenoate precursor would 
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exert the required asymmetric induction in the formation of this new stereocentre, although special attention 

will have to be paid to the experimental conditions required for carrying out this transformation in order to 

obtain the final compounds as single diastereoisomers. 
 

 
Scheme 20 
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homoproline derivatives 38a-g  
Scheme 21 

 

We proceeded to carry out the synthesis according to the proposed synthetic plan using adduct 38a as 

model substrate and therefore we started with the projected olefination reaction in order to reach to �-nitro-

�,�-unsaturated ester 39a (Scheme 22). For this purpose, we chose a Wittig reaction, in which the Michael 

adduct 38a was stirred with ethoxycarbonylmethylentriphenylphosphorane in CH2Cl2 at room temperature. 

As a result, the �,�-unsaturated ester 39a was isolated in good yield and without epimerization at the  

�-stereocentre. 
 

 
Scheme 22 
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We next proceeded to carry out the chemoselective reduction of the nitro group in the presence of the 

�,�-unsaturated ester moiety, which was carried out by treating adduct 39a with Zn in AcOH followed by 

basification, standard work-up and final purification by flash chromatography (Scheme 23). To our delight, 

the reaction proceeded smoothly furnishing directly pyrrolidine 40a. This is indicating that a clean and 

selective reduction of the nitro group happened followed by intramolecular aza-Michael reaction, which 

most probably occurred after basifying the reaction mixture and during work-up. In addition, we also found 

that the cyclization step proceeded with complete diastereoselectivity, furnishing a single diastereoisomer as 

NMR analysis of crude reaction mixture indicated. This is also indicating that the chirality present at the  

�,�-unsaturated-�-amino ester precursor was able to exert a very effective asymmetric induction during the 

aza-Michael reaction step. The configuration of the newly created stereogenic centre was determined by 

n.O.e. experiments showing a 2,3-trans relationship with the methyl substituent at the adjacent stereocentre 

and a 2,4-cis relationship with the dimethoxymethyl substituent. 
 

 
Scheme 23 

 

These conditions were extended to the rest of the nitroaldehydes 38b–g showing that this reaction 

sequence could easily be performed in all cases furnishing the target trisubstituted homoproline products 

40b–g in only two steps (Table 5). The olefination step proceeded in all cases with good yields and without 

any appreciable epimerization in the stereogenic centres created during the organocatalytic enantioselective 

Michael reaction step. Moreover, the final reduction/cyclization step also took place with complete 

diastereoselectivity regarding the generation of the third stereocentre, thus furnishing cleanly the target 

pyrrolidines 40b–g as single diastereoisomers of high enantiomeric purity.41 

A direct access to chiral 3,4-disubstituted pyrrolidines using Michael adducts 38a–g was also 

envisaged carrying out a cascade process consisting in the chemoselective reduction of the nitro group 

followed by intramolecular reductive amination (Table 6). To our delight, when we treated �-nitro aldehydes 

38a–g with Zn in AcOH, a clean reaction occurred and we were able to isolate pyrrolidines 41a–g in good 

yields and as a single diastereoisomers.42 This is also showing that the reduction/reductive amination cascade 

process proceeded with no epimerization in the �-estereocentre of the starting material, which was expected 

to be fairly racemization-prone during the reductive amination step via imine/enamine tautomerization. 

Therefore, we have demonstrated that the adducts obtained in the fully enantio- and 

diastereoselective organocatalytic Michael addition of aldehydes to β-nitroacrolein dimethylacetal could be 

easily transformed into highly functionalized enantioenriched pyrrolidines by two different methodologies, 

which constitute a very efficient, short (three steps from nitroacrolein dimethyl acetal for the synthesis of 

trisubstituted pyrrolidines and only two for the 3,4-disubstituted derivatives) and modular approach for the 

construction of differently substituted stereodefined proline derivatives. These molecules are of high interest 
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due to their substitution pattern containing well differentiated functionalities suitable for further 

modifications. 
 

Table 5. Synthesis of the �,�-unsaturated esters 39 and pyrrolidines 40. 

NO2

R

O O

EtO

O
OEt

Ph3P
O

NO2

R

O O
O

N
H

O
O

R

EtOOCCH2Cl2, 0 °C

38a-g 39a-g

1) Zn
AcOH/H2O

2) NaOH

40a-g
 

Entry Substrate Product Yielda (%) Product Yielda (%) 

1 

  

88 

 

68 

2 

  

85 

 

54 

3 

  

78 

 

66 

4 

  

74 

 

44 

5 

  

73 

 

71 

6 

  

45 

 

84 

7 

  

69 

 

 

51 

a
Isolated yield after flash column chromatography purification. 
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Table 6. Synthesis of 3,4-disubstituted pyrrolidines 41. 

 

Entry Substrate Product Yielda (%) 

1 

  

51b 

2 

  

74 

3 

  

75 

4 

  

81 

5 

  

79 

6 

 
 

80 

7 

  

75 

aIsolated yield after flash column chromatography purification. bThe reaction was carried out at -15 ºC. 

 

4. Concluding remarks 

 We have shown herein that two conceptually very different methodologies such as the use of chiral 

auxiliaries or asymmetric organocatalysis can be extremely useful tactics for the stereocontrolled synthesis 

of piperidine and pyrrolidine compounds. We have prepared chiral piperidines, exploiting a 

diastereoselective aza-Michael reaction protocol or a stereocontrolled 1,2-addition of Grignard reagents to  
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α-iminoglyoxylamides, in both cases using the cheap and readily available aminoalcohol (S,S)-(+)-pseudo-

ephedrine as chiral auxiliary. Alternatively, we have proven that α,α-diphenylprolinol derivatives can act as 

excellent organocatalysts in the asymmetric synthesis of highly substituted pyrrolidines either in a single 

step using an enantioselective [3+2] cycloaddition with azomethine ylides as 1,3-dipoles or, alternatively, 

using γ-nitroaldehydes as starting materials which were in turn obtained in an enantiopure form by 

enantioselective Michael reaction between aldehydes and β-nitroacrolein dimethyl acetal.  
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1. Introduction 

 Sulfur and phosphorus containing compounds have attracted considerable attention these last years 

because of their interesting properties and applications. They found use in the field of hybrid 

organic/inorganic materials, as ligands for homogeneous catalysis and as intermediates for the synthesis of 

analogues of biologically active compounds. Reviews dealing with such compounds, in which a phosphoryl 

group is associated to a sulfur moiety such as a thiol, a sulfide, a sulfoxide or a dithioester, have already 

been published.1,2 As a complement, this non exhaustive review focuses on the synthesis of a different type 

of phosphorus-substituted sulfur heterocycles containing only one sulfur atom (Figure 1). In these 

compounds, the phosphorous function refers to phosphonates, phosphine oxides and phosphines. The sulfur 

heterocycles (three to eight membered rings) highlighted in this review can be saturated, unsaturated, or 

aromatic (for example: thiirane, thiolane, thiophene, thiopyrane, etc...). In the major cases, the phosphorus 

and the sulfur atoms are in vicinal position. In this contribution, we wish to emphasize on the methodologies 

enabling their synthesis. However, when the obtained compounds are of synthetic, biological or physical 

relevance, their applications will also be mentioned. Cited references are restricted to journals, reviews and 

books. Literature coverage for this contribution extends up to May 2008. The classification is based on the 

methodology used to produce the phosphorus-substituted sulfur heterocycle. First methodologies involving 

the introduction of the phosphorus moiety on the sulfur heterocycle via phosphorus nucleophiles then 

phosphorus electrophiles will be depicted. Then, methodologies which involve the formation of the sulfur 

heterocycle using cycloadditions or intramolecular cyclisations will be developed. 

 

S

P

 
Figure 1 

 

2. Syntheses by phosphorylation of a sulfur heterocycle 

2.1. Syntheses using phosphorus nucleophiles 

2.1.1. Arbuzov-type reactions 

In the late seventies, the Arbuzov reaction was used to prepare phosphorus-substituted thiolanes. The 

reaction of 2-chlorotetrahydrothiophene 1 with either triethylphosphite or ethyl diphenylphosphinite under 

conditions showed in Scheme 1, yielded phosphonate 2 and phosphine oxide 3, respectively.3  
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OEt
OEt

1

Cl
P(OEt)3Ph2P-OEtS P

O
Ph
Ph CCl4, 20°C, 16h

23
C6H6, reflux, 
30 min  

Scheme 1 
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 Compound 2, although formed in high amount in the crude reaction mixture (80% by 31P NMR), is 

obtained in low yield, because of partial decomposition under distillation conditions. 
 

2.2. Metal-catalyzed P–C coupling reactions 

 The P–C bond formation between trialkylphosphites and sulfur heterocyclic halides is promoted by 

transition metals such as Pd(II) or Ni(II). Reaction between triethylphosphite and 2- or 3-bromothiophene 4 

was accomplished using NiCl2 as catalyst (Scheme 2).4 The resulting thienylphosphonates 5 were 

hydrolyzed into their phosphonic acid derivatives 6, which were used to prepare layered zinc phosphonates 

as hybrid organic-inorganic materials.4 

 
S S

P

O
OEt
OEt
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60%

Zn(O3PH-C4H3-S)+2 CH4

5a (94%)
5b (60%)

6

 
Scheme 2 

 

 Branched oligothiophene phosphonic acids P3T and P7T (Figure 2) were obtained from the 

corresponding phosphonates, previously formed by NiBr2-catalyzed reaction of triethylphosphite with the 

corresponding 2-bromothiophene derivatives.5 These compounds were used as electroactive surfactants for 

the capping of cadmium selenide (CdSe) nanoparticles.5 
 

S P

O
OH
OHS

S

C6H13

C6H13

S P

O
OH
OHS

S

S

S
S

S

C6H13
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Figure 2 

 

 A thiophene analogue of Me-DuPHOS ligand, named UlluPHOS, has been synthesized in three steps, 

as shown in Scheme 3. The two C–P bonds were formed in the first step by reacting 3,4-diiodo-2,5-dimethyl 

thiophene 7 with two equiv. of triethylphosphite, under Pd(OAc)2 catalysis.6 UlluPHOS 10 was compared to 

Me-DuPHOS in the Rh(I)-catalyzed hydrogenation of N-acetyl-α-enamino acids. An excellent 

enantioselectivity (up to 98%) and an activity higher than that of Me-DuPhos were obtained with the sulfur 

heterocyclic ligand. 

 Other thiophene and benzothiophene bearing diphenylphosphinyl groups and functionalized by an 

enantiopure trans-1,2-diaminocyclohexane backbone as in 13 (Scheme 4) have been used as chiral ligands in 

the asymmetric allylation of cathecol. In these structures, the P–C bond was previously formed by  

Pd-catalysed coupling between the bromothiophene derivative 11 and diphenylphosphine (Scheme 4).7 
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2.1.3. Nucleophilic additions of di- or trialkylphosphites 

 Cyclic α-amino phosphonates were efficiently prepared in a one-pot reaction by nucleophilic addition 

of triethyl phosphite to the C=N bond of an imine, initially formed from an amine and a cyclic ketone.8 

Among these compounds, three thiopyran derivatives 15a–c were synthesised from 4-thiopyranone 14 

(Scheme 5).  
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Scheme 5 
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 Attempts to form the corresponding free amine, from compound 15b (or from its sulfoxide derivative) 

failed under classical deprotection conditions [H2, Pd(OH)2/C]. In contrast, free amino phosphonic acid 16c 

was obtained from compound 15c using DDQ to perform the NH-PMB cleavage. This reaction, however, 

did not work in the 3-thiocyclopentanone series (17), as the imine intermediate 18 undergoes a double bond 

migration leading to the more stable enamines 18’ and 18”, which are in equilibrium. 

 β-Ketophosphonates can be prepared by 1,4-addition of a phosphite to an α,β-unsaturated ketone. For 

cyclic ketones, because of a lower reactivity compared to the acyclic derivatives, a facile method using mild 

reaction conditions was developed.9 The phosphorus nucleophile used is dialkyl trimethylsilyl phosphite 21, 

which is prepared in situ from dialkylphosphite 20 and N,O-bis(trimethylsilyl)acetamide (BSA) in the 

presence of a catalytic amount (5% mol) of trimethylsilyl triflate (Scheme 6). Upon reacting 21 with sulfur 

heterocyclic cyclohexenone 22, the expected adducts 23 were obtained in moderate to reasonable yields (58 

to 72%). 
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Scheme 6 

 

 Phosphite anion 25 reacted with 2-silatranylthiophene manganese cation 24 in the 5-position afford 

manganese phosphonothiophene tricarbonyl complex 26 (Scheme 7).10 The molecular structure of the 

obtained complex was determined by X-ray study. 
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Scheme 7 

 

 Reaction of trimethylphosphite (27) with 3,4-dihydro-2H-thiopyran 28 in anhydrous ether and in the 

presence of dry HCl gave dimethyl tetrahydrothiopyran-2-yl phosphonate (29) in excellent yield (92%) 

(Scheme 8).11 
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2.1.4. Pummerer-type reaction 

 The first example using phosphorus as a nucleophile in a Pummerer-type reaction was described by 

Masson et al.12 The reaction of trialkylphosphite nucleophiles with thiolane S-oxide (30) led to 
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phosphorylated thiolanes 31a–e (Scheme 9). Yields depend on the nature of the phosphite ‘R’  group. The 

proposed mechanism involves subsequent Pummerer (steps 1 and 2) and Arbuzov (step 3) reactions. The 

method seemed to be restricted to the five-membered sulfur derivatives, as with the six-membered cyclic 

sulfoxides, as well as with dimethyl sulfoxide and phenyl methyl sulfoxide, all attempts failed to deliver 

sulfanyl phosphonate product under similar conditions.  
 

S

O TFAA, Et2O,
 0°C to rt, 45min S

(RO)2P-OR'
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31e: R,R = -CH2CMe2CH2-, R' = Me (55%)  

Scheme 9 
 

 Several studies on the reactivity of phosphonothiolanes such as 31 have been carried out in 

collaboration between our group and a Polish group.13,14 The S-oxidation of these compounds into the 

corresponding sulfoxides 32 took place with a total trans-selectivity whatever the oxidant used (NaIO4, 

mCPBA, or a chiral oxaziridine).13,14 Selected results obtained in the asymmetric version with 

phosphonothiolane 31d are given in Scheme 10. Oxidation with 0.5 equiv. of (+)-(2S,8aR)-8,8-dichloro-

camphorsulfonyloxaziridine under kinetic resolution conditions afforded sulfoxide 32d with 25% ee.13 

Sulfoxide 32d was transformed via a Pummerer reaction into the unsaturated sulfide 33d, which was 

oxidized with one equiv. of the same enantiopure oxaziridine, leading to the corresponding α,β-unsaturated 

sulfoxide 34d with 70% ee. After several crystallizations, the major (+)-enantiomer was isolated and 

characterized by X-ray diffraction analysis, which enabled to determine the absolute configuration of the 

sulfur atom to be (S).13 
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 In another study, the same authors prepared sulfoxide 34d in racemic form and used it as a Michael 

acceptor.14 Probably due to the particular geometry of the substrate (unsaturated 5-membered heterocycle), 
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the reactions were fully diastereoselective in most of the cases. As an example, products 35d and 36d 

obtained by reaction with thiophenol and aniline, have been obtained as a single diastereomer in good yields 

(Scheme 11). 
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Scheme 11 

 
2.2. Syntheses using phosphorus electrophiles 

 Reaction of α-lithiated thiolane S-oxide (37) with chlorodiphenylphosphine led to phosphine sulfoxide 

38, as a single trans-diastereomer (Scheme 12).15 This compound shows a great stability, as the expected 

oxygen transfer from the sulfinyl to the phosphorus atom is very slow (5 h) even in the presence of 0.2 

equiv. of iodine. Treated with potassium tert-butoxide, trans-38 exists in an equilibrium with cis-isomer 38’, 

which in turn, is converted in a few minutes under similar conditions (0.2 equiv. I2) into phosphine oxide 39. 
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 2-(Diphenylphosphinoyl)-4-tert-butyl-tetrahydrothiopyran S-oxide (41) was prepared by reaction of 

the lithiated thiopyran S-oxide 40 with chlorodiphenylphosphine and subsequent P-oxidation. The 

corresponding S-deoxygenated derivative 42 was also studied in order to analyze the conformational 

preference of the phosphinoyl group and the anomeric effect in this kind of structures (Scheme 13).16 
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 Various structures containing thiophen heterocycle substituted in the adjacent position to the sulfur 

atom with a diphenyl phosphinyl group have been synthesized as ligands for metal-catalyzed reactions. The 

main synthetic methods consist in α-lithiation of the thiophene moiety followed by reaction with 

chlorodiphenylphosphine oxide17 (Scheme 14) or chlorodiphenylphosphine18 (Scheme 15), respectively. 
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 In the first case, the additional reduction of the phosphine oxide into phosphine is required to afford 

the ligand. Bitianp derivatives were used as ligands in Ru(II)-catalyzed hydrogenation of α- and β-oxo esters 

and found to be as efficient as the popular BINAP ligand, with the advantage of an easier synthetic access.17 
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 In tetraMe-BITIOP ligand (Figure 3), the thiophen heterocyles bearing a phosphinyl group in the  

4-position have been synthesized from the corresponding 4-bromo derivative by halogen-lithium exchange 

and subsequent reaction with chlorodiphenylphosphine.19 This ligand was successfully used in Ru(II)- and 

Rh(I)-catalyzed hydrogenation of functionalized carbonyl and olefinic substrates. 
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 Benzothiophene has been functionalized in the 3- or in both the 2- and 3-positions to access 

monophospholane 44, bis(phospholane) 45 and phospholane-phosphinite 46 (Scheme 16).20 The C–P bond 

in these compounds was formed by reaction of the Grignard reagent derived from 3-bromobenzothiophene 

(43) with chlorobis(dimethylamino)phosphane. The obtained ligands showed a great efficiency in the  

Rh(I)-catalyzed hydrogenation of enamides. 

 
3. Syntheses involving the formation of the sulfur heterocycle 

3.1. Cycloaddition reactions 

 Thermal [4+2] and [3+2] cycloadditions, which involve a reactant containing a thiocarbonyl group (i.e. 

thioaldehydes, thioketones, dithioesters) represent straightforward and atom-economic methods for the 

formation of sulfur heterocycles. The thiocarbonyl function is strongly activated by an electron-withdrawing 

group and for this reason phosphorylated thiocarbonyl compounds are very efficient dienophiles and 

dipolarophiles. The thiocarbonyl group can also be part of the diene or the 1,3-dipole partner. 
 

3.1.1. [4+2] Cycloadditions 

3.1.1.1. With phosphorylated thiocarbonyl compounds as dienophiles 

3.1.1.1.1. Phosphinoyl thioaldehydes 

 Diphenylphosphinoyl thioformaldehyde (48) was formed by photofragmentation of phenacyl sulfide 

precursor 47 and trapped with an electron-rich diene (Scheme 17) leading to 49 in good yield (75%). In 

agreement with the expected regioselectivity of the reaction with an acceptor-substituted thioaldehyde, 

regioisomer 49 was formed exclusively.21 
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3.1.1.1.2. Phosphonodithioformates 

 It is well established that thiocarbonyl compounds such as thioaldehydes, thioketones, or dithioesters 

can react as dienophilic partners in hetero-Diels-Alder (HDA) reactions.22 Among these compounds, 

phosphorylated dithioesters are very efficient heterodienophiles, due to the electron withdrawing effect of 

the phosphoryl group, which lowers the LUMO of the thiocarbonyl group.23–25  
 

R1 R2

P
O

RO
RO

50 (R = iPr)

S

SMe

51

P

O
RO
RO

MeS

S

R3

R4

conditions
(Table)

R1

R2
R4R3

+

 

Scheme 18 



 337 

 Cycloaddition between diisopropyl phosphonodithioformate (50) and nonfunctionalized or 

functionalized dienes allowed preparing various phosphorylated 3,6-dihydro-2-methylthio-2H-pyrans of 

type 51 in good yields (Scheme 18, Table 1).  

 In most of the cases, these reactions take place slowly at room temperature, but can be accelerated 

thermally (Table 1, entries 7 and 9) or under microwave irradiation (entry 8). The most significant result was 

however the activation of the dienophile by a Lewis acid (LA) such as ZnCl2 or BF3
.Et2O, in stoichiometric 

(entries 2 and 10) or in catalytic amount (entry 4). The LA is presumably chelated to the oxygen of the 

phosphoryl group, increasing its electron-withdrawing effect and therefore accelerating the HDA reaction.  
 

Table 1. Selected examples of the reaction between phosphonodithioformate 50 and dienes. 

Entry R1 R2 R3 R4 Reaction conditions Product Ratio endo/exo Yield % Ref. 

1 H H H H rt, 24ha, b 2a - 95 23 

2 H H H H 1 equiv. ZnCl2, rt, 2ha,b 51a - 99 25 

3 Me Me H H rt, 24h 51b - 93 23 

4 Me Me H H 0.1 equiv. BF3, rt, 5mina, b 51b - 95 23 

5 Me H H H rt, 24hb 51cc - 93 23 

6 H H CH2  rt, 1hb 51d 7/3 90 23 

7 H H OAc OAc 50 °C, 168hd 51e  2/1 87 24, 25 

8 H H OAc OAc MW, 20mind 51e 1/1 70 25 

9 H H H SPh 50 °C, 12hd 51f 1/1 95 25 

10 H H H OH 1 equiv. BF3, rt, 18hd 51g 3/1e 90 25 
aReaction in a pressure tube. bReaction in 5 mL of CH2Cl2 for 2.4 mmol of dithioester and 5 equiv. of diene. cMixture of 
2 regioisomers in a 2:3 ratio. dReaction in 5 mL of THF for 2.4 mmol of dithioester and 2 equiv. of diene. eAdduct 2g is 
obtained in the desilylated form, from the diene having R4=OSiMe3  

 

 Some of the HDA adducts have been used as precursors for the synthesis of both phosphorylated 

thiaglycoside structures25 and P,S-analogues of the shikimic acid.24,25 As an example, the sequence for the 

preparation of the latter starting from adduct 51e is given in Scheme 19. It involves as key steps the selective 

radical desulfanylation, the cis-dihydroxylation and the formation of the double bond in alpha position to the 

phosphoryl group. 
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 In a recent study, HDA adducts 51a and 51b have been used as substrates for sulfoxidation and 

subsequent Pummerer reaction (Scheme 20).26 The oxidation took place almost selectively on the endocyclic 

sulfur atom and the Pummerer reaction proceeded via a regioselective attack of the nucleophile at the γ-po-

sition of the thionium ion intermediate, to give either products 55 or a mixture of 56 and 57, respectively. 
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3.1.1.1.3. Phosphoryl-substituted sulfines 

 Sulfines, compounds in which the sulfur atom of the thiocarbonyl group is oxidized, are rather 

unstable species, which are often trapped in situ as synthetic intermediates. Phosphoryl-substituted sulfines 

are more stable compounds because of the electron-withdrawing effect induced by the phosphoryl group. 

Sulfines 58 (obtained by a modified Peterson reaction from an α-silylated phosphonate and sulfur dioxide) 

could be isolated and then involved in Diels-Alder reactions with the 2,3-dimethylbutadiene to yield the 

corresponding cycloadducts 59 (Scheme 21).27 
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 Sulfine 60 (generated from cyanomethylphosphonate and thionyl chloride in the presence of 

triethylamine) have been trapped in situ by 1,3-butadiene, leading to cycloadduct 61.28 The latter was 

deoxygenated using trifluoroacetic anhydride/sodium iodide reduction conditions. The resulting 

phosphorylated dihydrothiopyran 62 was involved in a ring-contraction, using N-iodosuccinimide in the 

presence of a carboxylic acid, leading to phosphorylated thiolanes 63, which were obtained as an 

equimolecular mixture of two isomers (Scheme 22). 
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3.1.1.2. With phosphorylated thiocarbonyl compounds as dienes 

 Phosphorylated thiocarbonyl containing heterodienes 65 have been synthesized by a totally  

E-stereoselective Knoevenagel reaction from triethyl phosphonodithioacetate 64 and aromatic or 

heteroaromatic aldehydes (or their aminals). They have been used in the reverse-electron demand hetero-

Diels-Alder reactions with vinyl-ethers or -thioethers yielding phosphono-substituted dihydrothiopyrans 66 

(Scheme 23).29,30 Interestingly, an inversion of the stereoselectivity of the reaction is observed depending on 

the conditions of the reaction. Under thermal conditions (at 125 °C), the exo-approach of the dienophile is 

favoured leading to the trans cycloadduct, while under hyperbarric conditions (under 11 kbar), the endo-

approach is favored yielding mainly the cis cycloadduct. Moreover, under high pressure, if one equivalent of 

pyridine was added to the reaction mixture, the stereocontrol of the cycloaddition switched again in favour 

of the trans cycloadduct.29  
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 This was explained by an in-situ E � Z isomerisation of the heterodiene (via the Michael-adduct 

obtained by addition of pyridine to the E-heterodiene) and a higher reactivity of the resulting Z isomer. The 

authors also showed that phosphono-substituted dihydrothiopyran 66 could be obtained in a one-pot 

synthesis from triethyl phosphonodithioacetate 64, the suitable aldehyde and the electron-rich dienophile, 

through a domino Knoevenagel/hetero-Diels-Alder sequence (Scheme 23).30 Yields were in this case higher 

than using the two-steps sequence and selectivities similar to that obtained in the separate cycloadditions 

performed under thermal conditions. 
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Table 2. Selected examples of the formation of products 66 with Ar = 4-NO2-C6H4. 

Entry Y Reaction conditionsa Product 

 

Ratio 

trans/cis 

Yield % Ref. 

1b SEt pressure tube, 125 °C, 6h 66a 7/93 89d (78)e 29 

2b SEt 11 kbar, 20 °C, 48h 66a 86/14 83d 29 

3b SEt 11 kbar, 20 °C 

48h, 1 equiv. Py 

66a 6/94 86d 

 

30 

4c SEt Piperidine (cat.),  

toluene, reflux, 120h 

66a 6/94 87f 29 

5b OEt pressure tube, 125 °C, 2h 66b 15/85 86d 29 

6c OEt 11 kbar, 20 °C, 24h 66b 64/36 90d 29 
aA large excess of dienophile was used: 10 equiv. bTwo steps sequence. cOne-pot reaction. dYield after HDA 
reaction. eOverall yield after Knoevenagel and HDA reactions. fYield after domino Knoevenagel-HDA sequence. 

 

3.1.2. [3+2] Cycloadditions 

 Phosphonylated thiocarbonyl ylides 70 and 74 belong to the class of so called ‘S-centered’  1,3-dipoles, 

which can be generated in situ by two main methods: i) by reacting phosphonodithioformate 68 with 

diazomethane 67a,31–33 or its silylated derivative 67b34 (Method 1, Scheme 24); ii) by reacting 

diazomethylphosphonate 71 with thioketones 72 (Method 2, Scheme 24).35,36  
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 These phosphonylated thiocarbonyl ylides undergo typical [3+2] cycloadditions with electron-deficient 

dipolarophiles yielding phosphonylated sulfur heterocycles. Although these heterocycles can contain more 

than one sulfur atom and other heteroatoms (depending on the dipolarophile structure), according to the 

scope of this review, only reactions leading to sulfur heterocycles containing one sulfur atom are discussed 

(reactions with C=C dipolarophiles). Thiocarbonyl ylides 70 react with dipolarophiles such as maleic 

anhydride (Y=O) and N-cyclohexylmaleimide (Y=N-c-C6H11), leading to phosphonylated bicyclic products 

of type 75 (Scheme 25).33,34 
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 The reaction of phosphonylated thiocarbonyl ylide 76 derived from 9H-fluorene-9-thione with diethyl 

diazomethylphosphonate were tested with several C,C-dipolarophiles. Only tetracyanoethylene (TCNE) 

afforded the corresponding 2-phosphonylated tetracyanothiolane 77 (Scheme 26).35 
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3.2. Syntheses based on intramolecular cyclizations  

3.2.1. Carbanion mediated cyclizations 

 Deprotonation of sulfanyl diphenylphosphine oxide 78 at α-position by potassium carbonate at room 

temperature, followed by intramolecular alkylation with allyl iodide, led to 8-membered sulfur heterocycle 

79 (Scheme 27).37 The major product (83%) displays cis-geometry; only a small amount of the trans isomer 

was detected. This type of α-phosphinoyl heterocyclic sulfides has been used as precursors for the synthesis 

of mercaptomacrolactones analogues of phoracantholide, which is a component of the highly odoriferous 

defense secretion of the eucalypt longicorn, Phoracantha synonyma. 
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3.2.2. Carbenoid mediated cyclizations 

 Diazophosphonylated mercaptan 81 reacts in the presence of rhodium(II) acetate to give cyclic 

phosphonylated thiolan-3-one 82 in modest yield (44%) (Scheme 28).38 The reaction involves an 

intramolecular insertion of the carbenoid species into the S–H bond. 
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3.2.3. Radical mediated cyclizations  

 Radical intramolecular 5-endo-cyclization of α-mercaptophosphonate 8339 led to the corresponding 

phosphorylated thiolane 84 without epimerization (Scheme 29). The oxidation of 2-phosphonothiolane into 
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the corresponding sulfoxide 85 was totally stereoselective with a complete transfer of the asymmetry from 

the carbon to the sulfur atom. The relative trans configuration of the C–P and S–O bonds has been 

demonstrated.  
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 1-Iodo-2-allylsulfanyl phosphonate 86 was submitted to radical reaction conditions (Bu3SnH/AIBN) in 

order to study 5-exo versus 6-endo cyclization process.40 The major product was identified as the 2,3-di-

hydrothiophene derivative 87 resulting from 5-exo cyclization, together with a trace amount of the  

6-membered ring product 88 (Scheme 30). 
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3.2.4. Electrocyclizations 

3.2.4.1. 1,3-Dipolar electrocyclizations 

 Phosphonylated thiocarbonyl ylides (see Chapter 3.1.2.) undergo electrocyclic ring closure to give the 

corresponding thiiranes. Thiocarbonyl ylides 89a and 89b, derived from aromatic thioketones, afforded 

unstable thiiranes 90, which spontaneously eliminated the sulfur atom to yield the corresponding 

vinylphosphonates 91 (Scheme 31).35  
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 The reaction of the diisopropyl phosphonylodithioformate 68b with dimethoxycarbene [:C(OMe)2] 

afforded also the corresponding vinylphosphonate, which is belived to be the product of spontaneous 

desulfurization of the intermediate thiirane under the reaction conditions (toluene, reflux).36a 

 In comparison with their aromatic counterparts, phosphonylated thiocarbonyl ylides 92 derived from 

cycloaliphatic thioketones, after 1,3-dipolar electrocyclization, gave stable thiiranyl phosphonates 93 

(Scheme 32).36b The latter can be desulfurized smoothly by treatment with tris(diethylamino)phosphine to 

give the corresponding vinylphosphonates. 
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3.2.4.2. Domino Knœvenagel/1,6-heteroelectrocyclizations 

 Reacting phosphonodithioacetate 64 and �,�-unsaturated aldehydes such as cinnamaldehyde and 

crotonaldehyde 94a and 94b, under Knœvenagel conditions, directly led to 5-phosphono substituted  

2H-thiopyrans 96a and 96b, respectively, via the electrocyclization of 1-thia heterotriene intermediate 95 

(Scheme 33).41 Reaction between dithioester 64 and electron-deficient indolic aldehydes 94c–d (bearing an 

electron-withdrawing group on the nitrogen atom, N-tosyl or N-triflyl group) afforded dienes 95c and 95d 

respectively, which underwent consecutive heteroelectrocyclisation to afford thiopyrans 97c and 97d (in 

mixture with starting 95c,d). The ratio of the product 97d in the (95+97) mixture was slightly higher than 

that of 97c (87/13 vs. 76/24). In both cases, attempts to separate the phosphorylated thiopyran 97 from its 

open chain precursor 95 by chromatography on silica gel led to the degradation of the products.  
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3.3. Miscellaneous 

3.3.1. Sigmatropic rearrangements 

3.3.1.1. [2,3]-Sigmatropic rearrangement 

 The [2,3]-sigmatropic rearrangement in the sulfur series (also called thia-Wittig rearrangement) has 

been studied with α-allylsulfanyl substituted carbanion or ylide stabilized by a phosphonyl group.39,42–46 

Sulfonium ylides were directly generated from diisopropyl diazomethylphosphonate 71 and allylic sulfides, 

under Cu(II) or Rh(II) catalysis.29 Among allylic sulfides, a sulfur heterocyclic substrate was used, the  

2-vinyl thiolane 98. Its reaction with diazoester 71 in the presence of copper acetyl acetonate as catalyst led, 

via sulfur ylide 99, to the 2-thiocyclooctenyl phosphonate 100 in 51% yield (Scheme 34). 
 

