TARGETS IN HETEROCYCLIC SYSTEMS

Chemistry and Properties

Volume 11 (2007)

Reviews and Accounts on Heterocyclic Chemistry

http://www.soc.chim.it

Editors

Prof. Orazio A. Attanasi
Institute of Organic Chemistry, University of Urbino
Urbino, Italy

and

Prof. Domenico Spinelli
Department of Organic Chemistry, University of Bologna
Bologna, Italy

Italian Society of Chemistry

Division of Organic Chemistry

Division of Medicinal Chemistry
\ Division of Mass Spectrometry



Table of Contents
(for the contents of Volumes 1-10 please visit: http://www.soc.chim.it)

Versatile nitrobutadienic building-blocks from the ring-opening of 2- and 3-nitrothiophenes 1
Lara Bianchi, Massimo Maccagno, Giovanni Petrillo, Egon Rizzato, Fernando Sancassan, Elda
Severi, Domenico Spinelli, Cinzia Tavani and Maurizio Viale
1. Introduction
2. The behaviour of 2-nitrothiophenes towards secondary amines
2.1. Ring-opening of 2-nitrothiophene to 1-amino-4-nitro-1,3-butadienes
2.2. Ring-opening vs. oxidative nucleophilic substitution of hydrogen on alkyl-2-
nitrothiophenes
3. The reaction of 3-nitrothiophene derivatives other than 3,4-dinitrothiophene with secondary
amines: synthesis of variously functionalized 1-amino-2-nitro-1,3-butadienes
4. Synthetic exploitation of nitrobutadienic building-blocks
4.1. The reaction of 1-aryl-4-methylthio- or 1-aryl-4-methylsulfonyl-4-nitrobutadienes
with diazo-methane: an interesting dichotomic behaviour
4.2. Synthesis of 5-(methylthio)isoxazoles from 2-methylthio-4-nitrothiophene
4.3. Thermal cyclization of products deriving from the ring-opening of 3-nitrothiophene
and 3-nitro-4-phenylsulfonylthiophene
4.4. Base induced cyclization of ring-opening products from 3-nitrothiophene
4.5. Base induced cyclization of ring-opening products from 3-nitrobenzo[b]thiophene
5. Pharmacological activity of some nitrobutadienes
6. Conclusions
Acknowledgments

References

Synthesis and properties of covalent cofacial bisporphyrins 21
Grégory Pognon, Jennifer A. Wytko and Jean Weiss
1. Introduction
2. Cofacial bisporphyrins and photosynthesis
3. General spectral and redox properties of porphyrins
4. Rigid assemblies
5. Flexible assemblies
5.1. Flexible scaffolds requiring a stimulus for cofacial arrangement
5.2. Flexible species with two links: cyclophanes
5.3. Flexible preorganized cofacial arrangements
6. Conclusion

References

Pyrazolopyrimidines: old molecules, new targets 44

Silvia Schenone, Marco Radi and Maurizio Botta



1. Introduction
2. Preparation of pyrazolo[3,4-d]pyrimidines
3. Selective N1-substitution of pyrazolo[3,4-d]pyrimidines
4. Biological activity of 4-aminosubstituted pyrazolo[3,4-d]pyrimidines
4.1. Adenosine receptor antagonists
4.2. Tyrosine kinases inhibitors
4.2.1. EGFR TK inhibitors
4.2.2. Src TK inhibitors
4.2.3. c-Src and Abl inhibitors
5. Conclusions

References

Recent development in pyridine-based ligands: syntheses and applications
Frédéric Dumur, Eddy Dumas and Cédric R. Mayer
1. Introduction
2. Synthetic approaches to polypyridyl ligands
2.1. Nature of the chelating ligands
2.2. Synthesis of bidentate ligands
2.2.1. Pre-functionalization
2.2.2. Post-functionalization
2.3. Synthesis of tridentate ligands
2.3.1. Cyclisation
2.3.2. Coupling reactions
3. Applications
3.1. Optical properties
3.1.1. NonLinear Optical (NLO) materials
3.1.1.1. Molecular engineering based on 4,4’ -substituted-2,2’-bipyridine
3.1.1.2. Molecular engineering based on 2,2":6',2"-terpyridine
3.1.2. Luminescence properties
3.1.2.1. Bipyridines and terpyridines with naphthalene subunits
3.1.2.2. Terpyridines with pyrene subunits
3.1.2.3. Polypyridines with boron dipyrromethene dyes
3.1.3. Photochromism
3.1.3.1. Dithienylethene
3.1.3.2. Spirooxazine
3.1.4. Organic light emitting diodes (OLEDs)
3.2. Towards inorganic polymers
3.2.1. Oligomers
3.2.1.1. Linear oligomers

3.2.1.2. Cyclic oligomers

I

70



3.2.2. Molecular wires
3.3. Surface functionalization
3.3.1. Functionalization of oxometallic surfaces
3.3.2. Functionalization of metallic surface
4. Conclusion
Acknowledgments

References

Synthetic solutions for the tetrahydropyran-moiety of annonaceaous acetogenins
Ulrich Koert
1. Introduction
2. Ring-closure of the THP ring via CO bond formation
2.1. Epoxide opening
2.2. Acetal/hemiacetal formation/reduction
2.3. Nicholas reaction
2.4. Oxa-Michael addition
3. Ring-closure of the THP ring via CC bond formation
3.1. Sml,-induced reductive cyclization
3.2. Allylboration
3.3. Ring closing olefin metathesis
4. Hetero Diels-Alder
5. Chiral pool approach
6. Conclusion
Acknowledgments

References

Recent developments in the chemistry of 2-thienylpyrroles:

synthesis, reactivity and applications
M. Manuela M. Raposo

1. Introduction
2. Synthesis of 2-thienylpyrroles
2.1. Introduction

2.2. Synthesis through the combination of the Friedel-Crafts and the Lawesson reactions
2.2.1. Synthesis of secondary alkyl and aryl-4-(2°-thienyl)-4-oxobutanamides
2.2.2. Reaction of secondary alkyl and aryl-4-(2°-thienyl)-4-oxobutanamides with

Lawesson’s reagent
3. Synthesis of donor-acceptor substituted 2-thienylpyrrole derivatives
3.1. Introduction
3.2. 2-Thienylpyrrole azo dyes
3.3. Tricyanovinyl 2-thienylpyrroles
3.4. Formyl 2-thienylpyrroles

I

104

122



3.4.1. Introduction
3.4.2. Vilsmeier formylation
3.4.3. Metalation followed by reaction with DMF
3.5. Dicyanovinyl 2-thienylpyrroles
3.6. 2-Thienylpyrrolyl-benzothiazoles
3.7. 2-Thienylpyrrolyl-benzimidazoles
4. Applications
4.1. Introduction
4.2. Conducting polymers
4.3. Solvatochromic probes
4.4. Nonlinear optical (NLO) materials
4.5. Photochromic systems
4.6. Organic light-emmiting devices (OLED’s)
5. Conclusions
Acknowledgments

References

Quinoline functionalization by deprotonative metalation
Jean-Martial L'Helgoual'ch, Floris Chevallier and Florence Mongin
1. Introduction

2. Functionalization of halogen- and trifluoromethyl-substituted quinolines

2.1. Fluoroquinolines
2.2. (Trifluoromethyl)quinolines
2.3. Chloroquinolines

2.4. Bromoquinolines

3. Functionalization of quinolines bearing oxygen-based substituents

3.1. Hydroxyquinolines and quinolones
3.2. Alkoxyquinolines
3.3. O-(Quinolyl)carbamates

4. Functionalization of quinolines bearing nitrogen-based substituents

5. Functionalization of quinolines bearing carbon-based substituents
5.1. Quinolinecarboxylic acids
5.2. Quinolinecarboxamides
5.3. Other quinolines bearing carbon-based substituents

6. Functionalization of N-activated quinolines and isoquinolines
6.1. N-Activated quinolines

6.2. N-Activated isoquinolines

7. Functionalization of other substituted quinolines and isoquinolines

7.1. Triazoloquinolines

7.2. Triazoloisoquinolines

v

155



7.3. Pyrazoloisoquinolines
8. Functionalization of unsubstituted quinoline and isoquinoline
9. Conclusions

References

Tetrafluoroacridines: synthesis, properties and applications in material science 181
Luciano Miozzo, Paola Del Buttero and Antonio Papagni
1. Introduction
1.1. Multi-step syntheses of 1,2,3,4-tetrafluoro-acridines
1.2. One-pot synthesis of 1,2,3,4-tetrafluoro-acridines
1.3. Synthesis of new 1,2,3,4-tetrafluoro-acridines
1.4. Synthesis of polyfluoro-hydroxy-acridines
1.5. Nucleophilic substitutions reactions on 1,2,3,4-tetrafluoro-acridines
1.6. Introduction of electron-poor, fluorinated substituents on 1,2,3,4-tetrafluoro-acridines
1.7. Final remarks
Electronic properties: photophysics and electrochemistry
OLEDs based on tetrafluoro-acridines
Vinyl-tetrafluoro-acridine: a monomer for a semiconducting polymer?

Modification of the surface of polyamide nanofibers doped with a fluorinated acridine

AN

Conclusions and outlook
Acknowledgments

References

The hypervalent iodine mediated intramolecular nitrogen—heteroatom bond 203
formation in the synthesis of pyrazole and isothiazole type heterocycles
Imanol Tellitu, Arkaitz Correa and Esther Dominguez
1. Introduction
1.1. Indazoles, indazolones and benzisothiazolones. Biological activity and synthetic
approaches
2. Hypervalent iodine assisted heteroatom—heteroatom bond formation
2.1. Oxidative processes mediated by hypervalent iodine reagents
2.2. The acylnitrenium approach
2.3. Todine (III) mediated synthesis of indazolones and pyrazolones
2.4. Todine (IIT) mediated synthesis of isothiazolones
3. Conclusions
Acknowledgments

References

1,2,4,5,10b,10c-Hexahydropyrrolo[1°,2°,3’:1,9a,9]imidazo[1,2-a]indole, a novel 221
tetraheterocyclic system: studies toward indole alkaloid analogue

v



Juan A. Gonzdlez-Vera, Pilar Ventosa-Andrés, M. Teresa Garcia-Lopez and Rosario Herranz
1. Introduction
1.1. 1,2,4,5,10b,10c-Hexahydropyrrolo[1°,2°,3’:1,9a,9]imidazo[ 1,2-a]indoles
from tryptophan derived a-amino nitriles. An unexpected synthesis
1.2. Hexahydropyrrolo[2,3-b]indole alkaloids
1.3. Tetrahydroimidazo[1,2-a]indole alkaloids
2. 10b-Unsubstituted hexahydropyrrolo[1°,2°,3’:1,9a,9]imidazo[ 1,2-a]indoles
2.1. Characterization
2.2. Synthesis optimization
2.3. Reactivity
2.4. Scope and stereoselectivity of the domino tautomerization of Trp-derived a-amino
nitriles
2.5. Exploration toward pyrazino[1°,2’:1,5]pyrrolo[2,3-b]indole alkaloid analogues
3. 10b-Substituted hexahydropyrrolo[1°,2°,3’:1,9a,9]imidazo[1,2-a]indoles
3.1. Halogenation
3.2. Allylation and prenylation
3.3. Methylation
3.4. Oxidation
4. Conclusions
Acknowledgments

References

Synthesis of functionalized indazoles and their tris(indazolyl)borate tripodal derivatives 244
as building blocks for the preparation of molecular rotary motors
Gwénaél Rapenne, Guillaume Vives and Alexandre Carella
1. Introduction
2. Synthesis of indazoles
2.1. General aspects
2.2. Synthesis from 2-methylaniline via a ring-closure reaction
2.3. Synthesis via the aromatization of a fused pyrazole-cyclohexane
2.4. Application to the synthesis of 6-functionalized indazoles
2.4.1. The 6-(ethoxycarbonyl)indazole building block
2.4.2. The 6-[(ethylsulfanyl)methyl]indazole building block
3. Synthesis of the tris(indazolyl)borate tripodal ligands
3.1. Historical background: synthesis and regiochemistry of the tris(pyrazolyl)borate
derivatives: the scorpionates
3.2. Synthesis and regiochemistry of the unfunctionalized tris(indazolyl)borate tripod
3.3. Synthesis and regiochemistry of the tris(indazolyl)borate derivatives
3.3.1. The ester-functionalized tripod (KTp*B*¢CO%)
3.3.2. The thioether-functionalized tripod (KTp*Bo¢-CH25E

VI



4. Integration of the tripodal ligands as stators in a molecular motor
4.1. Principle of an electron-triggered molecular motor
4.2. Synthesis of the molecular motors

5. Conclusions

Acknowledgments

References

Analogues Troger’s base: recent developments and controversies
Delphine Didier and Sergey Sergeyev
1. Introduction
2. Synthetic chemistry of Troger’s base and its analogues
2.1. Synthesis of symmetrical analogues of Troger’s base
2.2. Synthesis of unsymmetrical analogues of Troger’s base
2.3. Transformations of functional groups attached to the aromatic rings of 6H,12H-5,11-
methanodibenzo[b.f][1,5]diazocine
2.4. Reactivity of the aromatic rings of 6H,12H-5,11-methanodibenzo[b.f][1,5]diazocine
2.5. Reactivity of the aliphatic bicyclic system of 6H,12H-5,11-methanodibenzo[b.f][1,5]-
diazocine
3. Enantioseparations of Troger’s base and its analogues
4. Assignment of the absolute configuration of Troger’s base and its analogues
5. Uses and applications of Troger’s base and its analogues
5.1. Overview of recent applications of Troger’s base analogues
5.2. Applications based on the chirality of Troger’s base scaffold
6. Conclusions
Acknowledgments

References

Phenolic oxidative coupling in the biomimetic synthesis of heterocyclic
lignans, neolignans and related compounds

Carmela Spatafora and Corrado Tringali

1. Introduction

2. Metal-mediated phenolic oxidative coupling

3. Enzyme-mediated phenolic oxidative coupling

4. Conclusions

Acknowledgments

References

New synthetic approaches to biologically relevant heterocyclic
quinones and quinoneimines

Carmen Avendaiio and J. Carlos Menéndez

VIl

258

284

313



1. Introduction

2. Diazaanthraquinones

3. Carbazolequinones

4. A new approach to 2-amino-3-alkylquinones
5. Heterocyclic quinoneimines
Acknowledgments

References and notes

Catalytic intramolecular C-H aminations: a powerful tool for the synthesis 338
of various heterocyclic systems
Philippe Compain and Sylvestre Toumieux
1. Introduction
2. A powerful tool for C-H amination
2.1. Regioselectivity
2.2. Reaction stereospecificity
2.3. Diastereoselectivity
2.4. Oxathiazinanes as versatile intermediates
3. Access to cyclic carbamates, sulfamidates and related compounds
3.1. Access to cyclic carbamates
3.2. Access to cyclic sulfamidates
3.3. Comparison of the various amination procedures
3.4. Access to various heterocycles
3.5. Enantioselective intramolecular C-H aminations
4. Application to the synthesis of natural products and related compounds
4.1. Iterative multifunctionalization of unactivated C-H bond in piperidines
4.2. Total synthesis of natural heterocyclic products using carbamate substrates
4.3. Total synthesis of natural heterocyclic products using sulfamic acid substrates
5. Conclusion
Acknowledgments

References

Galanthamine, a biologically active, naturally occurring heterocyclic ring system 365
José Marco-Contelles, Elena Pérez-Mayoral, Albert Nguyen Van Nhien and Denis Postel
1. Introduction
2. Syntheses of galanthamine
2.1. Synthesis using the phenolic oxidative coupling
2.1.1. Synthesis of racemic galanthamine
2.1.2. Synthesis of (-)-galanthamine
2.2. Synthesis using the intramolecular Heck reaction

2.2.1. Synthesis of 6-deoxygalanthamine derivatives

VIII



3.
4.

2.2.2. Synthesis of racemic galanthamine
2.2.3. Synthesis of (-)-galanthamine
2.3. Miscellaneous
Synthesis of galanthamine analogues and derivatives

Conclusions and perspectives

References

Generation of nitroso species and their use as dienophiles 396

in the hetero Diels Alder reaction

Mauro F. A. Adamo and Simone Bruschi

1.

6.
7.
8.

Introduction

2. Arylnitroso dienophiles

3. a-Chloronitroso dienophiles
4.
5

. Acylnitroso dienophiles

Iminonitroso dienophiles

5.1. Generation of acylnitroso species

5.2. Applications in organic synthesis

5.3. Intramolecular reactions

5.4. Asymmetric acylnitroso Diels-Alder reactions
o-Acetoxynitroso dienophiles
P-Nitroso dienophiles

Synthesis of natural products

Acknowledgements

References

Cyclophanes and bicyclophanes: fascinating molecules in organic chemistry 431

Joaquin Campos, Ana Conejo-Garcia, Antonio Entrena, Miguel A. Gallo and Antonio Espinosa

1.
2.