P

O

RO
RO

71 (R = iPr)

N2

H

+

cat. Cu(acac)2

S P(OR)2

O
S[2,3]-σ

100 (51%)98

S P(OR)2

O

99

CH2Cl2, rt, 5 days

 
Scheme 34 

 

 The reaction of sulfanyl diphenylphosphine oxide 101 with potassium carbonate at 80 °C in refluxing 

acetonitrile (for reaction at room temperature see § 3.2.1), yielded the 9-membered sulfur heterocycle 103 

via a [2,3]-sigmatropic shift involving ylide 102 (Scheme 35).37 The major product obtained in this case had 

the trans-geometry.  
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3.3.1.2. [1,3]-Sigmatropic rearrangement 

 The sulfur to carbon 1,3-migration of the phosphoryl group (also called arylthiophosphate 

–o-mercaptoarylphosphonate rearrangement) associated with the ortho-lithiation of dialkyl aryl 

thiophosphates by LDA has been described by Masson and collaborators.47 The presence of bulky isopropyl 

groups on the phosphoryl moiety is required, as with ethyl groups the reaction failed due to the predominant 

attack of the P=O group by the base and cleavage of the P–S bond leading to thiophenol. The reaction has 

also been extended to heteroaromatic thiophosphate substrates.48 In this series, 2- and 3-thienyl 

thiophosphates derivatives 104 rearranged into 2-thiolato-3-thienyl and 3-thiolato-2-thienyl phosphonates 

105 (Scheme 36). The low yields (21% and 47%) are partly due to the instability of the resulting 

mercaptothiophenes 106a,b.47 Yields can be improved however if the intermediate thiolates are trapped by 

S-alkylation. For example the methylsulfanyl derivatives 106a’ and 106b’ have been obtained in 36% and 

63% yield, respectively.48 
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3.3.2. Ring-closing metathesis 

 α-(Allyl-allylsulfanyl)phosphonates 107 react under ring-closing metathesis conditions to give  

3,6-dihydro-2H-pyran phosphonates 108 (Scheme 37).49 A low yield (19 %) was obtained when R1=H, but 

with a carboxylate substituent the reaction afforded good yields. 
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Scheme 37 
 

 Thioarylketene S,N-acetal 109 was treated with diethyl (2-oxopropyl)phosphonate 110 in the presence 

of mercury(II) acetate in dichloromethane, at room temperature to give 3-methylamino-5-phenylthiophene 

phosphonate 111 (Scheme 38).50 
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Scheme 38 

 
 Addition of sodium hydrosulfide to bis(diethoxyphosphoryl)acetylene 112 followed by an 

intramolecular cyclization led to 2,3-dihydrothiophene 113 carrying four phosphoryl groups (Scheme 39).51 

When sodium sulfide was used instead of sodium hydrosulfide, the tetraphosphoryl derivative was obtained 

only in trace amount and the isolated product was the triphosphorylthiophene 114. The two phosphoryl 

groups at the 2 and 3 positions of the heterocycle are trans, reflecting the most thermodynamically stable 

form. 
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 Reaction between β-ketophosphonates 115, activated methylene nitrile derivatives 116 and sulfur 

under basic conditions led to 2-amino-5-phosphono thiophenes 117 (Scheme 40).52 These products are 

obtained regioselectively only when R=H, otherwise (with R=Me) the 2-amino-4-(phosphonomethyl)-

thiophene regioisomers are obtained. 
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 1,2-Epoxy-1-alkyl phosphonates or phosphinates 118 can be transformed into the corresponding 

thiiranes 119 by treatment with thiourea, in methanol, at room temperature (Scheme 41).53 Upon heating to 

reflux in methanol, desulfurization occurred leading to vinyl phosphonates or phosphinates 120. 
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4. Conclusion 

 As shown in this review, interest in the synthesis of phosphorus-substituted sulfur heterocycles has 

grown up in the last years. This can be explained by their wide applications in various fields such as 

biomolecular chemistry (analogues of biomolecules), catalysis (ligands), materials (hydrid organic–

inorganic materials), which mainly arises from the difunctionality, the geometry of the sulfur heterocycle 

and the relative position of the two functions, as both phosphorus and sulfur functions can be involved 
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independently or together in the reactivity of the compound (bidentate chelation of a metal, activation of a 

function by the other one…). The numerous existing procedures to synthesize such compounds enable now 

to access a reasonable variety of structures, which is important for the tailoring of the biological and 

catalytic properties. It is worth noting that structure/relationship properties in the biological field as well as 

in the catalytic field still have to be established for many of these derivatives in order to fully exploit their 

original properties. 
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Abstract. The inter- or intramolecular addition of organolithiums to non-activated carbon−carbon double or 

triple bonds has now become an efficient way of constructing heterocyclic systems. The control of chemo-, 

regio-, and stereoselectivity achievable within this type of reactions allows the synthesis of a wide variety of 

heterocyclic derivatives from usually simple precursors. Although mainly confined to the formation of five-

membered rings, intramolecular carbolithiations allow the regioselective functionalization of the resulting 

heterocyclic compound by trapping of the intermediate lithiated heterocycles with selected electrophiles. In 

this review, we present the most significant examples in this field. 
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1. Introduction 

 The addition of a carbon−lithium bond of an organolithium reagent 1 across an unactivated alkene or 

alkyne derivative 2, leading to a new organolithium compound 3, is termed a carbolithiation reaction 

(Scheme 1).1 This type of processes can be considered as a subset of the family of carbometalation 

reactions.2 Generally, we refer to carbolithiation reactions when the attacked carbon−carbon multiple bond is 

non-polarized or weakly polarized. 
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R1Li      + R3R2

R1 Li

R2 R3

1 2 3  
Scheme 1 

 

 They can be divided into inter- and intramolecular reactions. In the intermolecular case the 

carbometalation ability of 1 must be higher than that of 3 to prevent the formation of polymers, however, in 

the intramolecular version, where entropy factors are favorable, the starting organolithium and the product 

could have similar reactivities. In both cases, it should be possible to functionalize the resulting 

organolithium by its reaction with electrophiles, offering an efficient means of broadening the synthetic 

usefulness of these reactions. We have divided the topic according to the inter- or intramolecular nature of 

the carbolithiation reaction involved. Within each section, after an overview of general aspects of the 

referred reactions, we shall then consider the more significant advances in this field related to the synthesis 

of heterocyclic compounds. 

 

2. Intermolecular reactions 

2.1. General aspects of intermolecular carbolithiation reactions 

 Alkene carbolithiation could be considered a synthetically efficient procedure as the intermediate 

organolithium is generated with complete atom economy and can be trapped with a wide range of 

electrophiles. However, this process is not always viable in practice because if the produced organolithium 3 

reacts with a second molecule of the alkene, an anionic polymerization process could be initiated.3 In order 

to accomplish an intermolecular carbolithiation reaction, conditions are required that will facilitate the initial 

carbolithiation but not favor further addition by the generated organolithium. The first successful example 

was reported by Bartlett and co-workers who described that secondary and tertiary alkylithium reagents were 

able to carbometalate ethene.4 Taylor and co-workers discovered that organolithium additions to styrene and 

styrene derivatives 4 are synthetically viable when Et2O is employed as solvent providing a useful method 

for the preparation of a range of alkylated benzene derivatives 5 (Scheme 2).5 The reactivities of different 

types of organolithium reagents were found to be: tertiary, secondary > primary >> alkenyl, methyl, phenyl. 

With deactivated double bonds, the reactions with BuLi can be facilitated by using TMEDA as co-solvent. 

Other authors have also reported the carbolithiation reactions of α-alkyl6 and β-alkyl-substituted styrenes.7 

The most important fact is that these processes are regiospecific giving rise to the more stabilized 

benzyllithium derivative. 

 

R1

Li
R2

R1

E
R2

R1

4  (R1 = H, OMe, Ph, NR2,...)

R2Li (1.1 equiv.), −78 °C

Et2O or Et2O:TMEDA

E+

5  (E = H, TMS, CO2H)  
Scheme 2 

 

 On the other hand, the carbolithiation of β-alkyl-substituted styrenes such as (E)-β-methylstyrene 6 

generates an organolithium intermediate with two contiguous stereocentres. Marek, Normant and co-workers 

have developed the enantioselective carbolithiation reaction of this substrate and of a wide variety of 
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cinnamyl derivatives 8 by using the lupine alkaloid (−)-sparteine instead of TMEDA (Scheme 3).8 From 6, 

chiral benzene derivatives 7 were obtained with high ee, although the benzylic C−Li centre has low 

configurational stability. Interestingly, only a slightly lower ee (70%) is obtained for 7 (R=Bu) when the 

reaction is performed in the presence of a catalytic amount of (−)-sparteine (10 mol%). For cinnamyl 

derivatives 8 bearing heteroatoms able to coordinate the lithium atom, the addition is dependent on the 

stereochemistry of the initial double bond, and the resulting benzylic organolithium compound can be 

derivatized upon treatment with electrophiles to yield benzene derivatives 9 bearing a linear chain with good 

or excellent levels of diastereoselectivity. Representative examples are shown in Scheme 3, including the 

enantioselective synthesis of trans-disubstituted cyclopropanes 10 from acetal 8c by a 1,3-elimination of the 

acetal group from the lithiated intermediate.8 
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Scheme 3 

 

2.2. Synthesis of indole derivatives 

 O´Shea and co-workers have exploited the synthetic utility of the intermolecular carbolithiation of 

styrene derivatives for the specific case of o-substituted styrenes 11, due to the possibility of generating 
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benzo-fused ring systems 13 by trapping the intermediate benzylic lithiums 12 with suitable electrophiles 

and further in situ ring-closing reactions involving the o-substituent (Scheme 4).1g 
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Scheme 4 

 

 Initially, these authors studied the intermolecular carbolithiation reaction of substituted o-amino-

styrenes 14, generated by a Pd-catalyzed cross-coupling reaction, to initiate a controlled cascade reaction 

sequence for the generation of indole derivatives (Scheme 5).9 This methodology involves alkyllithium 

addition to the styrene double bond (for less reactive primary alkyllithium the presence of TMEDA is 

required), and subsequent trapping of the intermediate organolithium 15 with a suitable electrophile, 

followed by in situ ring closure and dehydration. When DMF was used as electrophile, C-2 unsusbstituted 

indole derivatives 16 were obtained, whereas the use of nitriles gave rise to indoles 17 that incorporate the 

nitrile substituent at C-2 (Scheme 5). Using milder acidification conditions, 2,3-dihydro-2-hydroxyindole 

derivative 18 and ketone 19 could be isolated indicating the presence of key intermediate dianions 15 and the 

reaction of the carbanion with the electrophile (Scheme 5). In this way, different functional groups can be 

introduced around the indole scaffold.9 
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Scheme 5 

 

 The same authors also reported a similar methodology, i.e. combination of a vinylation procedure and 

a carbolithiation-electrophile trapping cyclization, for the synthesis of the functionalized 7-azaindole ring 

system. Despite the known propensity of the pyridine heterocycle to undergo addition reactions with 
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alkyllithiums, the carbolithiation is highly effective in THF at low temperature. 3-Vinyl-pyridine-2-amine 

derivatives 20 were prepared using the coupling of 2,4,6-trivinylcyclotriboroxane with 3-bromopyridine-2-

amines as key step. And so, from pyridine derivatives 20, 3,n-disubstituted 7-azaindoles 21 were obtained by 

reaction of the generated intermediate lithiated species with DMF. In addition, 2,3,n-trisubstituted  

7-azaindoles 22 could be obtained when nitriles were used as electrophiles (Scheme 6).10 The reaction 

sequence allows for aryl, heteroaryl, alkyl and keto substituents to be included at different positions around 

the heterocycle. 
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(d) (CH2=CHB-O)3·Py (0.5 equiv.), Pd(PPh3)4 (cat.), K2CO3 (1 equiv.), DME:H2O, reflux, 60–86%; (e) PhLi (1.5 equiv.), THF,  
–30 ºC; (f) R2Li (2 equiv.), –78 ºC; (g) DMF, –78 ºC; (h) HCl (aq), reflux; (i) R3CN, –78 to 0 ºC. 

Scheme 6 
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Scheme 7 
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 By exploiting an asymmetric carbolithiation of (E)-2-propenylarylamines 23, chiral lithiated 

intermediates 24 can be readily generated under the influence of (−)-sparteine. The high synthetic potential 

of 24 was demonstrated by their reactions with selected electrophiles, followed by an in situ ring closure and 

dehydration. In this way, a variety of chiral substituted indoles and indolones 25a–h has been synthesized 

with high enantioselectivity (82–86% ee) (Scheme 7).11 The stereogenic centre, formed in high enantiomeric 

ratio in the first carbolithiation step, is carried through the cascade reaction sequence to the final products 

and is independent of electrophile used. When other alternative chiral ligands, like lithium alkoxides, lithium 

amides or bisoxazoline derivatives were tested, none of them afforded better results than (−)-sparteine. This 

fact highlights the exceptional complementary relationship of carbolithiation reactions with (−)-sparteine. 

Although the N-benzyl group is a requirement for high enantioselectivity, debenzylation of the final  

N-benzylindoles 25 can be achieved by treatment with lithium and ammonia without alteration of the optical 

purity, as it has been shown in the synthesis of N-unsubstituted indole 26 (Scheme 7).11 
 
2.3. Synthesis of quinoline derivatives 

 As expected, carbolithiation of styrenes and β-alkylstyrenes with alkyllithium reagents (see Schemes 

5–7) was regiospecific with the more stabilized benzylic lithiated regioisomers exclusively generated. With 

unsymmetrical stilbenes such as 27 two different benzylic lithiated regioisomers could be formed. O´Shea 

and co-workers have also shown that the carbolithiation of o-amino-(E)-stilbenes 27 is regioselective, when 

the reaction is performed in THF, to provide lithiated intermediates 28. 
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Scheme 8 

 
 A subsequent electrophilic trapping showed high levels of diastereoselectivity although it was 

influenced by both the o-amino substituent and the alkyllithium. In the case of 27a and without the addition 
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of any electrophile, intramolecular attack of the benzylic lithium to the Boc group was achieved by raising 

the temperature affording 3,4-dihydro-1H-quinolin-2-ones 29 (Scheme 8).12 These compounds were isolated 

as mixtures of 3,4-trans- and 3,4-cis-isomers, which upon purification were isomerized to the more stable 

trans-isomer. The treatment of 28 with DMF, followed by acidification, gave rise to 1,2,3,4-tetrasubstituted 

tetrahydroquinolines 30, as mixtures of 2,3-cis-3,4-trans- and 2,3-trans-3,4-trans-isomers, which could be 

dehydrated and in situ oxidized to yield 3,4-disubstituted quinolines 31. Surprisingly, in the case of using  

t-BuLi as alkyllithium, the corresponding t-Bu-substituted tetrahydroquinoline loses the t-Bu group upon 

aromatization. And so, the 2,3-disubstituted quinoline 32 could be synthesized by using t-BuLi in the initial 

carbolithiation process and 4-methoxybenzonitrile as electrophile (Scheme 8).12 This methodology has also 

been extended to the synthesis of 1,4-dihydroquinoline derivatives 33 starting from o-N-benzylamino-(E)-

stilbenes 27b (Scheme 8).12 

 Interestingly, stilbene stereochemistry can modulate its reactivity with alkyllithiums from 

carbolithiation (see above) for trans-27a to vinyl deprotonation for cis-27a. Direct vinyl lithiation of cis-27a 

with t-BuLi/PMDTA provides a new route for the synthesis of 3-substituted indoles.13 
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Scheme 9 
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2.4. Synthesis of other heterocyclic systems 

 O´Shea and co-workers have also extended the enantioselective carbolithiation of o-substituted  

β-methylstyrenes, initially applied for the synthesis of indole derivatives (see Scheme 7), to the preparation 

of other chiral heterocycles. For example, o-aminomethyl carbolithiated intermediate derived from 34a 

afforded isoquinoline 35 upon treatment with DMF, acidification and further Boc-deprotection and oxidation 

with KOAc/I2 (Scheme 9).14 In the same way, treatment of N-benzyl lithiated intermediate from 34b with 

CO2 introduced a carboxylic acid functional group, which following intramolecular amide coupling with  

1-ethyl-3-(3´-dimethylaminopropyl)carbodiimide (EDCI) generated isoquinolinones 36 as mixtures of 

diastereoisomers (Scheme 9).14 On the other hand, formylation of the o-methoxy benzyllithium intermediate 

from 34c, followed by O-demethylation, cyclization and dehydration gave rise to benzofuran derivatives 37 

(Scheme 9).14 Finally, protonation and deprotection of the o-oxazoline benzyllithium derivative from 34d 

afforded a chiral benzoic acid, which underwent lactone formation upon treatment with PhI(OAc)2/KBr 

yielding isobenzofuranone 38 (Scheme 9).14 As shown, the best enantioselectivities for the initial 

carbolithiation step were obtained for anisole derivative 34c and were similar than those obtained for the 

carbolithiation of o-aniline derivative 23 (see Scheme 7). 

 Tomooka and Igawa have described a remarkable acceleration effect of phenyl-substituted silyl groups 

in hydroalumination and carbolithiation reactions of propargylic alcohols, attributed to an increase of 

electrophilicity of the β-carbon atom on the alkynyl group caused by the phenyl groups on the silicon atom. 

So, a regioselective carbolithiation of unsymmetrical dialkyne 39 took place in the presence of TMEDA 

affording stereoselectively a vinyllithium species that was trapped with CO2. Subsequent intramolecular 

cyclization gave rise to furan-2-one 40 in moderate yield (Scheme 10).15 
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Scheme 10 

 

3. Intramolecular reactions 

 The intramolecular carbolithiation reaction of organolithiums onto an unactivated olefinic or 

acetylenic bond is a useful methodology for the preparation of cyclopentylmethyllithium derivatives, their 

heterocycles analogues and, less effectively, the corresponding six-membered rings. Although the 

isomerization of 5-hexenyllithium 42 to cyclopentylmethyllithium 43 was first reported in the late 1960s by 

Drozd and co-workers,16 it was in 1985 when Bailey and co-workers reignited interest in anionic cyclization 

reactions of organolithium onto alkenes. They showed that the iodine-lithium exchange of primary alkyl 

iodides like 41 with t-BuLi at −78 ºC did not take place via radical intermediates and they studied the 

kinetics of the intramolecular carbolithiation of 42 to 43 (Scheme 11).17 

 

I Li

Li20 °Ct-BuLi (2 equiv.), −78 °C

pentane:Et2O (3:2)
41 42 43  

Scheme 11 
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 Despite the fact that an energetically less favourable sp2 to sp3 carbanion transformation is involved, 

both vinyl and aryllithium cyclization reactions onto alkenes are successful. The first example was due to 

Woolsey and co-workers, who reported the carbolithiation of 2-(3-butenyl)phenyllithium 44 to  

1-lithiomethylindane 45 that was characterized by deuteriolysis (Scheme 12).18 

 

Br Li Li
D2O

D
BuLi (2 equiv.)

Et2O, −78 °C

44

TMEDA (2 equiv.)

−78 °C to r.t.

45  
Scheme 12 

 

 Although all these carbolithiation reactions are thermodinamically favourable processes, in many cases 

the isomerizations are sluggish at room temperature and the presence of lithiophilic Lewis bases such as 

THF or TMEDA serves to increase the rate of the cyclization reactions. 

 On the other hand, the intramolecular carbolithiation of 5-hexynyllithiums 46 are syn-stereospecific 

processes and the rate of the reaction is dependent on the substituent of the triple bond, being the cyclization 

of 46b 106 times slower than the cyclization of 46a. Functionalized cyclopentylidene-containing products 47 

are obtained by this strategy (Scheme 13).19 
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3.1. Special features of intramolecular carbolithiation reactions 

3.1.1. Stereoselectivity and mechanism 

 One general aspect to consider about intramolecular carbolithiation reactions is that the generation of 

the starting organolithium might not involve radical intermediates or, alternatively, if its formation takes 

place via single-electron transfer processes, the capture of the second electron must be faster than the radical 

cyclization reaction. If not, observed cyclization could be of radical nature. Carbolithiation reactions have 

two important advantages over the corresponding radical cyclization. Whereas it is not generally possible to 

trap the radical intermediate, the corresponding cyclized organolithium intermediate could be trapped with 

electrophiles affording functionalized compounds. Moreover, carbolithiation reactions are much more 

stereoselective than the analogous radical-mediated cyclization reactions.20 The contrast in regio- and 

stereoselectivity for the cyclization of related organolithium 48 and radical 49 is shown in Scheme 14.21 

 The observed regioselectivities and stereoselectivities of the intramolecular addition of a C−Li bond to 

an unactivated alkene could be rationalized by recourse to a transition-state model that resembles a 

cyclohexane chair in which substituents preferentially occupy pseudo-equatorial positions (Scheme 15).20,21 

Ab initio molecular-orbital calculations carried out by Bailey and co-workers reveal that the regio- and 
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stereochemistry of the isomerization of substituted 5-hexen-1-yllithium compounds 50a–c is a consequence 

of an energetically favorable coordination of the lithium atom of the substrate with the remote π-bond.20 
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H
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H
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Li
Li

d.r. = 10:1

Li48

Li
Li

d.r. = 10:1

50a

LiLi
d.r. = 12:150b 50c  

Scheme 15 

 

 On the other hand, the control of absolute stereochemistry in the intramolecular carbolithiation 

reactions is not a completely solved aspect and different approaches have been used as we will show along 

this review: (a) a “chiral auxiliary” approach with the presence of an exocyclic stereocentre of defined 

configuration in the starting substrate to direct the cyclization; (b) a “chiral substrate” approach with the use 

of a configurationally defined and stable organolithium starting material, usually generated by stereospecific 

tin-lithium exchange or by enantioselective deprotonation; (c) a “chiral ligand” approach with the use of an 

external ligand such as (−)-sparteine to confer enantiofacial selectivity in cyclizations of achiral olefinic 

organolithiums. The first example of an enantioselective carbolithiation reaction with (−)-sparteine was 

reported by Marek, Normant and co-workers (see Scheme 3).8a 

 

3.1.2. Scope and limitations 

 Although some examples of the formation of three-, four-, and six-membered rings by an 

intramolecular carbolithiation reaction have been reported, this methodology could only be considered as 

general for the generation of five-membered carbocycles and heterocycles. One of the major drawbacks of 

these anionic cyclizations is that they are limited to terminal double bonds and this is a key point of 

divergence from radical cyclizations. However, it has been possible to obtain cyclized products from  

1,2-disubstituted olefins when the formed alkyllithium product is substituted with a leaving group in a  

β-position leading to an elimination reaction of the organolithium.22 This type of processes could also be 

consider as intramolecular SN´ cyclization reactions. Moreover, the presence of a moderately activating 

group like phenyl, trimethylsilyl, cyclopropyl, arylthio, or alkynyl at the terminal position of the olefin also 

favors the cyclization, probably due to the stabilization of the resulting cyclized organolithium by these 

activating substituents.23 In recent years, we have developed an intramolecular carbolithiation reaction of 

lithiated double bonds, a conceptually new process that expands the scope of this kind of reaction. This 
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cyclization is general with respect to the moiety of the starting material and that simple 2,6-dilithio-1,6-

heptadienes are useful substrates. Moreover, ab initio molecular orbital calculations show Li−C interactions 

in the transition state and support a carbolithiation pathway for the cyclization of 2,6-dilithio-1,6-heptadiene 

derivatives.24 

 On the other hand, for the carbolithiation of alkynes, an obvious limitation is that terminal alkynes are 

always deprotonated by organolithium reagents. In addition, in some cases deprotonation of propargylic 

positions could also occur more readily. With silyl or aryl stabilizing substituents on the triple bond, it was 

also possible to prepare four- and six-membered ring by exo-dig cyclization reactions. Although these 

intramolecular carbolithiation reactions of alkynes are syn-stereospecific processes, the resulting 

vinyllithium species could be more or less configurationally stable at the temperature required for the 

cyclization to take place.25 

 

3.2. Synthesis of furan derivatives 

 The anionic cyclization of α-alkoxylithium derivatives, pioneered by Broka and co-workers, provides 

an expedient and stereoselective route to a variety of tetrahydrofurans not easily available by other means. 

Treatment of homoallylic tributyltinmethyl ether derivatives 51 with BuLi generates the corresponding  

α-alkoxyorganolithiums, which on warming undergo a carbolithiation reaction to afford cis-2,4-disubstituted 

tetrahydrofurans 52 (Scheme 16).26 A cyclohexane chair-like transition state 53 could be considered to 

account for the observed stereoselectivity. Although, as above mentioned, a major drawback of the 

carbolithiation reactions of olefinic organolithiums is that they are limited to terminal alkenes, the strategy of 

using a 1,2-disubstituted olefin bearing a leaving group in a β-position was first used by these authors. In 

this way, the tin-lithium exchange on appropriate starting ethers 54 gave rise to vinyl tetrahydrofurans 55 in 

excellent yield and in a highly cis-selective way. The presence of a leaving group at the distal allylic position 

enhances not only the yield of the cyclized product but the stereoselectivity as well (Scheme 16).26 
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Scheme 16 

 

 In order to expand the scope of this methodology, the same authors have used a reductive lithiation as 

an alternative strategy for the generation of α-alkoxyorganolithiums. Upon treatment of the α-(phenylthio) 

ether 56a with lithium naphthalenide, anionic cyclization took place smoothly to yield the 2,3-disubstituted 
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tetrahydrofuran 57 with good trans-stereoselectivity and moderate yield (Scheme 17).27 Again, the presence 

of a good leaving group at the β-position of the cyclized organolithium led to the final tetrahydrofuran 

derivative 58 in considerably improved chemical yield (Scheme 17).27 The high trans-selectivity of these 

reactions supports the anionic, rather than radical, character of these cyclizations. 
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 Lautens and Kumanovic have applied this methodology to the synthesis of oxabicyclo[5.3.0]decenes 

60 bearing up to five contiguous stereocentres with complete regio- and stereocontrol. They have shown that 

oxabicyclo[3.2.1] compounds 59 are available in few steps from substituted furans via a [4+3] cycloaddition 

reaction. Their treatment with excess of MeLi at low temperature generated the corresponding α-oxy-

organolithium species that upon warming underwent cyclization leading to cyclohepta[c]furan derivatives 60 

in good yields. Their stereochemistry is consistent with an intramolecular anionic attack of the olefin in an 

exo SN2´ fashion (Scheme 18).28 
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 Nakai and co-workers have shown evidences for retention of configuration at the carbanionic centre in 

the carbolithiation reaction of enantio-enriched α-(homoallyloxy)alkyllithiums, generated by tin-lithium 

exchange from enantio-defined stannanes 61. In this way, trans-2,3-disubstituted tetrahydrofuran derivatives 

62 and 63 have been prepared with high diastereoselectivity and without losing the enantiomeric purity. The 

addition of LiCl in the case of 61a considerably improved the yield of the cyclization by minimizing 

coordination of the lithium atom with the ether oxygen (Scheme 19).29 
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 Taking advantage from the known fact that tertiary nitriles can be reductively cleaved to form 

alkyllithium reagents,30 Rychnovsky and co-workers have probed that reductive decyanation cyclizations 

take place through an anionic rather than a radical cyclization. They have described that the reductive 

lithiation of enantiomerically pure nitrile 64 with excess of lithium di-t-butylbiphenylide (LiDBB) led to the 

spyrocyclic product 66 as a single diastereoisomer in 42% ee, through the intermediacy of organolithium 65 

(Scheme 20).31 It has been shown that the lifetime of the intermediate radical is too brief to allow a radical 

cyclization and thus the cyclization proceeds through the alkyllithium intermediate 65. 
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Scheme 20 

 
 This strategy has been further developed for the spiroannulation of tetrahydropyran rings. The  

2-cyanotetrahydropyran 67 was easily prepared from δ-decanolactone and its alkylation reactions produced 

cyclization precursors 68, 70 and 72 with complete selectivity in favor of the axial nitrile. Addition of 68 to 

excess LiDBB in THF at −78 °C and warming immediately to ca. −40 °C led to cyclization of the 

alkyllithium intermediate. Trapping the cyclized organolithium with CO2 and subsequent esterification 

yielded spyrocyclic ester 69 as a single diastereoisomer (Scheme 21).32  
 

OR O OR CN OR
CN

OR
Li

OR

MeO2C

OR
CN

OMe

OR

SiMe3

MeOH

OR
CN

SiMe3

MeOH
OR

R = n-C5H11

a,b

67

c

68

d e,f

69

72

71  (58%)

LiDBB, THF

−40 °C, 20 min

70

LiDBB, THF

−40 °C, 60 min

73  (89%)  
(a) 1. DIBAL-H, –78 ºC; 2. Ac2O, DMAP, Py; (b) TMSCN, BF3·OEt2, 91%; (c) LDA, –40 ºC, THF, DMPU,  
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Scheme 21 
 

 In an analogous way, the spirocyclization of 70 delivered 71 in moderate yield due to competitive 

reductive decyanation and alkyne reduction side products. Moreover, the possibility to form two adjacent 
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quaternary centres was tested with nitrile 72. An efficient cyclization produced spirocycle 73 as a single 

diastereoisomer (Scheme 21). For each of the alkene cyclizations, the diastereoisomer with the alkyl chain 

cis to the THP oxygen atom was formed exclusively.32 

 Rychnovsky and co-workers have developed a rational synthesis of contra-thermodynamic spiroacetals 

by using their above-described methodology. α-Thiophenyl ketene acetal 74, prepared from the 

corresponding enol ether by deprotonation and reaction with Ph2S2, reacts with the corresponding optically 

pure diol leading to a spiro ortho ester that was cleaved by treatment with TMSCN affording, after 

hydrolysis and reprotection, the cyanoacetal 75 as a mixture of stereoisomers. The reductive cyclization of 

75 proceeds in good yield on treatment with LiDBB leading to a single diastereomer of spiroacetal 76 

(Scheme 22).33 In the same way, cyano acetal 77 was synthesized from 74 and its reductive lithiation 

followed by cyclization onto the methoxy alkene produced spiroacetal 78 in excellent yield as a single 

diastereomer. On treatment with CSA, 78 equilibrated quantitatively to the epimeric spiroacetal, confirming 

that this is the contra-thermodinamyic spiroacetal (Scheme 22).33 
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3.3. Synthesis of benzofuran derivatives 

 The first report about the synthesis of a benzo[b]furan derivative through a carbolithiation reaction is 

due to Baldwin and co-workers, who in 1980 described the preparation of (2,3-di-

hydrobenzo[b]furyl)acetanilides 80 by metalation of 3-allyloxybenzanilides 79 although the yield was not 

reported (Scheme 23). The most probably reaction pathway starts with an ortho-lithiation process giving a 

dilithium intermediate, which undergoes a carbolithiation reaction affording a 3-lithio-

methyldihydrobenzo[b]furan 81. This intermediate could undergo an intramolecular attack onto the amide 

group and subsequent Haller-Bauer-type cleavage giving rise to the final products (Scheme 23).34 

 In the context of achieving a selective metal-halogen exchange in polybromoanisoles,35 Nishiyama and 

co-workers have synthesized a cylopenta[b]benzofuran 83 from bis(2-bromophenoxy)-cylopentene 82, 

through a SN2´ intramolecular cyclization, which could also be considered as a carbolithiation reaction 

followed by a β-elimination process (Scheme 24). Later on, the same authors tried to improve this 

transformation as an asymmetric reaction by addition of chiral auxiliaries. (−)-Sparteine afforded 83 in 74% 
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yield, but which proved to be a racemic form. Gratifyingly, the addition of a chiral monolithium naphthoxide 

produced the desired benzofuran 83 with high enantioselectivity (Scheme 24).36 Starting from a 

commercially available (+)-(1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol, sequential Mitsunobu reactions gave 

rise to o-bromophenyl ether 84. Upon treatment with BuLi, the enantiomerically pure 

cyclopenta[b]benzofuran 83 was obtained in 55% yield (Scheme 24).37 This compound has been used as a 

key intermediate in the synthesis of stable prostacyclin (PGI2) analogues.38 
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 However, when simple 3-methyl-2,3-dihydrobenzo[b]furan was tried to be prepared by intramolecular 

carbolithiation of allyl 2-lithiophenyl ether 85, Bailey and Punzalan found that o-cyclopropylphenol 86 was 

generated. A γ-elimination reaction in the intermediate (2,3-dihydrobenzo[b]furanyl)methyllithium accounts 

for this unexpected result. Moreover, 86 was obtained in low yield probably due to a competitive cleavage of 
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the allyl group in 85 by the excess of t-BuLi (Scheme 25).39 In this field, we have reported that o-bromoaryl 

3-trimethylsilyl-2-propenyl ethers 87 underwent a similar tandem carbolithiation/γ-elimination reaction upon 

bromine-lithium exchange and further addition of TMEDA giving rise to o-cyclopropyl phenol or naphthol 

derivatives 88 in good yields and in a diastereoselective manner (Scheme 25).40 The trans-1-aryl-2-

trimethylsilylcyclopropane derivatives 88 are the major products independently of the configuration of the 

allylic double bond, showing that a rapid epimerization of the organolithium intermediate prior to the  

1,3-elimination has taken place. In addition, the use of (−)-sparteine instead of TMEDA allows the synthesis 

of cyclopropane derivatives 88 with up to 81% ee when non-polar solvents such as toluene was used instead 

of Et2O (Scheme 25).40 
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 In spite of these discouraging results, we have further investigated the possibility of accessing 

dihydrobenzo[b]furan derivatives from allyl o-lithioaryl ethers through carbolithiation reactions. To this end, 

it was necessary to find the appropriate conditions to avoid the 1,3-elimination reaction referred above. 

Although we found that ether 89a was able to afford functionalized dihydrobenzo[b]furan derivatives 90a 

(R=H) in low yields under careful control of the reaction conditions, we concluded that the γ-elimination is 

not slow enough compared with the carbolithiation reaction and therefore it was not possible to obtain 

selectively compounds 90 (Scheme 26). 
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 Pleasingly, the presence of substituents at the α-position of the allyl moiety, (89b,c) allows the 

synthesis of functionalized trans-2,3-dihydrobenzo[b]furans 90b,c in good yields and with total 

diastereoselectivity, which could be explained by a transition state that accommodates the R group in a 

pseudoequatorial position (Scheme 26).41 Probably, the steric effect of the R substituent avoids the  

1,3-elimination process in intermediate organolithium 91. Moreover, starting from (R)-89b, the first 

enantioselective synthesis of (2R,3S)-trans-2,3-dimethyl-2,3-dihydrobenzo[b]furan 90b (E=H) has been 

achieved (Scheme 26).41 

 We also found that simple allyl ethers 92, bearing an alkyl or trialkylsilyl substituent at the 6-position 

of the aryl moiety, were useful substrates for the synthesis of functionalized dihydrobenzo[b]furan 

derivatives 93. We tentatively proposed that this substituent exerts a stereoelectronic effect that favors the 

carbolithiation reaction and inhibits the 1,3-elimination process (Scheme 27).41 Interestingly, ether 92 (with 

R1=SiMe3 and R2=H) behaves as synthetic equivalent of the parent ether 89a because the trimethylsilyl 

group can be removed under mild conditions with HBF4 (Scheme 27). In this way, 3-functionalized-2,3-

dihydrobenzo[b]furan derivatives 90a, which have no substituents at the 2- and 7-positions of the 

benzo[b]furan moiety, can be synthesized in good yields, avoiding the careful control of the temperature and 

the low yields obtained with ether 89a (see Scheme 26). In addition, when (−)-sparteine was used instead of 

TMEDA, the cyclization reaction takes place in an enantioselective way and so, enantio-enriched 2,3-di-

hydrobenzo[b]furans 93 were obtained with up to 87% ee (Scheme 27).41 The absolute configuration of the 

stereogenic centre of the major enantiomer was determined by correlation of 93 (R1=SiMe3; R
2=H; E=Me) 

with (−)-(R)-2-sec-butylphenol. 
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 However, when a chlorine atom is present at the 6-position of the starting 2-bromophenyl ether, such 

as 94, the o-cyclopropylphenol derivative 95 was exclusively obtained (Scheme 28).41 The electron-

withdrawing effect of the chlorine atom could favor the γ-elimination process by decreasing the electron 

density on the oxygen atom. On the other hand, 6-methoxy-substituted ether 96 gave rise under standard 
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conditions to a ca. 1:1 mixture of the dihydrobenzo[b]furan derivative 97 and o-methoxyphenol 98. We 

thought that the presence of the methoxy group at the ortho position with respect to the allyloxy moiety 

could favor a competitive intermolecular carbolithiation reaction of t-BuLi onto the double bond. We have 

taken advantage of this result by developing a selective O-deallylation reaction of allyl o-methoxyphenyl 

ethers (Scheme 28).42 
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 2,3-Disubstituted benzo[b]furans 101 have been synthesized by treatment of trifluoroethyl ether 99 

with excess of alkyllithium compounds. A 5-endo-dig carbolithiation reaction on acetylene derivative 100, 

generated by two successive elimination reactions, is proposed to explain the formation of the 2-lithiated 

benzo[b]furan, which is finally trapped with electrophiles (Scheme 29).43 
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 Maddaluno and Le Strat have reported a new access to 3-vinylbenzo[b]furans 103a and  

3-vinylfuro[3,2-b]pyridines 103b (Scheme 30).44 Halogen-lithium exchange on ethers 102 triggers an 

irreversible anionic cascade based on a 5-exo-dig carbolithiation followed by a lithium ethoxide elimination 

and subsequent isomerization of the exocyclic allene. These authors also reported that the corresponding 

furo[2,3-c]pyridines 106 could be synthesized in a similar way, but a previous isomerization of the starting 

acetylenic ether 104 to the corresponding allenyl ether 105 with t-BuOK is necessary, in order to avoid 

competitive deprotonation at the propargylic centre (Scheme 30).44b Later on, when these authors tried to 

characterize some of the intermediates along the reaction pathway which affords 3-vinylbenzo[b]furan 103a, 

they treated the more stable 2-bromophenyl ether 107 with exactly one equiv. of BuLi at −78 °C in THF. 

Surprisingly, they found that dihydrobenzo[b]furan 109 was obtained solely as the E-isomer, which 

suggested that addition to the alkyne had occurred in an unprecedented anti fashion. DFT calculations show 
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that this unexpected characteristic is related to the intramolecular coordination of the lithium atom by one 

oxygen atom of the terminal acetal appendage (Scheme 30).45 Disappointingly, intermediate vinyllithium 

108 showed very low reactivity and attempts to trap it with electrophiles were unsuccessful. Moreover, its 

treatment with EtOD led to only 34% of deuterium incorporation in the final product 109. 
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3.4. Synthesis of pyrrole derivatives 

 The preparation of 3-alkylpyrrolidines by intramolecular carbolithiation of N-homoallyl α-amino-

organolithium compounds has been extensively studied by the Coldham group. They have used the tin-

lithium exchange method for the generation of the organolithium. For example, as depicted in Scheme 31, 

aminomethylstannane 110a gave rise to pyrrolidine 112 probably by way of the lithiomethyl intermediate 

111.46  

 

N SnMe3Bn N

SnMe3

Bn
N

Li

BnSnMe4

N SnBu3Bn N

E

Bn

SnMe4110a

MeLi (1 equiv.), THF, −78 to 0 °C

112  (55%)111

110b

BuLi (2 equiv.), hexane:Et2O (10:1)

 −78 °C to r.t.

113  (44-90%)
E = D, CH(OH)R, C(OH)R2,...

111
E+

 
Scheme 31 



� 368 �

 The overall transformation of 110a into 112 is a rearrangement and can be promoted with 

substoichiometric amounts of MeLi in the presence of Me4Sn. On the other hand, the use of the 

tributylstannane derivative 110b allows the synthesis of a variety of 3-functionalized pyrrolidines 113 by 

treatment of 111 with different electrophiles (Scheme 31).47 

 When α-substituted homoallylic amines 114 were used as substrates, the cyclization resulted in the 

formation of 2,4-disubstituted pyrrolidines 115 with high selectivities in favor of the cis isomers (Scheme 

32).48 Although almost total diastereoselectivity was observed in THF, higher chemical yields were obtained 

in hexane:Et2O at the expense of stereoselectivity. Using a “chiral auxiliary” approach to control the 

stereoselectivity, the use of a chiral α-methylbenzylamine 116 gave rise to 3-methylpyrrolidine 117 with 

48% de and with up to 58% de carrying out the cyclization in the presence of (−)-sparteine. Disappointingly, 

by using the “chiral ligand” approach with the use of an external ligand like (−)-sparteine to confer 

enantiofacial selectivity in the cyclization of an achiral olefinic organolithium, the cyclization of stannane 

110b took place with only low levels of enantioselectivity (Scheme 32).48 
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 In this context, 3-alkenylpyrrolidines 119 could be prepared by anionic cyclization of α-amino-

methylstannanes 118 with a pendant allylic ether in their moiety (Scheme 33).49 In this case, the 

intramolecular carbolithiation reaction affords a β-oxygen functionalized organolithium intermediate that 

undergoes a β-elimination of lithium alkoxide. Coldham and co-workers have applied this methodology to 

the synthesis of an advanced intermediate 121 related to the natural product (−)-α-kainic acid. The crucial 

tin-lithium exchange and cyclization were carried out on stannane 120 by its treatment with BuLi in 

hexane:Et2O (4:1) (Scheme 33).49b Although the desired pyrrolidine product 121 was formed in reasonable 

yield, the major diastereoisomer has not the required stereochemistry across C-3 and C-4 for the synthesis of 

kainic acid. Surprisingly, the major product has the opposite stereochemistry to the expected one according 

with a preferred chair-shaped transition state. 
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 Coldham and co-workers also reported that alkyne 122, which was prepared en route to the allylic 

ether 118, underwent intramolecular carbolithiation giving rise to the 3-trimethylsilylmethylene pyrrolidine 

123 that was isolated as a mixture of geometrical isomers (Scheme 34).49a Probably, the anionic cyclization 

occurs to give initially only the E-vinyllithium intermediate, which can isomerize to the Z-isomer. 
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 Our research group has been interested in the use of N-(2-lithioallyl)amines as useful intermediates in 

several metal-mediated organic transformations.50 In the field of carbolithiation reactions, we have reported 

that N-allyl-N-(2-lithioallyl)amines 124, easily generated by bromine-lithium exchange at low temperature in 

Et2O, undergo a 5-exo cyclization in the presence of TMEDA. After quenching with electrophiles,  

3-functionalized-4-methylenepyrrolidines 125 were isolated in good yields (Scheme 35). However, the 

course of the reaction seems to depend on the nitrogen electron density and so, when the N-substituent is 

aromatic, the major products are the secondary amines 126.51 
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 Initially, we proposed a 6-endo cyclization to account for the generation of amines 126. However, later 

on we have designed experiments to show that the intramolecular carbolithiation of aromatic N-allyl-N-(2-
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lithioallyl)amines 124 (R=Ar) takes place through a 5-exo cyclization and further rearrangement of the 

intermediate lithiomethylpyrrolidines 127 via a cyclopropyl derivative 128, which undergoes rapid and 

irreversible fragmentation to the lithium amide of 126 (Scheme 36). In this way, a variety of functionalized 

aromatic methylenepyrrolidines 125 (R=Ar) have been synthesized by trapping lithiomethylpyrrolidines 127 

with selected electrophiles, under careful control of the reaction conditions.52 
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 Taking advantage of the fact that 1,2-disubstituted olefins in which the initially formed alkyllithium 

product is substituted with a moderately activating group are able to undergo intramolecular 

carbolithiation,23a we have synthesized N-(3-functionalized-2-propenyl)-N-(2-bromoallyl)amines 129 by 

selective functionalization of secondary N-allylamines53 and further alkylation with 2,3-dibromopropene 

(Scheme 37). Their treatment with t-BuLi and TMEDA at low temperature and further warming up led to a 

new cyclic organolithium, which is trapped with different electrophiles allowing the isolation of pyrrolidine 

derivatives 130 with two functional groups at the C-3 substituent. When the E and G groups are different, 

compounds 130 are obtained as a ca. 2:1 mixture of diastereoisomers (Scheme 37).54 This fact seems to 

indicate that although the carbolithiation reaction is assumed to be a syn-addition process, the resulting 

organolithium must be configurationally labile at the temperature required to achieve the cyclization. We 

also found that the presence of G groups on the double bond, such as trimethylsilyl or phenylthio, allows the 

cyclization to take place at lower temperatures. 
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 Although a major drawback of the intramolecular carbolithiation reactions is that they are limited to 

terminal double bonds or to 1,2-disubstituted alkenes in which the initially formed alkyllithium is substituted 
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with a leaving group in a β-position (see Scheme 33) or is stabilized by a moderately activating group (see 

Scheme 37), our group has discovered that lithiated double bonds are also able to undergo a carbolithiation 

process. We described that N,N-bis(2-lithioallyl)amines 131, generated by a double bromine-lithium 

exchange, easily cycloisomerize upon addition of TMEDA to afford 3,4-bis(lithiomethyl)dihydropyrroles 

132, which could be trapped with electrophiles leading to 3,4-difunctionalized-3-pyrroline derivatives 134 

(Scheme 38).55 The reaction could take place by assuming an intramolecular carbolithiation of one 

vinyllithium moiety by the other one, affording dilithiated methylenepyrrolidines 133, which undergo an 

allylic rearrangement to give dilithiated compounds 132. The synthetic scope of this new reaction was 

extended by treatment of dianions 132 with several electrophiles, including the formation of a new class of 

metallacyclopenta[3,4-c]pyrrole derivatives 135. In addition, the subsequent oxidation of aromatic amine-

derived dihydropyrroles 134 and 135 (R=Ar) with DDQ afforded the corresponding pyrrole derivatives 136 

and 137, which present a pattern of substitution difficult to achieve by conventional routes (Scheme 38).56 
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 Interestingly, treatment of dianion 132a (R=Ph) with bromobenzene gave rise, after quenching the 

mixture with different electrophiles, to the dihydropyrrole dimers 138. The outcome of the reaction could be 

explained by an halogen-lithium exchange that produces a monoanion, which upon δ-elimination affords the 

exocyclic diene 139. Further carbolithiation of 139 by 132a, probably favored by TMEDA, would produce a 

dilithiated dimer, which by reaction with electrophiles leads to compounds 138 (Scheme 39).56 
 

N
Ph

Li BrN
Ph

Li Li

N
Ph

E

N

E

Ph

N
Ph

PhLi

132a
(R = Ph)

+  PhBr

138 E = SiMe3, SnBu3, SPh
(56-60%)

132a

139

E+, −78 °C to r.t.r.t.

 
Scheme 39 

 
 We have also described other new and unexpected reactivity of dianions 132 with carboxylic esters.  

3-Pyrrolylacetone derivatives 140 or hydroxyciclopenta[c]pyrrole derivatives 141 could be selectively 
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obtained depending on the reaction conditions (Scheme 40). Initial attack of 132b on the ester carbonyl 

group would yield a monoanion, which could be quenched at low temperature to afford 140 after oxidation. 

On the other hand its closure to the bicyclic alkoxide that releases 141 after hydrolysis and further oxidation, 

took place at room temperature. With this methodology, it was possible to form up to three new C−C bonds 

selectively in a “one-pot” process, to afford a functionalized pyrrole derivative such as 142, also showing 

that a lithium enolate should be formed upon addition of THF to the reaction mixture.57 On the other hand, 

although dibromide 143 could not be obtained by treatment of 132b with halogen-based electrophiles (a 

diene like 139 is obtained in this case), it could be prepared by a three-step sequence (trapping of 132b with 

a borate, oxidation to the diol and treatment with HBr). With dibromide 143 in hand, we were able to 

prepare interesting bicyclic or tricyclic dihydropyrrole derivatives 144 and 145 (Scheme 40).57 
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(a) RCO2Et (1 equiv.), Et2O, –78 ºC; (b) MeOH, –78 ºC to r.t.; (c) DDQ (1 equiv.) or air, CH2Cl2; (d) Et2O, –78 ºC to r.t.;  

(e) THF, –78 ºC to r.t.; (f) 1. B(OMe)3 (2 equiv.), Et2O, –78 ºC to r.t.; 2. NaOH/H2O2 (4 equiv.), 0 ºC to reflux; (g) HBr conc.;  
(h) RNH2 (1 equiv.), K2CO3 (2 equiv.), MeCN, reflux; (i) catechol (1 equiv.), K2CO3 (2 equiv.), Me2CO, reflux. 

Scheme 40 
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(a) s-BuLi (1.4 equiv.), THF, (–)-sparteine (1.5 equiv.), –78 ºC; (b) Bu3SnCl, –78 ºC to r.t,. 86% from 146;  

(c) Na2CO3, MeCN, ClCH2C�CPh, 95%; (d) BuLi (1.5 equiv.), Et2O, –78 ºC; (e) MeOH, –78 ºC to r.t. 

Scheme 41 
 

 Enantiomerically enriched O-Cby-protected 3-benzylidene-4-hydroxypyrrolidine 148 was obtained as 

a single diastereoisomer by treatment of enantioenriched stannane 147 with BuLi and subsequent 5-exo-dig 
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intramolecular carbolithiation of the intermediate α-lithio carbamate. The precursor 147 was formed by 

stereoselective deprotonation of a N-silyl-protected β-aminoalkyl carbamate 146. The (E)-configuration of 

the exocyclic double bond in the final pyrrolidine 148 is the result of a syn addition onto the triple bond 

(Scheme 41).58 Although the ee of 148 could not be determined, it is expected that this product would have 

been generated with high enantioselectivity by comparison with similar procedures. 

 

3.5. Synthesis of azabicyclo derivatives 

 In this section, reactions that will be described are those in which the heterocyclic ring exists prior to 

the carbolithiation process takes place. So, azabicyclic or azaspirocyclic compounds are generated in a high 

selective manner. The first report of a carbolithiation reaction onto alkenes in which the carbanion is 

generated at a chiral centre in enantiomerically pure form is also due to Coldham and co-workers. The 

anionic cyclization of enantiomerically pure stannane 149 gave a single diastereoisomer 150, as expected 

from related carbolithiation reactions with the preference for reaction via a chair-like conformation (Scheme 

42).59 Moreover, the cyclization reaction took place with retention of configuration at the lithium atom 

bearing carbanion centre and without loss of ee, showing that the carbolithiation reaction to the five-

membered ring is more rapid than racemization. In this way, (+)-pseudoheliotridane 150a and several 

pyrrolizidine derivatives 150b–e have been prepared (Scheme 42).59 This strategy represents an example of 

the “chiral substrate” approach for the control of absolute stereoselectivity in the intramolecular 

carbolithiation reactions. 
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 The chemistry outlined in Scheme 32 was also extended to the preparation of substituted pyrrolizidines 

152 from N-(tributylstannyl)methyl-2-allylpyrrolidine 151 (Scheme 43).48b The functionalized pyrrolizidines 

152 were isolated as their pricrate salts, as an inseparable mixture (3:1) of diastereoisomers. The preference 

for a chair-shaped transition state, with a cis-fused azabicyclo[3.3.0]octane ring system, suggests that the 

major diastereoisomer would be the first. 
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Scheme 43 
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 Hoppe and co-workers have described a stereoselective synthesis of hydroxylated indolizidines 

establishing up to four stereogenic centres. The key steps are a kinetic resolution and a stereospecific and 

intramolecular carbolithiation reaction starting from readily available racemic carbamate 153 under the 

action of (−)-sparteine. Asymmetric deprotonation of 153 results in a “matched” [(R)-153-Li] and 

“mismatched” [(S)-153-Li] pair of organolithiums, that are kinetically resolved into indolizidine 154 and 

recovered (S)-153 (Scheme 44).60 Further functionalization of the side chain with generation of one more 

stereogenic centre was also possible by trapping the benzylic anion with electrophiles. Indolizidines 155 are 

obtained as variable mixtures of diasteroisomers due to the fact that the interconversion of the intermediate 

epimeric ion pairs proceeds with a rate comparable to the rate of the substitution step (Scheme 44).60 
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(a) K2CO3 (1.5 equiv.), toluene, then BrCH2CH=CHPh; (b) NaH (1.5 equiv.), THF, then CbyCl (1.5 equiv.), 75%;  

(c) s-BuLi (0.75 equiv.), (–)-sparteine (0.8 equiv.), Et2O, –78 ºC; (d) MeOH, –78 ºC to r.t.; (e) E+, –78 ºC to r.t. 

Scheme 44 
 

 Tin-lithium exchange and intramolecular carbolithiation have been used by Coldham and co-workers 

to construct the three nitrogen-positional isomers of the azabicyclic[2.2.1]heptane ring system. 

Deprotonation of N-Boc-2-allylpyrrolidine and treatment with Bu3SnCl gave an equal mixture of the two 

diastereomeric pyrrolidines 156. Conversion of the N-Boc group to a N-benzyl group was carried out by a 

two-step procedure (Scheme 45).  
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(a) s-BuLi, (–)-sparteine, Et2O, –78 ºC; (b) Bu3SnCl; (c) B-bromocatechol borane, CH2Cl2, then NaOH, PhCOCl, 80%; (d) AlH3, 
Et2O, 79% for cis-157 and 71% for trans-157; (e) BuLi (4 equiv.), –78 ºC to r.t., hexane:Et2O:THF (4:1:1); (f) E+, –78 ºC to r.t. 

Scheme 45 
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 Both diastereomers of 157 afforded 2-substituted 7-azabicyclo[2.2.1]heptanes derivatives 158 with 

complete stereochemical control in favor of the exo diastereoisomer. The transition state from 157 would 

favor the normal chair shape, as this places the alkene unit closer to the lithium atom coordinated to the 

nitrogen lone pair (Scheme 45).61 

 For the synthesis of the 2-azabicyclo[2.2.1]heptane ring, two disconnections are possible. In the first of 

them, stannane precursor 160 was easily generated from the known β-amino ester 159 (Scheme 46). Upon 

transmetalation with BuLi, 160 gave rise to a mixture of the desired 2-azabicyclo[2.2.1]heptane 161 and  

cis-2-vinyl-4-methylpyrrolidine 162 derived from monocyclization. Pleasantly, better yields of 161 could be 

obtained using a second approach from 2,4-disubstituted pyrrolidine 164, which was obtained from stannane 

163. In spite of the trans-arrangement of the tin (and, hence, lithium) and the allyl moiety, the cyclization 

proceeds in reasonable yield probably due to epimerization of the intermediate organolithium (Scheme 

46).61b Surprisingly, the anionic cyclization of 164 also affords the endo-isomer of 161 suggesting that, in 

this case, a boat-shaped transition state is favored, probably due to coordination of the lithium atom to the 

nitrogen lone pair (Scheme 46).61b 
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(a) PhCOCl, Et3N, Et2O, 75%; (b) LiAlH4, THF, 0 ºC, 81%; (c) (COCl)2, DMSO, CH2Cl2, –78 ºC, then Et3N, 79%; (d) Ph3PMeBr, 
t-BuOK, THF, 46%; (e) NaH, ICH2SnBu3, THF, r.t., 73%; (f) AlH3, Et2O, –78 ºC to r.t., 88%; (g) BuLi (3 equiv.), –78 ºC to r.t., 
hexane:Et2O:THF (4:1:1), then MeOH, –78 ºC to r.t.; (h) NaH, DMF, BnBr, 72%; (i) LDA, THF:HMPA, CH2=CHCH2Br, 51%; 

(j) AlH3, Et2O, 0 ºC, 72%; (k) BuLi (5 equiv.), r.t., hexane:Et2O (4:1), then MeOH, r.t. 

Scheme 46 
 

 In the same context, the 1-azabicyclo[2.2.1]heptane 166, isolated as its picrate salt, was conveniently 

accessed from piperidinyl stannane 165, which was synthesized from commercially available hydrochloride 

salt of 4-piperidone monohydrate. In this case, the addition of TMEDA is necessary to promote the 

cyclization (Scheme 47).61b 
 

N
H·HCl

HO OH

a,b
N

165

N
· Hpicrate

166  (60%)

c

SnBu3

 
(a) MsOCH2SnBu3, MeCN, K2CO3, r.t., 64%; (b) Ph3PMeBr, BuLi, THF, r.t., 95%; (c) BuLi (2 equiv.), hexane:Et2O (9:1), then 

TMEDA (2 equiv.), –78 ºC to r.t., then MeOH, –78 ºC to r.t., then picric acid. 
Scheme 47 
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 Whereas, as shown in Scheme 42, the use of a stereochemically defined and configurationally stable 

α-amino-organolithium allows that the 5-exo carbolithiation reaction took place with complete stereocontrol, 

the corresponding 6-exo carbolithiation of the organolithium derived from stannane 167a was complicated 

by competitive racemization prior to the slow cyclization step. In order to improve the optical purity of the 

indolizidine products, stannane 167b, bearing an alkene moiety substituted with an anion stabilizing group, 

was tested (Scheme 48). In this case, octahydroindolizidines 168 and 169 were obtained with good ee, 

probably due to an increase of the rate of the anionic cyclization reactions.62 However, using the solvent 

system hexane:Et2O:TMEDA (4:1:1), racemic 169 was exclusively formed in good yield. The presence of a 

phenylthio group at the terminus of the ally unit in stannane 170 also promoted a 4-exo-trig carbolithiation 

reaction. A moderate yield of the desired 1-azabicyclo[3.2.0]heptane derivatives 171 and 172 was obtained, 

with a high diastereoselectivity in favor of the isomer 171. The high ee found in the major isomer must 

reflect a cyclization that is much more rapid than epimerization of the intermediate organolithium species in 

hexane:Et2O (Scheme 48). Again, the cyclization of 170 was sensitive to the solvent and the presence of 

TMEDA afforded similar diastereoselectivity but reduced enantioselectivity.62 
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 More recently, Tomioka and co-workers have demonstrated that the double cyclization of 

allylaminoalkenes 173, through a tandem aminolithiation−carbolithiation sequence, provides an easy access 

to bicyclic octahydroindolizidine 174 and hexahydro-1H-pyrrolizidine 175 skeletons (Scheme 49).63  
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 The consideration of competitive steps between protonotation and carbolithiation of intermediate 176 

led the authors to a screening of amine as a proton source and so, the bulky t-butyltritylamine was found as 

the optimum lithium amide to promote this tandem process (Scheme 49). A chair-like conformation for the 

transition states accounts for the preferential production of trans,cis-isomers, although the involvement of 

lithiophilic THF, could allow the formation of the trans,trans-isomer. 

 Rychnovsky and co-workers have recently reported that tert-α-amino alkyllithium reagents 177 can be 

prepared by reductive lithiation of α-amino nitriles 176 and that these organolithiums can undergo 

intramolecular carbolithiation reactions with an appropriate unsaturated tethered moiety (Scheme 50).64 

These cyclization reactions are highly stereoselective leading to [4.4] and [4.5] spirocyclic structures 178 

and 179. The observed diastereoselectivity was rationalized by invoking coordination between the equatorial 

lone pair of the nitrogen atom and the lithium atom in the transition state (Scheme 50). The alkyllithium 

cycization was also effective with alkynyl piperidine 180 and selective cis-carbolithiation onto the  

TBS-alkyne produced the E-alkene 181 in modest yield (Scheme 50).64 
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3.6. Synthesis of indole derivatives 

 In 1996, Liebeskind and Zhang65 as well as Bailey and Jiang,66 simultaneously reported that 

aryllithiums 183, derived from N,N-diallyl-2-bromoanilines 182, cyclized upon warming to 0 ºC in the 

presence of TMEDA to give a (1-allyl-3-lithiomethyl)indole derivatives 184 that may be trapped with a 

variety of electrophiles to deliver 3-functionalized 1-allyl-indolines 185 in good yields (Scheme 51). Later 

on, Bailey and co-workers observed that the dilithio species, derived from N-allyl-2-bromoaniline 186 upon 

treatment with t-BuLi at low temperature, cyclized after addition of TMEDA and warming to give 1-lithio-3-

lithiomethylindole 187. This dianion may be differentially functionalized by sequential addition of 

electrophiles affording 1,3-disubstituted indolines 188 (Scheme 51).67 A similar strategy was used in the 

synthesis of BOC protected benzo[f]trypthophan 190, employing naphthalene derivative 189 as starting 

material (Scheme 51).68 

 By a similar strategy, all four isomeric pyrrolopyridine derivatives, with a methyl substituent at C-3, 

have been prepared via intramolecular carbolithiation of the aryllithium derived from an appropriate  

(N,N-diallylamino)-bromopyridine 191 (Scheme 52).69 Whereas ring-closure to give 1-allyl-3-methyl-2,3-

dihydro-1H-pyrrolo[3,2-b]pyridine 192 and 1-allyl-3-methyl-2,3-dihydro-1H-pyrrolo[2,3-c]pyridine 193 

proceeds in the normal way, the corresponding isomeric 3-methyl-5-azaindolines and 3-methyl-7-

azaindolines are generated as 3-methyl-N-allyl anions 198 prior to quench with MeOH. Thus, along with the 
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expected 1-allyl-3-methyl-2,3-dihydro-1H-pyrrolo[3,2-c]pyridine 194 and 1-allyl-3-methyl-2,3-dihydro-1H-

pyrrolo[2,3-b]pyridine 195, the enamine-type products 196 and 197 are obtained as major products in these 

cases (Scheme 52).69 A partial positive character of the N(1) position in a 5- or 7-azaindoline may be 

invoked to account for the deprotonation of the N-allyl group in these substrates. 
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 The ability to discriminate between the enantiotopic faces of an unactivated carbon-carbon double 

bond tethered to a lithium-bearing carbon centre by the use of an external ligand like (−)-sparteine, 
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considerable extends the synthetic utility of intramolecular carbolithiation reactions. Bailey and Mealy70 as 

well as Groth and Sanz71 independently reported the enantioselective version of the methodology described 

in Scheme 51. When the carbolithiation reactions of organolithiums 199, generated by bromine-lithium 

exchange, were carried out in the presence of (−)-sparteine, the indolines 200 were obtained 

enantiomerically enriched. Best results were observed by conducting the reactions in non-polar solvents. In 

pentane:Et2O, 199a (R1=allyl; R2=H) gave rise to 200a in 69% yield and 86% ee (Scheme 53).70 However, 

replacement of one of the N-allyl groups with a methyl group results in a lower ee of the  

1,3-dimethylindoline 200b. On the other hand, with N-benzylaryllithium derivatives 199c,d as starting 

materials up to 90% ee was obtained by using toluene as solvent (Scheme 53).71 Later on, Bailey and co-

workers studied the effect of the chiral ligand structure on the enantioselective carbolithiation of 199a. 