3.

4.

Introduction
Bispyridinium cyclophanes: novel templates for human ChoK inhibitors
2.1. Synthesis
2.2. Biological activity
2.3. A model for the inhibition of ChoK by a new type of inhibitor
2.4. Structure-activity relationships
A Cs-symmetrical triquinolina triscationic bicyclophane: a highlight of a molecular
architecture
3.1. 'H and ">C NMR assignments
3.2. Conformational behaviour of bicyclophane 11
3.3. Biological activity

Conclusions

Acknowledgments

References

IX



VERSATILE NITROBUTADIENIC BUILDING-BLOCKS
FROM THE RING-OPENING OF 2- AND 3-NITROTHIOPHENES

Lara Bianchi,* Massimo Maccagno,* Giovanni Petrillo,” Egon Rizzato,” Fernando Sancassan,®
Elda Severi,* Domenico Spinelli,” Cinzia Tavani** and Maurizio Viale®

“Dipartimento di Chimica e Chimica Industriale, Universita di Genova, Via Dodecaneso 31,
1-16146 Genova, Italy (e-mail: tavani@chimica.unige.it)
bDipartimento di Chimica Organica “A. Mangini”, Universita di Bologna, Via San Giacomo 11,
1-40126 Bologna, Italy
“Istituto Nazionale per la ricerca sul Cancro, S. C. Terapia Immunologica, Largo R. Benzi 10,
1-16132 Genova, Italy

Dedicated to the memory of Carlo Dell’Erba, Angelo Mugnoli and Marino Novi: teachers, colleagues and friends, without

whose contribution this review would have never been written.

Abstract. A number of variously substituted o and [-nitrothiophenes undergoes ring opening by treatment
with secondary amines in mild conditions. Anyway, at variance with 3,4-dinitrothiophene, all of the other
derivatives break just one C-S bond, leading to asymmetrically functionalized nitrobutadienes which can be
isolated in good yields after alkylation at sulfur. Such appealing building-blocks have been successfully
employed in a number of synthetic procedures mainly targeted to the preparation of heterocycles of various
nature (nitrogen, oxygen or sulfur heterocycles) within an overall ring-opening/ring-closing protocol.
Furthermore, some of the nitrobutadienes produced by the ring-opening have revealed, after proper

modification of the existing functionalities, interesting pharmacological activities.

Contents
1. Introduction
2. The behaviour of 2-nitrothiophenes towards secondary amines
2.1. Ring-opening of 2-nitrothiophene to 1-amino-4-nitro-1,3-butadienes
2.2. Ring-opening vs. oxidative nucleophilic substitution of hydrogen on alkyl-2-nitrothiophenes
3. The reaction of 3-nitrothiophene derivatives other than 3,4-dinitrothiophene with secondary amines:
synthesis of variously functionalized 1-amino-2-nitro-1,3-butadienes
4. Synthetic exploitation of nitrobutadienic building-blocks
4.1. The reaction of l-aryl-4-methylthio- or 1-aryl-4-methylsulfonyl-4-nitrobutadienes with diazo-
methane: an interesting dichotomic behaviour
4.2. Synthesis of 5-(methylthio)isoxazoles from 2-methylthio-4-nitrothiophene
4.3. Thermal cyclization of products deriving from the ring-opening of 3-nitrothiophene and 3-nitro-4-
phenylsulfonylthiophene
4.4. Base induced cyclization of ring-opening products from 3-nitrothiophene
4.5. Base induced cyclization of ring-opening products from 3-nitrobenzo[b]thiophene

5. Pharmacological activity of some nitrobutadienes



6. Conclusions
Acknowledgments

References

1. Introduction

The chemistry of nitrothiophenes and in particular their reactivity with nucleophiles has been one of
our main research fields since 1968." Actually, a series of peculiar behaviours has been evidenced along way
for such interesting derivatives, essentially stemming from the relatively low aromaticity degree of the
thiophene ring,2 with respect to, e.g., benzene.’

Thus, for instance, it was found that 3,4-dinitrothiophene (1) undergoes cine-substitution in the
reaction with sulfur nucleophiles (Scheme 1, path a),4 while 2,5-dialkyl-3,4-dinitrothiophenes undergo, with
the same nucleophiles, a tele-substitution’ process. More recently, C-nucleophiles like Grignard reagents
have been shown to lead to the aminonitroderivatives 3, as the result of a rather complex process
characterized by a pivotal Claisen-like rearrangement (Scheme 1, path b).°

Anyway, the most intriguing and fruitful result from 3,4-dinitrothiophene is surely represented by the
ring-opening observed in its reactions with N-nucleophiles like primary or secondary amines:' a process
leading to dinitrobutadienes [4 and 5 therefrom’ (Scheme 1, path ¢)], which have proven to be extremely
effective building-blocks for the synthesis of both linear and homo- or hetero-cyclic targets (Scheme 2). Our

research in this field has been recently reviewed.’

O,N

ArS > \ i bstituti
> cine-substitution
Sulfur \ 4 )\
path a nucleophiles NO, S SAr
2

ON NH,
OH
path b ArMgX N / \
- S
S Carbon S ‘JJJ
nucleophlles 3 P,J“r
1 oy
rmg opening
path ¢ NO,
RRNH NRR' *aMex Ar(R")
Nltrogen or R"MgX (R "Ar
nucleophlles

O,N
5 2

Scheme 1. Examples of the non-benzenoid behav10ur of 3,4-dinitrothiophene towards nucleophiles

of different nature.

The extension of the reaction with amines to other nitrothiophene derivatives such as 2-nitro- (6)* or
3-nitrothiophenes (7 ) other than 3,4-dinitrothiophene has interestingly enlightened an only partial

parallelism in the behaviour of mononitrothiophenes with respect to 3,4-dinitrothiophene itself. The main

2



results in this field are reported hereinafter, with particular attention paid to the application of the building-

blocks from the ring-opening of 6 and 7 in organic synthesis (Scheme 2) and in pharmacology.

Homo- or hetero-cyclic

 C— target

l ring-opening ring-closure

Building-block from Properly-functionalized
thiophene-ring opening —_— intermediate

Scheme 2. Ring-opening/ring-closure protocol from nitrothiophenes.

2. The behaviour of 2-nitrothiophenes towards secondary amines
2.1. Ring-opening of 2-nitrothiophene to 1-amino-4-nitro-1,3-butadienes

In 1974, the treatment of 2-nitrothiophene (6a) with secondary amines resulted in a ring-opening
process that, at variance with what observed with 3,4-dinitrothiophene, does not induce sulfur extrusion.
The reaction (Scheme 3) proceeds through the breakage of only one carbon-sulfur bond generating, as the
final product (path a), the nitrobutadienedisulfide 9a instead of the expected, never isolated thiol 8a, which
evidently undergoes a fast oxidation in the experimental conditions employed.

If the reaction is performed in the presence of silver nitrate (path b), the butadienethiol intermediate
can be isolated as a silver thiolate (10a) which furnishes the corresponding methylthio derivative 11a by
treatment with excess MeL.* It has also been verified that the silver thiolate can be conveniently trapped

with Mel with no need for isolation.

NO,

NO,
R,NH @\ R,NH/AgNO; —
— SH EtOH S NO, EtOH —_— SAg
8a 10a
R;N path a 6a path b RN
Mel
NO, R,NH : NO,
dimethylamine
diethylamine
dipropylamine -
piperidine
S morpholine SMe
9a )

R,N

Scheme 3

More recently, in the perspective of an investigation of the chemical behaviour of the nitrobutadienes
11, and also on the grounds of the experience acquired with the ring-opening of 3,4-dinitrothiophene, we
have optimized the preparative procedure for a selected aminonitrobutadiene which could represent the best
compromise between synthesis and further reactivity. In this respect, 11aa (in 11a, RN = pyrrolidinyl)
proved to be most suited and its synthesis, performed “one-pot” (i.e. without isolation of 10a) following path

b of Scheme 3, allowed to raise the yield to a more than satisfactory 80% by means of a proper choice of the
3



reaction conditions.® As previously reported,™ the ring-opening resulted to be completely diastereoselective

and 11aa was always obtained exclusively in the 1E,3Z configuration shown in the Scheme.

2.2. Ring-opening vs. oxidative nucleophilic substitution of hydrogen on alkyl-2-nitrothiophenes

The introduction of an alkyl substituent on the 2-nitrothiophene ring led to interesting, somehow
unexpected results. Actually, while 5-methyl-2-nitrothiophene (6b) provides ring-opening, although in
considerably lower yields (27%) (Scheme 4),'% it has been more recently found'' that the reaction of the
isomeric 4-methyl-2-nitrothiophene (6¢) with a variety of secondary amines in otherwise similar reaction

conditions furnishes only the ring-substitution products 12 in good yields, with no trace of the expected ring-

opening (Scheme 95).
NO,
/ \ Me —
C,HgNH/AgNOs/Mel —_—
411g gNUs/ Ve - SMe
Me S NO,  EtOH,r.t. N
6b Q 11ba: 27%
Scheme 4
R R
[\ RR'NH/AgNO; o\
S NO, EtOH, 50 °C, 48 h R'R'N S NO,
- R'R"NH =
&R ECCE diethylamine 12¢-f
‘R o dimethylamine
d.' R: CH(OT)CH, benzylmethylamine
e: R = CH(OCH;)CH; pyrrolidine
f: R = CH(OCH,CH,0)CH; morpholine
piperidine
Scheme 5

The reaction is always regioselective, occurring exclusively at the quasi-para position with respect to
the nitro group. The same kind of reactivity is also shown by substrates bearing at C(4) slightly modified
alkyl substituents [R = 1-hydroxyethyl (6d), 1-methoxyethyl (6e), 2-methyl-1,3-dioxolan-2-yl (6)']. With
the exception of the reactions with dimethylamine (10-15%), yields are generally from acceptable to good
(20, 30-55, 75%), and in every case a significant amount (5-10%) of unreacted substrate is recovered.

The behaviour of compounds 6c—f represents an example of Oxidative Nucleophilic Substitution of
Hydrogen (ONSH)'? where AgNOs; acts as an external oxidant; a similar outcome has been observed for
2-nitrobenzo[b]thiophene in reactions with primary amines in the presence of cerium ammonium nitrate
(CAN).'™

The two kinds of process (ring-opening and nucleophilic substitution) share the initial addition of the
nucleophile to the electron-poor nitro-substituted thiophene ring; the anionic ¢"-adduct 13 is then a common
intermediate, whose evolution to a final product may occur in different ways (Scheme 6).

Interestingly enough, Ag" conceivably plays a different role in the two pathways, acting as an oxidant
in path a (thus allowing the outcoming of “hydride” from the intermediate 6-adduct 13) and as an effective

scavenger of the resulting thiolate in path b [thus preventing oxidation to the disulfide 9 (see Scheme 3)],

4



possibly also concurring to facilitate the C-S bond breakage through coordination at sulfur (cf. Scheme 8

below).
R = alkyl
R"=H
R R -—»path a ONSH
“ N AgNO;
R'R"I\E-I\’ /\/‘ \ EtOH R'"?@\ ]
R™ S NO, R"R'N® S “NO,
H path b
6 13 L > Ring-opening
R=H
R" =H, Me
Scheme 6

The dichotomic behaviour'®!!

of Scheme 6 has been explained on the grounds of steric effects and/or
of a stabilizing effect of the 4-alkyl group on the c-intermediate. Thus, the longer lifetime of the adduct
deriving from the 4-alkyl derivatives seems to be crucial to allow the attack of the oxidizing agent and direct
the process towards the ONSH. Interestingly enough, this finding also brings support to the belief that alkyl
groups may ‘“modulate” their overall electronic effects, not always disfavouring nucleophilic substitution as

it occurs in benzene derivatives.

3. The reaction of 3-nitrothiophene derivatives other than 3,4-dinitrothiophene with secondary
amines: synthesis of variously functionalized 1-amino-2-nitro-1,3-butadienes

In 1997 it was reported that the same experimental conditions employed by our group in 1974 for the
ring opening of 2—nitr0thi0phenega could also be applied, although with only moderate success, to
3-nitrothiophene'” and 3-nitrobenzo[b]thiophene.'*® A few years later, we reported optimized conditions for
the ring-opening of 3-nitrothiophene with pyrrolidine, successfully extending the process also to a number of
variously 2- and/or 3-substituted 4-nitrothiophenes, among which 3-nitrobenzo[b]thiophene itself (Scheme
7, Table 1).”

O,N X NO,
/ \ 1) Pyrrolidine/AgNO;, ELOH.__ —\__ SMe
2) Mel N
> Tasj Y Q X i
a-j
Scheme 7

In a typical procedure, the B-nitrothiophene and silver nitrate (2 mol equiv) are dissolved under argon
in absolute ethanol, and pyrrolidine (2.2 equiv) is added; after 30’ of sonication, the reaction mixture is left
overnight at room temperature in the dark. Excess Mel is then added to the mixture, leading directly to the
recovery of the methylthioderivative 14. Yields are always from good to satisfactory (see Table 1); in each
case, variable amounts of substrate (6—49%) are recovered. Much as proposed for the ring-opening of
2-nitrothiophene (see above), the process can be envisaged as a reversible, nucleophilic addition of amine to
a ring carbon conjugated with the nitrogroup to give a c-adduct, which undergoes an Ag'-assisted ring-

opening (Scheme 8).



Table 1. Yields” of the ring-opening products 14a-k from the reaction of B-nitrothiophenes 7a-k with

€]
O,N
® o

-H, +Ag

—

—_—

Y H c§’ Y
RN |
Ag

Scheme 8

pyrrolidine and silver nitrate, followed by Mel quenching.9

C-S bond
breakage
—_—

NO,

SAg + Mel

- Agl

Substrate Product Unreacted 7
O,N NO,
7a @ 14a CAHBN“SMe 64% 11%
02N N02
7b TQ 14b —{ “swe 62% 21%
s C4HgN
O,N NO,
7 14 ={ sM 59% 25%
‘ Q\SPh ¢ CaHgN msp: ’ ’
O,N NO,
7d 7\ 14d ={ SMe 79% 10%
QSOgPh CaaN msozph
O.N NO,
7 14 —(  SMe 52% 26%
O,N NO2
7f 14f SMe 54% 39%
Q\SOZMe C4H8Nﬁ<—< ’ ’
SO,Me
02N NOZ
7 14 —{ sm 45% 499%
® QCOMe & CaHgN ﬁL< : ’ ’
COMe
O.N NO,
7h 14h =( SMe 48% 46%
DS\\COOMe CaHeN ﬁQ:<
COOMe
O.N NO,
7i 14i ={ SsMm 58% 13%
! @CN ! C4HgN ﬁL(CNe ’ §
O,N SO,Ph NO,
. b
7 \F/M S\ 14j c4H8N¢SM 87% 6%
PhO,S
O,N SPh NO,
7k 7@ )\ 14k° ¢SMe 70% 22%
s Gl PhS

“Yields of isolated, pure compounds. “Ref. 18. “Unpublished result.
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At variance with 2-nitrothiophene, the coordination of Ag” to sulfur is herein necessary for the success

of the reaction, as no ring-opening can be detected in the absence of AgNOs.

4. Synthetic exploitation of nitrobutadienic building-blocks

The most relevant common feature of the unsaturated butadienic building-blocks deriving from the
ring-opening of 2-nitrothiophenes 6a,b and 3-nitrothiophenes 7a-k (i.e. 11a,b and 14a-k, respectively) is
the presence of a ferf-nitroenamine moiety whose well-known reactivity'* guarantees wide synthetic
potentialities. The following sections will deal with a number of synthetic protocols specially targeted to
either homocyclic or heterocyclic derivatives through a proper preliminary modification of the
functionalities of such appealing intermediates.

As a matter of fact, in all of the protocols to be reported below, the initial step is represented by the
treatment of the substrate with an aryl Grignard reagent, followed by acidic quenching. On both 11* and
14°"°7'® the reaction performs a nitrodienylation of the aryl moiety via replacement of the amino group of
the substrate with the aryl itself (Scheme 9). Although such a result was expected on the grounds both of the
well-known reactivity of nitroenamines'* and of our recent experience on the behaviour of the
bis(nitroenamines) 4,” it is noteworthy that the reaction proceeds in every case with complete chemo- and
stereo-selectivity: the exclusive replacement of the pyrrolidino group being accompanied by the retention of

configuration at both double bonds.

NO,

NO,
p— SMe 1) ArMgX (1.1 mol equiv), THF, -30 °C p—
N 2) acidic quenching SMe
11aa
AL 15

X

\

SMe SMe

1) ArMgX (1.1 mol equiv), THF
2) acidic quenching Ar

N
::: X Y

Y

4a X=Y=H 16
14b X, Y :CH=CH-CH=CH 17
14¢ X =H, Y =SMe 18
14j X=SO,Ph,Y=H 19

Scheme 9. Nitrodienylation of aryls with nitrodienamines (see Table 2).

The results collected in Table 2 are relevant to the reactions of some selected nitrobutadienes with a
series of aryl Grignard reagents. Anyway, in order to ascertain the generality of the method, we verified the
reactivity of each I-pyrrolidino-2-nitrobutadiene 14 of Table 1 with p-tolylmagnesium bromide (1.1 mol
equiv) at —78 °C in THF, obtaining the expected substitution product generally with yields from good to
high (57-94%), with the only exception of the reaction on 14g (X = COMe, Y = H, yield: 39%).”



Table 2. Yields” of compounds 15-19 from the reactions of 1-pyrrolidinonitrobutadienes 11aa and 14a,b,e,j
with aryl Grignard reagents, according to Scheme 9.

Ar 15: Y% | 16: Y% | 17: Y% | 18:Y%* | 19: Y%
a Ph 15a: 84 16a: 90 17a: 99 18a: 65 19a: 90
b 2-MeCeH, 16b: 95 | 17b: 95 19b: 98
¢ 3-MeCgHy 16c¢: 88 17¢: 87 19c¢: 95

d 4-MeCcHy 15d: 91 | 16d:98 | 17d: 94 18d: 88 19d: 90

e 3-MeOC¢Hy 16e: 87 18e: 97
f 4-MeOC¢Hs | 15f: 92 18f: 89 19f: 89
g 3-CIC¢Hy 18g: 77
h  4-CIC¢Hy 15h: 78 17h: 99 18h: 91

o

1-Naphthyl 15i: 85 16i: 91 17i: 99 18i: 93 19i: 98

2-Naphthyl 16j: 89 18j: 89 19j: 98

i o

k  2-Thienyl 15k: 69 | 16k: 76 | 17k: 99 18k: 98 19k: 98

1 3-Thienyl 161: 78 191: 77
“Yields of isolated, pure compounds. "Ref. 8b. ‘Ref. 15. ‘Ref. 16. ‘Ref. 17. Ref. 18.

The so obtained 1-aryl-4-nitro-1,3-butadienes 15 and 1-aryl-2-nitro-1,3-butadienes 16-19 represent a
valuable pool of poly-substituted building blocks endowed with different sets of functionalities: among the
others, ketene S,S- and S,SO,-acetals, or captodative vinyl systems like o-methyltio-o,B-unsaturated
ketones, esters and nitriles seem particularly promising as synthetic intermediates.

As a further functional modification, some of these compounds have been exploited by us in synthetic
protocols which include as the first step the convenient oxidation of the methylthio group to a

methylsulfonyl group, in order to increase their stability and/or improve or modify their electronic features.

4.1. The reaction of 1-aryl-4-methylthio- or 1-aryl-4-methylsulfonyl-4-nitrobutadienes with
diazomethane: an interesting dichotomic behaviour

Following the above mentioned, high-yielding preparation of sulfides 15a,d,f,h,i,k (Scheme 9, Table
2), the easy oxidation of the methylthio group of the latter with m-CPBA in dichloromethane™ furnishes the
corresponding sulfones 20 in high, when not quantitative, yields (Scheme 10, Table 3).

Actually, these two very simple, high-yielding reactions allow to obtain, via successive modification
of the functionalities of 11aa, two series of derivatives (15 and 20) which are identical but for the oxidation
level of the sulfur atom, a feature which significantly influences their electronic requirements.

Among the various possibilities offered by their expectedly wide synthetic potentialities, the treatment
with diazomethane seemed an appealing breakthrough: as a matter of fact, the cycloaddition reaction of

electron-deficient alkenes with diazomethane represents a useful access to a number of interesting targets
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(like pyrazolines and pyrazoles and/or cyclopropanes therefrom), as the literature clearly acknowledges with
a continuous interest on the subject.19 Nitroalkenes are particularly suited at this regard because the resulting
nitrocyclopropanes can in turn be considered important building-blocks thanks to the presence of the

versatile nitro group.20

NO, NO,
T m-CPBA o
—_ SMC CH2C12 J— SOzMC
Ar Ar
15 20
Scheme 10

Table 3. Synthesis of sulfones 20a,d,f,h,i,k according to Scheme 10.

Ar 20: Yield %
Ph 20a: 95
4-MeCeHy 20d: 96
4-MeOCg¢H4 20f: 95
4-CICcHy 20h: 88
1-Naphthyl 20i: 99
2-Thienyl 20k: 78

“Yield of isolated, pure compounds.

When added with diazomethane (2 mol equiv) in THF at 0 °C,* nitrosulfides 15 gave in any instance a
single product, i.e. the diastereomerically-pure racemic 3-methylsulfanyl-3-nitro-4-styryl-4,5-dihydro-3H-
pyrazole 21 (Scheme 11), as determined by NMR analyses and by a single-crystal X-ray analysis on the
model 21a (see the relevant ORTEP in Figure 1). Yields of 21, reported in Table 4, were always more than

satisfactory.

p— X
AL CH,N,

X =S0O,Me: 20

Ar
Scheme 11

As a matter of fact, the formation of isolable pyrazolines as the result of a 1,3-dipolar cycloaddition is

well in agreement with literature data.'” The reaction is, as expected, completely stereospecific because the
9



original cis/trans relationship of the substituents in 15 is maintained in 21 and, accordingly, 21a—f are

diastereomerically-pure racemic mixtures.

Figure 1. ORTEP drawing of pyrazoline 21a.

Table 4. Yields of pyrazolines 21 from sulfides 15, and of isoxazoline N-oxides 22 and cyclopropanes 23
from sulfones 20 (Scheme 11).*”

Ar 21: Yield %° 22: Yield % 23: Yield %°
Ph 21a: 80 22a: 44 23a: 31
4-MeCeH,4 21d: 83 22d: 65 23d: 25
4-MeOCgHy 21f: 76 22f: 50 23f: 34
4-CIC¢H,4 21h: 71 22h: 54 23h: 20
1-Naphthyl 21i: 73 22i: 64 23i: 24
2-Thienyl 21k: 82 22k: 64 23k: 27

“CH,N, 2 mol equiv, THF, 0 °C to rt, 15 h. ®Yields of isolated, pure compounds. “Isolated as
single racemic diastereoisomers.

When the same reaction conditions were applied to nitrosulfones 20 the main products were the
isoxazoline N-oxides 22 (Scheme 11) always accompanied by minor, but significant quantities of the
cyclopropane derivatives 23, according to the data reported in Table 4.8

The formation of the isoxazolines 22 has been explained (Scheme 12, path 2)*® on the grounds of the
well-known nitrocyclopropane to five-member cyclic nitronate isomerization,”' which proceeds through the
selective breakage of the most substituted bond of the cyclopropane ring. The 1-methylsulfonyl-1-nitro-2-
styrylcyclopropane precursor 24 could be isolated only in one occasion (Ar = 4-CIC¢H4), as the
contemporaneous presence of two strongly electron-withdrawing groups at C(1) of the cyclopropyl ring
favours a fast 24 to 22 isomerization thanks to a strong polarization of the C(1)-C(2) bond and to an
effective delocalization of the negative charge developing on the C(1) carbon. Concomitantly, the incipient
positive charge on the allylic C(2) carbon would be in turn stabilized by the conjugative effect exerted by the
styrene moiety. The cyclopropyl derivatives 24 are most likely the products of nitrogen extrusion from the
unstable, never observed pyrazolines 25, generated by a 1,3-dipolar cycloaddition of diazomethane on
sulfones 20.

The structure of the unexpected homologous cyclopropyl derivatives 23 was deduced on the grounds
of 'H and *C NMR analysis and NOE experiments. It should be noted that the cyclopropyl ring of 23 does

10



not spontaneously isomerize into the corresponding isoxazoline N-oxide, in agreement with the fact that the
breakage of the C(1)-C(2) cyclopropane bond would develope a positive charge on a carbon atom in a non-
conjugated position.

On the grounds of the experimental evidence, it is reasonable to assume that 23 derives from the
reaction of diazomethane with the transient nitroalkene precursor 26 (Scheme 12), whose formation can be
justified by means of nitrogen extrusion (Scheme 12, black arrows) from 25 coupled with migration of a

styrene moiety from C(4) to C(5) of the pyrazoline nucleus (blue arrows: path b): a process which bears tight

analogies with previous reports in the literature™ > and which can be rationalized on conformational
grounds.zz’23
SOzMe
Al 20
“Not detected.

Scheme 12

Thus, the final outcome of the reaction dramatically depends on the stability, in the reaction
conditions, of the alleged primarily formed pyrazolines (21 and 25 from 15 and 20, respectively) and, hence
on the nature of the substituents present on the butadiene system, the oxidation level of the sulfur atom
geminal to the nitro group playing a decisive role. In this line, it should be remarked that 2-nitrothiophene is
quite peculiar in providing, via ring opening and successive transformations, a 1,3-butadiene moiety
possessing two geminal strongly electron-withdrawing groups such as NO, and SO,Me: a structural feature

which is surely bound to characterize the chemical behaviour of building-blocks such as 20.

4.2. Synthesis of 5-(methylthio)isoxazoles from 2-methylthio-4-nitrothiophene

Among the numerous heterocyclic moieties of biological interest, the isoxazole ring is characterized
by a well acknowledged multi-faceted activity, strongly dependent on the presence of proper ring
substituents.”® An easy three step synthesis'’ of 3-arylmethyl-5-methylthioisoxazoles has been obtained
starting from 1,1-bis(methylthio)-3-nitro-4-pyrrolidino-1,3-butadiene (14e), that is the ring-opening product
of 2-methylthio-4-nitrothiophene (7e), by the initial replacement of the pyrrolidino group with an aryl group
(see Scheme 8, Table 2), followed by reduction of the nitrovinyl moiety to give the benzyl vinyl oximes
27a,d-k; the treatment in acetonitrile at reflux with an acidic ion-exchange resin (amberlyst 15®) of these
compounds, which possess two geminal methylthio substituents, finally allows the cyclization to the

isoxazole derivatives 28a,d-k (Scheme 13, Table 5).
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Scheme 13

Table 5. Yields” of oximes 27 and isoxazoles 28 (according to Scheme 13).17

Ar 27: Yield % | 28: Yield %
Ph 27a:88 28a: 94
4-MeCcH, 27d: 82 28d: 86
3-MeOC¢Hy 27e: 90 28e: 93
4-MeOC¢Hy 27f: 92 28f: 91
3-CIC¢H4 27g: 80 28g: 80
4-CIC¢Hy4 27h: 81 28h: 95
1-Naphthyl 27i: 95 28i: 88
2-Naphthyl 27j: 84 28j: 98
2-Thienyl 27k: 83 28k: 87

“Yields of isolated, pure compounds.

4.3. Thermal cyclization of products deriving from the ring-opening of 3-nitrothiophene and 3-nitro-
4-(phenylsulfonyl)thiophene

Other interesting results to be framed within an overall ring-opening/ring-closing protocol have been
obtained from nitrobutadienic fragments deriving from  3-nitrothiophene and  3-nitro-4-
(phenylsulfonyl)thiophene. Actually, the nitroenamines 14a and 14j (see Table 1 and Scheme 14) are the
start-point to synthesize the two series of l-aryl-2-nitro-4-methylthiobutadienes (16a—e,i-1) and 1-aryl-2-
nitro-3-phenylsulfonyl-4-methylthiobutadienes (19a—d,f,i-1), thanks to the usual reaction with aryl Grignard
reagent (Scheme 14). With the aim of improving the electronic features of our building-blocks, we chose to
oxidize the methylthio function to the methylsulfonyl group of compounds 29 and 30 respectively (Scheme
14, Table 6). The so-obtained building-blocks were then subjected to thermal cyclization by reflux in dry
xilene for the requested time (1-96 h for 29, 1-48 h for 30).'>'®

The thermal cyclization shown in Scheme 14 leads to the benzocondensed derivatives 31 and 32 in
more than satisfactory yields (Table 6), representing then an appealing synthetic route to compounds
(substituted naphthalenes, phenanthrenes and benzothiophenes) which are generally not easy to prepare via

more conventional methods.
12



NO, NO, NO,
/:g_—/SMe /:g_/SMe /:g_/SOZMe
N — At — AL _
O X X X

14a: X =H 16: X =H 29:X=H
14j: X =S0O,Ph 19: X = SO,Ph 30: X =SO,Ph

l

O,N X

S L,

S
7a:X=H 31 X=H
7j: X =SO,Ph 32: X =SO,Ph

Scheme 14

The mechanism of this reaction involves a disrotatory thermal 6m-electrocyclization followed by a fast
syn B-elimination of methanesulfinic acid (Scheme 15). The efficiency of the final aromatization step is
conceivably responsible for the reaction conditions, which are exceptionally mild with respect to

. . . 27
electrocyclic processes where electrons of aromatic systems are involved.

AN NO, thermal §n . NO, concerted
| electrocychzatlon‘ syn B-elimination
~ 31,32
/ X (disrotatory) X —MeSO,H

SOzMe H SOzMe
29,30

Scheme 15

Table 6. Yields” of sulfones 29 and 30, and of products from thermal cyclization (p-xylene at reflux) of the
15,18

latter (31 and 32 respectively).

X=H X =SO;Ph
Ar 29: Y% 31: Y% 30: Y% 32: Y%
Ph 29a: 92 31a: 86 30a: 95 32a: 96

2-MeCeHy | 29b:94 | 31b:90 | 30b:98 | 32b:98
3-MeCeH, | 29¢:93 | 31¢:79” | 30c:98 | 32c:93°
4-MeCeH; | 29d:98 | 31d:84 | 30d:92 | 32d:90
3-MeOCeH; | 29e:96 | 3le: 92
4-MeOCgH, 30f: 98 32f: 81
1-Naphthyl | 29i: 98 31i: 77 30i: 99 32g: 88
2-Naphthyl 29j: 98 31j: 75 30j: 99 32h: 98
2-Thienyl 29k: 93 31k: 90 30k: 99 32i: 90
3-Thienyl 291: 98 311: 72 301: 98 32j: 98

“Yields of isolated, pure compounds. "Mixture of isomers.
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The slight differences observed in the behaviour (yields and reaction time) of 29 and 30, which differ
only for the presence of the phenylsulfonyl group in the 3-position of the butadienic chain, testify for the 67-
electrocyclic nature of this process, while the involvement of a pathway of ionic nature could be excluded
thanks to appropriate experimental tests, including use of solvents of different polarity and/or introduction in

the aryl moiety of groups of very different electronic properties."

4.4. Base induced cyclization of ring-opened products from 3-nitrothiophene

When basic conditions are applied (LHMDS in THF at 0 °C), the nitrobutadienes 29 have been found
to undergo a completely different kind of cyclization, which allows, after acidic quenching, to isolate
thiopyran S, S-dioxides 33 as single racemic mixtures in satisfactory yields (A in Scheme 16).%®

The neat result of such base-induced cyclization is therefore an enlargement of the starting thiophene
ring via deprotonation and Michael-type cyclization onto the nitrovinyl moiety, followed by selective
protonation of the carbon adjacent to the sulfonyl group.

Within this context, an interesting unexpected competitive process (B in Scheme 16) has been
evidenced, depending on the nature of the aryl moiety (Ar) in 29. Actually, when the aryl is a less aromatic
naphthyl or thienyl group, the unusual derivatives 34, containing a 8-atom heterocycle ortho-condensed to
the original aryl, can be isolated. Such a surprising reactivity, whose details are still under investigation, is
justifiable with the involvement of an aromatic electronic couple within the intramolecular Michael-type

addition.®

Ar
H;C S
0, 29
LHMDS
&) (1.1 mol equiv.),

NO, THF, , °C N()@

2

NO
74 2 Ar_ 4
B — 5 3
| Ar A |
| : 6 .
S intramolecular H,C intramolecular S 1
02 Michael-type S Michael-type 02
addition to the 02 addition to the
NH,Cl1 aromatic (Ar) ring nitrovinyl moiety NH,Cl
NO, NO,
Ar

@ 7 N o

S

S (0)
34 0 2

33

Scheme 16

It is interesting to note that nitrobutadienes 30, structurally similar to 29 but for the presence of the
phenylsulfonyl group at C-3 and able to give (like 29) thermal 6m-electrocyclization, failed to undergo the
base-induced process as no significant evidence for the formation of the corresponding cyclized product was

detected after treatment in analogous reaction conditions.
14



4.5. Base induced cyclization of ring-opening products from 3-nitrobenzo[b]thiophene

As already mentioned, the condensed heterocycle 3-nitrobenzo[b]thiophene 7b undergoes, as much as
simple B-nitrothiophenes, ring opening when reacted with pyrrolidine and silver nitrate (Scheme 7); after
methylation of the non-isolated silver thiolate it is possible to recover in high yields (Table 1) a peculiar
“butadiene” system in which one double bond is part of a phenyl ring (14b).” Following the high-yielding
replacement of the pyrrolidino group with the aryl group of a Grignard reagent, the styryl derivatives 17a—
d,h,i,k (Scheme 17 and Table 7) can be oxidized to the corresponding sulfones 35a—d,h,i,k, endowed with a
sulfonyl-activated methyl group. Similarly to the nitrobutadienes 29, when treated with LHMDS at 0 °C
followed by acidic quenching, compounds 35 underwent a cyclization reaction, being eventually converted
into the thiochroman S,S-dioxides 36a-d,h,i,k (Scheme 17, R = H).16 This definitely represents a
synthetically useful outcome, given the renewed interest attached to such sulfur heterocycles.”