Although none of the tested ligands was shown to be superior to (−)-sparteine, the pseudoephedrine 

derivative 201, which is also available in either enantiomeric form, approached the efficiency of sparteine.72 

Moreover, this ligand was successful for the enantioselective carbolithiation of dianion 187, whereas  

(−)-sparteine was not able to promote any cyclization (Scheme 53).67 However, the ability of a chiral ligand 

to facilitate the cyclization of an achiral, unsaturated organolithium is not sufficient to render the cyclization 

enantioselective.70 In fact, complexation of a ligand with the lithium atom of a substrate may hinder the 

cyclization, as it has been shown for 199e with a methyl group at the 3-position (Scheme 53).72 In this case, 

the corresponding indoline 200e is obtained in low yield and enantioselectivity in the presence of  

(−)-sparteine, whereas in the absence of any diamine ligand a 94% yield of racemic 200e was isolated.72 
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 In this way, Groth and co-workers have prepared functionalized 3,3-disubstituted indolines 203 via a 

(−)-sparteine-mediated asymmetric intramolecular carbolithiation of N-benzyl protected 2-bromoanilines 

202 (Scheme 54).73 They studied the effect of different substituents at the internal position of the double 

bond to be carbolithiated on the efficiency and the enantiomeric excess of the cyclization reactions. These 

authors have also applied this methodology to the synthesis of a known compound 206, which is an 
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intermediate towards the synthesis of physostigmin. The cyclization precursor 204, readily available from  

p-anisidine, was treated with t-BuLi in the presence of (−)-sparteine and the resulting cyclized organolithium 

intermediate was trapped with DMF affording indoline 205. Further conventional transformations gave rise 

to product 206, which revealed the R-configuration of 205 (Scheme 54).73 
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 According to the strategy shown in Scheme 37, we have reported the diastereoselective formation of 

hexahydroindole derivatives 208 from the N-(2-bromo-cyclohex-2-enyl)amine derivative 207. Bromine-

lithium exchange followed by addition of TMEDA and warming to −60 ºC afforded the heterocycles 208 

through a four-centre transition state. A preferred coplanar approach of the C−Li bond to the double bond 

would give rise to the observed stereoselectivity (Scheme 55).54 
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 In the context of studying the scope of the new carbolithiation reaction of lithiated double bonds (see 

Schemes 38–40), we prepared 2-bromo-N-(2-bromoallyl)anilines 209 and treated them under the reported 

conditions, i.e. t-BuLi for bromine-lithium exchange and further addition of TMEDA. In this case, we found 

that 3-functionalized indoles 211 were isolated after quenching with selected electrophiles. The formation of 

the indole nucleus could be explained through a carbolithiation of the vinyllithium moiety by the aryllithium 

in the dianions 210 to afford dilithiated indoline derivatives (Scheme 56). As an allylic rearrangement would 

involve the loss of aromaticity, elimination of lithium hydride takes place affording 3-lithiomethylindole 

intermediates 212. Moreover, when 209a was treated with five equiv. of t-BuLi, a new dilithiated indole 

derivative 213 was generated, which could be trapped with 1,2-diketones giving rise to cyclopenta[b]indole 
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derivatives 214 (Scheme 56). In addition, N-unsubstituted indoles 211 (R=H) could also be prepared in 

moderate yields starting from secondary amine 209c by using five equiv. of t-BuLi (Scheme 56).55,56 
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 In the same way, the tetrahydroindole derivative 216 was synthesized from amine 215 by its treatment 

with t-BuLi / TMEDA, hydrolysis and further oxidation (Scheme 57).56 
 

N Br
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215 216  (73%)

1. t-BuLi (4 equiv.), Et2O, −78 °C

2. TMEDA, −78 °C to r.t.

1. H2O, r.t.

2. O2, r.t.

 
Scheme 57 

 

 Maddaluno and Le Strat tried to apply a similar sequence as described in Scheme 30 to the 

construction of the indolic skeleton. In this case, iodine-lithium exchange on propargylic acetal derivative 

217 afforded a complex mixture of compounds (Scheme 58). 
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Scheme 58 
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 However, by first isomerizing the triple bond into allene 218, the desired ring-closure could be 

effected upon treatment with t-BuLi. The indole derivative 219 was thus obtained in good yield as a mixture 

of E:Z isomers (Scheme 58).44 

 

3.7. Synthesis of other heterocyclic systems 

 According to the methodology described in Scheme 29, the treatment of 2,2,2-trifluoroethyl-2-

bromophenyl thioether 220 with an excess of an alkyl- or aryllithium in ether gave, after quenching,  

3-substituted benzothiophene derivatives 221. The reaction probably takes place through intermediate 222, 

which undergoes a 5-endo-dig ring closure (Scheme 59).43 
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 Pedrosa and co-workers reported the first synthetically useful 6-exo carbolithiation reaction of 

unactivated alkenes.74 Chiral 2-(o-lithiophenyl)-substituted perhydro-1,3-benzoxazines 224, generated by 

bromine-lithium exchange from 223, were used as starting materials. The anionic cyclization of 224 easily 

occurs in the presence of TMEDA when the resulting cyclized lithium derivative 225 is moderately stable or 

if it can evolve to a stable final compound by elimination of a good leaving group. In this way, cyclized 

products 226a–c were diastereoselectively obtained (Scheme 60). The 6-exo carbolithiation reaction resulted 

to be also possible when the lithium intermediate 225 could undergo an intramolecular ring opening of the 

N,O-acetalic system in the absence of TMEDA, affording 2-azabenzonorbornane derivatives 227. By further 

transformations, enantiopure 4-substituted tetrahydroisoquinolines 228 and enantiopure 7-substituted 2-

azabenzonorbornane derivatives 229 were obtained (Scheme 60).74 

 Taylor and Wei have shown that organolithium addition to homoallyl vinylsilanes 230 can be coupled 

with a subsequent intramolecular 5-exo cyclization to generate silacyclopentanes 231 in good yields and 

with good trans-selectivity (Scheme 61).75 With homopropargyl vinylsilanes 232, the final silacycles 233 

were obtained mainly as the Z-isomers, probably due to the steric demand of the lithium atom in the 

configurationally labile vinyl anion intermediate 234 (Scheme 61).75 
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3.8. Synthesis of heterocycles through carbolithiation of arynes 

 A direct consequence of the strained nature of the ring in arynes is that they have low lying LUMOs 

and so, o-benzyne behaves as a powerful electrophile. The formation and cyclization of aryne-tethered 

organolithiums remains an underexplored area and this type of cyclization could be considered as a 

particular case of intramolecular carbolithiation reactions, i.e. the addition of an organolithium across a C−C 

multiple bond leading to a new organolithium compound. The first examples of this strategy were reported 

by Bailey and co-workers involving the synthesis of 4-functionalized indanes from 1-fluoro-2-(3-iodo-

propyl)benzene.76 In this field we have been interested in the anionic cyclization reactions of functionalized 

benzyne-tethered vinyl- and aryllithiums. Initially we studied the intramolecular 5-exo cyclization of 

benzyne-tethered vinyllithiums and simple N-alkyl-N-2-bromoallyl-2-fluoroanilines 235 resulted to be useful 

starting materials for the preparation of 4-functionalized indoles 236.77 Their treatment with t-BuLi initiates 
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a cascade reaction that probably involves (i) bromine-lithium exchange, (ii) ortho-lithiation to the fluorine 

atom, (iii) subsequent loss of lithium fluoride to deliver a benzyne intermediate 237 and (iv) intramolecular 

attack of the tethered vinyllithium to the strained aryne to generate a 3-methylene-4-lithiumindoline 

derivative 238 (Scheme 62). Further addition of electrophiles gave rise to 4-functionalized  

3-methyleneindolines 239, which undergo aromatization to N-alkylindoles 236 on the workup.  

N-Unsubstituted indoles 240 were prepared by cleavage of the allyl group with DIBAL-H under nickel-

catalysis. The intermediacy of 3-methyleneindolines 239 was demonstrated because these intermediates 

underwent Alder-ene reactions with activated enophiles, such as Eschenmosher´s salt, DEAD, or diethyl 

ketomalonate, affording interesting 3,4-difunctionalized indoles 241 in moderate yields based on the starting 

amines 235 (Scheme 62).77 Interestingly, this methodology allows the synthesis of tryptamine analogues 241 

(X−Y−H=CH2NMe2) from readily available starting products in a “one-pot” procedure. 
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 We have extended the synthetic scope of this methodology to the preparation of functionalized 

tetrahydrocarbazole derivatives starting from a N-(2-bromo-cyclohex-2-enyl)aniline 242. 
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(a) t-BuLi, THF, –110 ºC to r.t.; (b) E+, –78 ºC to r.t.; (c) PTSA (cat.), toluene, reflux; (d) X=Y, THF, reflux. 

Scheme 63 
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 In this case, the isomerization reaction of intermediate 243 required the addition of an acid catalyst in 

order to obtain the 5-functionalized tetrahydrocarbazole derivatives 244 (Scheme 63). As for compounds 

239, the addition of enophiles led to the formation of 4,5-difunctionalized tetrahydrocarbazole derivatives 

245 (Scheme 63).77b 

 In this area, we have also reported the intramolecular 5-exo anionic cyclization of benzyne-tethered 

aryllithiums. By a similar strategy as described above, regioselectively functionalized carbazole, 

dibenzofuran and dibenzothiophene derivatives 247a–c were synthesized in fair to good yields starting from 

diarylamines, ether, and thioether 246a–c, respectively. These diaryl compounds were prepared by classical 

aromatic nucleophilic substitution reactions or by Pd-catalyzed processes (Scheme 64).78 Again, a benzynic 

intermediate 248, which is generated by consecutive lithium-halogen exchange, abstraction of the proton 

ortho to the fluorine atom and elimination of lithium fluoride, is postulated. 
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 Based on this methodology, we have also reported an efficient method for the synthesis of benzofused 

six-membered heterocycles: dihydrophenanthridines 250a,b, dibenzopyrans 250c, and dibenzothiophenes 

250d, regioselectively functionalized at the C-1 position. Starting 2-bromobenzyl 2-fluorophenyl amines, 

ether, and thioether derivatives 249a–d were synthesized by conventional routes. Their treatment with t-

BuLi and quenching with selected electrophiles led to the corresponding six-membered dibenzofused N-, O-, 

or S-heterocycles 250, through intermediate benzyne 251 that undergoes a 6-exo-dig cyclization (Scheme 

65).77b 
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 By the in situ oxidation with PCC of the obtained heterocycles 250a,c, functionalized 

phenanthridinones 252 and dibenzopyranones 253 could be efficiently synthesized without isolation of any 

intermediate (Scheme 66).79 We have applied this strategy to the total syntheses of Amaryllidaceae alkaloids 

Trisphaeridine and N-Methylcrinasiadine in a “one-pot” procedure from readily available starting N-alkyl-

N-(2-bromobenzyl)-2-fluoroanilines 254. Again, dihydrophenanthridines intermediates 255 were not 

isolated. In the case of 255b, after the allyl cleavage, the oxidation of the resulting N−H 

dihydrophenanthridine 255 (R=H) proceeds by formal dehydrogenation, affording the phenanthridine 

scaffold of Trisphaeridine (Scheme 66).79 
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4. Conclusions 

 Although non-activated alkenes and alkynes are not generally thought of as sites of nucleophilic 

attack, carbolithiation reactions constitute valuable transformations for constructing carbon−carbon bonds in 

tandem with generating a new organolithium species. Subsequent trapping by electrophiles offers an 

efficient means of expanding their synthetic utility. The intermolecular carbolithiation reaction of ortho-

substituted styryl derivatives by alkyllithium compounds allows the preparation of a variety of heterocycles 

by further in situ ring closure involving the ortho-substituent. With convenient methods available for the 

generation of unsaturated organolithiums without the involvement of radical intermediates and a theoretical 

basis for predicting the stereochemical otucome of the intramolecular carbolithiation reactions, these 

processes provide a regiospecific and highly stereoselective route to five-membered heterocycles. In 

addition, enantioselective carbolithiation reactions can be carried out by using the natural product  

(−)-sparteine as chiral ligand. 
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Abstract. Oligo- and poly(2,5-thienylene-ethynylene)s [OTE and PTE] represent a series of conjugated 

nanoparticles with interesting optical, electrical and optoelectronic properties. The synthetic approach to 

these molecular “wires” can easily be achieved by means of the Sonogashira-Hagihara reaction. Alkyl side 

chains (pendants) on the thiophene rings provide a good solubility and process ability. Moreover, OTE or 

PTE chains can serve as scaffold or linker for special chromophores, fluorophores or electrophores. The 

optical band gaps of OTEs converge to a limiting value for increasing numbers n of repeat units. This 

monotonous bathochromic shift λmax (n+1)≥ λmax (n), which is usual for conjugated oligomers, can be 

reversed to a hypsochromic shift λmax (n+1)� λmax (n), when a strong push-pull effect by  terminal donor-

acceptor substitution is present. The discussion of applications of OTEs and PTEs is focused in this article 

on the formation of charge carriers and on nonlinear optics. 
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1. Introduction 

 Conjugated oligomers and polymers attract steadily increasing attention because of their interesting 

properties in materials science and nanotechnology.1 Major applications are in the field of semiconductors, 

photoconductors, light-emitting diodes, field effect transistors, solar cells, optical switches, photorefractive 

materials, nonlinear optics, molecular machines and sensors. 

 A lot of simple and composite repeat units are eligible for the construction of chains with an extended 

π conjugation. Within the scope of this article, 2,5-thienylene-ethynylene repeat units shall be discussed. The 

alternating sequence of thiophene rings and C≡C triple bonds leads to relatively rigid, rod-like oligomers or 

polymers (OTE or PTE). Such systems are often characterized as molecular wires. Because of solubility 

problems, the thiophene rings bear normally in 3- and/or 4-position (saturated) side chains. Scheme 1 

visualizes for R1≠R2 the regio-regular OTEs/PTEs 1a and 1b, the regio-irregular chains 1c and the chains 

1d, whose repeat units consist of two differently substituted 2,5-thienylene-ethynylene (2,5-thiophenediyl-

1,2-ethynediyl) building blocks. In the previous 25 years a large number of such compounds has been 

investigated.2–42 
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Oligo- and poly(2,5-thienylene-ethynylene)s 1a–d [OTE, PTE], with pendants  

Ri on the thiophene rings and endgroups Ei (i=1,2). 

Scheme 1 

 

 Related conjugated chains consist of repeat units with two thiophene rings and one triple bond43 or one 

thiophene ring and two triple bonds.44,45 Moreover, there are numerous mixed systems, which are composed 

of 2,5-thienylene-ethynylene and other building blocks in a systematic arrangement.1n 

 Apart from single OTE and PTE chains, linked OTE chains, star-shaped and dendritic systems with 

OTE arms and a cyclic system shall be discussed here. 
 

 
Suggested catalytic circle of the Sonogashira-Hagihara reaction.1z 

Scheme 2 
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2. Synthetic approach 

 The Sonogashira-Hagihara method46,47 proved to be superior to other C(sp)-C(sp2) cross-coupling 

reactions such as the Stephens-Castro process48 or the photochemical coupling.6 Thus, almost all OTEs and 

PTEs were prepared according to the Sonogashira-Hagihara protocol. A well-established mechanism of this 

versatile method is still lacking.49–52 Scheme 2 shows our suggestion for the catalytic circle.1z When Pd2+ 

salts are used, a primary reduction to Pd(0) has to take place.53 Pd(0) is then inserted into the R1-I (or R1-Br) 

bond (R1=thienyl). The co-catalyst CuI generates the copper acetylide from R2-C≡CH (R2=thienyl).54 The 

acetylide anion adds to the Pd centre (transmetallation) and the cross-coupling to R1C≡CR2 can take place. 

In order to complete the catalytic circle, a reductive elimination occurs in which Pd(0) and HI are generated. 

The acid is trapped by the present base (triethylamine, piperidine, etc.).38,55 The yields of the Sonogashira-

Hagihara reaction are normally good to excellent. Exceptions are specially mentioned in the text. 
 

 
Synthesis of monodisperse OTEs 1a–c. 

Scheme 3 
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Table 1. Examples of monodisperse OTEs of type 1a–d (n≥2) with end groups E1, E2 and pendants 

R1, R2, (R3, R4). 
Structure Pendants End groups Repeat units References 

type R1 R2 E1 E2 n  

1a H H H H 2 6, 35 

1b H H H H 2–4 2, 8, 12, 22, 26, 33, 34 

1a H H CH2OH H 2 3 

1a H H H OCH3 2–5 38 

1b H H H OCH3 2–5 38 

1a H H H SC12H25 2–4 39 

1a H  Si(CH3)3 OCH3 2–5 38 

1b H H CHO OCH3 2–5 38 

1b H H NO2 OCH3 2–5 38 

1a H H Si(CH3)3 SC12H25 2–4 39 

1b H H NO2 SC12H25 2–4 39 

1b H H CH=C(CN)2 OCH3 2–5 42 

1a C2H5 H H H 2, 4, 8 13, 15, 23, 24 

1a C2H5 H Si(CH3)3 H 2, 4, 8, 16 13, 15, 16, 23, 24 

1a C2H5 H Si(CH3)3 I 2, 4, 8 13, 15, 23, 24 

1a C2H5 H H 
 

8 23 

1a C2H5 H 
  

8 23 

1a C2H5 H 
 

I 16 23 

1a C2H5 H 
 

H 2, 4, 8 23 

1a C2H5 H Si(CH3)3  
2, 4, 8, 16 23 

1a C2H5 H H H 4, 8 25 

1a C2H5 H 
 

H 4, 8 25 

1a C2H5 H 
 

CHO 4, 8 25, 29 

1a C2H5 H 

 

H 2 27 

1c H/C2H5 

 

H 3 27 



 394 

1c H/C2H5 Si(CH3)3  2 27 

1d C2H4OH H 

 R3,R4=H, C2H4OH 
Si(CH3)3 H 2, 4 9 

1b C4H9 C4H9 H H 2 37 

C4H9 C4H9 I I 2 37 
1b 

C4H9 C4H9 CHO CHO 4 37 

1a C4H9 C4H9   
6 37 

1a C6H13 H Si(CH3)3 I 2 36 

1a C6H13 H H 
 

2, 4, 6, 8 36 

1a C6H13 H Si(CH3)3 
 

2, 4, 6, 8 36 

1c H/C6H13   
5, 9, 13, 17 36 

1c H/C6H13 
  

5, 9, 13, 17 36 

1c H/C6H13 H  2 20 

1c H/C6H13 Si(CH3)3  2 20 

 

2.1. Monodisperse oligomers 

 Mono- and two-directional chain constructions of monodisperse OTEs can start with 2 and 7, 

respectively (Scheme 3). The bifunctional reaction partner 3 has to be protected on one side. Usually the 

ethynyl side is blocked by a Si(CH3)3 group,56,57 which can be easily cleaved by alkaline treatment, so that 

the next chain extension step can follow. An end-capping can transform the product type 1a [with E1=H, 

Si(CH3)3] to 1b with various possible end groups E1 (route I). 

 The bidirectional route II (Scheme 3), compared to route I, has the advantage that the chain is 

elongated by two repeat units in each step. However, a regio-irregular product 1c is formed for R1≠R2. 

 Table 1 gives a survey over OTEs, which were almost exclusively synthesized by the processes 

summarized in Scheme 3. The only exception is found in reference.6 

 Related series of OTEs, for example push-pull systems [DAOTEs] with the same electron donor group 

(E2=D) but different electron acceptor groups (E1=A), can be prepared on the basis of a fundamental series 

1a (E1=H, E2=D) and final end-capping steps with 6 (E1=A). Thus, monodisperse products 1b (E2=D, E1=A) 

can be obtained. An example is shown in Scheme 4. The fundamental series with OCH3 as donor group was 

elongated in the usual way 9→10→→→→11→12. Different end-capping steps with the iodine components 13, 15 

and 17 led then for each n to 14, 16 and 18.38 The formyl group in 18 can be used for the introduction of 

further functional groups or sub-structures. The reaction with malononitrile 19 led to 20.39 

 It is advisable to start the chain extension on the donor side. However, an opposite chain elongation, 

which starts on the acceptor side, is also possible, provided that the solubility is sufficient. A serious 
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solubility problem exists for 1a–d with R1=R2=E2=H, and E1=H, TMS. The conjugated OTE chain can be 

used in various modes as scaffold or tether for the attachment of special chromophores, fluorophores, 

electrophores, ligands for metal complexes, radicals, etc.. 

 Aso, Otsubo et al. fixed [60]fullerene on oligo(2,5-thienylene-ethynylene)s.25 The strong fluorescence 

quenching by the fullerene chromophore indicates an efficient intramolecular energy and/or electron transfer 

in a through-bond fashion (Scheme 5).25,29 

 

Extension of the fundamental OTE chain
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Preparation of DAOTEs on the basis of an auxiliary OTE series.38,39,42 

Scheme 4 
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 The iterative chain extension by one repeat unit, each time, can be improved for E2=H by an elegant 

method found by Tour et al.13 A protected intermediate 1a (n) is partitioned into two portions; one portion is 

deprotected, the other is selectively iodinated (LDA/I2, low temperatures) in the terminal position (E2=I). 

The Sonogashira-Hagihara protocol yields then a chain with doubled length: 1a (n, E1=H, E2=H) + 1a (n, 

E1=Si(CH3)3, E
2=I) →1a (2n, E1=Si(CH3)3, E

2=H). Thus, a series with n=2, 4, 8 and 16 was obtained.13 

 

 
Attachment of C60 on OTE chains.25 

Scheme 5 

 

 The interaction of an oligo(2,3-thienylene-ethynylene) chain with an analogously linked [60]fullerene 

occurs in a through-space fashion.25 

 Scheme 6 shows an example, where a terpyridine unit as desired end group is introduced in the first 

step of the OTE chain construction. On the basis of 4′-ethynyl-2,2′:6′,2″-terpyridine, Ziessel et al.30,31 

implemented progressively thienylene-ethynylene units. The 2-hydroxy-2-propyl group served as protecting 
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group, which could be split off by KOH. Thus, the oligomers 24 and 25 with one terpyridine and the series 

26 with two terpyridine end groups were obtained.30,31 The terminal terpyridine ligands of 26 should open 

the door to multinuclear transition metal complexes for a novel type of molecular wire in which directional 

information transfer can be expected. 

 

N
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n
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C OH

CH3

H , N

N
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n 2 2, 3 2, 3, 5  
OTEs with terminal terpyridine units. 

Scheme 6 
 
 Due to their electron-deficient properties, 1,3,4-oxadiazole derivatives are interesting electron-

transporting/hole-transport blocking materials. Moreover, they exhibit often an efficient photoluminescence. 

Bryce et al.32 synthesized in this context compound 27, which has 5-aryl-1,3,4-oxadiazol-2-yl end groups on 

a short OTE chain of type 1b (Scheme 7). 

 Matsuda, Irie et al.33 prepared a nitroxide biradical 28 with an OTE tether. The central thiophene ring 

bears a thienylvinylene sub-structure, which should permit an optical switching by a reversible electrocyclic 

[π6a] process. Consequently, an alternate interaction of the terminal radical centres could be expected. 

However, compound 28 proved to be photostable.33 

 A planar star-shaped system 29 was obtained by Mann and Pappenfus.28 The deep maroon solid was 

prepared in 38% yield by a Sonogashira-Hagihara reaction of tetrabromothiophene and the corresponding 

alkyne, 3′,4′-dibutyl-5-ethynyl-5″-phenyl-2,2′:5′,2"-terthiophene.28 

 Non-planar multi-arm (cruciform) systems were obtained, when spiro compounds served as core. Tour 

et al.15 prepared the spiro-fluorene derivative 32 and the related compounds 33 and 34. The fourfold cross-

coupling works very well for 32 (97%) and 33 (78%), but unsatisfying for 34 (<10%). 

 Ma, Pei et al.34 synthesized a family of π-conjugated dendrimers based on truxene and thienylene-

ethynylene building blocks (Scheme 9). Truxene represents core and branching unit. Trithienyltruxene 35 

was iodinated with N-iodosuccinimide (NIS) to 36. The subsequent Sonogashira-Hagihara reaction with  

2-ethynyl-5-thienylethynyl-thiophene led to 37, which was again regioselectively iodinated (37→38). 

Aldehyde 39 was transformed to the alkyne 40 by Wittig reaction and dehydrobromination. On the other 

hand, 39 was iodinated to 41 and cross-coupled with 40 to 42. 
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Scheme 7 

 

 
Scheme 8 
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 Wittig reaction and dehydrobromination yielded 43. The triiodo compound 36 and the ethynyl 

component 40 afforded dendrimer 44 and the triiodo compound 38 and the ethynyl system 43 furnished the 

higher dendrimer 45. The elegant synthetic approach by a convergent/divergent strategy looks complicated 

but is based on just four reaction procedures a–d. 
 

 
Scheme 9 (Part 1) 
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Synthesis of two generations (44, 45) of dendrimers, which contain 2,5-thienylene-ethynylene building blocks  

and truxene as core and branching unit. 

Scheme 9 (Part 2) 
 

 Finally a cyclic OTE shall be discussed here. Dialdehyde 46 was subjected by Iyoda et al.37 to a 

McMurry condensation. The cyclization afforded the stereoisomeric dimers 47, trimer 48, tetramer 49, 

pentamer 50 and hexamer 51 (with decreasing yield). The dimer fraction 47 consisted of 30% (E,E) 

configuration and 7% (E,Z)/(Z,Z). Compound (E,E)-47 was separated by GPC and crystallization and then 

transformed to the cyclic oligo(2,5-thienylene-ethynylene) 52 by addition of Br2 (large excess) and 

dehydrobromination (Scheme 10). The outer perimeter is a 60-membered conjugated ring. 
 

2.2. Multidisperse polymers 

 The Sonogashira-Hagihara reaction is the method of choice for the preparation of OTEs as well as of 

the corresponding polymers PTE. Bifunctional compounds 53 of the AB type undergo a higher 

polycondensation process when the pendants R1 and R2 provide a reasonably good solubility (Scheme 11). 

2-Ethynyl-3-hexyl-5-iodothiophene (53, R1=C6H13, R2=H), for example, afforded a polymer 54 with an 

average n of 56 repeat units and a polydispersity Mw/Mn of 1.9.20,21 2-Bromo-5-ethynylthiophene, which does 

not contain a solubilizing side chain, yielded a low-molecular weight polymer (Mn=1020–1140, Mw=1350–

2170, Mw/Mn=1.32–1.90, 20–29% conversion). When a 3,5-di(tert-butyl)-4-hydroxyphenyl substituent was 

attached to 3-position of 5-bromo-2-ethynylthiophene, the polycondensation triggered by Pd(PPh3)4/CuI 

gave a PTE with Mn=770 (GPC measurement). 

 In addition to this AB-type, an AA-BB type polycondensation can be applied. When compound 7, 

which was used for the two-directional chain growth in Scheme 3, is reacted with the diiodo component 55, 

a regio-random polymer 56 is formed (R1≠R2). A symmetrical dimer such as 57 yields with the symmetrical 

diiodo component 59 a regio-regular polymer 61 with an alternating sequence R1R1 R2R2 R1R1… of side 

chains. Apart from the chain ends, the same polymer 61 can be obtained by the polycondensation of 58 and 

60. Regio-regular polymers can principally also be formed by the combination of 57 and 60 or 58 and 59 

(Scheme 11). 
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Preparation of the cyclic deca(2,5-thienylene-ethynylene) 52 with 20 n-butyl groups. 

Scheme 10 
 

 2,5-Diethynylthiophene 7 (R1=R2=H) and 2,5-diiodothiophene 55 (R1=R2=H) yielded a red-brown 

insoluble polymer, which contained some soluble oligomers.5,7 An FT-IR study of the polymer gave the 

number average molecular mass Mn=3400.7 Better studied was the dark-brown PTE 56, which was obtained 

from 3-hexyl-2,5-diethynylthiophene 7 (R1=C6H13, R
2=H) and 3-hexyl-2,5-diiodothiophene 55 (R1=C6H13, 

R2=H).10,11,14,17 Light-scattering measurements gave an Mw value of 190 000.14 Apart from the regio-random 

PTE 56, a regio-regular chain 61 with hexyl pendants was prepared from 57 (R1=C6H13, R2=H) and 59 

(R1=C6H13, R
2=H).20,21 An alternate head-to-head/head-to-tail arrangement is realized in 61 (Scheme 11). 

 Meijer et al.41 studied chiral PTEs 64, which were obtained from 62 and 63 (Scheme 12). 

 Finally, a nanocomposite of poly(2,5-thienylene-ethynylene) and silica shall be mentioned, which was 

obtained from 2,5-diiodothiophene, acetylene and silica.58 

 

3. Molecular structures 

 Uniform OTEs with a certain defined number of repeat units n represent rod-like molecules of a 

defined length L(n) in the nano-scale. Rotations about the single bonds lead in the idealized planar 
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arrangement to different conformers in which neighbouring thiophene rings can have syn or anti orientation 

(Scheme 13). The zig-zag (all-anti) form has the lowest energy. 

 

 
Polycondensation reactions of the AB- and AA-BB type. 

Scheme 11 
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Preparation of alkoxy and/or alkylsulfanyl substituted PTEs. 

Scheme 12 
 

 
Conformations of OTEs and PTEs and calculation of the chain length L. 

Scheme 13 

 

 However, the energy difference between the zig-zag conformer and other conformers is low − in any 

case lower than for the corresponding oligo(2,5-thienylene)s [oligothiophenes]. OTEs of types 1a–c and n 

repeat units have N possible planar conformers: 
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1a, 1c      N = 2n       (1) 

1b  (R1≠R2 or E1≠E2)    N = 2n       (1) 

1b  (R1=R2 and E1=E2)   N = 2n-2 + 2n-k2  k =  {1 for odd n    (2) 
                  2 for even n 

  

 The reduced number N in the latter case is due to the higher symmetry.1x The equations (1) and (2) 

demonstrate that the number N increases strongly with increasing numbers n of repeat units. A symmetrical 

OTE chain 1b with n=16 repeat units would have 32.896 possible conformers. The longest known OTE 

chains with 1623 and 1736 repeat units, respectively, are unsymmetrical and have even more possible 

conformers. There are always two “extreme” conformations, namely the favorable all-anti or zig-zag 

arrangement and the all-syn orientation. Although the latter has a low probability, it represents the reactive 

species in the cyclization shown in Scheme 10. 

 The length L(n) in the preferred zig-zag conformation of the OTE type 1b can be calculated according 

to Scheme 13 and equation (3): 
 

L(n) = (n + 1)a + n ⋅ b  nm    a = 0.247 nm,  b = 0.388 nm     (3) 
 

 
Visualization of the push-pull effect of the DAOTEs 65a–d: a) VB model; b) model with terminal partial dipole moments, 

whose interaction decreases with increasing distance between donor and acceptor.42 

Scheme 14 
 

 The values of the parameters a and b correspond to the crystal structure analysis of a hexamer 1a 

(R1=R2=C4H9, E
1=C6H5, E

2=C6H5 
_≡).37 The longest monodisperse OTEs with 1623 or 1736 repeat units are 
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rod-like nanoparticles with L>10 nm. A curling of the OTE chain, which is due to syn arrangements, 

shortens the distance between the terminal sp2 or sp carbon atoms of the conjugated chain; L(n) of equation 

(3) corresponds therefore always to the maximum extension.  

 Polar end groups convey the OTEs a polarization along the chain. The effect is particularly 

pronounced for push-pull systems (DAOTEs) with an electron-donating and an electron-accepting end 

group.38,39,42 Scheme 14 illustrates the polarization for OTEs 65 with D=OCH3 and A=CH=C(CN)2.
42 The 

monomer 65a can be described in terms of the valence bond theory (VB) by an electro-neutral and a 

zwitterionic resonance structure. Higher members b–d of the push-pull series 65 (n≥2) are better described 

by terminal segments having partial dipole moments µD and µA.1v,1x The dipole-dipole interaction decreases 

with increasing length of the chain.  

 13C Chemical shifts are very sensitive to partial charges on the corresponding nuclei. The polarization 

of the triple bonds in OTEs decreases with decreasing donor and acceptor strength. Scheme 15 demonstrates 

this effect by means of the ∆δ shift differences in the series 65a–69a. Oligomer series 65a–65d, on the other 

hand, shows the weakening of the mutual interaction of the terminal partial dipole moments by increasing 

distance D−A. 
 

 
Influence of the strength of donor D and acceptor A and of the D−A distance on the polarization of the OTE chain demonstrated 

by the 13C chemical shift differences ∆δ of the sp-C atoms38,42 (δ values in ppm related to TMS as internal standard). 

Scheme 15 
 

 OTE chains without terminal donor and/or acceptor groups exhibit δ (13C) values of the acetylenic 

carbon atoms which are very similar. The position of the pendants influences the δ values to a very small 

extent, as the following segments of a regio-irregular PTE chain proves (Scheme 16).17 
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Influence of the side chains on the 13C chemical shifts of sp-C atoms in certain segments of a regio-irregular PTE chain. 

Scheme 16 
 
 The number of structural defects in PTEs is small. However, strong heating leads to a continous 

decomposition. The intensity of the triple bond stretching vibration at 2180 cm-1 in the IR spectrum of 

poly(2,5-thienylene-ethynylene) is extremely lowered by heating.7 The decoupled spin density of the pristine 

polymer is 1.8 ⋅ 1017 spin g-1, but after heating this value raises to 2.7 ⋅ 1018 spin g-1. The structureless EPR 

signal at g=2.0042 is typical for the electron delocalisation.7 
 

4. Electronic absorption and fluorescence 

 The long-wavelength absorption of OTEs corresponds to a ππ* transition whose wavelength λmax 

approaches to a limiting value λ∞ for increasing numbers n of repeat units:1f,k,x Simple HMO theory would 

predict for conjugated oligomers a HOMO-LUMO gap which approaches to E∞=0 (n→∞). First and second 

order perturbation theory, however, predict a finite limiting value E∞ > 0 and the corresponding λ∞=hc E∞
-1. 

The perturbation consists of different bond lengths in the chain. This statement is even valid for an ideal 

conjugation in a planar arrangement of the molecules. Torsions along the chain accelerate the convergence 

λmax (n) → λ∞ (n→∞). In “normal” series of conjugated oligomers, λmax (n) increases monotonously with 

increasing n. The effective conjugation length nECL of a conjugated chain is reached for λ (nECL)= λ∞ ± 1 nm 

(the inaccuracy of a routine UV/Vis spectrum is about 1 nm). Some time ago, we suggested an empirical 

algorithm for the saturation phenomenon. The usual hyperbolic approximation, in which the excitation 

energy E is a function of the reciprocal number of repeat units n-1, does not sufficiently represent the 

saturation phenomenon. It gives always too low E∞ values.1v 

 

Exponential functions for E or λ  proved to be appropriate:59 

E (n) = E∞ + (E1 − E∞)e-a(n-1)          (4) 

λ (n)  =  λ∞ − (λ∞−λ1)e
-b(n-1)          (5) 

nECL  =  ln (λ∞−λ1) ⋅ b-1 + 1          (6) 
 

λ1, E1: absorption maximum of the monomer (n=1) 

λ∞, E∞ a, b: optimized parameters (method of least squares) 
 

 Although ideally the 0→0 transitions should be used for λ, the λmax values proved to be satisfactory in 

most cases. The effective conjugation length nECL indicates the minimum chain length for the lowest E value 
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(highest λmax), which is possible in the corresponding oligomer series. When λmax of a polymer does not 

reach λ∞, the majority of the defect-free chain segments has an n value below nECL. Of course, the oligomer 

and polymer measurements have to be done in the same medium and at the same concentration − in so far as 

an aggregation tendency is present.  As already mentioned above, PTEs have a very low number of structural 

defects, and the most usual defect is due to oxidative couplings, which lead to two conjugated triple bonds. 

Such a diyne segment does not significantly influence the absorption behavior. 

 Figure 1 depicts the measured λmax values of the OTE series 7012 and 7115,16 and the curves λ (n), 

which reflect the optimized functions of equation (5). The effective conjugation length nECL amounts to 11. 

The hexadecamer 71 (n=16) proves the saturation. Soluble compounds 70 with such high n values are not 

accessible. 
 

 
Absorption maxima of the OTE series 70 (in CHCl3)

12 and 71 (in THF)15,16 and their exponential fit curves.59 

Figure 1  
 

 Recently Gierschner et al.60 and Bednarz, Bäuerle et al.40 proposed semi- to non-empirical equations 

for the long-wavelength band of conjugated oligomers. The Bednarz algorithm is based on Frenkel exciton 

models. For the OTE series 71, equation (7) was used for the excitation energy E: 

 

E = ½ (�1 + �2) – [�  (�1 + �2)
2 + 4J2cos2(π/N+1)]½        (7)  

 

�1 = 5.3 eV  excitation energy for the thiophene unit 

�2 = 9.5 eV  excitation energy for the ethynylene unit 

J = 2.05 eV  nearest-neighbor exciton transfer matrix element 

N = 2n The repeat unit (2,5-thienyleneethynylene) is regarded as two different building blocks; 

therefore the number n is doubled.  
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 Figure 2 demonstrates the good agreement between the measured and the calculated E values.40 

However, the extrapolation to the limiting value E∞ (n→∞) leads to λ∞=444 nm, which is higher than the 

extrapolated value shown in Figure 1. 

 

 
Excitation energies E for the long-wavelength π→π* transition of the OTE series 71.  
The dots indicate the measured values;15,16 the curve corresponds to equation (7).40 

Figure 2 
 
 Conjugated oligomers with terminal donor-acceptor substitution exhibit a more complex absorption 

behavior. The electronic excitation is combined with an intramolecular charge transfer (ICT), which causes a 

bathochromic shift. With increasing numbers n, that means with increasing distance between D and A, the 

ICT is reduced. The so-called charge transfer band loses more and more its CT character. Thus, increasing 

numbers n have to opposite effects: a bathochromic effect by extension of the conjugated chain and a 

hypsochromic effect by the decrease of the ICT. The crucial question is, which effect will predominate? 

Figure 3 shows the absorption behavior of different DAOTE series (65–68, 72). An overall hypsochromic 

behavior is only observed for systems, which have a very strong push-pull effect. The ICT causes the 

decrease of the Coulomb repulsion integral, which has the major impact on the electron correlation. 

Consequently the excitation energy E decreases.1v  

 The absorption intensity increases with increasing numbers n. This hyperchromic effect is valid 

although the ICT decreases the overlap density of the HOMO-LUMO transition. This is no contradiction 

because other orbitals are mixing in the long-wavelength transition. Its HOMO-LUMO portion decreases 

with increasing chain length.61 

 The extrapolation of λmax of the oligomer series 71 (R1=C2H5, R
2=H) led to λ∞ of 432 nm (Figure 1 

and equation 5) and 444 nm (Figure 2 and equation 7), respectively. The corresponding polymer with n>16 

is not known. However, polymers 54, 56 and 61 with R1=C6H13, R
2=H were studied.17,20,21 A λmax value of 
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440 nm was found for the head-to-tail system 54. The other regio-regular chain 61 with a head-to-head-to-

tail-to-tail sequence has its absorption maximum at 436 nm and the regio-random polymer 56 at 438 nm. All 

measurements were done in THF and reveal a small influence of the substitution pattern. Due to aggregation, 

thin films of the polymers 54, 56 and 61 give broader bands with absorption maxima between 486 and 488 

nm.62 

 

 
Absorption maxima of the DAOTE series 65–68, 72 (measurement in CHCl3) and exponential fit curves.12 

Figure 3 
 

 The majority of OTE and PTE shows a relatively intense fluorescence. The reported quantum yields 

amount in solution to about 20%.20,28,63 Nevertheless, Ito, Otsubo et al.29 found that intersystems crossing 

(ISC) is the major deactivation process of the excited singlet states S1 (Figure 4). 

 

 
Energy diagram of the photophysical processes of 72a,b: λmax  in nm, average lifetime τ in ns, quantum yield φ in %.  

The first number corresponds to the tetramer (n=4), the second to the octamer (n=8). 

Figure 4 
 
 The fluorescence emission has normally two maxima, whose λmax  values display a bathochromic shift 

for increasing numbers n of repeat units. However, the differences λmax (n+1) − λmax (n) in the fluorescence 
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spectra can be surprisingly small compared to the corresponding differences in the absorption spectra36 (see 

for example Scheme 17). 

 When a separate chromophore, such as C60, is attached by a saturated linker to the OTE, an additive 

absorption behaviour of the two chromophores can be assumed (for the first approximation). The 

fluorescence spectra however, can be strongly influenced by an energy and/or electron transfer.25 Hindered 

conjugation or cross-conjugation between OTE chromophores or between an OTE and another chromophore 

may have similar consequences as the connection by a saturated linker. 
 

5. Applications in materials science 

 The semiconductivity or photoconductivity of (doped) conjugated oligomers and polymers depends on 

the generation and mobility of charge carriers [radical cations and/or radical anions (polarons) and/or 

dications, dianions (bipolarons)]. The redox potentials provide valuable information in this context. Low-

lying LUMOs and high-lying HOMOs are an important precondition for the formation of negative and 

positive, respectively, charge carriers. Increasing numbers of repeat units, n lead to lower oxidation 

potentials in cyclic voltametry and consequently to a higher electron donor ability.29,36 Breslow et al.36 

measured the oxidation potentials of the long OTE series 73. Scheme 16 shows the saturation effect of the 

λmax  values of absorption A and fluorescence F, but not yet for the first oxidation potentials Epa. Obviously, 

the cations 73+. have a much larger effective conjugation length nELC than the electroneutral molecules 73. 
 

 
Absorption and fluorescence maxima of 73 (in CH2Cl2) and first oxidation potentials Epa (CH2Cl2, 0.1 M (C4H9)4NPF6). 

Scheme 17 
 

 Interesting electrical conductivities σ were reported for copolymers which contain 2,5-thienylene-

ethynylene and TTF building blocks.18  Their σ values raise from 8.5x10-8 to 2.7x10-4 S cm-1 on doping 

(oxidation) with iodine. The reductive range of OTEs and PTEs is less investigated. 

 Nonlinear optics (NLO) represent another field of interest in OTEs and PTEs.11,12,14,16 The first 

hyperpolarizability β is zero for compounds with a center of symmetry such as structure type 1b 

(R1=R2=E1=E2=H). The related push-pull systems 16, 18 and 20 should have high β values; they have still  

to be measured. 
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 The second hyperpolarizability γ of the parent systems 70 was studied for n=1–4.12 THG 

measurements revealed in this series an increase of the γ values from 6.3 via 55 and 150 to 230 x 10-35 esu. 

Samuel et al.16 investigated the long series 71 and found for n=2, 4, 8, and 16 the γ values 4.7, 27.7, 126 and 

315 x 10-35 esu. In principle, γ should increase with increasing numbers n without displaying a convergence 

to a limiting value; however, γ n-1 or the slope of the curve γ (n) should exhibit a saturation phenomenon.64,65 

Although PTEs have been measured,11,14 this statement is difficult to verify, because the length of defectfree 

chain segments is not known. Moreover, from a practical point of view, the second and third harmonic 

generation (frequency doubling and tripling) and the corresponding hyperpolarizabilities β and γ should be 

related to the length of the chains or better to the molecular masses.  

 

6. Conclusion and outlook 

 Owing to the Sonogashira-Hagihara reaction, as a versatile and plentiful sp-C−sp2-C cross-coupling 

method, oligo- and poly(2,5-thienylene-ethynylene)s [OTEs and PTEs] can be easily prepared (Section 2.). 

Alkyl groups as pendants on the thiophene rings guarantee a good solubility, which enables a detailed 

analytical and spectroscopic characterization (Section 3.) and facilitates the processing of these 

nanoparticles.  

 The convergence of certain properties for increasing chain length (increasing numbers of repeat units 

n) is demonstrated here for the absorption maxima λmax →λ∞ (n→∞). This saturation phenomenon is 

important for optical, electrical and optoelectronic properties, which are determined by the HOMO-LUMO 

gap of the molecules or by the band gap in the solid state (Section 4.). 

 Apart from thienylene-ethynylene units as chromophores, fluorophores and electrophores, special 

building blocks can be attached to the OTE or PTE chains, so that an energy and/or charge transfer is 

possible. Special emphasis was given in this article to push-pull systems, in which an OTE linker connects 

an electron-donor group to an electron-acceptor. 

 The studies on applications of OTEs and PTEs (Section 5.) in materials science are still in the 

beginning. Thermal stability up to high temperatures and  photostability in the range of the long-wavelength 

absorption promise a variety of further interesting applications as semiconductive, photoconductive, 

fluorescent, electroluminescent or nonlinear optical materials. 

 Finally, a detailed research on thienylene-ethynylenes should permit an interesting comparison to the 

related thienylene-vinylenes and thienylenes (oligo- and poly-thiophenes), which already have been studied 

more intensely. Recently a study on oligomers appeared which contain two 2,5-thienylene and one 

ethynylene building block in the repeat unit.66 
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Abstract. Biocatalysis offers a clean, straightforward and ecological manner to perform asymmetric 

transformations in mild reaction conditions. This review covers the preparation of pyridine derivatives using 

enzymes for the introduction of chirality in the desired molecule or alternatively in an adequate building 

block. For this aim, lipases, oxidoreductases and lyases have traditionally been used allowing generally the 

recovery of the final products in excellent yields and enantiomeric excesses. 
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1. Introduction 

 Pyridine derivatives are a class of organic compounds of the aromatic heterocyclic series characterized 

by a six-membered ring structure composed of five carbons atoms and one nitrogen atom, being the own 

pyridine the simplest member of the pyridine family, substrate with molecular formula C5H5N (Py, Figure 

1). This water miscible organic compound possesses a distinctive fish-like odour and it has important 

applications as can be used as a polar solvent, as donor ligand for organometallic complexes, form part of 
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many important products such as nicotinamides or 4-(N,N-dimethylamino)pyridine (DMAP), but also being 

a useful precursors of agrochemicals or pharmaceuticals. 
 

N
N

NH2

O

N

NMe2

PyridineNicotinamide DMAP  
Figure 1. Significant molecules containing the pyridine ring. 

 

 This cyclic compound possesses different chemical behaviours due to its six-membered ring: for 

example, it can act as a base because of its nitrogen atom, being possible protonation, acylation, alkylation 

and N-oxidation reactions, or can behave as an aromatic reactant undergoing nucleophilic substitutions. It is 

specially important its role in the synthesis of a wide range of important goods as herbicides, insecticides, 

food flavourings, dyes, paints, adhesives, pharmaceuticals or explosives; for that reason the preparation of 

pyridine derivatives has constituted a big challenge for organic chemist. Thus, there are many strategies that 

lead to the access of pyridine derivatives being biotransformation effective tools for the synthesis of 

optically active compounds. 

 In the last decades, biocatalysis has emerged as a very useful methodology for the synthesis of chiral 

and highly interesting intermediates or final products for the industrial sector, biotransformations being 

carried out at volumes that range from a gram scale in the pharmaceutical industry to multi-thousand ton 

scales in the manufacturing of commodity chemicals. The main advantages of these biocatalytic processes 

are based on their low-cost and the mild and environmentally friendly reaction conditions required. Over the 

past few years, interesting processes have appeared to catalyze single-step transformations using normally 

hydrolases, oxidoreductases or lyases as biocatalysts. 

 The combination of biocatalysis and chemical catalysis in multi-step syntheses is growing in these 

days, especially in the industrial sector due to the increasing demand of enantiomerically pure goods, 

reducing waste steams and improving overall synthetic yields. Normally, in these tandem procedures, first 

the preparation of the intermediate takes place by a selected biotransformation to yield later the target 

compound by conventional organic chemical methods. 

 In this review we have focused our efforts in the compilation of a vast number of interesting examples 

for the production of optically active pyridine derivatives, trying to explain later their potential use or 

applications in different fields such as organic catalysis or the preparation of chiral drugs. Thus, biocatalytic 

methods that involve the use of lipases and alcohol dehydrogenases represent the mostly employed 

alternatives due to the high stereoselectivity usually showed by these types of enzymes. 
 
2. Use of hydrolases 

 Hydrolytic transformations are traditionally the most common enzymatic processes involving ester and 

amide bonds using proteases, lipases or esterases. Lipases are part of the hydrolases group catalyzing mainly 

hydrolysis and esterification procedures, although lipase-mediated reactions of esters with nucleophiles such 

as ammonia or amines are also well known. These enzymes present high activity values in aqueous medium 

but also in organic solvents, acting in a chemo-, regio- or enantioselective way under mild reaction 

conditions. 
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2.1. Lipase-catalyzed kinetic resolution of alcohols or esters 

 The most traditional examples using lipases for the synthesis of optically pyridine derivatives have 

been described for the enzymatic kinetic resolution of pyridylethanols or the corresponding ester 

derivatives.1 Thus, acetylation procedures of alcohols or the enantioselective hydrolysis of the corresponding 

esters have been extensively explored looking for adequate enzyme activities (Scheme 1). For that reason, 

there are many biocatalysts that have been employed such as Rhizopus nigricans,1a Baker's yeast,1b Pig liver 

esterase (PLE),1c Pseudomonas cepacea lipase (PSL),1d,1e Candida antarctica lipase B,1f Candida rugosa 

lipase (CRL)1g or feruloyl esterase from Humicola insolens.1h The applicability of these compounds has been 

proved using some of these chiral precursors in the synthesis of NMDA glycine-site agonist.2 

 

N
OR

Enzyme
Solvent

N
OR

N
OH

+

Acyl donor or
hydrolytic agent

R= H, Ac, Bz

N N N

+

R= H, Ac, Bz

N N N

+

R= H, Ac, Bz

OR OR OH

OR OR OH*

*

* *

*

*

Enzyme
Solvent

Acyl donor or
hydrolytic agent

Enzyme
Solvent

Acyl donor or
hydrolytic agent

 
Scheme 1. Enzymatic kinetic resolution of pyridylethanols through acylation or hydrolysis procedures. 

 

Selection of an appropriate acyl donor is an important parameter for a good biotransformation; in this 

manner, vinyl acetate and isopropenyl acetate are the most useful acylating reagents for the enzymatic 

kinetic resolution of alcohol derivatives. On the other hand, water or phosphate buffer solutions are the most 

common hydrolytic agents. Dry and at the same time low polar solvents are generally required for lipase-

catalyzed resolutions such as hexane, diethyl ether (Et2O), tert-butylmethyl ether (TBME) or diisopropyl 

ether (iPr2O) in order to avoid the competitive hydrolysis reactions. Sometimes additives can improve the 

enzyme catalytic properties and, for example, an increased enantioselectivity and an acceleration of the 

lipase-acetylation of 2-, 3- and 4-pyridylethanols have been observed using an imidazolium PEG-alkyl 

sulfate ionic liquid.3 

Employing an acetylation procedure, PSL catalyzed efficiently the acetylation of 3-pyridylethanol for 

the total synthesis of indole alkaloids (–)-Tubifoline, (–)-Tubifolidine and (–)-19,20-dihydroakuammicine 

using vinyl acetate as acyl donor and TBME as solvent. After 40 h the acetate was recovered in 48% yield 

and the alcohol in 47% yield, both in 96% ee.4 

A short stereoselective synthesis of (+)-α-conhydrine, a class of alkaloid which can be isolated from 

the poisonous plant Conium maculatum, was achieved based on the enzymatic kinetic resolution of  

2-(1-hydroxypropyl)pyridine with PSL, being obtained the (R)-acetate (45% yield and 98% ee) and the 
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remaining (S)-alcohol (45% yield and 96% ee) after 47.5 h at 30 ºC using vinyl acetate as acyl donor and 

solvent (Scheme 2).5 
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Scheme 2. Lipase-mediated kinetic resolution of 2-(1-hydroxypropyl)pyridine for the stereoselective  

synthesis of (+)-α-conhydrine. 

 

4-(Dimethylamino)pyridine (DMAP) is the most common nucleophilic catalyst for acyl transfer 

chemical reactions and some efforts have been done for the production of derivatives in enantiopure form to 

later study their applications in asymmetric catalysis. Thus, 4-chlorosubstituted racemic precursors have 

been chemically prepared and the lipase-catalyzed acetylation procedures have been studied, being obtained 

4-chloro-2-(1-hydroxyalkyl)pyridines and 4-chloro-2-(1-hydroxybenzyl)pyridine in moderate to excellent 

enantiomeric excesses using PSL or CAL-B as biocatalysts and vinyl acetate as acyl donor (Scheme 3).6 

Chlorinated derivatives present two great advantages: a) they present a great versatility in organic synthesis 

because this atom presents a remarkable reactivity in substitution reactions; b) these substrates are 

enzymatically acetylated with higher enantioselectivities than the corresponding 4-(N,N-dimethylamino) 

analogues, maybe because they fit better into the enzyme active site. 
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Scheme 3. Enzymatic kinetic resolution of 4-chloro-2-(1-hydroxyalkyl)pyridines and  

4-chloro-2-(1-hydroxybenzyl)pyridine using lipases. 
 

Alternatively, 4-chloro-3-(1-hydroxyalkyl)pyridines have been tested with a panel of lipases finding 

the best results with CAL-B when 4-chloro-3-(1-hydroxyethyl)pyridine was examined using vinyl acetate as 

acyl donor and solvent; however, a dramatically reactivity fall was observed using pyridines with bulkier 

substituents (Scheme 4).7 

Some interesting applications of substituted pyridylethanols have been described as the synthesis of  

(–)-Mytragynine, an analgesic indole alkaloid, starting from the PSL-catalyzed resolution of 1-(6-chloro-
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pyridin-3-yl)ethyl acetate by a hydrolytic procedure, which allowed the recovery of both acetate and alcohol 

in enantiopure form using a phosphate buffer of pH 7.0 (Scheme 5).8 
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Scheme 4. Kinetic resolution of 4-chloro-3-(1-hydroxyalkyl)pyridines using lipases. 
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Scheme 5. Kinetic resolution of 1-(6-chloropyridin-3-yl)ethyl acetate  

for the total synthesis of (–)-Mytragynine. 

 

Using a similar approach, pyridine derivatives such as bypyridylethanols have been efficiently 

resolved by using CAL-B with vinyl acetate as acyl donor in diisopropyl ether (iPr2O) as solvent (Scheme 

6).9 The same authors extended later this study to other interesting 6-substituted pyridines and also 1-

pyridin-2-ylalkan-1-ols or isoquinoline derivatives.10 In all cases, the (R)-acetates and the (S)-alcohols were 

recovered after flash chromatography using silica gel, being the enzymatic processes carried out at room 

temperature or 60 ºC depending on the substrate reactivity. 
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Scheme 6. Kinetic enzymatic resolution of oligopyridines. 

 

Scilimati and co-workers described the enzymatic kinetic resolution of racemic 2-chloro-1-(pyridin-3-

yl)ethanol. For that purpose, a set of hydrolases were exhaustively studied finding the best results for CAL-B 

when vinyl acetate was used as acyl donor, leading in hexane to the (R)-alcohol in enantiopure form that was 

later converted into (R)-1-(pyridin-3-yl)-2-amino-ethanol, a useful intermediate for the preparation of  

β3-adrenergic receptor agonists (Scheme 7).11 



 

� 419 

CAL-B

Hexane, 37 °C
7 days

(53% conversion)
N

+
O

OCl
OH

N

Cl

N

Cl

+

OAc

OH

>98% ee

87% ee

N

NH2
.2 HCl

OH

 
Scheme 7. Lipase-mediated resolution of racemic 2-chloro-1-(pyridin-3-yl)ethanol. 

 

The kinetic resolution of racemic isoquinoline derivatives have been also successfully achieved using 

lipases such as CAL-B, PSL or PPL for the enzymatic acylation of alcohols using vinyl acetate at the same 

time as acyl donor and solvent, or the hydrolysis of acetates in phosphate buffer (Scheme 8). For the 

acetylation reactions, the (S)-alcohols and the (R)-acetates were generally obtained in excellent enantiomeric 

excesses, meanwhile the complementary optically active (R)-alcohols and the (S)-acetates were recovered in 

the hydrolysis reactions.12 

 
Acyl donor or

hydrolytic agent

Lipase, T
t, 250 rpmN

R2

OR1

N

∗ R2

OH

N

∗ R2

OAc

+

R1= H, Ac
R2= Me, Et, CH=CH2

Lipase: CAL-B, PSL, PPL

 
Scheme 8. Kinetic resolution of isoquinoline derivatives by acetylation or hydrolytic procedures. 

 

Enantiomerically pure 8-substituted 5,6,7,8-tetrahydroquinolines have been chemoenzymatically 

prepared starting from the lipase-catalyzed kinetic acetylation of racemic 5,6,7,8-tetrahydroquinolin-8-ol 

using CAL-B and isopropenyl acetate as acyl donor in iPr2O as solvent at 60 ºC (Scheme 9), obtaining both 

the (R)-acetate and the (S)-alcohol in enantiomerically pure form after 30 h of reaction.13 
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Scheme 9. Enzymatic kinetic resolution of 5,6,7,8-tetrahydroquinolin-8-ol. 

 

PSL has catalyzed the enantioselective acetylation of α-hydroxybenzylpyridines obtaining the 

corresponding 2-, 3- and 4-pyridine derivatives in moderate enantiomeric excesses using vinyl acetate as 

acyl donor and TBME as solvent, caused for the presence of similar and bulky substituents at both sides of 

the stereogenic centre (Scheme 10).14 Years later the corresponding racemic acetates were subjected to 

asymmetric hydrolysis using cell cultures of Nicotiana tabacum leading to the alcohols and acetates with 

moderate to good enantiomeric excesses for the 3- and 4-substituted derivatives, meanwhile the 2-substituted 

acetate was hydrolyzed with none enantioselectivity.15 In a similar approach, optically active 2- and  
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4-α-(p-chlorophenyl)pyridylmethanols were investigated using an asymmetric hydrolysis approach leading 

to the corresponding alcohols and acetates in low enantiomeric excesses using a set of biocatalysts, finding 

the best results with lipase AY and the 4-substituted compound.16 
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Scheme 10. Enzymatic acetylation of α-hydroxybenzylpyridines catalyzed by PSL. 

 

Faber and co-workers described the lipase mediated kinetic resolution of α-pyridoin using vinyl 

acetate as acyl donor, THF as solvent and lipase Amano TL as biocatalyst, obtaining the (R)-alcohol in 

>99% ee and 36% yield after 24 hours at 30 ºC (Scheme 11).17 
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Scheme 11. Enzymatic stereoselective acetylation of α-pyridoin. 
 

Chiral hydroxy sulfides are important precursors in the synthesis of chiral oxiranes, thiiranes, 

tetrahydrofurans, spiroketalpheromones and acetoxyazetidinones, and their enzymatic resolution was studied 

using Humicola lanuginosa lipase (HLL) with vinyl acetate as acyl donor and solvent obtaining the  

(R)-acetates with very high enantiomeric excesses and the (S)-alcohols with low selectivities (Scheme 12).18 
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Scheme 12. Enzymatic kinetic resolution of β-hydroxy sulfides catalyzed by HLL. 

 

Henegar and co-workers described the enzymatic acetylation of a diol, which finally was demonstrated 

to be an ideal precursor for the synthesis of Irinotecan and other Camptothecin analogues that have potent 

antitumoral activities. The kinetic resolution was based on the use of PSL immobilized on Celite® as enzyme 

and isopropenyl acetate as the best acyl donor (Scheme 13).19 A 60% conversion was reached, obtaining the 

corresponding (S)-diol in >99% ee. Further studies looking for more adequate acyl donors were performed 

as the use of anhydrides but lower enantioselectivities were founded. 

 An enantioselective esterification of (� )-anti-3-[2-(5-benzyloxypyridyl)]-2-methyl-1,3-propanediol 

using lipase Amano P in the presence of vinyl acetate and iPr2O provided the enantiomerically pure  

(2S,3S)-diol, which was later converted into an interesting precursor for the synthesis of Nikkomycin Z that 

is a peptidyl nucleoside inhibitor of chitin synthetase with antifungal, acaricidal and antibacterial activity 

(Scheme 14).20 
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Scheme 13. Kinetic resolution of an adequate building block for the synthesis of Irinotecan. 
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Scheme 14. Enantioselective acetylation of (� )-anti-3-[2-(5-benzyloxypyridyl)]-2-methyl-1,3-propanediol. 
 

Although enzymatic resolutions are very efficient processes, they possess an inherent limitation based 

on the fact that just 50% conversion of enantiomerically pure compounds can be isolated. For that reason, 

different strategies have appeared in the literature during recent years trying to avoid this limitation. The use 

of lipases in combination with metal complexes, responsible of racemization of the unreacted enantiomer, 

allows the access to enantiopure compounds with isolated yields theoretically of 100%. These protocols are 

called dynamic kinetic resolutions (DKR) and recently Bäckvall and co-workers have described the DKR of 

1-(4-pyridyl)ethanol using a ruthenium complex in the presence of potassium tert-butoxide and sodium 

carbonate as racemization catalyst, CAL-B as biocatalyst, isopropenyl acetate as acyl donor in dry toluene at 

25 ºC allowing the recovery of the corresponding enantiopure (R)-acetate in 96% isolated yield after 20 h.21 

 
2.2. Proteases in the resolution of esters through hydrolytic processes 

Serine proteases are enzymes that traditionally have been known for cutting peptide bonds in proteins; 

however, they can also behave as lipases catalyzing stereoselective acetylation and especially hydrolytic 

reactions. The three dimensional structure of subtilisin, protease obtained from Bacillus subtilis, has been 

determined by X-ray crystallography and Kazlauskas and co-workers have exhaustively analyzed its 

enantiopreference towards secondary alcohols and acetates. In this manner, some pyridine derivatives were 

studied in hydrolysis reactions observing different stereopreferences for the formation of the (R)-alcohols 

depending on the subtilisin source and the substrate employed in the enzymatic reaction (Scheme 15).22 
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Scheme 15. Enzymatic hydrolysis of pyridine derivatives catalyzed by proteases. 

 

The alkaline protease from Bacillus lentus catalyzed the kinetic resolution of racemic  

2-[3-{[(5-methylisoxazol-3-yl)carbonyl]amino}-2-oxo-pyridin-1(2H)-yl]pent-4-yonic methyl or ethyl esters 
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derivatives leading to the corresponding enantiomerically pure (S)-acids, key intermediates in the synthesis 

of a human rhinovirus protease inhibitor (Scheme 16).23 Moreover, the (R)-ester can be readily recycled via 

a DBU catalyzed racemization, so the reaction can be repeated for several cycles in a repetitive batch 

process. 
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Scheme 16. Repetitive enzymatic process catalyzed by a protease for the production of an interesting human 

rhinovirus protease inhibitor intermediate precursor. 

 

2.3. Asymmetrization or desymmetrization procedures of diols or diacetates using lipases 

Lipases have made also possible the asymmetrization of pyridyl substituted 1,3-propanediols by 

enantioselective acetylation in organic solvents, being supported pig pancreatic lipase (PPL) the most 

promising biocatalyst (Scheme 17).24 Monoacetates were obtained in good yields and high enantiomeric 

excesses going the reactions in all cases over 50% conversion. Hydrolytic procedures were also studied but 

lower selectivities were obtained. 
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Scheme 17. Enzymatic desymmetrization of prochiral pyridines. 

 

PSL and CAL-B have been found as powerful biocatalytic agents in the chemoenzymatic preparation 

of stereoisomers of 2,6-bis(1-hydroxyethyl)pyridines and their corresponding acetates (Scheme 18).25 

Starting material is composed by a racemic mixture and a meso-diol or meso-diacetate, so a resolution 

process and a desymmetrization occurred simultaneously, obtaining a ratio of the different alcohol, mono- or 

diacetates depending on the enzymatic reaction conditions. 
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Scheme 18. Simultaneous enzymatic resolution and desymmetrization of diols 

by acetylation of hydrolysis strategies. 
 

2.4. Enzymatic kinetic resolution of racemic amines 

Traditional synthetic methods to obtain optically active amines use chiral organometallic catalysts for 

the reduction of amine precursors as imines; however, the preparation of enantioenriched amines via lipase-

catalyzed enantioselective acylation can be accomplished using mild conditions, non toxic reagents, easy 

experimental procedures and also enzyme recycling. For example, optically active 1-(hetero-

aryl)ethanamines have attracted very much attention. Gotor and co-workers described for the first time the 

enzymatic kinetic resolution of 1-pyridin-2-ylethanamine using ethyl acetate (EtOAc) as acyl donor and 1,4-

dioxane or the own EtOAc as solvent, obtaining the corresponding amine and amide with high enantiomeric 

excesses (Scheme 19).26 
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Scheme 19. Kinetic resolution of 1-pyridin-2-ylethanamine. 

 

CAL-B has been traditionally used as the preferred lipase for the kinetic resolution of bicyclic  

1-heteroaryl primary amines by enantioselective acetylation, achieving generally high yields and 

enantioselectivities in reactions carried out at 60 ºC using EtOAc as acyl donor, obtaining the (S)-amines and 

the (R)-acetamides in high optical purities.27 

Sigmund and DiCosimo described the lipase-catalyzed acetylation of different racemic  

2-(1-aminoethyl)-3-chloro-5-(substituted)-pyridines (Scheme 20).28 
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Scheme 20. Enantioselective acetylation of 2-(1-aminoethyl)-3-chloro-5-(substituted)pyridines. 
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A 94% enantiomeric excess was obtained for the acetylation of (R)-2-(1-aminoethyl)-3-chloro-5-

bromopyridine using CAL-B in EtOAc, whereas 2-(1-aminoethyl)-3,5-dichloropyridine and 2-(1-amino-

ethyl)-3-chloro-5-(difluoromethoxy)pyridine were acetylated with low enantioselectivity. Use of methyl 

propionate, methyl isobutyrate or methyl methoxyacetate instead of EtOAc led to lower enantioselectivity 

values. 