The cyclization step generally furnishes excellent yields. The process can again be explained as an
intramolecular Michael-type addition of the initially formed sulfonyl-stabilized anion to the nitrovinyl
moiety; stereochemical aspects should be considered as the reaction generates two stereocenters. Actually,
two diastereomeric racemic mixtures are isolated throughout, with rather low stereoselectivity,
corresponding to the cis and trans configurations at the C(3)-C(4) bond, with a slight preference for the

cis-racemate.

(0]
NO,
Ar
\ C
reactlon
S b X \s R
. . 2 0O,
’) pyITOIIdII']C 363—d h 1, k: R=H A 4la-d,h,i,k: R=H

i) RCH,Hal | EtOH 40a-dhik: R = Ph

) LS, TiE | Y/ LHMDS, THE
vi . jij) HCl 5%
vifysatd. Nl |V °

O,N
? O,N 0N
iif) ArMgBr A Ar
v ) HCI 5% T y)McpA
—_—
SCH,R
SO,CH,R
14b:R=H SCHR S
37:R=Ph l7a-d,h,i,k: R=H 35a-d.h.i.k: R=H
38a-d.h,i.k: R =Ph 39a-dh,ik: R = Ph
Scheme 17

Similar sulfides (38) and sulfones (39) have been synthesized from 37, obtained by quenching the ring
opening reaction with benzyl bromide rather than Mel (Scheme 17) and the cyclization reaction of sulfones
39 proceeds with satisfactory yields. As far as stereochemistry is concerned, in this case the system is
complicated by the occurrence that three stereocenters are contemporaneously generated in the final
thiochromans 40: from a speculative point of view, the reaction promises to be rather intriguing because
only three of the four possible diastereoisomers are present in each case in the final mixture and the relative
ratios strictly depend on the reaction temperature. The matter is presently under investigation.28

Another interesting facet of this intramolecular cyclization is that different derivatives are produced

15



depending on the nature of the acidic quenching: the nitrothiochromans 36 and 40 are obtained when
ammonium chloride is used as the acid, while the corresponding thiochromanones 41 are obtained, although
in less satisfactory yields, with 5% hydrochloric acid (Scheme 17). Thiochromanones 41 can alternatively be
synthesized from the isolated nitroderivatives 36 by the Nef reaction.*

Table 7. Yields” of sulfones 35 and thiochroman S,S-dioxides 36 from the initial ring opening of 3-nitro-
benzo[b]thiophene 7b (Scheme 17).16

Ar 35: Yield % 36: Yield %

Ph 35a: 99 36a: 78
2-MeC¢Hy 35b: 97 36b: 80
3-MeCcH,4 35¢: 99 36¢: 80
4-MeC¢Hy 35d: 94 36d: 88
4-CIC¢Hy 35h: 99 36h: 78
1-Naphthyl 35i: 99 36i: 99
2-Thienyl 35k: 99 36k: 70

“Yields of isolated, pure compounds.

5. Pharmacological activity of some nitrobutadienes

Recently, following a preliminary screening of a number of 1,4-diaryl-2,3-dinitrobutadienes 5, the
1,4-bis(1-naphthyl) derivative Sa (Figure 2) has revealed significant pharmacological properties against
tumour cell lines characterized by different mechanisms of resistance towards the most common anticancer

31,32 L. 3334
and in vivo

drugs.’™ The encouraging results obtained both in vitro as well as on its toxicological
effects” have suggested Sa as a potential lead compound for a new class of pharmacologically-active
molecules. On this ground, more recently some new derivatives, characterized by a common nitrobutadienic
array, have been designed, synthesized and subjected to pharmacological tests. Thus the 1,4-bis(2-naphthyl)
derivative Sb (Figure 2), a structural isomer of Sa provided with a different spatial arrangement, has in turn
revealed a remarkable in vitro activity, although with significant differences, with respect to the lead, against

. 36
some cell lines.

Figure 2

More interestingly, an enhanced in vitro activity has been displayed by the non-symmetric
nitrobutadiene 42 (Scheme 18) characterized by just one naphthylnitrovinyl moiety and designed as an

application of the concepts of the molecular semplification stra‘[egy.34’3 !
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Scheme 18

When 42 was analyzed in vitro for its inhibition of cell proliferation and apoptotic activity it showed a
significant pharmacological activity at micromolar concentrations, with a significant improvement compared
to the parent compound 5a.*” Furthermore, when considering the ability to induce apoptosis, 42 showed an
activity that was in some cases better than that observed for 5a, as evaluated by the morphological analysis
of nuclear segmentation. Apoptotic activity was also confirmed by the staining with Annexin V and by the
analysis in western blot of the upregulation of p53 oncosuppressor protein, classically involved in the
activation of the apoptotic machinery in response to DNA damage. Moreover, the analysis of formation of
interstrand cross-links demonstrates the binding of 42 to DNA, although it was lower than that observed
with the parent compound 5a.>” This observation, together with the indication of partially different cutting
sites, was confirmed by the analysis of the inhibition of restriction enzymes cutting activity in A phage DNA
treated with the compound.38 Finally, the analysis of the cell-cycle phases showed that 42 was able to cause
a dose-dependent block of cells in the G2/M phase of the cell cycle, with a concomitant decrease of cells in
the S phase.37

On the basis of these interesting results, we oriented 42 toward in vivo studies with the aim to evaluate
its toxicological and pharmacological behaviour. For this reason, we tested the antitumour activity of 42 in
several murine tumour models derived from different tumour histotypes, namely the myelomonocytic P388,
the Lewis lung carcinoma 3LL, the melanoma B16, the fibrosarcoma WEHI and, finally, the C51 colon
cancer. The molecule was previously analyzed by means of toxicological experiments on mice, in order to
determine the lethal (LD) and the maximal tolerated (MTD) doses applicable in antitumour activity studies
together with the spectrum of histological alterations caused by its endovenous administration.**

The results obtained so far definitely show that the “simplification” of the original structure of Sa has
been rewarding, as it has led to the synthesis of a promising nitrobutadiene derivative characterized by a)
negligible histological toxic effects, b) an antitumour activity which is in some cases even better than that
showed by the parent compound and c) tumour selectivity significantly different from that of 5a.>*

Finally, it should be stressed that the possibility to introduce an alkoxycarbonyl (COOR) group at C(4)
of the butadiene array can be exploited e.g. in order to improve the water solubility of the molecule and
hence to reach a better administration of the active principle, e.g. introducing hydrophilic functionalities in

R: this is, of course, just one of our ongoing research lines in the field.

6. Conclusions

Following a longstanding synthetic exploitation of the amine-induced ring-opening of 3,4-dinitro-
thiophene, likewise interesting results have been collected in more recent years also from the manipulation
of the asymmetrically-substituted nitrobutadienes deriving from the ring-opening of other nitrothiophenes.

As a matter of fact, in systems like 11 or 14 the different functionalization of the 1,3-butadiene skeleton
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allows selective transformations of the two conjugated vinyl moieties which are precluded to the symmetric
dinitrobutadienes deriving from 1: as a consequence, the pool of heterocycles obtainable from
nitrothiophenes is significantly enriched, e.g. by isoxazoles such as 28 or cyclic nitronates such as 22 (of
course, in turn amenable of further manipulation). The conservation of the original sulphur atom in the
opened products is, in particular, surely profitable from the synthetic point of view, triggering new pathway
eventually leading to interesting sulphur heterocycles such as 33, 34, 36 and 40 or derivatives therefrom.
Finally, the “diversity” endowed in butadienes such as 14 would hopefully play a role also from the
pharmacological point of view: actually, the promising antitumor activity of the “symmetric” Sa, somewhat
enhanced in 42, can gain further improvements from newly designed structural (functional and/or
geometrical) modification (possibly regarding just “one half” of the molecular array) aimed to optimizing

the mechanism of action of such a promising new class of potential drugs.
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Abstract. Porphyrins are among the chromophores most widely used by Nature. Very simple and basic
porphyrin derivatives are incorporated in sophisticated architectures by means of self-assembly or weak
interactions with the protein environment. Many synthetic porphyrin structures are inspired by Nature, and
face-to-face arrangements have received much attention due to their relevance to the “Special Pair" in the
photosynthetic reaction center. This chapter provides an overview of the available synthetic strategies
leading to preorganized cofacial porphyrin dimers. The prime importance of the spacer responsible for the

controlled spatial arrangement of the chromophores is emphasized.
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1. Introduction

Porphyrins are chromophores named after their most common purple color (porphura in Greek), which
belonged to a pigment extracted from shells in the ancient times. The porphyrin marocycle was isolated for
the first time in 1884 by Nencki' who, in 1896, suggested a chemical structure based on the pyrrole motif.
The correct structure was then proposed in 1912 by Kuster.” The Fischer synthesis of etioporphyrin3 later
confirmed the association of four pyrrole moieties via methane bridges. As shown in bold in the structure in
Figure 1, 18 m-electrons contribute to the aromaticity of the porphyrin macrocycle. The aromatic character
and the high density of m-electrons induce high stability, photoactivity and electroactivity for most porphyrin
based structures.

Due to its stability, the porphyrin core is one of Nature’s most versatile pigments. Although in modern
coordination chemistry the on-demand tuning of porphyrin properties can be achieved, Nature uses only
three major structures for which the reactivity is tuned by the surrounding polypeptide environment.
Protoporphyrin IX derivatives are the main component of the active site in hemoproteins, chlorophyll

derivatives are widely used in plant photosynthesis and bacteriochlorophyll derivatives are involved in
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energy collection and conversion in bacterial photosynthesis. The involvement of bisporphyrin scaffolds in
photo-induced charge separation in natural systems has stimulated the imagination of chemists during the
last two decades. Numerous synthetic cofacial bisporphyrins have been prepared in which two porphyrins in
parallel plans are nearly facing each other. Due to the close proximity of the two macrocycles, it is possible
to combine the reactivity of two electroactive metals (iron, cobalt) or the reactivity of two chromophores

when the central ions are redox inactive.

3 5 7
2 s -— B
20 10— Mmeso
18 12
17 15 13

Figure 1. Porphyrin structure as initially proposed by Kuster and IUPAC numbering. Trivial names for
common denominations of peripheral positions are also indicated.

This account provides an overview of covalent cofacial bisporphyrin scaffolds and their use in the
fundamental understanding of chromophore interactions, or in the design of redox active species for catalysts
or switches. Bisporphyrins without cofacial preorganization will be deliberately ignored and synthetic
strategies will not be discussed in detail as far as the porphyrin ring formation is concerned.* For each
compound, strategic key steps will be schematically highlighted together with the structure of the

compounds. The influence of the spacer on the behavior of the scaffolds will also be discussed.

2. Cofacial bisporphyrins and photosynthesis

Photosynthesis transforms light energy into chemical energy in an efficient process that occurs in a
highly organized molecular architecture. Among the chromophores chosen by Nature for this process,
porphyrin derivatives play a central role. In the peripheral light harvesting antenna complexes, these
tetrapyrrolic pigments absorb light and transfer it rapidly and efficiently to the complex’s core, where a
reaction center called the “special pair” initiates charge separation. This photo-induced electron transfer
across the membrane ultimately leads to the release of chemical energy in the form of ATP.

In purple bacteria, the “special pair” is a bacteriochlorophyll (BChl) a dimer. The slipped, cofacial
arrangement of the bacteriochlorophyll chromophores is one important feature of the special pair that was
elucidated by the structural resolution of the reaction center of the purple bacteria Rhodopseudomonas
Viridis. In 1982, H. Michel first succeeded in crystallizing a transmembrane protein responsible for
photoinduced charge separation in this purple bacterium.” During the next three years, in collaboration with
J. Deisenhofer and R. Huber, the atomic structure was resolved by X-ray diffraction (Figure 2).% These three
scientists were awarded the Nobel Prize in Chemistry in 1988 for this work.

Although the first reports of cofacial bisporphyrins like Kagan’s “strati-bisporphyrin” 1 (Figure 3)
appeared in 1977,” the recognition of Michel, Deisenhofer and Huber’s work rapidly led to the synthesis of
a large number of diverse cofacial porphyrin structures aimed at modeling the special pair. Many of these
bisporphyrins were synthesized in hopes of obtaining a better mechanistic understanding of photo-induced

biological plrocesses.10 Others were designed for their electrocatalytic properties or four electron reduction of
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oxygen.'' As we will see, face-to-face porphyrin assemblies have recently attracted attention in

supramolecular recognition, for example as allosteric hosts, gas sensors and catalysts.

BChl 602 (dark grey) and 603 (medium grey), others (light grey).

Figure 2. Structure of the reaction center of Rhodopseudomonas Viridis.! Generated with Rasmol 2.6 from
PDB file 1PRC.

—
ZT
-

oHO CHO

GHO > (
CHO H*

Figure 3. Kagan’s strati-bisporphyrin.

3. General spectral and redox properties of porphyrins

Among the properties of porphyrins, their photochemical and electrochemical activities are the most
utilized. Porphyrins usually exhibit very intense absorptions (10°< & < 3 x 10°) in the high energy region of
the visible spectrum (Soret band ~390 to 450 nm). These absorptions correspond to the generation of S,
excited states. Less intense (2 x 10°< & <2 x 104) absorption bands (Q bands) associated with vibrational
levels of transitions generating S; excited states are generally observed at lower energies (500 to 700 nm).
Without going into detail, the estimated HOMO LUMO gap in porphyrins is generally situated around 2.3
eV, which quite invariably gives a standard electrochemical behavior for simple porphyrin macrocycles,
given that they do not contain electroactive metal ions.

In cofacial arrangements, the two porphyrins can either be stacked one directly above the other (H-
aggregates) or in a slipped stacked arrangement where one porphyrin is off-center but above the other (J-
aggregates). In both arrangements, the dipole moments of the porphyrins are coupled, resulting in UV-

visible spectral changes. The distance separating the two chromophores is also a determining factor in the
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strength of the excitonic coupling. For example, hypochromism, blue shifts, broadening and/or splitting of
the Soret band (around 400 nm in a single porphyrin chromophore) are consequences of excitonic coupling
in H-aggregates or cofacial bisporphyrins that are the focus of this update.'”” For example, Kagan’s
bisporphyrin 1 showed only a relative hypochromism, a small broadening and no blue shift for the Soret
band. Instead, a small red-shift of the Q-bands was observed that supports a J-aggregate character permitted
by the relative flexibility of the linkers.

Regarding electrochemical properties, the distance separating the two porphyrins in a cofacial
arrangement will also determine the degree and the consequences of interactions between the two redox
active species. Thus, most of the discussion throughout this chapter will be based on geometric
considerations, and the flexibility or rigidity of the scaffolds will be the main parameter examined.
Hereafter, cofacial porphyrins will be classified into two main families depending on the type of linker
between the chromophores. Rigid assemblies will be distinguished from flexible assemblies. In general, rigid
assemblies have a limited degree of freedom of movement compared to flexible scaffolds in which the

bridge permits topographic changes within the scaffold.

4. Rigid assemblies

When two porphyrins are held in a face-to-face arrangement by rigid spacers, the inter-porphyrin
distance is well defined. Dimers of this kind are often called “Pacman” porphyrins. The term Pacman stems
from the description of small geometric longitudinal changes occurring, for example, in the presence of
substrates in between the two macrocycles, while lateral degrees of freedom are limited."" The pinching
motion suggested the Pacman name in relation with the munching characters of the pioneer video game.
These compounds generally display optical properties different from those of the special pair in which the
chromophores have a slipped (off center) cofacial orientation. Pacman porphyrins have been studied widely
as catalysts for their electrocatalytic properties.

A family of Pacman porphyrins 2-5 (Figure 4) with anthracene or similar spacers has been developed
by several groups. Synthesis of the first member of this family, the anthracene Pacman 3, was reported by
Chang® in 1977 and was later improved by Collman.'" The initial interest in these compounds stemmed from
the electrocatalytic properties of their cobalt complexes for four electron reduction of oxygen.13 These
species were obtained by stepwise bis-dipyrrylmethane formation on the chosen dialdehyde (spacer),
followed by condensation with two dipyrrylmethane moieties, as depicted schematically in Figure 4.

Later, Nocera studied the influence of the porphyrin-porphyrin distance on the activation of small
substrates.'* Variation of both the dihedral angle and the interchromophore distance was accomplished with
dimethylxanthene'® and dibenzofuran'® spacers in compounds 4 and 5, respectively. Compared to the Ceso-
Cmeso distance of 4.94 A in 3, this Cpeso-Cmeso distance is smaller in 4 (4.32 A) and larger in 5 (5.53 A). Due
to the Pacman effect and subtle geometric changes allowed by the structure, the interporphyrin distance and
the electronic properties of the Pacman dimers built with etioporphyrins were modified by introducing a

17,18
7

meso-aryl groups in porphyrins 6 and (Figure 5) or by replacing the etioporphyrins with

2 olefins®® and

tlriarylporphyrins.lg’21 The photoinduced oxidations of phosphines,22 dimethylsulfite,
hydrocarbons*' were compared in the p—oxo complexes of the iron(IIT) aryl-substituted porphyrin dimers 6
and 7. The activation of the iron-oxygen bond was enhanced 1000-10,000 times in 7 compared to 6. A

broader range of substrates could also be oxidized by 7 because of its larger, more accessible cavity.
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characterization of the p-peroxo adduct between two cobalt octaethylporphyrins,

X
CHO N*H >
—N
—_— X —. D
CHO

Figure 4. A series of rigid Pacman bisporphyrins covering a range of inter-chromophore distances
from 3.80 A to 5.53 A, and schematic synthetic strategy used to produce the desired scaffold
from dipyrrylmethane units. D = d (meso-meso).

6: M=27Zn 7 : M=12Zn, Ni, Cu,
FeCl, or MnCl OMe

Figure 5. Subtle steric constraints introduce longitudinal distortion in Pacman architectures built
on dimethylxanthene and dibenzofuran spacers.

Whereas initially the reduction of oxygen was the main focus of attention, in particular the
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dinitrogen® and the activation of H,*® using ruthenium Pacman bisporphyrins with biphenylene spacers
drew much attention in the beginning of the 90s. Because of the electrocatalytic properties of their cobalt

derivatives and their potential interest in fuel-cell applications for the reduction of oxygen, architectures 8—

10, were prepared according to the strategy27 depicted in Figure 6 and grafted on graphite electrodes.”
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Figure 6. Unsymmetrical Pacman bis-tetraarylporphyrins: synthesis and example.
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These studies showed that the electrocatalytic properties of the grafted Pacman were dependent on the
electrode substrate (surface), confirming that mechanistic insights were still needed, especially when the
porphyrin units of the Pacman contain metal ions that require external ligands (outside the Pacman mouth).
Stepwise, four electron reduction in solution using ferrocene as one electron donor was recently reported for
scaffolds 2-5 (M; = M, = cobalt) by Guilard and Fukuzumi.” The properties of Pacman 2 and 3 in which a
cobalt porphyrin was associated with a porphyrin containing a cation with a strong Lewis acid character
were investigated.30 Lutetium (III) and scandium (III) derivatives did catalyze the tetraelectronic reduction
of oxygen.

The distance separating the two porphyrin macrocycles plays a crucial role and influences the ease of
cooperation of the two redox active metal centers or the strength of interactions between the chromophores.
For photochemical interactions, the main properties of hollow Pacman will be examined first.

Using the dibenzothiophene analog 11 (not shown) of compound 5, singlet-singlet energy transfer was
studied for the zinc/free base and gallium/free base Pacman compounds.3 ' The Crneso-Crmeso distance in 11 is
the longest in this series of compounds, reaching 6.30 A. The blue shifts of the absorption bands were
indicative of ground state interactions. In the excited state, interchromophore interactions increase as the
distance decreases, as shown by the variation of the fluorescence quantum yields and lifetimes. Whether
Forster or Dexter mechanisms of energy transfer operate in these dimers is governed by the interporphyrin
distance. For example, Forster energy transfer occurs from the zinc donor to the non metallated (or free base)
acceptor in dyads (Zn-H)11 and (Zn-H,)S, whereas the Dexter mechanism occurs in (Zn-H,)2—4. Harvey
and Guilard determined that the Dexter mechanism is inoperative above the critical distance of 5-6 A3
This observation was later confirmed by analyzing the distance dependence of triplet-triplet energy transfer
in Pd-Zn and Pd-H,; porphyrin Pacman (Pd-H;)3 and (Pd-H;)3-(O,)-(1-#-butyl-5-phenylimidazole)

complexes.” With the aim of developing oxygen sensors, the luminescence of the (Pd»)3 was studied. The
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interaction with dioxygen quenched the excited states of the Pd-porphyrin moieties. Quenching was weaker
in (Pd2)334 than in the (Pd,)4 counterparts.3 >

Nocera also demonstrated Pacman effects for 12 (Figure 7) in which the initial Zn-Zn distance of 7.78
A'® could be shortened to 6.68 A in the presence of a 2-aminopyrimidine bidentate bound to both zinc
atoms.”® The emission lifetime of the Pacman bisporphyrin in the presence of the guest increased by more
than an order of magnitude compared to the free Pacman due to the rigidification of the scaffold. Vibrational

deactivation processes can thus be significantly reduced in Pacman species.
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Figure 7. Inclusion of guests into geometrically well-defined Pacman.

The insertion of guests is not restricted to architectural purposes and their consequences. Due to the
rather well defined geometric properties of species organized around rigid spacers, specific binding can be
used as a tool for the precise positioning of photochemical partners. In that case, the structuring guest also
plays a role in the photoinduced processes that are observed. This strategy has been widely used in two
distinct approaches by Johnston and Sauvage. As shown in compound 13 (Figure 7), coordination of a
diimide derivative of an appropriate length provides a tool for the assembly of two photo- and electro-active
moieties.>” Johnston and Flamigni showed that in the presence of a naphthalene diimide derivative (NIN),
bound within 13 with an association constant in the 10 M range, excitation of the zinc porphyrin donors
lead to a very fast electron transfer to the diimide in 1.2 x 10" ™' Similar association constants were
reported for the porphyrin supramolecular assembly 14 in Figure 7.°® Energy transfer from the zinc
porphyrin to the free base porphyrin was also fast (2 x 10" s in this host-guest assembly.

Significant innovative synthetic progress was made by the use of [2+2+2] cycloadditions. Therien
elegantly used the reactivity of triple bonds at the periphery of porphyrins to prepare various scaffolds such
as 15.%° The influences of the linker as well as the position of the anchoring point of the spacer on each

porphyrin ring were explored. The strategy depicted in Figure 8 can be applied to the synthesis of Pacman

species, superstructured single porphyrins*® and also to face-to-face multiporphyrin arrays.*!
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Figure 8. A [2+2+2] cyclization strategy for the preparation of Pacman species.

Similar scaffolds were prepared by Smith using McMurry coupling in the presence of titanium
catalysts.42 More recently, the same author investigated the use of porphyrin monomers bearing a fused
cyclopentadienyl derivative 16 to organize face-to-face species via dimerization or formation of a ferrocenyl
bridge as depicted in 17 (Figure 9).%

In bisporphyrin 17, only the Q bands were red shifted relative to those of the monomer precursor as a
result of the slipped cofacial arrangement of the two porphyrins. An X-ray structure confirmed this
arrangement. The porphyrin planes were 4.2 A apart and nearly parallel, with a dihedral angle of 4.1(5)°.

The distance between copper centers was 5.290(4) A.

Ar Ar
Ar
Ar i
ArAr
17 Ar

Figure 9. Pacman bisporphyrins based on cyclopentadienyl substituted precursors.

Cofacial bisporphyrins in which the distance modulation is extremely limited have been reported as
well. The synthesis of the bisporphyrin-quinone scaffold 18 in Figure 10 can be seen as a combination of

dipyrrylmethane formation and stepwise condensation with a masked dialdehyde.44

@ CHO 18

Figure 10. Quinone capped mixed cofacial architecture.
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In such a structure, the rigidity of the scaffold is of utmost importance, as it ensures the stepwise
electron transfer from the bottom porphyrin to the quinone. For this reason, this structure is more relevant to
the class of cyclophanes than to the Pacman family.

The bisporphyrin 19 (Figure 11) described by Sanders also belongs to the cyclophane family.45 This
cage compound displays interesting preferential binding properties inside the cavity on the basis of entropic
stabilization. It is also very important, as we will see later on, to consider the butadiyne linkers as precursors

of flexible linkers that can be generated upon hydrogenation of the unsaturated bonds.

Figure 11. A cofacial bisporphyrin cyclophane with butadiyne linkers.

S. Flexible assemblies

In this section bisporphyrins in which the two chromophores are joined by flexible spacers will be
discussed. The term flexible implies that some degree of movement is possible within the system. Hence,
contrary to the rigid assemblies presented above, the interporphyrin distance is not necessarily fixed in the
flexible systems. In some cases, substrate binding or some other stimulus is required to obtain a face-to-face
arrangement of the porphyrins. In other examples, the two porphyrins are preorganized in a cofacial

arrangement. Each type of assembly will be discussed as a subsection.

5.1. Flexible scaffolds requiring a stimulus for cofacial arrangement

Flexible scaffolds in which a cofacial arrangement is not initially present are generally linear
molecules with ether, polyether or other non rigid bridges between the two porphyrins. The porphyrins adopt
a cofacial arrangement when an external stimulus, such as a binding event, induces a topographic
rearrangement. Large reorganization energies are often required to obtain the cofacial bisporphyrin.
Consequently, the resulting host-guest complexes have lower association constants than in rigid assemblies.
The advantage of these flexible systems is their relatively simple synthesis and their ability to adjust to the
size of the substrate.

Using simple, high yielding reactions such as the Williamson coupling, Monti and co-workers
prepared linear bisporphyrins bridged by polyether chains®® (Figure 12). In the presence of alkaline or
alkaline earth cations (Li*, Na*, K*, Mg**, Ca**, Sr**, Ba®") the polyether chain wraps around the cation,
creating a cofacial porphyrin arrangement. Despite low binding constants, interchromophore interactions
were observed by UV-visible and NMR spectroscopies. The porphyrin-porphyrin distance was controlled by
the choice of the cation and by the length of the ether chain. A similar compound, in which one 5,10,15-
triphenylporphyrin was replaced by an octaethylporphyrin (OEP), was also reported; however, cation

complexation had little effect on the efficiency of energy transfer.*’
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Figure 12. Allosteric receptors.

To improve the efficiency of cation detection, Monti developed an allosteric approach in which the
binding affinity for bidentate nitrogen ligands by the zinc porphyrins in 20 (Figure 12) is modified by the
complexation of a sodium cation within the ether chain.*”® This allosteric effect decreases the host’s affinity
for 4,4’ -bipyridine but increases its affinity for 1,2-diaminocyclohexane.

An interesting example of an allosteric effect was reported by Kubo for the compound 21 in Figure
12.* The biphenyl groups are linked by a pseudo-crown ether that is a binding site for Ba**. In the absence
of barium, this bisporphyrin has a high affinity for a diamine. However, the diamine is progressively
released in the presence of increasing amounts of barium perchlorate.

Another important property often associated with allostery is chiral induction caused by the binding of
a chiral guest within a bisporphyrin host. Such binding events can be followed by circular dichroism (CD).”
Kubo showed that the complexation of potassium within a macrocyclic spacer assists the rise of induced CD
during the complexation of chiral diamines by receptor 22 (Figure 13).”" This allosteric effect of potassium
provides a means of determining the chirality of potassium carbonate salts such as camphorates and

mandelates using a bi-phasic extraction method.
N O O O O
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Figure 13. An allosteric receptor for chiral induction.

Chiral binaphthyl bis(zinc porphyrin) receptors were used as chiral sensors by Ogoshi and Hayashi for
the amplification or induction of CD signals in the presence of substrates.”” In a chiral host, the CD signal
was amplified upon binding dialkylamines. The degree of amplification was a function of the diamine length
and the binding constant. The absolute configuration of a lysine derivative was determined thanks to the

enantioselectivity of the bisporphyrin cavity.
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Bisporphyrins with flexible, linear bridges also act as chiral sensors. Bis(tetraaryl-porphyrin) 23
bearing diester bridges (Figure 14) were developed to study chiral induction or the origins of CD signal
amplification upon substrate binding. Nakanishi and Berova have shown that the amplitude of induced CD
spectra is directly related to the steric bulk of the substrate’s largest substituent.” Furthermore, the sign of
the CD signal depends on the absolute configuration of the substrate.>

Inoue, Borovkov and collaborators studied supramolecular chirogenesis for 24 with the ethane-bridged
zinc octaethylporphyrins (ZnOEP) in Figure 14.°> At room temperature, a cofacial syn conformation is
preferred. This syn arrangement is favored over the extended anti form due to strong m-m interactions.
Conformational switching from the achiral, syn conformation to the chiral, anti conformation was both
temperature dependent and ligand assisted.” The chirality of the anti conformation could be induced by a

. 37 . . . . 38
chiral guest’ and, in one case, tuned by increasing the guest's concentration.
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O
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. %
23 Ar 24

Figure 14. Chirality sensors based on CD spectra induction by chiral bidentate.

Flexible species in which the cofacial geometry can be induced by substrate complexation were
reported by Flamigni and Solladié.”®® At first glance, the porphyrin dimer 25 (Figure 15), prepared by
sequences of Sonogashira coupling with acetylene and anthracene spacers, might seem to have little
flexibility. However, rotations around single bonds between the acetylene and anthracene provide a variety
of possible conformations. The porphyrin-porphyrin distance can vary from 5 to 20 A and topography can be
adjusted by substrate binding. With a diazabicyclooctane (DABCO) guest, the porphyrins could be held
approximately 5 A apart. Dipyridyl free base porphyrins or 4,4’-bipyridine guests force the porphyrins
further apart. Association constants in toluene were one order of magnitude higher for the bipyridine
complex (3.8 x 10’ M™) than for the 5,10-dipyridylporphyrin complex, probably due to more a more
cofacial, less strained arrangement of the porphyrins in the presence of the 4,4’-bipyridine guest.

Similar “induced-fit” behavior® or template effect®®®?

was previously observed by Ballester and
Hunter in 26 and 27, represented in Figure 15. The ability of each scaffold to form face-to-face arrangements
upon complexation of DABCO," dipyridyl ligands63 or a bis(4,4'-bipyridine)Pt Wedge62 is mostly controlled
by the positioning of the amide nitrogen on the porphyrin moieties. Ortho and meta substituted species 26a
and 26b form face-to-face complexes offering various distances between the chromophores, whereas para
substituted species 26¢ afford higher degrees of supramolecular arrangements. Haino and Fukazawa reported
free base analogs of 26b that dimerize through n-n interactions.*! Bisporphyrins similar to 26¢, but with
chiral ester linkages instead of amide bridges, were shown to be chiral NMR shift reagents.65 The
enantiomeric purity of chiral diamines, aziridine and isoxazoline was determined using micromolar

concentrations of the bisporphyrin.
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26a: ortho-dimer
26b: meta-dimer 27: R= _©-C5H11

26¢: para-dimer
Figure 15. Flexible bisporphyrins that organize in cofacial geometry upon binding of a bidentate guest.
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Figure 16. Highly flexible calixarene-porphyrin scaffolds.

Several bisporphyrin species in which the positioning of the two chromophores on the same side of the
spacer is secured by the use of calix[4]arene spacers have been reported.ﬁ(*68 In scaffolds 28-30 represented
in Figure 16, the cofacial arrangement is only obtained upon binding of a linear bidentate such as DABCO,
pyrazine, or 4,4’-bipyridine, due to the flexibility of the bridge between the chromophore and the calixarene
platform.

The choice of the rim of the calixarene (29) or thia-calixarene (30) spacer used has little influence on

the weak preorganization, but will influence the selectivity of the geometric rearrangements upon substrate
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binding in the case of anions,” cations®’ or bidentates.** Similar observations were reported by Ballester and
Hunter in receptors for which the stoichiometry of the guest binding influences the size and shape of self-
assembled cavities comprising more than one calixarene moiety.”” To avoid the flexibility of amide, ester or
ether linkages, direct attachment of the porphyrin framework to the wide rim of the calixarene platforms has
led to more rigid species that will be examined in the last section of this chapter.