A wide panel of enantiomerically pure 2-(1-aminoalkyl)-4-chloropyridines and 3-(1-aminoalkyl)-4-

chloropyridines have been efficiently resolved, being CAL-B and PSL the best biocatalysts in the acetylation 

reaction using EtOAc or ethyl methoxyacetate as acyl donors and TBME as solvent (Scheme 21).29 The 

stereoselectivity values were strongly dependent of the alkyl rest and those compounds with R1= Me or Et 

showed the best stereopreference values. 
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Scheme 21. Enzymatic kinetic resolution of 2-(1-aminoalkyl)-4-chloropyridines and  

3-(1-aminoalkyl)-4-chloropyridines. 
 

Ditrich has recently described the CAL-B mediated kinetic resolution of 1-(6-methoxypyridin-3-

yl)propan-1-amine using isopropyl methoxyacetate as a novel acylating agent and Et2O as solvent (Scheme 

22), leading to the isolation of enantiomerically pure (R)-amide (94% yield) and the (S)-amine (85% yield).30 
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Scheme 22. Enzymatic kinetic resolution of 1-(6-methoxypyridin-3-yl)propan-1-amine. 
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Scheme 23. Dynamic kinetic resolution of 8-amino-5,6,7,8-tetrahydroquinoline. 
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 A spontaneous dynamic kinetic resolution of 8-amino-5,6,7,8-tetrahydroquinoline was observed in the 

presence of CAL-B, in which over 60% yield of the (R)-acetamide was recovered (Scheme 23).31 This fact 

was possible because racemization of the amine occurred due to the formation in the reaction media of the 

ketone derivative, followed by a condensation-hydrolysis sequence with the remaining (S)-amine. 
 

2.5. Classical kinetic resolutions using epoxide hydrolases 

Furstoss and co-workers described the hydrolytic kinetic resolution of 2-, 3- and 4-pyridyloxirane by 

the Aspergillus niger GBCF 79 epoxide hydrolase (EH),32 obtaining the corresponding (S)-epoxides in 

nearly enantiopure form (Scheme 24). Experiments were successfully carried out in a gram scale at a 10 g/L 

concentration showing great advantages in comparison with traditional heavy-metal catalyzed approaches 

due to the mild reactions conditions employed as the use of inexpensive plain water as solvent. 
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Scheme 24. Kinetic resolution of pyridyloxiranes using epoxide hydrolases. 
 

3. Use of oxidoreductases 

 Redox enzymes are usually divided into three categories: dehydrogenases, oxidases and oxygenases, 

being alcohol dehydrogenases (ADHs) the most useful enzymes for the production of optically active 

pyridines using bioreduction procedures of the corresponding ketones. 
 

3.1. Alcohol dehydrogenases 

3.1.1. Bioreductions 

Bioreduction reactions involving pyridine derivatives have been described for the preparation of 

pyridine ethanols, as they are interesting compounds as pharmaceutical intermediates but also as useful 

chiral ligands and auxiliaries in asymmetric synthesis.33 For this reason, many bioreduction procedures have 

been developed including the use of whole cells and isolated alcohol dehydrogenases, with the aim to 

prepare (R)- or either (S)-pyridylethanols with high isolated yields and optical purities. Many enzymes have 

been employed for this purpose such as Cryptococcus macerans,33a Sporotrichum exile,33b Lactobacillus 

kefir ADH,33c Daucus carota cells,33d Geotrichum candidum,33e Baker's yeast,33f Diplogelasinospora 

grovesii33g, Rhodococcus ruber DSM 44542.33h Candida viswanathi,33i Rhodotorula glatinis var. 

dairenensis33j and Rhodotorula sp.33k This enantiomerically enriched pyridylethanols have been successfully 

used in the preparation of interesting alkaloids such as akuamidine and heteroyohymidine and macrobicyclic 

antibiotics. The main difference between the use of whole cells systems and isolated purified 

dehydrogenases is that these ones require cofactor recycling, which usually made more expensive the 

enzymatic processes, although on the other hand whole cells reactions need more sophisticated equipments 

and suffer of tedious work-up extraction steps. 
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Both enantiomers of 2- and 4-(1-hydroxyethyl)pyridines were prepared by bioreduction of the 

corresponding ketones with a single microbe (Geotrichum candidum IFO 5767).34 Thus, this microorganism 

afforded (S)-alcohols in excellent ee when Amberlite XAD-7, a hydrophobic polymer, was added to the 

reaction system. Meanwhile, when the reaction was carried out in aerobic conditions, the same microbe 

afforded (R)-alcohols in excellent ee, based on the fact that, in these reaction conditions, the oxidation from 

ketone to the corresponding (S)-alcohol is reversible and the reduction from ketone to the (R)-alcohol is 

irreversible (Scheme 25). 
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Scheme 25. Asymmetric reduction of ketones with Geotrichum candidum IFO 5767. 

 

Gotor and co-workers reported a bioreduction route using Baker's yeast for the preparation of 

enantioenriched 4-chloro-(2-hydroxyalkyl)pyridines and 4-chloro-2-(hydroxybenzyl)pyridine, precursors of 

interesting chiral 4-DMAP derivatives.6b This procedure allowed to recover (S)-4-chloro-2-(1-hydroxy-

ethyl)pyridine in 76% isolated yield (98% ee) and (R)-4-chloro-2-(1-hydroxybenzyl)pyridine in 84% isolated 

yield (98% ee); however, bulkier aliphatic alcohols were recovered with lower optical purities (Scheme 26). 
 

N

Cl

R

O
N

Cl

R

OH
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H2O, 60 h

R= Me, Et, Pr, Bu, Ph  

Scheme 26. Bioreduction of 4-chloropyridyl ketones using Baker's yeast. 
 

A short enantioselective synthesis of different 3-substituted DMAP chiral derivatives, which have 

shown promising results in asymmetric catalysis, was achieved based on a two-step protocol consisting in a 

chemical oxidation process followed by an enzymatic reduction step.7 The corresponding (S)-alcohols were 

isolated in 73–79% yield and >99% ee, which later were easily transformed into the corresponding  

4-(N,N-dimethylamino) derivatives (Scheme 27). 

 (R)-5-(Hydroxyethyl)furo[2,3-c]-pyridine (FPH), an important intermediate in the synthesis of HIV 

reverse-transcriptase inhibitor was prepared through microbial reduction of 5-acetylfuro[2,3-c]-pyridine 
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(AFP) using the yeast Candida maris IFO10003 (Scheme 28).35 The cells accumulated 17.5 g/L of (R)-FPH 

in 99% yield and 97% ee, meanwhile a cell free extract of Candida maris produced 91.5 g/L of the 

enantiopure alcohol with enzymatic regeneration of NADH. 
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Scheme 27. Preparation of optically active alcohols through a chemical oxidation  

and enzymatic reduction sequence. 
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Scheme 28. Enantioselective reduction of 5-acetylfuro[2,3-c]-pyridine (AFP) with Candida maris. 

 

The chemoenzymatic synthesis of a β3 adrenergic receptor, that is associated with thermogenesis in 

adipose tissue, have been performed using a chiral 3-pyridylethanolamine intermediate prepared via a yeast-

mediated asymmetric reduction of the corresponding ketone with Candida sorbophila (Scheme 29).36 The 

corresponding (R)-alcohol was obtained in a very high isolated yield and in enantiopure form after 2 days at 

28 ºC. 
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Scheme 29. Preparation of a 3-pyridylamino β3 adrenergic receptor agonist. 

 

An interesting industrial approach for the synthesis of a different β3 adrenergic receptor agonist was 

later described by Scott and co-workers, involving a stereoselective bioreduction step catalyzed by the yeast 
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Zygosaccharomyces bailii ATCC 38924 (Scheme 30).37 The reaction was performed in a 2g/L substrate 

concentration obtaining the (R)-alcohol in 57% yield with 98% ee. The authors exhaustively studied 

different processes for the production of kilogram quantities of the drug, comparing the best results obtained 

by chemical or enzymatic catalysis. 
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Scheme 30. Preparation of a β3 adrenergic agonist. 

 

Lin and co-workers reported the bioreduction catalyzed by Geotrichum sp. 38 of pyridinyl �-chloro-

methyl ketone leading to the corresponding (S)-chlorhydrin in 91% isolated yield and 81% ee (Scheme 31).38 

This ee value can be improved to >99% by recrystallization over a CH2Cl2-hexane mixture. Next, the  

(S)-chlorhydrin was used to prepare (S)-R0 25-8210 that has been used for the preparation of the matrix 

metalloproteinase Stromelysin 1 inhibitors. 
 

NMeOOC Cl

O
Geotr ichum sp. NMeOOC Cl

OH

>99% ee after crystallization

NMeOOC SCPh3

OH

R0 25-8210

H2O, 18 h

 
Scheme 31. Preparation of R0 25-8210. 

 

Recently, an efficient method for cofactor recycling was developed based on the use of permeabilized 

cells of a reductase-containing microorganism and a glucose dehydrogenase-containing microorganism.39 

This procedure was successfully applied to the enantioselective bioreduction of methyl 3-keto-(3'-

pyridyl)propionate to obtain the corresponding hydroxyester, which is a useful intermediate in the 

preparation of the GPIIb/IIIa antagonist RWJ-53308030 (Scheme 32). 
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25 °C, 43 h
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Scheme 32. Enantioselective reduction of ketone with cofactor recycling. 



 

� 429 

Bioreduction of �-phenyl-2-pyridylketone with Camellia sinensis cell cultures has also afforded the 

preparation of (S)-�-phenyl-2-pyridylmethanol in 83% isolated yield and 86% ee. This compound has itself 

analgesic and anticonvulsionant properties (Scheme 33).40 
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83% yield, 86% ee
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Scheme 33. Preparation of optically active (S)-�-phenyl-2-pyridylmethanol. 

 

Recently, a wide panel of heteroarylaryl ketones were reduced using different isolated commercial 

ADHs from a Biocatalytics Inc. library (Scheme 34). These enzymes were tested in the bioreduction of 2-, 3- 

and 4-phenylpyridylketones, being possible to obtain enantiomerically enriched (S) or (R)-pyridylmethanols 

(82 to >99% ee) depending on the ketoreductase used in the enzymatic process (KRED 101, 124 or 

Lactobacillus kefir).41 A NADPH recycling system was put in place by using glucose and a coenzyme 

glucose dehydrogenase to regenerate this expensive cofactor, achieving in some cases excellent results for 

the 1 g of substrate scale reaction. 
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Scheme 34. Enantioselective heteroarylaryl ketone reduction using ketoreductase enzymes. 
 

Chiral heteroarylaryl alcohols have been used as precursors of tetraarylethanes that are potentially 

interesting compounds as ligand stereoselective scaffolds and also in medicinal chemistry.42 Thus, the chiral 

intermediate alcohol shown in Scheme 35 was obtained in >99% ee via a biocatalytic asymmetric reduction 

followed by a recrystallization procedure. 
 

N

O

1. Ketoreductase N

OH
NBr

NBr
BrBr

2. Recrystallization

>99% ee >99% ee  

Scheme 35. Preparation of enantioenriched tetraarylethanes. 
 

Since chiral diols are interesting ligands in asymmetric catalysis, the reduction of 2,6-diacetylpyridine 

was studied obtaining (S,S)-1,1'-(pyridine-2,6-diyl)ethanol in enantiomerically and diastereomerically pure 

form but in low isolated yield as the monoalcohol was also recovered (Scheme 36).43 
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2-, 3- And 4-acetylpyridine-N-oxides can be reduced by Baker's yeast in a chemoselective manner to 

give chiral 2-, 3- and 4-pyridylethanol-N-oxides.44 The optical purities of the 2- and 3-derivatives were 

significantly high (96–97% ee), however the optical purity of the 4-isomer was much lower (65% ee). 

Meanwhile isolated yields were found much higher for the 2-isomer (95%) in comparison with the 3- or  

4-isomers (31–36%, Scheme 37). 
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Scheme 36. Bioreduction of 2,6-diacetylpyridine. 

 

N
O

+

-

O

N
O

+

-

OH
Baker´s yeast

H2O, 25 °C, 168 h

 

Scheme 37. Bioreduction of pyridine-N-oxides. 

 

Recently, Ward and co-workers reported the enantioselective transfer hydrogenation to 2-acetyl-

pyridine catalyzed by artificial metalloenzymes based on Biotin-Streptavidin combined with organometallic 

catalysts.45 The system is far away from being ideal but a new field has been opened combining the best of 

homogeneous and enzymatic catalysis (Scheme 38). 
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N
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Scheme 38. Reduction of 2-acetylpyridine with an artificial metalloenzyme. 
 

3.1.2. Bioxidations 

Bioxidation processes have allowed the preparation of chiral alcohols starting from the corresponding 

racemic material: in this manner one of the enantiomers is selectively oxidizes by the microorganism. Thus, 

kinetic resolution of 2-pyridylethanol through microbial oxidation was attempted with different microbial 

sources; however, the reactions occurred with low reaction rates, observing moderate enantiomeric purities 

of the isolated products and yields limited to 50% (Scheme 39).46 
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Scheme 39. Kinetic resolution of 2-(1-pyridyl)ethanol by bioxidation. 
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3.1.3. Deracemizations combining bioxidation and bioreduction processes 

This type of procedure is very interesting because it theoretically allows the recovery of the final 

products in 100% yield and in enantiopure form, in contrast with kinetic resolutions of racemic alcohols 

where the yield can not exceed 50%. 

Achiwa and co-workers reported the deracemization of different pyridyl alcohols, which were 

incubated with Catharantus Roseus cell cultures, obtaining the alcohols with high isolated yields and 

excellent enantiomeric excesses after several days of incubation (Scheme 40).47 Although the mechanism is 

not clear it seems to work through the bioxidation of one of the enantiomers followed by a stereoselective 

bioreduction of the ketone. 
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OH

N
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Scheme 40. Deracemization of pyridylalcohols through a bioxidation-bioreduction sequence. 

 

More recently, Nakamura described a very efficient microbial deracemization protocol for the 

production of optically active pyridylethanols using the cell cultures of Geotrichum candidum IFO 5767. 

The deracemization process is carried out by stereoinversion, being one enantiomer from the racemic 

mixture transformed into its mirror image. In this manner, the enzyme catalyzed the enantioselective 

oxidation of one enantiomer to the corresponding ketone and later the sequential bioreduction to the other 

enantiomer. The pyridinethanols were isolated with excellent optical purities and high isolated yields 

especially for the 3-substituted derivative (Scheme 41).48 
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2-pyridil: 53% yield, 98% ee
3-pyridil: 90% yield, 95% ee
4-pyridil: 63% yield, >99% ee  

Scheme 41. Deracemization of pyridinethanols with Geotrichum candidum. 
 

3.2. Bioxygenations using oxygenases  

An oxygenase is an enzyme that oxidizes a substrate by transferring the oxygen from molecular 

oxygen to it. There are two types of oxygenases: 

• Monooxygenases: transfer of one oxygen atom to the substrate and reduce the other oxygen atom to 

water. 

• Dioxygenases: transfer of both atoms of molecular oxygen to the substrate. 
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Sello and co-workers reported the transformation of 2-vinylpyridine into the corresponding 

enantiomerically pure (S)-epoxide with high isolated yield using an Escherichia coli strain containing the 

styrene monoxygenase gene cloned from Pseudomonas Fluorescens ST (Scheme 42).49 

 

N

E. Coli JM109

N
O

95% conversion
>99% ee  

Scheme 42. Microbial catalyzed epoxidation. 
 

It has been generally accepted that electron deficient rings, specially pyridines, are poor substrates or 

completely non reactive towards dioxygenases; however, Pseudomonas Putida UV4 has been proved to 

catalyzed benzylic hydroxylation of some alkylbenzene substrates. For this reason, Sheldrake investigated 

the possibility of direct dioxygenase activity towards the side-chain of alkyl substituted pyridines obtaining 

exclusively side chain oxidation in 3-alkylpyridines and partial side chain oxidation in 2-alkylpyridines 

meanwhile no oxidation was observed for 4-alkylpyridines (Scheme 43).50 
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Scheme 43. Biooxygenations of alkyl pyridines with Pseudomonas Putida UV4. 
 

The cis-dihydroxylation of 4-chloroquinoline have been studied using different hydroxylation agents: 

in this manner, 4-chloro-5,6-dihydroquinoline-5,6-diol was obtained with poor yield (4%) using whole cells 

of Pseudomonas putida UV4, meanwhile Sphingomonas yanoikuyae B8/36 led to the same cis-diol in 33% 

isolated yield (Scheme 44).51 No evidence of the alternative isomer 4-chloro-7,8-dihydroquinoline-5,6-diol 

has been found. The 4-chloro-5,6-dihydroquinoline-5,6-diol has been used as an adequate precursor for the 

synthesis of chiral 4,4-bipyridines, which are effective building blocks for the preparation of chiral metal-

organic frameworks that exhibit interesting properties in enantioselective separation, sensing and catalysis. 
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Scheme 44. Preparation of enantiomerically pure 4,4'-bypiridyls via bacterial cis-dihydroxilation. 
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4. Use of lyases 

Although most of the biocatalytic methods rely on the use of hydrolases or oxidoreductases, there is a 

number of biotransformations extremely useful for the preparation of enantiomerically pure compounds that 

involves other class of enzymes, as it is the lyases group. In the case of pyridine derivatives, we have 

highlighted some examples appeared in the literature along the last decade using oxynitrilases or aldolases. 

 

4.1. Synthesis of chiral cyanohydrins using oxynitrilases 

Although it was reported that nitrogen containing heteroaryl carboxaldehydes are poor substrates for 

hydroxinitrile lyases (HNL),52 Roberge and co-workers described the synthesis of (R) and (S)-cyanohydrins 

from 3-pyridinecarboxaldehyde in good yields and excellent enantiomeric purities using hydroxinitrile 

lyases from Cassava (Manihot Esculenta, MeHNL) and Almond (Prunus Amygdalus, PaHNL) respectively 

present in commercially available cross linked enzyme aggregates (CLEA, Scheme 45).53 
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Scheme 45. Preparation of optically active cyanohydrins from 3-pyrindinecarboxaldehyde. 
 

4.2. Aldolases for the production of chiral pyridines 

Aldolases are enzymes that catalyze C–C bond formation with a high degree of regio-, enantio- and 

diastereoselectivity. These enzymes are broadly grouped according to the nucleophile type use in the 

process: dihydroxyacetone phosphate, acetaldehyde, glycine and pyruvate or phosphoenolpyruvate. From a 

mechanistic perspective, there are two classes of aldolases: the type I use a catalytic lysine to activate the 

nucleophilic substrate, meanwhile type II aldolases use a Zn+2 ion to promote the enolate formation. 

Fessner and co-workers reported the condensation of DHAP (dihydroxyacetone phosphate) and  

2-pyridinecarboxaldehyde catalyzed by a L-fuculose-1-phosphatealdolase (FucA) from E. coli.54 The 

condensation product was obtained as a single diastereomer, enantiomerically pure and with moderate yield 

(Scheme 46). 
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Scheme 46. Condensation between 2-pyridinecarboxaldehyde and DHAP catalyzed by FucA. 
 

A piruvate dependent 2-keto-3-deoxy-6-phosphogalactonate (KDPGal) aldolase from P. cepacia strain 

249-27 was employed in the enantioselective preparation of (R)-4-hydroxy-2-keto-4-(2'-pyridyl)butyrate, by 

condensation of piruvate and 2-pyridinecarboxaldehyde.55 The product was isolated as a single enantiomer 

and in good yield (Scheme 47). 
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A sequential enzymatic process combining a 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase 

from E. coli and a phenylalanine dehydrogenase (Phe DH) was employed in the preparation of the  

N-terminal amino acid moiety of nikkomycins that are non toxic nucleoside antifungals, which selectively 

inhibit the fungal cell wall enzyme chitin syntase (Scheme 48).56 
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Scheme 47. Preparation of (R)-4-hydroxy-2-keto-4-(2'-pyridyl)butyrate catalyzed by KDPGal aldolase. 
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Scheme 48. Synthesis of N-terminal amino acid of nikkomycins through aldol catalyzed reactions. 

 

Enantioenriched (R)-pyridyl β-aminoalcohols were prepared starting from glycine and 

pyridinecarboxyladehydes in the presence of a threonine aldolase from P. putida and a decarboxylase from 

Enterococcus faecalis (Scheme 49).57 
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Scheme 49. Preparation of optically active β-aminoalcohols. 

 

5. Concluding remarks 

Application of biocatalysts in organic synthesis is currently a well-established methodology for the 

chemo- and regioselective modification of non-chiral compounds, resolution of racemic mixtures and 

desymmetrization of prochiral substrates. In this review, we have shown how enzymes can provide access to 

an interesting family of compounds, the pyridine derivatives, compounds which play an important role in the 

production of pharmaceuticals, herbicides and fine chemicals. Biotransformations represent elegant and 

ecological tools for the synthesis of high added value compounds but in addition, the combination of genetic 

engineering and molecular modelling techniques are playing a major role in the development of new 

biocatalysts or new enzyme activities that will show in the future better results than those currently 

presented. 
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Abstract. Recent advances in the asymmetric synthesis of substituted piperazines are surveyed. 
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1. Introduction 

 Piperazines (Figure 1) are an important class of nitrogen-containing heterocycles that are common in 

pharmaceutical agents. A recent survey of biologically relevant templates in the MDDR revealed more than 

two thousands biologically active molecules containing N-aryl piperazines.1 Piperazine nuclei are found in a 
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range of biologically active compounds, they display high affinity for various receptors within the central 

nervous system (CNS) and are incorporated as substructures into several pharmacologically useful 

compounds such as Merck HIV-protease inhibitors (Indinavir) (Crixivan®).2 The presence of substituents on 

the carbons of the ring and the absolute configuration of the chiral centres have a significant influence on the 

biological activity of these compounds. Furthermore, due to their structural rigidity, piperazines have found 

applications as ligands in asymmetric catalysis.3 

 This report will examine the different asymmetric synthetic methods used to prepare substituted 

piperazines. Although piperazines are very often synthesized from keto or diketopiperazines, the specific 

methods of preparation of these compounds will not be developed in this article.4 Only syntheses where 

these compounds are used as intermediates in the preparation of piperazines will be presented. 
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 The results are presented according to the methods used to prepare piperazine skeleton. The synthesis 

of the following classes of derivatives (Figure 2) will be presented along the different sections. 
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2. Resolution and diastereomeric separation 

2.1. Chemical resolution 

 Simple resolution of the racemate 1 via formation of diastereomeric salt pairs has first been reported 

by Felder using (S)-camphorsulfonic acid [(S)-CSA] (Scheme 1).6 A continuous resolution process with the 

same resolving agent acting as an epimerisation agent has been further described.7 
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 During the synthesis of Indinavir,8 Merck chemists described a resolution process of t-butyl amide 2, 

using pyroglutamic acid 3 as the resolving agent (Scheme 2). 
 

N
H

H
N

O

NHt-Bu

H
N CO2HO

N
H

H
N

O

NHt-Bu

H
N CO2HO

+

48%
rac-2 (S)-3 (R)-2  

Scheme 2 
 

 (+) And (–)-1,4-dibenzyl-2-(hydroxymethyl)piperazines 4 have been obtained as pure enantiomers 

from the racemic alcohol by means of fractional crystallization with the chiral (+)-mandelic acid (Scheme 

3).9 
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2.2. Enzymatic resolution 

 Enzymatic resolution has also been used to prepare pure aminoacid. Kinetic resolution of racemic  

4-(tert-butoxycarbonyl)piperazine-2-carboxamide with leucine aminopeptidase furnished (S)-piperazine-2-
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carboxylic acid,10 R-amidase acted R-stereoselectively on racemic piperazine-2-tert-butylcarboxamide to 

yield (R)-piperazine-2-carboxylic acid.11 Whole bacterial cells containing specific stereospecific amidases 

have also been used for the kinetic resolution of racemic piperazine-2-carboxamide (Scheme 4).12 

 

2.3. Diastereomeric separation 

 Pure aminoacid (R)-1 has also been prepared by acidic or BCl3 hydrolysis of pure menthyl ester 7 

prepared from racemic methyl ester 6 in a two step procedure followed by separation of the diastereomeric 

mixture (Scheme 5).13 
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3. Reduction of 2-keto and diketopiperazines 

 The simplest approach to monosubstituted piperazines consists of reduction of monosubstituted keto or 

diketopiperazines. These compounds can be generally synthesized via the cyclodimerization of aminoacids 

or cyclization of diaminoesters.14 Some representative examples are given below. 

 

3.1. Reduction of 2-ketopiperazines 

 2,6-Di- and 2,2,6-trisubstituted piperazines 12 and 15 have been synthesized following the same 

strategy involving the stereoselective reaction of chiral triflate 8 with an amine leading to chiral 

diaminoesters 9 and 13 (Scheme 6).15 After deprotection of the terminal amine, cyclization provided lactams 

10 and 14 which were then reduced (LiAlH4). 
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 During the synthesis of dragmacidin A 21, a cytotoxic bis(indole) piperazine alkaloid from deep water 

marine sponge, Jiang studied the reduction of compound 20, obtained in few steps from (S)-6-bromo-



 442 

indolylglycinol 16 (Scheme 7).16 NaBH4 reduction of the imine function of 19 furnished an 82:17% mixture 

of the two isomers which could be separated. The minor isomer 20 was then deprotected (L-Selectride), then 

reduced (BH3.THF) providing trans natural isomer in 42% yield and optically pure form. 
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 Pichlmair and Jordis described the synthesis of cocaine analogues possessing a bridged bicyclic 

piperazine skeleton (Scheme 8).17 Hydrogenation of nitroacetate 23 resulted in cyclization of the 

intermediate to the methyl 3,8-diaza-bicyclo[3.2.1]octane-2-carboxylate as a mixture of the equatorial and 

axial products. Major isomer 24 was then selectively reduced providing compound 25 in 76% yield. 

 

O2N CO2MeNMeO2C OMe

BH3.Me2S

N
H

H
N CO2Me

N
H

H
N CO2MeOH

NMeO2C
CO2Me

NO2

57%

76%

Pd/C, H2

44%

2322
24

25  
Scheme 8 

 

 All the previously described methods and those presented in the next Section are generally limited by 

the use of natural aminoacids. Our group described the diastereoselective alkylation of lactam 28 obtained in 

six steps from (R)-phenylglycinol 26 (Scheme 9). After treatment with t-BuLi and addition of an 

electrophile, alkylated products 30a–c were obtained as a mixture of diastereomeric compounds (de > 90%), 

easily separable by flash chromatography.18 These lactams can be reduced (BH3.THF) and then deprotected 
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(TFA) leading to optically pure substituted monosubstituted piperazines which were hydrogenolized to 

furnish optically pure monosubstituted piperazines 31a–c. The origin of diastereoselectivity in the alkylation 

step of lactam 28 was explained by a rigid intermediate 29 in which the pyramidalized amide nitrogen 

chelated the alkoxide lithium cation.19 
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3.2. Reduction of 2,3-diketopiperazines 

 During the synthesis of chiral substituted DABCO, Hirama reported the preparation of  

2,3-disubstituted piperazine 35, by condensation of diamine 33 with ethyl oxalate, followed by LiAlH4 

reduction of the resulting 2,3-diketopiperazine 34 in 27% yield from 32 (Scheme 10).20 This piperazine was 

then condensed with 1,2-dibromoethane furnishing the desired DABCO derivative 36. 
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 Optically pure N-sulfinyl-N-benzyldiaminoalcohols 40 are readily available through the 

diastereoselective condensation between p-toluenesulfinimines 37 and glycine iminoester enolates 38, 

followed by reductive cleavage (Scheme 11). Enantiopure 2,3-disubstituted piperazines 42 have been 

synthesized in good overall yields by treatment of 40 with diethyl oxalate and sodium methoxide leading to 

the corresponding 2,3-diketopiperazines 41, which were submitted to borane reduction.21 
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 Interestingly, in the same paper, authors described the nucleophilic additions to imino ketopiperazines 

46, readily available from diaminoalcohols 40 (Scheme 12). Diastereoselectivity was highly nucleophile 

dependent. Best results were obtained using cerium salt under Barbier conditions. Reduction of these 

ketopiperazines could furnish a simple access to 2,3,5-trisubstituted piperazines. 
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3.3. Reduction of 2,5-diketopiperazines 

 A detailed method involving the reduction of diketopiperazines synthesized by cyclodimerization of 

aminoacids has been described in a paper relating the synthesis of different optically pure substituted 

piperazines (Scheme 13).22 
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 NaBH4/BF3.OEt2 has been also been used to reduce 2,5-diketopiperazine 55 in 75% yield during the 

preparation of HIV-1 inhibitors (Scheme 14).23 

 5-Alkylpiperazine-2-carboxylic acids 64 have also been obtained via the reduction of diketo-

piperazines 60.24 The final steps of the synthesis required protection of the two nitrogens prior to oxidation 

then deprotection (Scheme 15). 
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 In a series of papers describing the synthesis of ligands for central nervous system receptors,25 Wünsch 

presented the syntheses of functionalized hydroxymethyl and hydroxyethyl piperazines 68 and 70 starting 

from (R) or (S)-serine 58 and (2S,3R)-threonine 69 (Scheme 16). The feature of this strategy is the 

simultaneous protection of both the amino and hydroxyl-moiety of serine with benzaldehyde and the direct 

formation of N-protected products after the reduction step. 
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4. Reduction of tetrahydropyrazines 

4.1. Reduction of chiral tetrahydropyrazines 

 Monosubstituted piperazine 74 is an intermediate for the preparation of PAF antagonists.26 The 

asymmetric synthesis involved the preparation of aziridine 71 from serine which was then selectively opened 

by nucleophilic attack of a functionalized amine. The acylated derivative 72 was cyclized with catalytic 

amounts of p-toluenesulfonic acid, hydrogenation on Pd/C furnished optically pure aminoalcohol 74. 

 

CbzN

OBn

1) H2NCH2CH(OC2H5)2
    DMF

2) MeO

MeO

MeO

COCl

N
CbzN

BnO O

OEt
OEt

OMe

OMe

OMe

H

TsOH

Toluene

N

N
OBn

O
OMe

OMe
OMe

Cbz

H2, Pd/C

MeOH N

N
OH

O
OMe

OMe
OMe

H

63%

56%
71 72

73 74  
Scheme 17 

 

O

NH2

OCH3

p-BnOC6H4 OH

N

O

O

MeHN

prenyl-O

prenyl-O
N

N

O

O

N
N

prenyl-O
O

O

DDQ

CH2Cl2

N

X

Me

H
Ar

N

X

Me
H

Ar

N
N

prenyl-O

O

prenyl-O
N

N

O

1) TFAA, Et3N, DMSO

1) NaCNBH3
    MeOH/HOAc

2) 0.1 M HCl
    aq. acetone

+

Minor Major

1) H

2) 0.1 M HCl
    aq. acetone

75 76

77 78

79

80

steps

2) K2CO3, MeOH/H2O

70% (3 steps)NaCNBH3
HOAc, (CF3)2CHOH

60%

90%

 
Scheme 18 



 447 

 During the synthesis of muscarinic antagonists, Snider described the preparation of the bicyclic 

tetrahydropyrazines 79 and 80 by cyclization of an aminoketone prepared in few steps from O-benzyl 

tyrosine methyl ester (Scheme 18).27 Isomerisation of the double bond has been realized in a two step 

procedure involving oxidation with DDQ then NaCNBH3 reduction, leading to TAN1251B 79 after 

hydrolysis of the ketal. The synthesis of TAN1251D 80, the reduced form of 79, was diastereoselectively 

accomplished by reduction with NaCNBH3 in a more acidic solvent: (CF3)2CHOH. The stereochemical 

control in the reduction of 77 occurred in the protonation step, which gave a mixture of iminium salts. 

Protonation should occur from the less hindered axial face to give iminium salt with an equatorial benzyl 

group which furnished piperazine 80 after reduction. 
 