Other guests have been used to force the face-to-face arrangement of bisporphyrins for which
coordination to the central core of the porphyrin is not required. For example, bipyridine’® and terpyridine’"
platforms 31 and 32, respectively, which exhibit conformational changes that can be controlled either by
solvation or metal complexation, can be used as platforms for the preorganization of chromophores (Figure
17). In this case, the main advantage is that hetero-dimetallic porphyrins or non metallated species can be
used to detect the guest binding via modification of their photophysical properties. This advantage also

stands for guests bound by n-x stacking interactions between the flat surfaces of the two porphyrins.

ﬂ

Binding control

31 32
Figure 17. Flexible bisporphyrins with solvent or cation binding control over the cofacial preorganization.

5.2. Flexible species with two links: cyclophanes
The introduction of a second link in the framework provides better control of the cofacial organization
of the two tetrapyrrolic macrocycles. Of course, the overall flexibility of the linkers used will be responsible

for defects in the cofacial arrangement, like in the original porphyrin-based macrocycles 34-387>"

(Figure
18) that are far more flexible than the first bisporphyrin (33) described by Collman.” Again, in the species
described by Sanders, cofacial geometry can be attained not only by DABCO binding between the two
porphyrins and also by spontaneous 7-w stacking interactions.’>”

In synthesizing flexible species, classical cyclization approaches are usually involved in the low yield
preparation of the final macrocyclic species. However, an interesting approach was based on the initial
formation of a rigidly bridged bisporphyrin of the butadiyne type (e.g. Figure 11), followed by the
hydrogenation of the rigid linker in 39 into a floppy saturated alkyl chain in 40 (Figure 19).” In the flexible

75,76

host 40, high association constants (10* M) were observed for the Cgo guests, especially when Rh

porphyrins were used,”’ whereas the rigid analogs did not afford such stable host-guest complexes.”

5.3. Flexible preorganized cofacial arrangements
Among the preorganizing spacers used for controlling cofacial geometries, the diurea scaffold was
employed very early, in the beginning of the 1980s, by Reed and coworkers in the preparation of bis-(iron

tetraarylporphyrins) 41 as models for cytochrome ¢ oxidase (Figure 20).”® To fully preorganize the cofacial
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arrangement of the two macrocycles in the final Pacman architecture, the group of Yagi more recently
introduced two urea spacers instead of one in scaffold 42 (Figure 20).” In 42, the subtle difference of
affinity for guests bound via m-m interactions and via axial zinc binding resulted in the formation of host-
guest photoswitches in which photoinduced electron transfer (PeT) was turned off in the presence of
DABCO. The switching action is based on m-m interactions between the porphyrins (separated by 7 A) and
hexylviologen (HV), and on the receptors’ affinity for DABCO. In the presence of HV, the fluorescence of
the host is quenched by an electron transfer process (PeT on). Fluorescence can be turned on by adding

DABCO, which forms more stable complexes, thus ejecting the HV.
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Figure 18. Flexible bisporphyrins.
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Figure 19. A flexible host and its Cg inclusion complex 40(Cg) in a bis-(zinc porphyrin) obtained
from a rigid precursor. Representation of the solid state structure based on ref. 75 using Ortep-3
for Windows by: Farrugia, L. J. J. Appl. Cryst. 1997, 30, 565.
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Figure 20. Pacman structures preorganized around urea linkers.

A recent evolution in the preorganization of cofacial bisporphyrins utilizes the formation of transition

metal complexes as spacers. This approach is intermediate between dynamic self-assembled species
organized by weak interactions (not reviewed in this chapter) and covalently assembled scaffolds. This
strategy implies the functionalization of porphyrin monomers by side arms bearing binding sites for

transition metals. These binding side arms may incorporate just one heteroatom, like species 43 and 44

described by Hupp80 or chelating units 45-46 reported by Mirkin® (Figure 21).

The methodology developed by Mirkin has been identified as the weak link approach (WLA)* and is

based on the use of hemilabile bond formation with the transition metal template. The WLA seems very

general and has been applied to the formation of many square boxes with catalytic properties. Both
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approaches have produced box-like cofacial porphyrins with interesting catalytic properties.*’ In the WLA,
recent results demonstrate that chelation can be controlled by changing the nature of the heteroatom X.#

Such changes introduce modularity to the approach.
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Figure 21. Cofacial bisporphyrins organized by transition metal templates.

As demonstrated for the receptors 28-30 in Figure 16, the presence of a flexible amide or ester bridge
between the porphyrins and the calixarene renders the recognition properties less selective. Indeed, to utilize
the conformational properties of the calixarene support, the motions and geometric changes in the calixarene
moiety must be mechanically transmitted to the porphyrin macrocycle. The direct linkage of the porphyrin
macrocycle was envisioned by the incorporation of one of the porphyrin’s meso phenyl groups into the
calixarene's structure. This approach led to the preparation of sterically constrained species that were highly
preorganized in geometries which cannot be cofacial owing to the ca. 60° dihedral angle usually observed
between the plane of the porphyrin macrocycle and any meso-aryl group.85 This classical orientation can be
observed by X-ray diffraction in the case of tetra-porphyrin calixarene assemblies reported by Smith. Even
when steric compression is absent, the disruption of planarity between the calixarene platform and the
porphyrin plane was observed. In Figure 22, the X-ray structure of the bisporphyrin 47 built on an oxa-
calixarene platform reported by Vicente illustrates the impossibility of obtaining a face-to-face orientation in
the scaffold.® The meso-phenyl/porphyrin dihedral angle also explains why dimer 48, obtained according to
the strategy depicted in Figure 4, affords a slipped conformation typical of J —aggregates.87
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Figure 22. Direct connection of porphyrins on platforms of the calixarene type and impact of the
aryl-porphyrin dihedral angle on the global geometry of the bisporphyrin scaffold.
X-Ray representation of 47 from SI of ref. 86 using Ortep-3 for Windows.

R 53: R = mesityl

R 55: R = mesityl
Figure 23. Versatile strategy for the preparation of calixarene supported bisporphyrin scaffolds.
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This problem was anticipated during the design of the calixarene-based Pacman structures 53-55
(Figure 23) and an additional degree of freedom was introduced between the calixarene platform and each
porphyrin. The synthetic strategy®® used for the preparation of these Pacman type bisporphyrins is both
simple and versatile and is based on the preparation of p-iodo calixarene derivatives 50-52.% The acetylene
derivative 49 of tetra-aryl porphyrin can be prepared by statistic methods from mixtures of aldehydes and
pymrole,90 combined with Sonogashira coupling91 of trimethylsilyl-protected acetylene. In this first family of
Pacman receptors 53-55, only weak interactions between the two porphyrin rings were observed.”” Only the
use of a calixarene in the cone conformation resulted in a large broadening of the Soret band concomitant to
a small blue shift. The X-ray structure of the bis-crown derivative 53 in Figure 24 shows the large distance
between the two chromophores (Zn-Zn ~ 20.5 A). This distance explains the poor efficiency of through
space inter-porphyrin communication. However, this large separation also demonstrates that the ethynyl link
between the porphyrin macrocycle and the calixarene is efficient in decoupling the respective orientations of
the meso-aryl porphyrin and the calixarene.

Thus, in this first series of hosts, the introduction of a guest was necessary to improve the
communication between the chromophores.*®** Contrary to previously mentioned scaffolds, the binding of a
guest does not imply major geometric rearrangements and thus is energetically almost costless, leading to
high stability constants. In the most flexible cone conformation, electrochemically induced motions were
observed in the presence of DABCO.
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Figure 24. X-ray structure of the first calixarene based Pacman bisporphyrin 53.

In the search for scaffolds offering maximum interactions between the two porphyrin chromophores, a
new approach was designed in which the length of the connection between the wide rim of the calixarene
and the porphyrin was reduced.” The option of removing the meso-aryl group on the porphyrin ring was
chosen, especially when less hindered porphyrin cores could be used. Thus, the use of octa-f-ethyl
porphyrins afforded more compact bisporphyrins, such as the bis-nickel derivative 56 represented in Figure
25. In the solid state, the distance between the mean planes of the porphyrin is now 3.6 A and the shortest

interatomic distance between the two rings is 3.27 A.
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56: M = Ni, R = propyl
57: M=2Zn,R=0H
58: M =2Zn, R = propyl

Figure 25. Representation and solid state structure of the first compact Pacman bisporphyrin.

In the compact scaffolds 56 and 58, the huge broadening of the Soret band and the respective shielding
of '"H NMR signals corresponding to porphyrin protons confirms the close proximity of the two
chromophores in solution. The strong interaction of the two macrocycles can now be observed by
electrochemistry without the artificial connection by a guest substrate. The two nickel porphyrins cannot be
oxidized simultaneously, but must be oxidized stepwise in clearly separated redox processes. Once the two
di-radical cations are generated, the calixarene opens up under the electrostatic repulsion of the two positive
charges, and the motion leads to an open state in which the two porphyrins behave independently, as

depicted schematically in Figure 26.
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Figure 26. Electrochemically triggered opening and closing motion in compact Pacman bisporphyrin 56.

After the validation of the calixarene Pacman concept, synthetic adjustments were necessary to
generalize the approach to more versatile scaffolds. In particular, the preparation of hetero bisporphyrins
was sought to provide access to photoinduced energy or electron transfer dyads. Differentiation of the
porphyrins can occur as a function of the central metal, or as a function of the porphyrin’s organic skeleton.
Both approaches have been explored.

Due to the harsh conditions required for the removal of nickel compared to the mild conditions to
remove zinc, the reported methodology for the preparation of 5-ethynyl nickel OEP was modified to obtain
zinc derivatives.” 5-Ethynyl-ZnOEP can be used for coupling with diiodo calixarene intermediates using
Sonogashira91 or Negishi95 conditions. Removal of zinc produces the corresponding free base into which
other metal ions can be inserted.

Whereas Sonogashira coupling always afford bis-coupling products 57-58, the use of equimolar
amounts of 5-ethynyl ZnOEP and diiodo-calixarene yields rather selectively the monoporphyrin derivative
59 (Figure 27). This monoporphyrin derivative is an ideal starting material for the preparation of
heteroporphyrin scaffolds 60—61 in which the porphyrin frameworks are different, such as the mixed OEP -
triarylporphyrin in Figure 27. This non symmetrical derivative 61 allowed the observation of interporphyrin
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interactions by 2D NMR and also photo-induced energy transfer from the octatalkyl donor to the triaryl
acceptor.”® Due to the different rates of metallation of meso-aryl and octaethyl porphyrins, this particular
compound can be considered to be a good precursor for a large variety of hetero bisporphyrins of the

Pacman type.

59 60: R =OH Ar
61: R = propyl

Figure 27. A monoporphyrin calixarirene serves as a starting point for hetero bisporphyrin Pacman.

6. Conclusion

During the past 30 years, the focus of interest for cofacial arrangements in bisporphyrin systems has
slowly shifted from modeling the special pair with rigid species towards catalysis and recognition properties
requiring cooperation between two metals. Along the way, the development of flexible species that still offer
the face-to-face preorganization has emerged as an attractive option, for which innovative design needed to
be validated. The use of a calixarene platform with a rigid, linear link between its wide rim and the
porphyrin macrocycles offers the opportunity for an efficient chromophore/spacer mechanical
communication. The design opens the access to new molecular switches or new sensors upon proper
functionalization of the calixarene, and can be conceptually extended to platforms other than calixarenes’’

. . . 98-100
and other electro- or photoactive spe01es.9
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Abstract. The synthetic strategies so far developed to build the pyrazolo[ 3,4-d]pyrimidine ring system and to
generate highly functionalized analogues, with a particular emphasis on the 4-amino derivatives, has been
reviewed. The evolution of this versatile scaffold, starting from the pioneering work of Robins up to the
recent preparation of selective inhibitors (active against EGFR, Src, adenosine receptor etc.) has been
discussed in terms of synthetic methodologies applied to the generation of more selective inhibitors. Being
the literature on pyrazolo[3,4-d]pyrimidines particularly rich, the focus of this review deals with the

construction of this ring system from pyrazoles only.
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1. Introduction

The 4-aminosubstituted pyrazolo[3,4-d]pyrimidine ring represents a very interesting scaffold for the
synthesis of molecules potentially endowed with different biological activities. This structure is in fact
isoster with that of the purine derivative adenine (Figure 1), present in ATP that is fundamental for every
aspect of cell life, and as constituent of DNA and RNA.

NH, NH,
6 7 4
5 3a_3
1N/ N\ 5N/ a\
o I D RN
N74"N9 N“7aN 1
3 7
Adenine 1H-pyrazolo[3,4-d]pyrimidin-4-amine

(9H-purin-6-amine)
Figure 1
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The chemical synthesis of these molecules can be performed starting from both the pyrimidine and the
pyrazole nucleus. In this article, the second type of synthetic approach will be reviewed, being also the most
used for the preparation of the many biologically active analogues recently appeared in the scientific
literature. The attention of this review has been focused on the non-nucleoside analogues of the
pyrazolopyrimidines since the corresponding nucleoside derivatives, bearing a sugar moiety on the N1 atom,
have been the subject of many reviews and articles.'~

Among the many pyrazolo[3,4-d]pyrimidine derivatives present in literature, attention has been

focused on the 4-amino analogues due to the great interest of medicinal chemists on this class of compounds.

NH,
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T2 '\L | ,\\I/N
N
3 H
H CN NC NH2
CoHsO-C={ +  NHNHp.H0 —» /A NFCONF2 NP
CN HoN—S N PN L N
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1 H o HO N 4 H
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HoSO4 NH,
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I N NH,CSNH; Z
HO)\\N N \%CONHZ o 272 J\L | \/N
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HoN HS” °N s N
QH LN
2 N~ 6
N~ | \N M'b H
l ,
N N
g H NH,CSNH,
lPOC@
Cl OH OH
N N N7 _
NT N HS” N7 N PN (
H H HsCS™ °N H
NHR/R; POCl;
NRiRz NR3R,4 Cl
NS g Z NHRsR, N7
N A
k\NlN'N TN =——— QI
H HsCS™ "N™ "N HcS™ "N” N
13 14 i1
R; = H, CHg, CoHs R3 =H, CHs
Ry = CHg, CoHs, n-C4Ho, R4 = H, CHj, CoHs NHy, (CHa)oNEL,
CH(CHg)2, CgHs, CH2CgHs
Scheme 1
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2. Preparation of pyrazolo[3,4-d]pyrimidines

In the mid 50ths, Ronald Robins reported the synthesis of differently substituted pyrazolo[3,4-d]pyri-
midine systems and started the study of their biological activity, in particular, as anti-tumor agents.

In fact, the synthesis of this ring system was undertaken to provide new compounds isomeric with
various biologically active purines in the hope to discover new purine antagonists endowed with anti-cancer
activity. Reaction of (ethoxymethylene)malononitrile 1 and hydrazine monohydrate in refluxing ethanol
gave the 5-amino-1H-pyrazole-4-carbonitrile 2, that was in turn treated with formamide, urea and thiourea to
obtain the adenine isoster 1H-pyrazolo[3,4-d]pyrimidin-4-amine 3 (called 4-APP), the 4-amino-1H-
pyrazolo[3,4-d]pyrimidin-6-ol 4 and the 4-amino-1H-pyrazolo[3,4-d]pyrimidin-6-thiol 5, respectively
(Scheme 1). POCI; chlorination of 8 and 10 gave 11 and 12, respectively, which were finally transformed
into the 4-aminosubstituted derivatives 13 and 14, by nucleophylic displacement of the chlorine atom with
primary or secondary amines in refluxing alcoholic or benzene solution (Scheme n.*

The antiproliferative activity exerted by 3 and its N1 methyl derivative’ on adenocarcinoma and
leukemia cell lines (as well as on other culture tissues)® prompted Robins and Cheng to synthesize and
investigate a wide family of analogues (generic structure 15, Figure 2) bearing different N1 substituents, and
a variety of amino group on C4. Compounds 15 have been obtained from the corresponding 1-alkyl or
1-aryl-5-amino-4-cyanopyrazole, in turn synthesized by reaction of (ethoxymethylene)malononitrile 1 with
the appropriate alkyl or aryl hydrazine, following the synthetic approach previously shown for the synthesis
of 13.

To obtain the C4 N-substituted or N, N-disubstituted amino derivatives, the pyrazolecarbonitrile 2 was
hydrolized with concentrated sulphuric acid to the corresponding amide 6, in turn treated with urea,
formamide and thiourea to give the corresponding 4-hydroxy derivatives 7, 8 and 9. Reaction of the latter

compound with methyl iodide led to the 6-methylthio derivative 10.

R'l = CH31 C2H5Y n-(:3H7Y n—C4H9
R1\N,R2
R2 = CH3, C2H5, n-C3H7, n-C4H9, CH(CH3)2
CGH5, OC"C(;H‘;Y O'\/'e'CGH4Y mCl'CeH4,

N~ N
| N Ro = CH, Cets, pOI-CHa,
N
Rs pBr-CeHs, pNO2-CgHy,
CH,CH,OH
Figure 2

15

In the same article, the Authors also reported the synthesis of 3-methyl-4-aminopyrazolo
[3,4-d]pyrimidine 18, by reaction of methylethoxymethylene malononitrile 16 and hydrazine monohydrate,
followed by treatment of the corresponding cyanopyrazole 17 with boiling formamide in high yield (Scheme
2).

Nz cn
CHs N NC CH 3
L 8 HCONH z
CoHsO-C=C & NHNHy. HO0 — = J 2, Nk Y
CN HoN N X N
N H
16 17 18
Scheme 2
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Successively, a series of 4-amino-6-alkylsubstituted (in particular 6-methyl or 6-ethyl) pyrazolo[3,4-
d]pyrimidines (generic structure 22, Scheme 3) have been synthesized by the same Authors.® The 5-amino-
4-cyanopyrazoles 19 were acylated either by acetic or propionic anhydride to give the corresponding
5-acylamino-4-cyanopyrazoles 20, which were then treated with an alkaline solution of hydrogen peroxide,
following a procedure already reported for the synthesis of hydroxyquinazolines,” to give the 6-alkyl-4-

hydroxypyrazolopyrimidines 21. Finally, C4 chlorination of 21 with phosphorus oxychloride and subsequent

nucleophilic displacement with primary and secondary amines gave the desired compounds 22 (Scheme 3).
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Subsequent biological studies on 4-aminopyrazolo[3,4-d]pyrimidines showed that these new
compounds possessed inhibitory activity toward Neurospora Crassa, an ascomycete, used at that time for
genetic studies and for investigation of enzymes and precursors involved in the metabolism of purines and
pyrimidines.'” Moreover, some derivatives demonstrated to be inhibitors of xanthine oxidase'' and it was
also postulated that the antitumor activity of previously reported pyrazolopyrimidine derivatives could be
connected with this enzymatic inhibition. A parallel study reported that a number of 4-aminopyrazolo[3.,4-
d]pyrimidines possessed the ability to inhibit the growth of adenocarcinoma and leukemia cells in mice,'?
confirming the previously observed anti-tumor activity of this family of compounds.

Pushed by the interesting biological data shown, chemical studies on the synthesis of new differently
substituted 4-aminopyrazolo[3,4-d]pyrimidine derivatives started in the late 50ies.

Chlorination of 7, unsuccessful with a number of chlorinating agents, was finally performed with
POCl; and N,N-diethylaniline, affording the 4,6-dichloropyrazolo[3,4-d]pyrimidine 23 in good yield
(Scheme 4).
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The selective replacement of the chlorine atoms with amines under carefully controlled conditions
gave a variety of 4-amino- and 4,6-diaminosubstituted derivatives. Generally, treatment of 23 with aqueous
or ethanolic solutions of primary or secondary amines by steam bath heating for 10 to 30 min afforded the
corresponding 4-amino-6-chloro derivatives 24, while longer reaction times in the presence of a large excess
of amines usually led to the disubstituted derivatives 25."

Analogously 1-alkyl or 1-aryl-4,6-disubstituted pyrazolo[3,4-d]pyrimidines 26 and 27 have been
synthesized by the same Authors (Figure 3)."*

R1\N,R2 R1\N,R2
N% N= \
)\\ | \’N Ri, )\\ | N
c” NN N” N7 N
2% Re o7 M

Ry = H, CH; CyHs
Rz = NH,, CHz, CgHs NHCH;3 NHCgHs
Rg = CHg, CgHs, pCl-CgH,

Figure 3

In ten years, Robins and colleagues prepared a large (for that time) library comprising approximately
1300 compounds, especially purines and pyrazolopyrimidines, that have also been tested against different
induced rodent tumors. In particular, adenocarcinoma 755 appeared particularly useful for SAR studies of
4-aminosubstituted pyrazolo[3,4-d]pyrimidines, reported in detail by the Authors. Interestingly some
derivatives exhibited also significant inhibition of Leukemia 5178 and myeloblastic leukemia cell growth,
and were active against mammary adenocarcinoma and the Ehrlich ascites carcinoma.'® Twenty years later,
Chheda and colleagues found that some 4-aminosubstituted derivatives (general structure 28, Figure 4)
prepared following the Robins’s synthetic approach, possessed a very good activity against cultured L1210
leukemia and 6410 human leukemic myeloblasts,16 confirming the previously reported data.

NHR
N~ N
| G R = CH,CH=CH,, CH,CH,CH(CHs)s, CHaCqHs
N"H
28
Figure 4

Following a similar synthetic approach, Schmidt and Druey reported in 1956 the synthesis of several
pyrazolo[3,4-d]pyrimidines, starting from 3-aminopyrazole-4-carboxylates 30, in turn obtained from
ethyl(ethoxymethylene)cyanoacetate 29 and the appropriate hydrazine. The 4-hydroxy derivatives 31 (the
N1-substituted analogue of 8) was then directly obtained by reacting compound 30 with formamide (Scheme
5). The replacement of the C4 cyano group with an ester moiety within the pyrazole structure allowed to
avoid the sometimes tricky hydrolysis step;17 this one step shortening is particularly useful when a NH; in
C4 is not needed.
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Taylor and colleagues prepared a number of new aminopyrazolo[3,4-d]pyrimidines, starting from
5-amino-3-(cyanomethyl)-1-phenyl-1H-pyrazole-4-carbonitrile 32, in turn obtained by reaction of malono-
nitrile or malononitrile dimer with phenylhydrazine. As an example, compound 34 was obtained by reacting

32 with acetic anhydride and ethyl orthoformate leading to the intermediate 33, which was finally cyclized

with ammonia (Scheme 6).18’19
CN NG CN NH,
NC i \ Ac,O/(EtO)3;CH ﬁ _ NH3 N CN
o —_—
N NH, ‘NN '\i T o~
q < N @N
34
32 33

Scheme 6

Using a similar procedure, the synthesis of the 3-cyano-4-aminopyrazolo[3,4-d]pyrimidine 35 was also
subsequently performed (Figure 5).%

CN
N™ SN
AN
N"H
35
Figure 5

The same research group, during a study on the base-catalyzed condensation of aromatic and
heterocyclic o-aminonitriles with nitriles, synthesized a series of 4-aminopyrazolo[3,4-d]pyrimidines 37
bearing a substituent at C6. Starting from the 3-amino-4-cyano-pyrazoles 36, reaction with different nitriles
in methanolic ammonia at 200 °C for 20 hours, in a steel hydrogenation bomb gave the desired
C6-substituted analogues (Scheme 7).

Successively, Baker and Kozma synthesized similar derivatives (generic structure 38, Scheme 7) by
reaction of 36 heated at 200 °C with substituted benzamidine hydrochlorides and sodium acetate, without
solvent.*

An alternative methodology to obtain 6-alkyl- or 6-arylsubstituted derivatives (generic structure 40,
Scheme 8) was represented by the easy reaction of the 1-phenyl- or 1-methyl-1H-pyrazole-4-carboxamides

39a and 39b with different esters in the presence of sodium ethoxyde in ethanol. The resulting derivatives 40
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could in turn be chlorinated with POCI; and reacted with amines, as previously reported, to give the 4-amino

derivatives.”
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! CQHSONa 2 \
R1 40 R1
39a R1 = CH3 R2 = CH3, CZH51 (CHZ)ZCH& CGHS!
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Scheme 8

Interestingly, 6-trifluoromethyl derivatives 45 were synthesized by other Authors using a similar
procedure. The Robins’ cyanopyrazole 2 was reacted with trifluoroacetic anhydride, to give the intermediate
41, which was hydrolyzed to the corresponding amide 42. The latter compound was cyclized by heating at
200 °C to give the pyrazolopyrimidine 43 which was first chlorinated and finally submitted to nucleophilic

substitution with different amines (Scheme 9).%*

CN CONH,
N// \; (CF3CO / ; )J\ NaOH [\ j\ A
NN N N7 CF,
H H H
2 4 42
OH NH, NHR
5> NN POC|3 or amines amines N R = H, CHj3, CoHs,
P N )\ P N C4Hg, CHCgHs
€7 NN NN
43 44 45
Scheme 9
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The pyrazolo[3,4-d]pyrimidine ring can also be constructed by reaction of pyrazole derivatives with
isocyanates or isothiocyanates, that react in a similar way as other cyclic enaminonitriles and o-amino-
nitriles.” The 4-amino-6-thiopyrazolopyrimidine 47 has been synthesized by reacting the pyrazole 46 with
benzoyl isothiocyanate, followed by acidification (Scheme 10).% Reaction of ethyl 5-amino-1-phenyl-1H-
pyrazole-4-carboxylate 48 with chlorosulphonyl isocyanate and following treatment with aqueous KOH,
afforded derivative 49,7 already prepared in different ways by other Authors (Scheme 10).'"*!" 4-Amino-1-
phenyl-5SH-pyrazolo[3,4-d]pyrimidin-6-one 51 (the N1-substituted analogue of 4) has been synthesized by
Quinn and colleagues in a one pot reaction involving the condensation of 5-amino-1-phenylpyrazole-4-

carbonitrile 50 with benzoyl isocyanate followed by annulation with ammonia, in 68% yield (Scheme 10).%*
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48 49
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50 51

Scheme 10

Tominaga and colleagues synthesized a variety of pyrazolo[3,4-d]pyrimidines starting from ketene
dithioacetals, in particular from bis(methylthio)methylene malononitrile 52a and bis(methylthio)methylene
cyanoacetamide 52b or from anilino(methylthio)methylene malononitriles 53a and the corresponding
amides 53b. The last two were prepared reacting 52a and 52b with the suitable arylamines. Reaction of 52—
53a,b with substituted hydrazines at 100 °C for 3—4 h gave the corresponding 5-aminopyrazoles 54-55a,b
that were in turn treated with formamide at 180 °C for two hours leading to the corresponding pyrazolo|3,4-
d]pyrimidine-3-substituted derivatives 56-57a,b. Starting from 3-cyanopyrazoles, the 4-aminopyrazolo-
pyrimidines were obtained, while the 4-hydroxypyrazolopyrimidines were obtained starting from pyrazole-

3-carboxamide derivatives (Scheme 11).%
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Notably Gompper had previously reported the synthesis of the 4-amino-3-methylthiopyrazolo[3,4-
d]pyrimidine 58 (Figure 6) by the condensation of 5-amino-3-(methylthio)-1H-pyrazole-4-carbonitrile with

ortho-formate, followed by cyclization with ammonia.*

58
Figure 6

Tominaga in the same article reported also the synthesis of other substituted derivatives, starting from
the cyanopyrazole of the 54a series bearing a N1 phenyl substituent. Reacting 54a with guanidine carbonate
or with urea, the N1 phenyl pyrazolopyrimidines 59 and 60 were respectively prepared. Similarly, starting
from the pyrazolocarboxamide of the 54b series, the 2,4-dihydroxy derivatives 61 were synthesized, in more
than 90% yield.

Moreover the reaction of o-aminocarboxamides 54b with carbon disulfide in presence of potassium
hydroxide, already reported for the preparation of different heterocycles,3 ! gave derivatives 62 in reasonable
yield (Scheme 12).%

Treatment of the 4-hydroxy derivatives above reported with phosphorous oxychloride gave access to
the 4-chloropyrazolo[3,4-d]pyrimidines which represent the key intermediates for the synthesis of the
4-aminosubstituted derivatives.

In a different article from the same Authors, the synthesis of different polarized ethylenes and their
application to the preparation of pyrazolo[3,4-d]pyrimidines has been 1rep0rted.3 * As an example, reaction of
63 with tetracyanoethylene oxide 64 at room temperature in benzene gave the corresponding

dicyanoethylene compounds 65, which was in turn reacted with hydrazine or phenyl hydrazine to obtain the
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S-aminopyrazoles-4-carbonitriles 66 (Scheme 13). The latter compound was then cyclized with formamide

to give the pyrazolo|[3,4-d]pyrimidine ring, following the previously described procedure.
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A different approach to obtain C3 substituted pyrazolo[3,4-d]pyrimidines has been recently reported
by Schultz and Ding starting from the 3-bromo derivative 67, in turn obtained from the Robin’s derivative
12 by treatment with N-bromosuccinimide in acetonitrile at 100 °C under microwave irradiation. The
application of microwave irradiation led to high yields (more than 95%), low side products formation and
shorter reaction time. Compound 67 was reacted in a one pot two step process that involves a sequential
SnAr displacement of the C4 chloro substituent with different amines in mild acidic condition (acetic acid),
followed by a Suzuki coupling reaction with different boronic acids, that afforded the C3 substituted
derivatives 68 (Scheme 14). Interestingly, the mild conditions of this reaction allowed the tolerance of
relatively reactive functional groups, such as amine, amide, alcohol, that should have been protected under

the strong acid or basic conditions used by the previously reported procedures.?’3
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Recently, other Authors reported the synthesis of pyrazolo[3,4-d]pyrimidines (already prepared by
Robins) using Keggins heteropolyacids, such as phosphotungstic acid (H:PW,049) or molybdophosphoric
acid (HsPMo0;,049) under classical heating and microwave irradiation, starting from the usual 5-amino-4-

cyanopyrazoles and formamide.™

3. Selective N1-substitution of pyrazolo[3,4-d]pyrimidines

Even if most of the procedures leading to N1 substituted derivatives start from the corresponding
substituted hydrazines, the direct N1 substitution of the pyrazolo[3,4-d]pyrimidine ring is sometimes
possible, especially for short chain alkylation. Usually, a concurrent N2 substitution occurs but, in particular
reaction conditions, the N1 substitution product predominates and can be isolated via standard
cromatographic procedures. The N1/N2 substitution ratio usually depends on the base used to form the salt
and is also related to the halide used in the nucleophilic substitution. Being this topic a very wide field of

research, only a few significant examples will be herein reported.
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Bhakuni and colleagues synthesized a number of pyrazolo[3,4-d]pyrimidines, such as 71, starting from

the Taylor’s pyrazolopyrimidinethiones 69, by treatment with sodium hydride and 3-bromo-1-cyclohexene
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70. The reaction led to the N1 and N2 substituted product 71a and 71b in 50 and 10% yield, respectively.
Compound 71a, purified on a silica gel column, was successively treated with ammonia, KHSOs and sodium
propoxide to give the desired compound 72 (Scheme 15).*

Reacting 69 with different alkyl iodide in the presence of sodium hydride, the N2 substituted
derivatives 73a were obtained as major products, giving in this case an example of regioselective
N2-alkylation (Scheme 15).%

Zacharie and coworkers reported the alkylation of 12 with 2-iodoethanol (and protected or similar
derivatives) in the presence of cesium carbonate or DBU in dry DMF at 0 °C leading to the N1 isomer 74a in
about 50% yield and N2 isomer 74b in 15-20% yield. The same reaction, performed with the sodium salt of
12 (prepared with sodium hydride) and using the same alkylating agent in acetonitrile, gave only traces of
the N1 isomer (Scheme 16).*®
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Scheme 16

An interesting example of N1 substituted pyrazolopyrimidines was reported by Merck researchers, in
the synthesis of the N-hydroxyalkylsubstituted derivatives 78, endowed with inhibitory activity on
Staphylococcus Aureus DNA polymerase Ill. The 4,6-dichloropyrazolo[3,4-d]pyrimidine 23 underwent
Mitsunobu reaction with protected hydroxyalkyl derivatives, PhsP, DEAD in THF at room temperature to
give intermediates 75. Selective hydrolysis with 2N KOH afforded the 6-chloropyrazolo[3,4-d]pyrimidin-4-
ones 76, which was in turn reacted with 3,4-dichlorobenzylamine yielding the derivatives 77, finally
deprotected to 78 (Scheme 17).%
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Da Settimo and colleagues have recently synthesized a series of N1 differently substituted 4-amino-

1H-pyrazolo[3,4-d]pyrimidines 79a—c as adenosine deaminase inhibitors, by reaction of 4-APP 3 sodium
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salt (prepared with sodium in ethanol) with alkyl halides or oxiranes in DMF. The products were purified by

flash chromatography and obtained in yields ranging from 25 to 40% (Scheme 18).%
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Efficient and Nl-selective alkylation of 4-chloropyrazolo[3,4-d]pyrimidine 12 has been recently
reported by Gundersen." Reaction of 12 with a number of alcohols under Mitsunobu conditions
(triphenylphosphine and diisopropyl azodicarboxylate) led to the predominant formation of the NIl

substituted derivatives 80a, in yield generally ranging from 32 to 77%.
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Scheme 19

In some cases, N2 substituted derivatives 80b together with the C4 substituted product 80c have been

isolated in small percentage. The same Authors also reported the C4 functionalization of the compound 81
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(prepared by Mitsunobu reaction with 12 and p-methoxybenzyl alcohol) by reaction with (2-furyl)tributyltin,
(PhsP),PdCI, in DMF, to obtain the derivative 82 in 82% yield, representing the first example of a
palladium-catalyzed coupling reaction on a 4-halopyrazolo[3,4-d]pyrimidine (Scheme 19).*!