4.2. Asymmetric hydrogenation of tetrahydropyrazines 

 During the course of preparation of Crixivan ® piperazine intermediate, different methods of 

asymmetric hydrogenation of tetrahydropyrazines have been reported. Results are highly substrate and 

condition dependent. The Merck research group first reported synthesis of optically active piperazine 82 in 

96% yield and 99% ee by asymmetric hydrogenation of carboxamide 81 catalyzed by  

[(R)-BINAP(COD)Rh]TfO.28 Removal of the Cbz group, followed by crystallization, gave 83 in optically 

pure form (Scheme 19). 
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 Asymmetric hydrogenation of N-acyl dehydroaminoacid 86, prepared by cyclization of Ugi adduct 84 

led to complete conversion and high enantioselectivity (97% ee) using the same catalyst at 100 atm H2 

pressure at 40 °C in MeOH (Scheme 20).29 Subsequent formamide deprotection was carried out without 

concomitant racemization heating 87 with 35% aqueous hydrazine. 
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 Asymmetric hydrogenation of carboxylate 88 was achieved using [2.2]PHANEPHOS RhOTf, a planar 

chiral bisphosphine ligand, in high enantioselectivity under mild conditions leading to 89 in quantitative 

yield.30 
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 More recently, Ito described the use of another chiral biferrocene diphosphine-rhodium complex 

leading to optically pure 91 under mild conditions (1,2-dichloroethane, 50 °C, 1 bar) and with excellent 

enantioselectivity (Scheme 22).31 
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5. Reductive cyclization of diamines 

5.1. Diastereoselective cyclization 

 2,3-Disubstituted piperazines have been prepared via reductive cyclization of diamines (Scheme 23). 

However this method is limited to the preparation of compounds possessing the same substituents on the 

piperazine ring. 

 

N

N

R

R

Reductive cyclization

N
H

H
N R

R

 
Scheme 23 

 

 A first diastereoselective version has been described by Sigman using (R,R)-cyclohexyldiamine 

derived diimine 92.32 Treating this diimine with Mn(0) in the presence of 3 equiv. of TFA, a single 

diastereomer 93 was obtained in quantitative yield (Scheme 24).  
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 The diastereoselectivity has been explained through the intramolecular cyclization of a diradical in 

which the substituents are oriented trans to each other in equatorial positions. Similar results have been 

further described using low-valent titanium species prepared using the TiCl4/Et3N or TiCl4/Mg reagent 

systems and different diimines.33 

 

5.2. Enantioselective cyclization 

 More recently, the same authors described an enantioselective version of this reaction using chiral 

titanium complex.34 Moderate to high enantiomeric excess (50–97%) have been observed depending of the 

nature of the titanium complex and the imine substituents (Scheme 25). 
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6. Cyclization of diaminoalcohols 

 The preparation of a piperazine ring following the intramolecular Mitsunobu reaction of aminoalcohols 

has first been described by Upjohn chemists for the synthesis of anxiolytic agents.15 2-Methyl and 2,6-

dimethyl piperazines 101 and 104 were prepared via two different strategies. In the first one (Scheme 26), 

Mitsunobu reaction was conducted with an amide derivative 97, whereas in the second one (Scheme 27), a 

diamine compound 103 was used for the cyclization. 
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 The same strategy has been further used to prepare carboxylic acid derivatives (Scheme 28).35 Key 

intermediate 107 was prepared in 7 steps from D-threonine via aziridine 106 which was regioselectively 

opened by reaction with 2-aminoethanol. Classical Mitsunobu conditions afforded piperazine 108 in 65% 

yield from aminaolcohol 107. 
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7. Cyclization of diamines 

7.1. Nucleophilic substitution 

 Direct cyclization of chiral diamines generally leads to low yield of piperazine due to the formation of 

cross-linked derivatives. Best results have been observed with intramolecular cyclization or with slow 

addition of reactive dielectrophiles. 

 Bicyclic piperazines 112 have been prepared in a one-pot procedure from the corresponding chloro-

aldehyde 110 (Scheme 29).36 Reductive amination furnished an amine which spontaneously cyclized to 

furnish a bicyclic piperazine. 
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 Resin-bound diamine 113 was cyclized under mild conditions (TfOCH2CH2OTf, DIPEA, CH2Cl2,  

0 °C) leading to a piperazine which was further cleaved, then protected affording pure 114 (Scheme 30).37 

 

7.2. Reductive amination 

 Chiral 1,2-diamines 117 have been obtained by ring opening of aziridines 115 followed by selective  

N terminal alkylation (Scheme 31). Their reductive cyclization with 40% aqueous glyoxal solution in the 

presence of NaBH3CN in MeOH at 0 °C proceeded smoothly furnishing the desired 2-substituted 

piperazines 118 in high yield.38 
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 When (R)-phenylglycinol 119 was treated with glyoxal, oxazino-oxazine 120 was obtained as a single 

isomer in 70% yield (Scheme 32). 
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 Reduction with BH3.THF afforded hydroxyethylenediamine 121 which was reacted with 1-phenyl-1,2-

propanedione or butanedione then reduced to provide optically pure trans and cis 2,3-disubstituted 

piperazines 125–127.39 The different diastereoselectivities observed were explained by steric repulsion due 

to the presence of the aromatic ring in the first example. 

 An efficient asymmetric synthesis of orthogonally protected (S)-piperazine-2-carboxylic acid 132 has 

been described utilizing an extension of Vedera’s serine lactone ring opening (Scheme 33). Ozonolysis of 

the resulting N-allyl aminoacid 130 led to an aldehyde which spontaneously cyclized furnishing aminal 

intermediate 131.40 Protected (S)-piperazine-2-carboxylic acid was then obtained by chemoselective 

reduction of the aminal. 
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7.3. Allylic substitution 

 Palladium-catalyzed tandem asymmetric allylic substitution of 1,4-diacyloxy-2-butene using a  

1,2-diamine as a nucleophile is a useful method for the synthesis of 2-vinyl-piperazines 135 (Scheme 34). 

Since the first report of this reaction by Hayashi, different catalysts have been utilized in this reaction.41 The 

best results (88% yield and 86% ee) have been obtained using di-i-propoxycarbonyl butene, dibenzylamine 

and a phosphinophenylpyridine 137 as chiral ligand.41d 
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8. Amination and carboamination of olefins 

 A concise asymmetric synthesis of cis-2,6-disubstituted piperazines 143 from aminoacid derivatives 

has been published (Scheme 35).42 The key step is a Pd-catalyzed carboamination of an N-allyl-diamine 142 

with an aryl bromide.  
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 The stereochemical outcome of the piperazine-forming reaction was explained via a transition state in 

which the N1-Ar group is rotated such that N1 is pyramidalized (Scheme 36). This allows pseudoequatorial 

orientation of R1, which leads to the cis-2,6-disubstitued piperazines. 
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 More recently, a diastereoselective intramolecular hydroamination has been developed for a modular 

trans-2,6-disubstituted piperazine synthesis using Pd-catalyst 147.43 Starting aminoalkenes 145 were 

prepared from optically pure cyclic sulfamidates 144 (Scheme 37).  
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 Hydroamination was realized in the presence of 5 mol % of catalyst and 10 mol % of AgBF4 in 

CH2Cl2 leading to piperazines 146 in excellent yields (88–98%) and diastereoselectivities. 

 Diastereoselectivity was explained by a chairlike transition state in which the substituent in the  

2-position adopted a pseudoaxial orientation to avoid allylic strain, cyclization occurred with the alkenyl 

group in a pseudo-equatorial position, leading to selective formation of the trans diastereomer. 
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9. Direct functionalization of substituted piperazines 

9.1. Selective alkylation of substituted piperazines 

 Our group described the diastereoselective alkylation of 2-keto-piperazines.18 In a further article, we 

presented the synthesis of 2,6-disubstituted piperazines 150 from previously synthesized monosubstituted 

piperazines 30.44 The method was based on diastereoselective alkylation of the resulting carbamates, after 

selective reduction of the lactam and methylation of the alcohol, via a metallation process as described by 

Beak.45 Different electrophiles were reacted to furnish only trans-2,6-substituted products 149. Particularly 

attractive was the possibility of obtaining access to new aminoacids in enantiomerically pure form (150, 

E=CO2H). 
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9.2. N-Selective functionalization 

 Orthogonal protection of the two piperazine nitrogens is often required during the synthesis of 

substituted piperazine containing derivatives and as scaffolds for the construction of combinatorial libraries. 

Some articles described the specific preparation of orthogonally protected derivatives of piperazine-2-

carboxylic acid. Bigge has been the first to report an orthogonally protected derivative bearing 

benzyloxycarbonyl and tert-butoxycarbonyl protecting groups in the racemic series (Scheme 40).46 In a first 

experiment, copper chelation was chosen to protect the α-aminoacid moiety and allow the selective 

alkylation of the free nitrogen. 

 This strategy has been further used with optically pure 2-piperazine carboxylic acid to protect the  

α-aminoacid moiety and allow the regiospecific protection of N4 (Scheme 41).47 

 An alternative approach was taken to allow the preparation of N-1 and N-4 protected piperazines. 

Treatment of 2-piperazinecarboxylic acid with Boc-ON in dioxane, selectively furnished monoprotected 
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derivative 154 which was further reacted with benzylchloroformate leading to diprotected compound 155. 

After formation of the methyl ester, N-Boc group was removed quantitatively by treatment with TFA. 
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 An interesting example of selective protection has been recently described during the preparation of 

peptide helix mimetics incorporating chiral piperazines bearing hydrophobic side chains (Scheme 43).48 

Monosubstituted piperazines 158, obtained by reduction of the corresponding diketo-piperazines 157, were 

submitted to a series of protection and deprotection steps leading to mono and diprotected piperazines  

159–162.  
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 In their paper dealing with the preparation of inhibitors of kinase, Novartis chemists presented the 

orthogonal protection of monosubstituted piperazines (Scheme 44).22 N-Benzyl, carbamates and N-acyl 

derivatives 164–167 can then be obtained by selective functionalization. 
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 More recently, two articles described the orthogonal protection of the same aminoacid and  

2-(hydroxymethyl)piperazine.49,50 In the first article (Scheme 45), tetrahydro-1H-oxazolo[3,4-a]pyrazin-

3(5H)-ones 169 served as orthogonally protected piperazines from which a variety of 2-substituted 

piperazines 172–174 can be prepared. Although this work has been realized in racemic series, it could be 

easily transposed in optically pure series. 
 

N
H

H
N

O

OH
Boc2O, THF

Et3N, MeOH
96%

N

N

O

OH

Boc

Boc

1) BH3.THF

2) NaH, THF N

N

O
O

Boc

80% (3 steps)

N
H

H
N

O

OH
CbzCl

NaOH, H2O
96%

N

N

O

OH

Cbz

Cbz

1) BH3.THF

2) K2CO3, EtOH N

N

O
O

CBz

80% (3 steps)

rac-1 168 169

rac-1 170 171  

N

N

O
O

Boc N
H

N
PG

O
R

N

N
Boc

OH

Cbz

N

N
Boc

Cbz

ROH, base

1) KOH, H2O
        EtOH

2) Cbz-Cl
       Et3N, THF

      87%

1) Swern ox.

2) CH3PPh3Br
    n-BuLi, THF

74%

27-76%

169

172

173 174  
Scheme 45 

 

 In the second one (Scheme 46), a scalable synthesis of three differently protected 2-(hydroxymethyl)-

piperazines 176–178 was presented starting from optically active (S)-piperazine-2-carboxylic acid 

dihydrochloride. 
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10. Conclusions 

 The need for biologically active compounds continues to grow. Substituted piperazines remain 

important in drug discovery as they are found in several classes of active compounds. In addition, recent 

developments in asymmetric catalysis have made this class of compounds even more attractive. Most of the 

previously described methods involved starting materials from the chiral pool. There is still an important 

demand for new and improve methods to prepare optically pure compounds in this series, especially for 

functionalized substituted piperazines.  
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Abstract. The increasing use of oligothiophenes in nano(bio)technology requires the preparation of large 

amounts of compounds with high and reproducible levels of purity. Therefore, the demand for practical, 

mild and efficient synthetic routes to oligothiophenes is continuously growing. This chapter describes two 

promising ‘enabling techniques’, namely microwave irradiation and solid phase catalysis and their 

combination, for the preparation of oligothiophenes with improved (opto)electronic functionalities. An 

innovative procedure, based on microwave assisted heterogeneous Pd catalysis is described. Such new, 

efficient and clean methodology smoothly afforded the preparation of oligothiophenes in high yields (up to 

87% isolated yield, 30–100 minutes). The approach combining a very efficient reaction, i.e. the Suzuki 

Miyaura cross coupling, with improved catalyst separation, results more convenient and greener than any of 

the existing methodologies. Thienyl iodides or activated bromides can be employed as starting materials and 

KF as the base. The microwave reaction can be carried out in aqueous ethanol and the heterogeneous 

catalyst can be easily removed from the reaction mixture by filtration and reused in consecutive reactions 

(up to 4 times). 
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1. Introduction 

 The twelve principles of green chemistry were first published 10 years ago and have formed the basis 

of a new direction in chemistry over the last decade.1,2 These principles outline the requirements for green 

processes and include key points such as the avoidance of toxic solvents, the use of catalysts, high atom 
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economy (i.e. addition reactions, where all the atoms in the reagents appear in the reaction product), low 

energy usage and process safety. Separation and recovery of catalysts in catalytic transformations is another 

aspect of catalytic reactions which has to be designed into processes. Protocols where separation, 

recovery/reuse of metal catalysts and minimization of by-products are simpler, are highly desirable in 

particular in material science owing to the need of preparing highly pure, metal free organic functional 

materials. 

 Oligo and polythiophenes are among the most used organic semiconducting and fluorescent materials 

for applications in devices such as field effect transistors (FET),3 light emitting diodes (LED),4 photovoltaic 

devices (PVD)5 and in biosensors.6 Their level of purity is intimately related to their functionality and final 

performance in devices. Therefore, the demand for practical, mild and selective synthetic routes to 

oligothiophenes is still growing.  

 This chapter describes a new synthetic methodology based on two enabling techniques,7 i.e. 

microwave assistance and solid phase Pd catalysis, and their combination, for the preparation of highly pure, 

metal free, thiophene based materials.  
 

1.1. Oligothiophenes scenario 

 During the last two decades, thiophene based oligomers have found remarkable applications in organic 

electronics and biosensing.3–6,8 Oligothiophenes are advantageous with respect to polymeric materials in 

terms of well-defined structure, ease of purification and controllable properties.9 Their success depends on 

their intrinsic electronic properties, light emission and charge transport capabilities, but also on the easy 

processability, self-assembly and film forming capabilities. Most of these aspects can be fine-tuned by 

tailored chemical modifications of the thienyl rings that affect the overall structural coplanarity, the 

extension of π-π delocalization, thus the final solid state and solution properties. 

 The versatility of thiophene chemistry allows for a great diversity in thiophene-based chemical 

structures (Scheme 1). Thiophenes can be functionalized in the positions � and � to sulphur, or on the 

sulphur atom itself and regioregular oligomers and polymers with the most various functionalization can be 

prepared. Oligomers can be linear, branched or star-shaped and even all-thiophene dendrimers can be 

prepared.8  
 

 

Scheme 1. (a) Type of functionalization allowed by oligothiophene skeleton and 

(b) different molecular shape imparted by shape inducing cores. 
 

 Molecular engineering is of main importance in materials science since it provides a tool to better 

elucidate the structure-properties relationships of the newly synthesized compounds, thus allowing for a 
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further improvement of the device performance.10 However, behind molecular engineering, crucial for 

successful applications are: i) the large availability of samples in order to achieve reproducibility tests, ii) 

the level of purity of the active materials which should be high and easily reproducible. Indeed, impurities 

may affect the electronic properties, the morphology, the luminescence or the conductivity in target 

applications. Both issues have been recently addressed by developing efficient, clean and rapid microwave 

(MW) assisted synthetic methodologies. 

 Since 1986,11 when microwave irradiation was first applied in organic chemistry, microwave assisted 

synthesis (MAOS) has become increasingly popular, owing to its high efficiency, drastically reduced 

reaction times, high yields and highly pure products. 

 MW based methodologies have been used to build the oligomer skeleton, to introduce chemical groups 

on it or to modify pre-existing functionalities. In most of these cases, thienyl building blocks, catalysts/co-

catalysts, solvents and additives are charged all together in the MW reactors and inserted in the oven. 

Irradiation for a few minutes very often affords target products with minor contamination, which can be 

isolated by simple chromatography or washing procedures. This represents a concrete step forward toward 

‘user friendly’ preparation of oligothiophenes.  

 Always more sophisticated microwave ovens are commercially available, modern instruments provide 

exact inside temperature measurement, IR temperature control and specific pressure measuring devices, all 

of which ensure the highest precision in reaction control and enlarge the range of synthetic applications. 
 

1.2. Ring-by ring growth through metal catalyzed cross-coupling reaction 

 The most widely employed strategy adopted for the preparation of oligothiophenes is the step-wise 

organometallic approach,12 taking advantage of accessible building blocks and Pd or Ni catalysts. Such 

approach usually consists of cross-coupling reactions between halogenated thienyls and metallated 

counterparts in the presence of soluble palladium or nickel complexes (homogeneous catalysis). By the 

repetitive addition of a monofunctionalized monomer or a longer unit to the growing chain, the chain growth 

takes place. After each addition, the material is usually purified and the new end refunctionalized. Besides, 

due to the size differences between the reacted and the unreacted segments, purification is simpler. 

 Scheme 2 shows the most used cross-coupling reactions. The choice of the reaction conditions must be 

dictated by the substrate skeleton/reactivity, the specific side reactions associated with particular backbones 

and/or the need to avoid a particularly deleterious by-product. 
 

 
Scheme 2. Examples of the most common Pd catalyzed cross-coupling reactions. 

 

 The two most general procedures used to assemble functionalized thienyl rings for the regiospecific 

synthesis of thiophene oligomers are the Stille13 and the Suzuki-Miyaura14 reactions, based on the coupling 
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of thienyl metallated reagents with thienyl halogenides or triflates in the presence of palladium catalysts.

 The Suzuki reaction has proven to be the most popular due to the mild reaction conditions and the 

handling and removal of boron-containing by-products which is easy when compared to the other 

organometallic reagents. The large number of thienyl boronic acids that are commercially available makes 

the Suzuki reaction and related types of coupling chemistry highly attractive in the context of high 

throughput synthesis of oligothiophenes and derivatization. In addition, boronic acids are air and moisture 

stable and of relatively low toxicity. 

 The catalytic cycle of the Suzuki-Miyaura reaction involves the oxidative addition of organic halide to 

the Pd complex to form the organopalladium halide, often the rate-determining step. The following 

trasmetallation step provides the diorganopalladium complex which can undergo a reductive elimination, 

leading to carbon–carbon bond formation and regeneration of the catalyst. The role of the base allows the 

formation of the more nucleophilic boronic-ate-complex, accelerating the transmetallation step. Aryl 

bromides, iodides and triflates are often used as substrates. Na2CO3, Cs2CO3, KF, CsF and NaOH are the 

most used bases.15 Various phosphine ligands are effective in stabilizing the Pd0 species and the most used 

catalyst is the commercial Pd(PPh3)4.
 Continuous improvements in reaction conditions are reported and 

recently examples of the Suzuki reaction in absence of metal catalysts and in water have been described.16 

 Unfortunately, the use of organometallic catalysts in this process presents a number of drawbacks 

including the presence of by-products either originated by the demetallation or dehalogenation of the starting 

materials or by homo-coupling or boron-halogen exchange side reactions, as well as the presence of catalyst 

residues. These contaminants are often strongly detrimental to the electronic properties of thiophene-based 

materials. The fact that Suzuki cross-couplings can be readily carried out using water as the solvent, reusable 

solid supported catalysts, in conjunction with microwave heating opens new perspectives for the synthesis of 

metal-free and highly pure materials. 

 In the last few years, microwave assistance has proven to be an efficient tool not only to shorten 

reaction times (typically reaction completeness is achieved in a few minutes rather than several hours),17 but 

also to reduce the contamination by side-products. Therefore, it is not surprising that efficient and rapid 

microwave assisted protocols have been developed for the preparation of different families of 

oligothiophenes (with enhanced charge transporting, light emitting and liquid crystalline properties). 

Different MW assisted Suzuki cross-coupling based strategies in homogeneous liquid and solid phase or 

heterogeneous solid-liquid phase have been reported and are described in the following sections.  
 

2. Solvent-free microwave assisted Suzuki coupling 

 It has been demonstrated that soluble oligothiophenes can be efficiently prepared by solid phase 

synthesis by using alumina/potassium fluoride as reagents support.18 The interest in this procedure stems 

from the absence of solvents and the possibility to recover the reaction products by simple filtration, while 

the catalyst and the salts formed in the course of the reaction remain on the solid support. Soluble thiophene 

based compounds spanning from dimers to hexamers have been efficiently prepared by Suzuki coupling of 

thienyl iodides and bromides with thienyl boronic acids or esters by using alumina/potassium fluoride19 as 

solid support.17 

 The optimization of reaction conditions was carried out using as the model reaction the Suzuki 

coupling of 2,5-dibromothiophene, 1a, with 2-thiophene boronic acid, 2a, both of which are commercial 
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products. To have a nice dispersion of reagents and catalyst on the solid support, a few drops of methanol 

were added to the mixture of Al2O3/reagents/catalyst, which were subsequently evaporated under reduced 

pressure. The target of the reaction is 2,2’:5’,2’’-terthiophene, 3, whose formation is always accompanied by 

variable amounts of by-products 4 and 5, as shown in Scheme 3. All catalysts employed were commercial 

and used as received. The relative amounts of 3, 4 and 5 formed using different catalysts and bases and 

estimated by GC/MS analysis, are reported in Table 1. 

 

 
Scheme 3. Solvent-free, microwave assisted synthesis of 2,5’:2’,5’’-terthiophene 3. 

 

 Table 1 shows how crucial the choice of the catalyst is in determining the trend of the reaction. Indeed, 

there is no formation at all of terthiophene when Pd2(dba)3 or PdCl2 are used as the catalysts, whereas this 

compound is formed in 60% isolated yield when commercial PdCl2(dppf) is employed (entry 5). On the 

other hand, the attempt to prepare in situ PdCl2(dppf) was unsuccessful, probably due to the scarce formation 

of the catalyst itself in the experimental conditions used. Also extremely important is the choice of the base, 

as shown, for example, by the fact that CsF, one the most used bases in the Suzuki reaction, is less effective 

than KF for the formation of trimer 3 (compare entries 7 and 5). Apparently, it is the type of base that is 

important rather than its strength, as indicated by the fact that when KOt-Bu is used only the starting 

materials are recovered (entry 8). Apparently, one never gets rid of by-products 4 and 5, whose relative 

amounts is also dependent on reaction conditions. Since bithiophene 5 is easier to separate by silica gel 

chromatography than its monobrominated counterpart 4, the conditions of entry 5 lead also to the mixture 

from which terthiophene 3 is more easily recovered. 

 

Table 1. Catalyst and base optimization for the preparation of terthiophene 3 from 

2,5-dibromothiophene 1a and 2-thiophene boronic acid 2a (Scheme 3). 
Entrya Catalyst Base/Al2O3 % b (1a / 3 / 4 / 5 ) 
1 Pd(PPh3)4 KF (54 / - / 6.5 / 3.5)c 
2 Pd2(dba)3 KF (100 / - / - / -) 
3 PdCl2 KF (100 / - / - / -) 
4 Pd(PPh3)2Cl2 KF (81 / 2 / 11 / 2.5) 
5 PdCl2(dppf) KF (4 / 73 /1 / 22) 
6 PdCl2(dppf) in situ KF (61 / 17 / 12 / 10) 
7 PdCl2(dppf) CsF (16 / 50 / - / 34) 
8 PdCl2(dppf) KOt-Bu (100/- / - / -) 

a1 eq. of 1a, 2.5 eq. of 2a, 5 mol % of catalyst, 5 eq. of KF and 150 mg of Al2O3, T=100 °C. 
bConversion estimated by GC/MS analysis. cBy-products from phosphine reaction. 

 

 Also the halide chosen for the reaction appears to be very important. Indeed, when the preparation of 

terthiophene was carried out using 2,5-diiodo-thiophene (1b), instead of the dibromo counterpart (1a), the 

yield dropped to 17% (see below, Table 2). In the subsequent work, we then used mainly mono and dibromo 
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starting materials, PdCl2(dppf) as the catalyst and KF as the base, with the aim of fixing the conditions for a 

reasonable standardization of the synthetic procedures. 
 

2.1. Unsubstituted quarter- and quinquethiophene 

 The different reaction patterns employed for the preparation of α-conjugated quinque- and 

sexithiophene are summarized in Scheme 4, whereas Table 2 shows the isolated yields for the different 

patterns and gives, for comparison, also the isolated yields of terthiophene prepared according to the 

modalities described above. 

 The results reported in Table 2 show that the careful optimization of the reaction conditions allows to 

obtain in few minutes high yields and mixtures that are easy to separate into the different components. 

Isolated yields of 60–80% can be obtained by choosing the appropriate boron and halogen derivatives. These 

yields are highly reproducible and competitive with the best yields already reported for quaterthiophene 7 

and quinquethiophene 12.20 

 

Scheme 4. Solvent-free, microwave assisted synthesis of quaterthiophene (7) and quinquethiophene (12). 
 

 The data show that in terms of reaction yields, facility of purification procedures and solvent saving, it 

is much better to grow the oligomer size by adding the thiophene rings one at time rather than reacting 

longer building blocks. For example, as shown in Table 2, quinquethiophene 12 is obtained in high yield 

(74%  isolated yield) when dibromo terthiophene is reacted with thiophene boronic acid (2a), whereas the 

yield is drastically reduced (28% isolated yield) when dibromothiophene (1a) is reacted with bithiophene 

boronic ester (13b). In part, this is due to the fact that, in the former case, 12 is more easily purified from the 

major by-product of the reaction (bithiophene, generated by homocoupling of thiophene boronic acid). In the 

latter case, the major by-product of the reaction is quaterthiophene, which is less easily separated from the 

desired quinquethiophene. Table 2 also shows that no formation of 12 was observed when bithiophene 
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boronic acid 13a was used instead of the corresponding ester. We ascribe this result to the greater stability of 

boronic esters compared to boronic acids. 

 The synthesis of quaterthiophene, pattern b, is of some interest. Indeed, the reaction of 5-bromo-2,2’-

bithiophene, 4, with bis(pinacolato)diboron, 10, affords quaterthiophene in few minutes and in good isolated 

yield (65%). Bis(pinacolato)diboron is generally used for borylation of aryl halides21 and for the one pot 

synthesis of biaryls through the in situ formation of aryl boronates. 

 This reaction works well with thienyl, bithienyl and terthienyl monobromides, leading to the rapid 

formation of bi-, quarter- and sexithiophene in fair amounts. Due to sexithiophene poor solubility, the 

methodology described here and the reaction work up had to be modified as described in the Section 3.  
 

Table 2. Reaction conditionsa and yields for the synthesis of terthiophene (3), quater-

thiophene (7) and quinquethiophene (12), according to the patterns of Scheme 4.  

Halide 
Boronic derivative 
(eq.) 

Product 
Time 
(min.) 

Tmax 
(°C) 

Isolated yield  
(%) 

1a 2a (2.5) 3 10 100 60 

1b 2a (2.5) 3 10 100 10 

6b 2a (5) 7 3 80 81 

8 9 (0.5) 7 2 80 40 

4 10 (0.5) 7 6 80 65 

11c 2a (4.4) 12 11 70 74 

1a 13a (2.0) 12 10 90 No reaction 

 13b (2.0) 12 10 90 28 
a5% mol % of catalyst, 5–10 eq. of KF. b0.2 ml of KOH added. c0.4 ml of KOH added. 

 

 Since it is known that aryl halides in the presence of palladium catalysts may give rise to reductive 

coupling,22 the question arose as to whether and to what extent the formation of even number 

oligothiophenes was the result of the palladium promoted homocoupling reaction rather than of the two step 

borylation-cross coupling reaction. Experiments carried out in the absence of bis(pinacolato)diboron in the 

same experimental conditions showed that the palladium promoted homocoupling of thienyl halides 

amounted to a few % at the best.  
 

2.2. Self-affinity and electrical properties of T5 

 There are many open questions about semiconductor conjugated materials as electric charge carriers, 

but it is a consolidated opinion that high structural ordering is a necessary, although not sufficient, condition 

for achieving large charge carrier mobilities required for technologically attractive device applications. The 

coherence length of the crystalline domains formed by these compounds in thin films (typically 10–100 nm) 

is not the only relevant length scale, but also correlation lengths that characterize the thin film morphology 

become extremely important and need to be understood and controlled. 

 It is not trivial how to control on the same footings the molecular ordering, that depends on weak 

interactions, and the morphology, that is governed by the mechanism of growth. A challenging problem is to 
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find suitable materials and processing strategies able to yield ordered, organised architectures across the 

length scales, connecting the molecules to the device structure. 

 

S

S

S

S

S

 
 

 The most studied thiophene oligomer is α-sexithiophene (T6), which is a liquid crystalline compound 

and exhibits spontaneously long range molecular order.6d T6, however, is insoluble and this makes 

achieving high purity standard for electronic applications difficult. α-Quinquethiophene T5 (12, Scheme 4) 

is more difficult to synthesize than T6, but it has the advantage of being slightly soluble in a few organic 

solvents that makes it easier to purify. At the same time, solubility offers the possibility of processing thin 

films by solution deposition or casting, that are more relevant in view of large area applications.10a  

 The odd number of thiophene rings of T5 makes its molecular symmetry different from that of the 

even-term oligomers. This, together with the presence of a permanent dipole, may produce different 

supramolecular architectures with respect to even-term compounds. 

 It has been shown23 that T5 films (from sample prepared by the above mentioned microwave assisted 

Suzuki coupling protocol), obtained by a simple melting-quenching procedure, exhibit an enhanced crystal 

order together with a remarkable self-affine morphology, spanning length scales from tens of nm to 

hundreds of  µm as observed by X-ray diffraction, atomic force and optical microscopies. Such T5 films 

yield hole mobilities that compare to T6 thin film FET mobility.  
 

 
Figure 1. Optical micrographs (parallel polarizers) of melt-quenched T5 powder: (a) after the first melting-

quenching cycle; (b, c) melting; (d) after the second thermal quenching. 
 

 Melting of T5 powder at T � 250 °C followed by rapid thermal quenching to ambient temperature, led 

to a morphology reorganization, with the appearance of uniaxially aligned microsized stripes in the 

T5 
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recrystallized sample. The formation of the stripes was reversible, as they always formed in repeated 

melting-quenching cycles. However, the orientation of the stripes changed with respect to the isotropic glass 

substrate from one cycle to the other, indicating random nucleation (Figure 1). 

 The same phenomenology was consistently observed in thin films of different thickness, either high 

vacuum evaporated or spin-coated, provided the temperature was allowed to drop rapidly after melting had 

occurred. Since T5 tends to sublime at temperatures close to the melting point, the melting-quenching 

process was performed on thin films covered with a glass slip. The melting of the films led to the formation 

of microscopic droplets, hundreds of µm in diameter, that, after thermal quenching, exhibited stripes similar 

to those shown in Figure 2 and that were reversibly formed upon repeating melting-quenching cycles 

without any memory effect of previous orientations. 

 The melted-quenched thin films were investigated by AFM operated in non contact mode. As shown in 

Figures 1 and 2, the film morphology is characterized by striped domains even at length scales substantially 

smaller than the ones accessible to the optical microscope. It is clear from Figures 2a and 2b that a similar 

morphology is retained upon change of the spatial scale of observation of more than one order of magnitude. 

The quantitative matching of a morphology onto another at different length scales requires anisotropic 

scaling of the topography height. This type of scaling behaviour of the thin film morphology is termed  

self-affinity24 and it has been previously observed in T625 and other oligomer thin films26 grown in out of 

equilibrium conditions. 
 

Figure 2. AFM images of T5 on glass after melting-quenching cycle. The two images show the similarity in 

morphology at different magnifications: (a) height range z: 0–940 nm; (b) height range z: 0–370 nm. 
 
 In order to quantify the self-affinity, in Figure 3 the power spectral densities (PSD) estimated from 

AFM images at different scan lengths are compared.14b PSD contains the information about the roughness, 

viz. the height fluctuations and how this is correlated in space. It appears that for each scan length 

fluctuations are spatially correlated (power-law decaying region vs spatial frequency) at high frequency. This 

extended power law decay is a fingerprint of self-affinity. On the other hand, uncorrelated “white” spectrum 

(plateau) at low frequencies spans a few points, suggesting that the breakdown of correlations can be mainly 

ascribed to the finite AFM image size. This is confirmed in the inset, showing that the estimated correlation 

length is linear with the scan length of the AFM image.19 Cropping together the spectra reveals that, apart for 

the few points of white spectra at each length scale, the power law decay spans across three orders of 

15 µm 1 µm

a b
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magnitude of the spatial frequencies, viz. the whole range explored by the atomic force microscope. From 

the similarity with the optical measurements in Figure 1, we can infer that such a behaviour would propagate 

at length scales up to hundreds of µm. 
 

 
Figure 3. Power spectral density (PSD) of the topography from AFM images of different scan length:  

L (µm)=54 (lower triangles), 24(diamonds), 10 (upper triangles), 5 (squares), 1 (circles).  

Inset shows the estimated correlation length (viz. the inverse of the breakdown frequency separating  

power law decay from the apparent plateau) vs the scan length L. The continuous line is  

the power law fitting yielding x�L0.95(� 0.03). 
 
 Thin film field-effect device with the bottom-contact configuration was used to measure the charge 

carrier mobility of T5 (Figure 4a). T5 film was grown by vacuum sublimation on the gate insulator and the 

source and drain metal electrodes.  
 

 
Figure 4. (a) Bottom-contact configuration of the TFT device.  

(b) Plot of the drain current ID characteristic versus drain voltage VD at different gate voltages (VG).  

(c) Semilogarithmic plot of ID versus VG (left y axis) and plot of ID
1/2 (right axis). 
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 In order to improve the electrical performance of T5 films, different film thicknesses and substrate 

temperature were tested. Best electrical behaviour was obtained for 20 nm film thickness, while the change 

of the substrate temperature between 30 °C and 60 °C did not introduce any significant improvement.  

 In Figure 4b, a typical plot of drain current ID  vs drain voltage VD  at various gate voltages VG  is 

reported for a 20 nm T5 film evaporated on 350 nm thermally grown SiO2 as gate insulator and 100 nm gold 

source and drain electrodes. The heavily doped n-type Si wafer acts as gate for the FET devices. As 

expected, the channel current increases as the voltage becomes more negative, indicating that the carriers are 

positive charges (holes). In Figure 4c, left axis, the transfer characteristic for the same device operating in 

the saturation region (–VD > VG–VT, where VT is the FET threshold voltage) is reported. 

 The charge carrier mobility of T5 calculated in the FET saturation regime is obtained from the slope of 

the plot of |ID|1/2 versus VG (Figure 4c, right axis) and is 0.02 cm2/V⋅s at room temperature. 

 The current modulation, usually referred to as ION/IOFF ratio, is around 5x105 when VG is scanned from 

–100 V to 20 V and VD is held constant at –100 V, while it reduces to 103 when scanning the VG voltage 

from –100 V to 0 V, maintaining VD at –100 V. This reduction is due to the high carrier concentration in the 

channel region related to the very large drain polarization used.  

 This data shows that in T5 films a unique combination of molecular order and self-affine morphology 

is achieved, resulting in a self-organized hierarchical architecture across three-four orders of magnitudes of 

the spatial length scales. Such a behaviour has not been observed to this extent in any other organic 

semiconductor. Self-affinity across multiple length scales can become extremely desirable for charge 

transport because it would enable matching the correlation length of the active layer with the channel length 

in any FET devices. In this way, transistors would operate with single domains or highly correlated transport 

layers, improving their charge mobility and other relevant properties such as stress and modulation. From the 

fabrication point of view, the self-affine organization of T5 into a transistor layout could be exploited for 

obtaining performant devices without the need of high-resolution down scaling of the device layout, that 

would be desirable in view of a sustainable electronics production. 
 
2.3. Methyl substituted sexithiophene 

 The importance of methyl substituted sexithiophene stems from the fact that it is a soluble thienyl 

hexamer, which in the solid state is nearly planar, self-assembles in parallel layers and displays good charge 

transport properties.27 

 

 
Scheme 5. Solvent-free, microwave assisted synthesis of sexithiophene 19. 
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 Stille coupling reaction, initially used for the preparation of this compound, afforded low yields.28 

However, microwave assisted Suzuki coupling methodology allows hexamer 19 to be obtained in much 

higher yields than before, since all steps afford high yields when one ring is added at a time and the diiodo 

derivative 16b is employed instead of the corresponding dibromo derivative 16a (see Scheme 5 and Table 

3). 

 As shown in the Table, the reaction of 5,5’-diiodo-3,3’-dimethyl-2,2’-bithiophene, 16b, with thiophene 

boronic derivatives affords quaterthiophene 17 in much higher yield than the corresponding dibromo 

derivative 16a, contrary to what was observed in the preparation of T3, where the dibromo derivative 

worked much better than the diiodo one (Figure 5).  

 

 

Figure 5 

 

 The reaction of 5,5’-dibromo-3,3’-dimethyl-2,2’-bithiophene, 16a, with thienyl boronic acid or ester 

leads to the formation of quaterthiophene 17 in low yield. In this case, the main reaction products are a 

variety of oligomers containing repeated dimethyl bithiophene subunits and terminating with an 

unsubstituted thienyl ring, as already observed when thienyl stannane was used (Stille coupling). 

Tetramethyl sexithiophene (n=2) and hexamethyl octathiophene (n=3) were separated in sizeable amount. 

This reaction is highly reproducible and can be viewed as an expedient way to prepare in one pot 

regioregular head-to-head methyl substituted sexi and octathiophenes, which are easily separated by 

chromatography. 
 

Table 3. Reaction conditionsa  and yields for the synthesis of sexithiophene 19 (Scheme 5). 

Halide 
Boronic derivative 
(eq.) 

Product 
Time  
(min.) 

Tmax  
(°C) 

Isolated yield 
(%) 

14 10 (0.5) 15 6 80 70 

16a 2a (R=H, 3.5) 17 32 80 34 

 2b (R=pinacol, 2.2) 17 3 80 18 

16b 2a (4.4) 17 7 70 85 

 2b (2.2) 17 3 70 90 

18b 2a (4.4) 19 30 80 73 

16a 13a (R=H, 2.5) 19 10 90 No reaction 

16a 13b (R=pinacol, 2.5) 19 3 90 36 
a5% mol % of catalyst, 10 eq. of KF. b0.5 ml of KOH added. 

 

3. Liquid phase microwave assisted Suzuki coupling (less soluble oligomers) 

 The solvent-free procedure, described in Section 2, is very effective in the preparation of soluble 

oligothiophenes, but it cannot be applied in the case of insoluble thiophene oligomers, such as unsubstituted 
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sexithiophene, since the targeted products cannot be separated from the aluminium oxide used as the solid 

support in the solvent-free reaction. A slight modification of this protocol has been described for preparing 

less soluble materials.29 

 In order to standardize the solution-phase, microwave assisted, Suzuki reaction conditions, the 

effectiveness of the PdCl2dppf/KF catalytic system was tested in the synthesis of unsubstituted  

α-quinquethiophene (T5, 12) from di-iodo-terthiophene 21 and thienyl boronic acid 2a, using a 1:1 v/v 

toluene/methanol mixture as the solvent (Scheme 6). 

 The procedure depicted in Scheme 6 afforded 12 very rapidly (10 minutes) and in higher yield 

(isolated yield 85%) than the solvent-free procedure (isolated yield 74%) previously described,5 owing to the 

easier work-up of the crude product. Indeed, methanol evaporation during microwave irradiation led to the 

formation of a fine suspension of T5 in toluene, which could easily be isolated by centrifugation/filtration 

and purified by washing with warm water and then recrystallizing from a dioxane/water mixture. 

 

 
 
 
 
 
 

 
 

 

 

 

Scheme 6. Top: synthesis of quinquethiophene (T5, 12) and sexithiophene (T6, 23) from commercial 

bithiophene (1). i) NIS, DMF, overnight, –20 °C; ii) PdCl2dppf, basic alumina/KF, µν 5 minutes, max temp. 

80 °C, 60% of yield; iii) NIS, CH2Cl2/AcOH overnight, rt; iv) PdCl2dppf, toluene/methanol, µν 10 minutes, 

max temp. 70 °C; v) NBS, DMF; vi) PdCl2dppf, toluene/methanol, µν 10 minutes, max temp. 70 °C. 

Bottom: a sketch illustrating the preparation and purification procedures. 
 

 A very good yield was also obtained in the preparation of unsubstituted sexithiophene 23 (T6, Scheme 

6) by the one-pot borylation/Suzuki reaction of 5-bromo terthiophene 22 with commercial bis(pinacolato)-

diboron 10. T6 was obtained in 10 minutes and the crude product was easily purified using a procedure 

solution of 
reagents 

suspension                      
of crude 

µµµµµµµµ

centrifugation 

filtration washing 

5-10‘          
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similar to that described for T5, by first centrifugating the suspension formed in toluene, then washing the 

solid residue with warm water and then with CH2Cl2. Afterwards, centrifugation and  washing with warm 

dioxane afforded 23 in 84% isolated yield.  
 

3.1. Rigid core thiophene co-oligomers with liquid crystalline properties 

 The liquid phase procedure described above has been successfully extended also to the preparation of 

co-oligomers consisting of thienyl and several fused heterocycles, such as dithienothiophene (DTT), 

benzothiadiazole (BTZ) and 9-methyl-9H-carbazole (CBZ).  
 

Scheme 7. Microwave assisted synthesis of rigid cores oligothiophenes.  

Hex=n-hexyl, Y=yield in isolated product. 
 

 In particular, a new class of thiophene molecular compounds having rigid inner cores and flexible 

ends, characterized by liquid crystalline properties have been prepared by the above described optimized 

procedure.30 By changing the nature of the rigid core unit, rod-like or bent-like oligomers were obtained. It 
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has been shown the dependence of the thermal, self-organization and semiconducting properties, on the 

molecular structure. Rigid cores, in particular carbazole ones, are known for the ability to enhance the 

thermal stability of organic molecules. Moreover the strong π-π stacking in the crystal packing originated by 

these systems is expected to promote highly ordered smectic phases and consequently enhanced charge 

transport capability. 

 Scheme 7 shows the molecular structure of all compounds prepared and the synthetic approach 

employed, consisting in binding the central rigid core units to thienyl or bithienyl lateral groups. Initially, all 

compounds were prepared by Suzuki-Miyaura cross-coupling between dibromo or diiodo rigid cores  

- obtained with NBS or NIS according to conventional procedures - and mono-or bithienyl 

pinacolatoborolane, using PdCl2dppf as palladium source, KF as base and DMF or DMSO (100 °C) as 

solvents (Scheme 7). In this way, BTZ5 was obtained in 52% yield after 6 hours in refluxing DMF and 

CBZ5 and CBZ7 in 32% and 16% yields, respectively, after 8 hours and repeated addition of Pd catalyst.  

 The yields were markedly improved (up to 90%, Scheme 7) and the reaction times lowered from 

several hours to few minutes, by using the liquid-phase microwave assisted Suzuki coupling described 

above. All the syntheses were scaled up to 0.5 g scale with isolated yields comparable and in some cases 

even better than those obtained on a 50 mg scale. 

 POM analysis on DTT5 (28) shows heterogeneous nucleation occurring at 120 °C. Further heating to 

135 °C leads to the appearance of fibril-structures which grew anisotropically along one direction under 

isothermal conditions. The fibrils were highly birefringent; however the phase was rather fluid excluding a 

crystalline phase. Further heating of the sample above 145 °C led to a bright, colourful and fluid Schlieren 

texture and finally isotropization occurred at about 165 °C (Figure 6). 
 

 
Figure 6. POM micrographs of DTT5 (29) showing the optical textures (crossed polars) of its phases  

(same region, from RT � 145 °C): (a) fibril structures formed at 120 °C during the second heating;  

(b) fibrils growth by keeping the temperature between 130 °C and 140 °C; (c) Schlieren texture at 150 °C; 

(d, e, f) laminar domains growing from the melt by repeated melt-quench cycles 140 °C�135 °C�140 °C 

(first, second and third cycle, respectively). Image size 800µmx800µm. 
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 On cooling the isotropic liquid of DTT5 across the phase transition, droplets of Schlieren appeared at 

154 °C which coalesced in a Schlieren domain observable for a very short range of temperatures.  

 A slight cooling of this texture resulted into the formation of lancet-like domains from the Schlieren 

that coalesce into larger laminar domains under isothermal conditions at 135 °C. Interestingly, the size of the 

laminar domains could be increased up to the millimeter scale by repeating the heating-cooling procedure 

between 135 and 140 °C (Figure 6d, e, f). 

 These large laminar domains showed uniform birefringence under polarized light indicating 

homogeneous alignment. They persisted to room temperature making this compound promising for FET 

application.31 The phase evolution of DTT5 was also monitored by XRD. Figure 6 shows the variation of the 

XRD profile on increasing the temperature from RT to 145 °C and then cooling down to RT (scan rate  

5 °C/min.). The profiles were recorded at different times to check if the phase stability was maintained on 

cooling to room temperature from 135 °C, as indeed was the case. The frozen phase displayed a strong 

Bragg reflection at 2θ=6.3° (d-spacing of 14 Å). By considering that the length of the DTT5 molecule in a 

full extended conformation (adopted also in the crystal form) is about 30 Å, we suggest that the molecules 

are assembled as shown in the sketch of Figure 6, i.e. arranged in parallel rows shifted of a half molecule. 

Presumably, the driving force for this type of organization are the face-to-face π-π interactions between 

thiophene rings belonging to adjacent rows. The second most intense peak in the XRD pattern at 2θ=22.4° 

(d-spacing 4 Å) is likely to be related to suitable periodicity for orbital overlap between facing thiophene 

rings. No reflections were observed at 145 °C in accordance with the loss of order shown also by the high 

transition enthalpy values. 
 

 
Figure 7. X-Ray diffraction profiles of DTT5 (29): (a) at RT, (b), at 130 °C on heating, (c) at 70 °C upon 

cooling, (d) at 145 °C on heating. The sketch shows the proposed organization of DTT5 molecules in the 

smectic mesophase (profile b). 
 

 Figure 7 shows the log-log current density-voltage (J-V) plots of an as-cast DTT5 film compared to 

that obtained after annealing the sample at 137 °C for 5 minutes and then cooling down to room temperature. 
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Various annealing times were investigated and an enhancement of the current values was observed by 

increasing the time from 1 to 5 minutes. No further significant current variations were obtained for longer 

times, suggesting that the growing of the laminar crystalline domains, observed by POM microscopy (Figure 

6f), reaches a stable configuration in about 5 minutes annealing.  

 Figure 7 shows that there is a current increase of about two orders of magnitude upon annealing the 

sample. Furthermore, in the investigated voltage range, the current density shows an excellent quadratically 

dependence on the voltage. This behavior is typical of trap-free space-charge limited current (SCLC).32 

 A hole mobility of 3.7x10–3 cm2 V–1 s–1 was estimated for DTT5 upon annealing.33 The estimated 

charge mobility for the as-cast film - about two orders of magnitude lower than that of the annealed film - is 

consistent with the measured field-effect mobility measured for DTT5. 
 

 
Figure 8. Room temperature J-V curves of a DTT5 film onto interdigitated gold electrodes: as-cast and after 

annealing at 137 °C for 5 minutes and then cooling to RT. The measurements were carried out under 

dynamic vacuum of 10–5 mbar. The lines represent the linear fits to the experimental data. 
 
4. Microwave assisted synthesis of oligothiophene semiconductors in aqueous media using silica and 

chitosan supported Pd catalysts 

 The use of organometallic catalysts in the synthesis of π-conjugated materials generally presents a 

number of drawbacks including the presence of by-products either originated by the demetallation or 

dehalogenation of the starting materials or by homo-coupling or boron-halogen exchange side reactions, as 

well as the presence of catalyst residues. Such impurities may alter the film deposition processes and 

therefore the morphology, conductivity and performance of the device prepared. As a consequence, 

preliminary expensive purification techniques including vacuum sublimation are often required for their 

successful applications.  

 The combination of microwave assistance with heterogeneous Pd catalysis has demonstrated to be a 

powerful tool to synthesize highly pure, metal free, thiophene based materials in very short time. Suzuki-

Miyaura heterogeneous protocols34 have been reported for the synthesis of biphenyl systems employing 

palladium supported on various materials including carbon,35,36 metal oxides, ceramics (perovskites), porous 

aluminosilicates, as well as on polymers37 and biopolymers,38,39 the latter ones offering the advantages of 

being renewable, biodegradable and having low toxicity. 
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 Chitosan and silica based Pd complexes have been demonstrated to be very effective under a wide 

range of conditions in the Suzuki and Heck couplings, being reusable up to 10 times.40–42 Such catalysts, 

comprising bidentate organic ligands, grafted onto the solid support, that complex the active palladium salts, 

exhibited excellent stability (chemical and thermal), high surface areas, good accessibility and chemical 

versatility. Moreover, chitosan is a water-tolerant support that will potentially allow reactions to be carried 

out in aqueous media and has major advantages in that it can be formed into fibres, films, attached to reactor 

walls, etc. making it ideal for incorporation in different reactor designs (continuous/intensive, etc.). On the 

other hand, silicas can be easily prepared and allow for the robust attachment of organic functionalities and 

control over their surface chemistries. 

 

 
Scheme 8. Structures of the catalysts used in the present investigation. CHITCAT=chitosan supported Pd 

complex; SICAT=silica supported Pd complex 1 (R=H); SATCAT=silica supported Pd complex 2 (R=Me). 
 

 Selective and stable chitosan and silica supported palladium complexes (Scheme 8) in aqueous ethanol 

have been recently employed for the preparation of thiophene-based materials, using a microwave assisted 

Suzuki coupling methodology.43 

 Substituted co-oligomers containing fused heterocycles into the aromatic backbone can also be 

prepared in high yields and good level of purity in a short period of time, without the need for further 

purification. 

 This protocol has shown to be irrespective of the size and substitution of the thienyl derivative, 

compared to homogeneous Suzuki methodologies which usually require an optimization of the reaction 

conditions for each substrate. 
 

4.1. Optimization of the reaction conditions 

 The reaction optimization was performed on two commercially available substrates, namely 5-bromo-

2-thiophenecarboxaldehyde 38 and 2-thienylboronic acid derivative 2a (Scheme 9). Supported palladium 

catalysts were tested under both conventional heating and microwave assisted conditions. Data are 

summarized in Table 4. Previous reported studies on the Suzuki cross-coupling of thienyl derivatives proved 

KF was a very suitable base for these systems.23 

 

 
Scheme 9. Model reaction between 5-bromo-2-thiophenecarboxaldehyde and 2-thienylboronic acid. 
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 The use of CHITCAT as catalyst and KF as the base in aqueous ethanol (1:1) afforded a complete 

conversion of the starting materials to the coupling product 39 in only 2 minutes of microwave irradiation at  

130 °C (Table 4, entry 2). The same reaction carried out under conventional heating provided a poor 55% 

conversion after 48 hours. 

 The use of an aqueous environment was also found to be particularly advantageous for an optimum 

catalytic performance with respect to the use of toluene or other organic compounds as solvents. This can be 

ascribed to the different solubility of KF in toluene and alcoholic solvents as well as to the more efficient 

absorption of MW from polar solvents. Medium to high microwave absorbing solvents, including EtOH, 

isopropanol and water, may allow a more efficient internal heating compared to microwave transparent 

solvents (toluene) usually employed in heterogeneous Suzuki reactions.39–42 

 

Table 4. Catalytic performance of different supported Pd complexes in the model reaction (Scheme 9). 

Entry Base Catalyst Solvent MW conditions 39 Conversion (%)b 

1 KF SICAT EtOH/H2O (1:1) 100 W, 60 min., 80 °C 87 

2a KF CHITCAT EtOH/H2O (1:1) 100 W, 2 min., 130 °Cd >99 

3a KF CHITCAT toluene 100 W, 60 min., 130 °C 8 

4a KF SATCAT EtOH/H2O (1:1) 100 W, 60 min., 80 °C 82 

5c KF SATCAT isopropanol 100 W, 60 min., 80 °Cd 96 

6 KF SATCAT toluene 220 W, 60 min., 80 °C 20 
acarried out with simultaneous cooling; bGC conversion; chigher power values did not remarkable improve 
the reaction conversion; dthe pressure measured was about 80 and 20 psi for entries 2 and 5, respectively. 

 

 Silica supported palladium catalysts (SICAT and SATCAT) required lower reaction temperatures  

(80 °C vs 130 °C) but much longer reaction times (60 minutes) compared to chitosan in order to achieve 

comparable conversion values. 

 Clearly, the choice of the catalyst has to take into account several factors including the thermal 

stability of the boronic-substrates and the size of the target oligomer. Chitosan will possibly be more suitable 

for stable and smaller substrates compared to silica, in which the porous structure will surely be an attractive 

feature in reactions with larger molecules.  

 A hot filtration test (HF) was performed to prove the truly heterogeneous nature of the catalytic 

reaction (entries 2 and 4, Table 4).44 The hot reaction mixture (typically less than half way through 

completion) was filtered off and the supernatant and the solid were recovered separately. Fresh substrates 

were added both to the liquid filtrate and to the solid and another reaction (under the same conditions) was 

conducted. The results of the second reuse of CHITCAT are included in Figure 9. The catalyst was filtered 

off after 60 seconds of microwave irradiation (~30% conversion). The reaction mixture without catalyst was 

then MW irradiated for 30 additional minutes and finally quenched. No changes in conversion were 

observed, excluding the presence of a substantial concentration of palladium leached species in solution. The 

Pd content in solution determined by ICP was 1.8 ppm, confirming that the Pd leaching in the systems was 

almost negligible. 
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Figure 9. Hot filtration test. Effect of removing the chitosan supported palladium catalyst from the second 

cycle reaction of 2-thienylboronic acid and the 5-bromo-2-thiophenecarboxaldehyde. 

 

 The catalyst reusability was also investigated under the optimized conditions. The catalyst was filtered 

off after each reaction run, washed with aqueous methanol and pure methanol, dried at 90 °C and 

subsequently reused in another catalytic cycle. Despite an increase in the time of reaction required for 

complete conversion, the catalysts were reusable up to 4 times preserving more than 95% of the initial 

catalytic activity (entry 2, Table 5). The observed slight reduction in catalytic activity with recycling 

probably can be due to a partial blockage or deactivation of the active sites of the catalyst with the salts 

and/or by-products from the reaction.  
 

Table 5. CHITCAT reusability experiments carried out under microwave 

irradiation with simultaneous cooling. 

Cycle Base Catalyst Alcohol/water MW conditions 39 
(%) 

1st KF CHITCAT 
EtOH/H2O 

(1:1) 

100 W, Temp. 
130 °C, 
1 min. 

>99 

2nd KF CHITCAT 
EtOH/H2O 

(1:1) 

100 W, Temp. 
130 °C, 
30 min. 

97 

3rd KF CHITCAT 
EtOH/H2O 

(1:1) 

100 W, Temp. 
130 °C, 
45 min. 

98 

4th KF CHITCAT 
EtOH/H2O 

(1:1) 

100 W, Temp. 
130 °C, 
45 min. 

95 

 

4.2. Extension to other substrates 

 The above-described optimised conditions based on the use of the CHITCAT and SATCAT materials 

were then extended to various thienyl-based substrates.  

 Iodo-derivatives were found to be more effective than bromo-derivatives in the preparation of 

bithiophene (Scheme 10, Table 6), irrespective of the conditions employed (solvent and/or catalyst). 

Therefore, only thienyl iodides were employed for the synthesis of longer oligomers. 
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Scheme 10. Suzuki reaction for the preparation of bithiophene (5) from a range of halo-thiophenes. 

 

 The methodology was then further extended to the preparation of larger (α-β alkyl) substituted 

oligomers. Terthiophene (3) is a useful building block for the preparation of thiophene-based oligomers and 

polymers. Many synthetic routes to �-terthienyl have been reported. A previously reported solvent-free 

microwave assisted Suzuki coupling (see Section 2) provided a maximum isolated yield of 60% starting 

from 2,5-dibromothiophene, much lower than that reported in Table 7 starting from the di-iodo derivative. 
 

Table 6. Catalytic performance of various Pd catalysts in the preparation of 

bithiophene from 2-thienyl bromide and 2-thienyl iodide . 

Entry Reagent Solvent Catalyst MW conditions Yield 5 (%)a 

1b 8 EtOH/H2O (1:1) CHITCAT 
100 W,  
130 °C,  
60 min. 

8 

2b 40 EtOH/H2O (1:1) CHITCAT 
100 W,  
130 °C,  
60 min. 

57 

3 8 isopropanol SATCAT 
100 W,  
80 °C,  
60 min. 

36 

4 40 isopropanol SATCAT 
100 W, 
80 °C,  
60 min. 

61 

aisolated yield. bCarried out with simultaneous cooling. 
 

 Quaterthiophene (T4, 7) is one of the most investigated thiophene derivatives for its 

photoluminescence45 and charge transport properties.46 Terminal alkyl substituted T4 compounds are also of 

interest as they exhibit liquid crystalline behaviour and enhanced solubility that make them particularly 

suitable for solution processing.47 T4 derivatives are usually prepared by using the bi-directional 1+2+1 

approach consisting in the reaction between two equivalents of boronic or halo-thienyl derivative and one 

equivalent of the corresponding reaction partner.27 For the preparation of quaterthiophenes 7 and 17, we 

chose the reaction between boronic thienyl derivative 2a and the bifunctional iodo-dimers 8 and 42 that 

afforded good yields for both unsubstituted and β-methyl substituted T4 compounds (entries 2 and 3 Table 

7).  

 Unsubstituted or functionalized α-quinque- and hexathiophenes were also prepared. Such systems 

show high self-assembly capability and good charge transport properties in Field Effect Transistors (FET). 

Two different strategies were employed and compared for both compounds. Quinquethiophene (T5, 12) was 

prepared either by adding two boro-functionalized monomers to the diiodoterthiophene (21) (+1 strategy, 
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Figure 10), or by reacting the diiodothiophene (41) with two equivalents of borobithiophene (+2 strategy, 

Figure 10).  

 

Table 7. Preparation of various oligothiophenes derivatives using supported Pd complexes. 

Entry Starting material Product Catalyst 
MW 

conditions 
Yieldb 

(%) 

1a SI I 
41 

S
S

S  
3 

CHITCAT 
100 W,  
30 min., 
130 °C 

87 

2a S
S

I I

 
8 

S
S

S
S

 
7 

CHITCAT 
100 W, 

100 min., 
130 °C 

83 

3 S
S

I I

 
42 

S
S

S
S

 
17 

SATCAT 
100 W, 

100 min., 
80 °C 

77 

4 S
S

SI I 
21 

S
S

S
SS

 
12 

CHITCAT 
100 W, 

100 min., 
130 °C 

37 

5 SI I 
41 

S
S

S
SS

 
12 

SATCAT 
100 W, 

100 min., 
80 °C 

82 

6 S
S

I I

 
16b 

S
S

S
SS

S

 
19 

SATCAT 
100 W, 

100 min., 
80 °C 

65 

7c S
S

S
S

Br B

18 

S
S

S
SS

S

 
19 

SATCAT 
100 W, 

100 min., 
80 °C 

traces 

8 S
S

I I

 
8 

S
SSC6H13

S C6H132  
42 

CHITCAT 
100 W, 

100 min., 
130 °C 

69 

aIn entry 1, the reaction was carried out with simultaneous cooling. For entry 2, both methodologies were used, with and 
without simultaneous cooling, obtaining similar results (66% after 60 min. employing simultaneous cooling). bIsolated 
yield. cThe dibromo derivative was more soluble than diiododerivative under the reaction conditions . 

 

 Similarly, hexathiophene 19 was prepared by means of a +2 approach (using the di-iodobithiophene 

16b) as well as by the +1 strategy employing di-bromoquaterthiophene 18 as starting material. 

 The choice of the synthetic pathway is usually dependent on many factors including the availability of 

the starting materials and the formation of by-products such as deborylated thiophenes, homo-coupling and 

metal-halogen exchange products that have to be removed from the target compounds. 
 

 

Figure 10. Overview of the strategies investigated for the synthesis of T5 and T6 materials. 
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 The +1 strategy led to by-products easily separated from the reaction mixture, facilitating the 

purification of the desired product. However, the starting materials are complex systems, therefore additional 

synthetic steps are required in order to obtain them. Despite the previously discussed results on 

homogeneous microwave assisted Suzuki coupling pointing out that the +2 strategy was unfavorable (due to 

the formation of T4 by-products difficult to remove), it proved to be the most effective for the synthesis of 

both T5 and T6 oligomers (Table 7, entries 5 and 6), as it involves readily available precursors and easily 

purified products, thus improving the green credentials of the reaction. 

 In the reaction conditions the larger building blocks, including ter- and quaterthiophene, are poorly 

soluble and consequently less reactive. Moreover, their higher steric hindrance is believed to restrict the 

oxidative addition to palladium, which is less pronounced than in homogeneous conditions. 

 Steric effects can also explain why SATCAT and CHITCAT catalyzed reactions show undetectable 

boron-halogen exchange by-products. The oxidative insertion of Pd in the C–B bond takes place when the 

C–I bond insertion reaction is very slow. The presence of supported Pd (II) reduces the probability of such 

insertion therefore minimizing the presence of undesired boron-halogen exchange by-products. 

 Preliminary investigations on quinque- and hexathiophenes prepared in this way (12, 19, 42) pointed 

out that these compounds may display enhanced film forming properties than the same compounds prepared 

by conventional homogeneous catalysis, due to their higher level of purity. Melted homogeneously prepared 

T5 powder sandwiched between two glasses rendered a viscous fluid containing black solid aggregates 

which melt at temperatures over 350 °C. Such aggregates can be removed upon purification by vacuum 

sublimation, suggesting they may be residues of the catalyst and/or impurities. No evidence of similar 

impurities were observed in the preparation of T5 using the heterogeneous protocol (Figure 11). 
 

 
Figure 11. Optical microscopy image of melted T5 powder (image size 800x800µm) prepared by (a) 

conventional homogeneous catalytic method; (b) novel heterogeneously catalyzed protocol. 
 

 Enhanced properties can be expected for all the materials prepared in their use as Field-Effect 

Transistors (FET) and further investigations in this area are currently ongoing.  
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 The optimized protocol was also employed in the preparation of thiophene based co-oligomers 

containing electron deficient 1,2,3-benzothiadiazole or electron-rich thienothiophene rings. Benzothiadiazole 

derivatives have been recently proved to have liquid crystal and semiconducting properties and the polymers 

have been reported as especially suitable materials for photovoltaic applications.29 High air stability and 

charge carrier capabilities have been also recently reported for thienothiophene containing oligomers and 

polymers.48 Thienothiophene-thienyl co-oligomers would potentially feature a combination of good 

�-stacking and charge transport properties (from the thienothiophene system) with the chemical versatility of 

the thienyl ring. 

 The benzothiadiazole-based compound (31) and the newly synthesized thienothiophene based products 

(43 and 44) were chosen as target compounds. The +2 approach (Figure 10) - both for odd oligomer (31 and 

43) and for even oligomer (44) - was employed. Data are summarized in Table 8. The heterogeneously 

catalysed protocol provided the different synthesized compounds in moderate to very good isolated yields. 

Product 44 exhibited good solubility in non-polar solvents and highly crystalline cast films, therefore having 

promising perspectives as active layer in FETs.  

 

Table 8. Catalytic performance of CHITCAT and SATCAT in the preparation of thiophene 

based co-oligomers 

Entry 
Starting 
material Product Catalyst 

MW 
conditions 

Yield a 
(%) 
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100 min,  

80 °C 
 

65 

aIsolated yield. bLiterature data report 37% yield with a similar compound.49 ‡The starting material 4,4,5,5-
tetramethyl-2-thieno[3,2-b]thiophen-2-yl-[1,3,2]dioxaborolane (TTB) was synthetized starting from 
thieno[3,2-b]thiophene following a standard procedure.7a 

 

5. Conclusions 

 In conclusion, this review shows how microwave acceleration and its  combination with solid phase 

catalysis offers a new synthetic technology platform for the preparation of highly pure oligothiophenes. The 

methodologies presented here do not require a ‘one by one’ reaction/substrate optimization independently of 

the size and substitution of the thienyl starting substrates and enable the preparation of extremely pure 

materials in aqueous solvents and in few minutes. The high level of purity achieved upon simple filtration 

and washing procedures, avoids tedious and intensive-time consuming purification steps and the need to deal 
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with residual metals. Enhanced self-assembly capabilities and (opto)electronic properties in devices have 

been reported for  materials obtained by using such new procedures. 
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