4. Biological activity of 4-aminosubstituted pyrazolo[3,4-d]pyrimidines

N1-Substituted or N1-unsubstituted 4-aminopyrazolo[3,4-d]pyrimidines showed a broad spectrum of
biological activities including adenosine receptor antagonism, tyrosine kinases inhibition, cyclin-dependent
kinase 2 (CDK2) inhibition,** cyclooxygenase-2 inhibition together with anti-angiogenic activity,” anti-
enterovirus** and antimicrobial activity.45

Our attention will be focused on pyrazolo[3,4-d]pyrimidines acting as A; adenosine receptor

antagonists and tyrosine kinase inhibitors.

4.1. Adenosine receptor antagonists

Adenosine is an endogenous neuromodulator distributed in a wide variety of tissues, in both the
periphery and the central nervous system. The effects exerted by adenosine are mediated by its interactions
with four receptor subtypes named A, Aja, Azp, As.

A, adenosine receptor antagonists have therapeutic potential in the treatment of various forms of
dementia, such as the Alzheimer’s disease, depression and as cognition enhancers in geriatric therapy.
Moreover, selective A; antagonists are kidney-protective diuretics, useful in the treatment of congestive

heart failure (due to their diuretic and positive inotropic effects), of bradyarrhythmias and asystolic arrest.
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Peet and colleagues in 1992 synthesized, among other derivatives, a series of chiral (phenylisopropyl)-

amino-substituted pyrazolo[3,4-d]pyrimidines with selectivity for adenosine A; and A, receptors, with K;
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values in the range 0.35-1 uM for both the two subtype receptors. The synthesis has been performed starting
from the Robins 4,6-dichloro derivative 83, in which the two chlorine atoms have been selectively
substituted: the chlorine in C4 was substituted by treatment with (S)-(-)- or (R)-(+)-2-amino-3-phenyl-1-
propanol or with (1R,2S)- or (1S,2R)-1-hydroxy-2-methyl-1-phenylethylamines in ethanol at room
temperature for 24 hours to give derivative 84 and 85, respectively. When these products were treated with
sodium propoxide at 90 °C for two hours, also chlorine atom in C6 was substituted producing compounds 86
and 87 in good yields. It is worth to point out that the (R) enantiomer of 86 and the (1R,2S) of 87 were more
active in comparison with the opposite enantiomers (Scheme 20).%

A wide series of C6 thiosubstituted pyrazolo[3,4-d]pyrimidines has been synthesized by Quinn,
Poulsen and colleagues as A; and Ajs adenosine receptor antagonists. 1-Phenyl-5H,7H-pyrazolo[3,4-
d]pyrimidines-4,6-dithione 88 was prepared starting from the cyano pyrazole 50 by cyclization with
potassium O-ethylxanthogenate, following a previously reported procedure.47

C6 sulphur alkylation was then achieved by reaction with a 1 mol equivalent of bromoalkylamide in
pyridine at room temperature, leading to intermediates 89, in turn methylated at C4 with iodomethane in
aqueous NaOH. Aminolysis of the methylthio compounds 90 with ethanolic ammonia or ethanolic
methylamine at 110 °C in a pressure-sealed flask for 72 hours gave the desired products 91. These products
are potent A; adenosine antagonists with a K; ranging from 0.7 to 2.7 nM, while they showed a reduced

activity on Az subtype receptor (K; in the range 35-247 nM) (Scheme 21).480
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One of the most interesting compounds being 92, which showed K; of 0.74 nM against A; and high
selectivity over the adenosine A, receptor. Authors, using the same procedure, also synthesized compounds
93, bearing alkyl groups on the terminal amide moiety; the most active derivatives showed an increased

affinity for A,a receptor (Figure 7!
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Synthesis and biological data of the 6-aminosubstituted derivative 95 have been also reported. Starting
from the intermediate 51, reaction with phosphorous oxychloride and phosphorous pentachloride, afforded
the 6-chloro derivative 94. Interestingly, the C6 chlorine atom did not give nucleophilic aromatic
substitution with 2-aminopropanamide in DMF and N,N-diisopropylethylamine (DIPEA) even after 4 days at
reflux, but it has been substituted in high pressure conditions (15 kbar) at 40 °C for 7 days. Using this
procedure, the Authors synthesized both racemic 95 and the two separate enantiomers, starting from the
appropriate amines. The (S) enantiomer resulted to be more active than (R) against A; adenosine receptor,
with a K; value of 49 nM (Scheme 22).52
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4.2. Tyrosine kinases inhibitors

Protein Tyrosine Kinases (TKs) are enzymes that catalyze the transfer of the terminal phosphate of
ATP to specific tyrosine residues present on a target substrate and regulate the growth, differentiation,
migration, adhesion and apoptosis in mammalian cells.

TKSs are subdivided into two families: the first is represented by the transmembrane receptor family
(receptor tyrosine kinases, RTKs), activated by ligand binding with the extracellular domain and include the
epidermal growth factor receptor (EGF-R), platelet-derived growth factor receptor (PDGF-R), vascular
endothelial growth factor receptor (VEGF-R), fibroblast growth factor receptor (FGF-R), nerve growth
factor receptor (NGF-R), insulin receptor (IGF-R), Eph, Axl, Tie and other families. The second family of
TKs is represented by the cytoplasmatic or non-receptor TKs, which are activated by different mechanisms
and include Src, Csk, Abl, Jak, and Fak families. Deregulated TK activity has been observed in many

proliferative diseases, first of all solid or haematological malignancies.

4.2.1. EGFR TK inhibitors
EGFR TK belongs to the class of the transmembrane growth factor receptors and is implicated in
different tumors of epithelial origin and in proliferative disorders of epidermis such as psoriasis. Inhibitors of

this TK have great therapeutic potential in the treatment of malignant and non malignant epithelial diseases.
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Traxler and colleagues at Novartis synthesized a wide series of 4-phenylaminopyrazolo[3,4-

d]pyrimidines as highly potent and selective inhibitors of EGFR TK, the most active compounds showing
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ICsy values below 10 nM in enzymatic assays and below 50 nM in EGF stimulated cell assays. We are
reporting here as examples the synthesis of interesting inhibitors performed by Traxler.

The substituted 3-anilino-3-methylthio-2-cyanoacrylonitriles 96a, obtained with the already reported
Tominaga method,” was reacted with benzylhydrazine affording the corresponding S5-amino-4-cyano-
pyrazole 97. Ring closure was achieved refluxing the latter with 85% formic acid, to give intermediate 98,
which was converted into the corresponding chloride 99 by reaction with phosphorous oxychloride.
Substitution of the C4 chlorine atom with different anilines gave the 4-phenylaminopyrazolopyrimidines
100, which, after removal of the benzyl group, led to the final products 101. Reaction of 96a and 96b with
hydrazine monohydrate leads to pyrazoles 102 that are starting products for an improved shorter synthesis,
avoiding benzyl protection. Reaction of 102 with N,N-dimethylformamide dimethylacetal in toluene
afforded the amidines 103, directly converted to the final product 105 with m-chloroaniline in boiling
alcohols; Authors reported that probably the reaction proceeds via an imino intermediate 104, isolated in
some cases, which rearranges to the final products (Scheme 23).

The synthesis of compounds 108, bearing an aromatic moiety directly attached on C3 of the pyrazole
ring, was performed using a different Tominaga method™ starting from the commercially available
tetracyanoethylene oxide 64 and methyl dithiocarboxylates 106. The corresponding 3-phenyl-2-cyano-3-
(methylthio)acrylonitriles 107 was reacted in the two different reaction conditions, as reported in Scheme 24,
to give the desired products 108.7*>*

1) NHoNH,.H,0
2) N,N-DMF DMA

NC CN >
NC: g lCN s | ’
0 R 1) NHo,NHCH,CgHs
2) HCOOH
64 106 3) POCl, >
R = H, mOCHg, pOCHs, 4) mCI-NHCgH,
mNO,, pPNO, 5) AICl;

Scheme 24

4.2.2. Src TK inhibitors

The Src Family Kinases (SFKs) is constituted by non-receptor or cytoplasmatic enzymes and comprise
11 members in humans: Blk, Brk, Fgr, Frk, Fyn, Hck, Lck, Lyn, c-Src, Srm, c-Yes. On the basis of their
amino acid sequences, SFKs can be further divided into two subfamilies: the first one includes Src, Fyn, Yes
and Fgr and it is widely presents in different tissues. The second subfamily comprises Lck, Blk, Lyn and
Hck, and is restricted to hematopoietic cells. An increased Src activity is found transiently in almost every
aspect of a normal cell life in response to different physiological conditions, including mitogenesis,
proliferation, survival, adhesion and motility. All these processes are deregulated during cancer progression.

Changes in the levels of Src protein and/or kinase activity are present in different solid or
haematological tumors and appear to be correlated with their grade of malignance. For these reasons,
different classes of SFKs inhibitors have been developed in the last few years and many of them are
substituted pyrazolo[3,4-d]pyrimidines.”

The first reported Src-selective kinase inhibitors are the two pyrazolo[3,4-d]pyrimidines PP1 and PP2

synthesized by Pfizer researches.”® Reacting the sodium salt of malononitrile 109 (prepared with NaH) with
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the appropriate acyl chloride in THF, followed by methylation with dimethyl sulphate, leads to the
dicyanoethylenes 110, in turn cyclized to the corresponding pyrazoles by reaction with #-butylhydrazine.
Reaction of 111 with boiling formamide gave the desired products 112a (PP1) and 112b (PP2) (Scheme 25).

The two compounds showed ICs, values in the low nanomolar range toward different members of SFKs.”’

CN  "rcocl  HsCQ  CN  tbutylhydrazine 3 HCONH,
~ HoN” N ~ N TN
CN 2)(CHs),80, R CN 2N" N )

109 110 /5 A

111 112a, PP1, R = pCHg-CH,
112b, PP2, R = pCl-CeHy

Scheme 25

PP1 and PP2 have been the most utilized compounds for biological studies on the SFKs pathway
cascades and they are also commonly used as reference compounds to evaluate the potency of newly
synthesized inhibitors. Recently, it has been demonstrated that PP1 also inhibits Kit and Bcr-Abl TKs, two
other cytoplasmatic TKs.”

Very interesting studies using pyrazolo[3,4-d]pyrimidines were performed by Bishop and Shokat to
get further insights into kinases signalling pathway. In this new approach, combining chemistry and genetics,
Authors developed high specific cell-permeable inhibitors of the oncogenic tyrosine kinase v-Src (viral-Src,
a variant of the human c-Src), modified with a functionally silent active-site mutation to distinguish it from
other kinases. As an example, compounds 114 have been synthesized starting from 112¢ (a PPlanalogue),
by acylation of C4 amino group, with different acyl chlorides to give the amide intermediates 113, which

was finally reduced with LiAlH, to the desired final derivatives (Scheme 26).58’59

0
P
NH2 R” “NH R
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2-furyl, phenyl

Scheme 26

Lck is a member of SFKs, expressed primarily in T lymphocytes and plays an essential role in the
immune responses. Selective inhibitors of Lck should have therapeutic applications in the treatment of
autoimmune diseases and in organ transplant rejection. Abbott researchers synthesized a series of
pyrazolo[3,4-d]pyrimidines, such as 119, containing an extended 3-substituent as potent Lck inhibitors,
endowed in some cases with good selectivity toward the other SFKs members and good bioavailability in
animal models.
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For the synthesis of 119, the Robins derivative 3 was iodinated at C3 with N-iodosuccinimide (NIS) to
give the pyrazolopyrimidine 115. Mitsunobu coupling with the ketalalcohol 116, followed by ketone
unmasking, gave the intermediate 117. Reductive amination with N-methyl piperazine gave 118 in a 2.5:1
ratio of cis/trans diastereoisomer, separated with silica gel flash chromatography, the trans possessing the

desired configuration. Suzuki coupling with 4-phenoxyphenylboronic acid gave the final product 119

(Scheme 27).%
o]
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Scheme 27

More recently, the same group synthesized with a similar chemical approach the two pyrazolo[3,4-
dlpyrimidines A-420983 120°' and A-770041 121°* which act as orally active selective Lck inhibitors and

prevent organ allograft rejection in animal models (Figure 8).

Nﬁﬁ
N
N N 120, A-420983, R; = CH,

121, A-770041, Ry = COCH3

Figure 8
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4.2.3. c-Src and Abl inhibitors

Besides having a role in solid tumors, c-Src is also involved in the progression of haematological
malignancies, in particular chronic myeloid leukemia (CML) and acute myeloid leukemia (ALL). These
diseases are characterized by the presence of the Philadelphia chromosome, derived from a reciprocal
translocation between chromosomes 9 and 22. This translocation fuses the breakpoint cluster region (Bcr)
and the Abl genes, forming the Bcr-Abl oncogene which encodes a constitutively active cytoplasmatic
tyrosine kinase (TK) Bcer-Abl. This deregulated enzyme causes hyperproliferation of the leukemic cells and
the consequent pathology of the disease. The finding that Ber-Abl is the cause of the leukemic phenotype
and that the tyrosine kinase activity of Abl is fundamental for Ber-Abl-mediated transformation, made this
kinase an important target for the development of specific therapies. In the recent past, advances in the
selective inhibition of Bcr-Abl kinase activity led to the development of Imatinib mesylate (Gleevec) that
now represents the first line treatment for CML. Unfortunately, either overexpression or mutations of Ber-
Abl confer resistance to Gleevec. As a consequence, there is a growing interest in the development of second
generation small molecules inhibitors, able to treat Gleevec resistant CML.

It has been recently demonstrated that the activity of Src is elevated in the presence of the Ber-Abl
oncoprotein; Src kinase activity remains high following Imatinib inhibition of Ber-Abl in leukemic cells,
while the simultaneous inhibition of both Ber-Abl and c-Src kinases results in long-term survival of mice
with ALL.

These reasons, together with the striking similarity between the catalytically active states of the c-Src
and Abl kinases, prompted medicinal chemists (helped by computational methods) to synthesize dual
Src/Abl inhibitors that might be active against Philadelphia positive forms of leukaemia.®® In the continuing
efforts to find new anticancer agents, we have recently synthesized several 4-amino substituted pyrazolo[3,4-
d]pyrimidines 129, 130, 134, 135, 137 and 140. The starting products for the synthesis of these derivatives
are the substituted phenyloxiranes 122 that reacting with hydrazine monohydrate, led to the corresponding
2-hydrazinoethanols 123 (Scheme 28).°* Reaction of 123 with ethyl(ethoxymethylene)cyanoacetate afforded
the ethyl esters of 5-amino-1H-pyrazole-4-carboxylic acids 124, which were in turn treated with benzoyl
isothiocyanate for 12 h in refluxing THF to give 125. These intermediates were cyclized to the pyrazolo[3,4-
d]pyrimidinones 126 by treatment with 2M NaOH, followed by acidification with acetic acid. Alkylation of
the thio group at C6 with the appropriate alkyl iodide in refluxing THF afforded the 6-alkylthio derivatives
127, which were in turn treated with the Vilsmeier complex (POCl;:DMF) to obtain the dihalogenated
compounds 128, bearing a chlorine atom both at C4 and at the N1 side chain. Regioselective substitution of
the chlorine at C4 with an excess of various amines, afforded the products 129 in good yields. Treatment of
129 with DBU (1,8-diazabicyclo[5,4,0Jundec-7-ene) heating for 4 h at 90 °C led to the corresponding styryl
compounds 130.

Reaction of 124 with an excess of formamide at 190 °C afforded the pyrazolopyrimidinones 131 which
was transformed into the dichloro derivatives 132 after treatment with the Vilsmeier complex. Alternatively,
compounds 131 were transformed into the styryl derivatives 133 by reaction with POCl; at reflux. Treatment
of 132 and 133 with different amines afforded the desired 6-unsubstituted derivatives 134 and 135 (Scheme
28).% Compound 136 was prepared following the Beal and Véliz procedure® by treatment of 131 with a
mixture of hexamethylphosphorous triamide/N-bromosuccinimide (HMPT/NBS) in acetonitrile at —20 °C
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followed by addition of LiBr and refluxing for 6 hours. It is interesting to point out that the secondary OH on

the side chain remains unaltered with this procedure.
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The C4 bromo derivative 136 was treated with the appropriate amines and gave the final compounds
137.%%% Reaction of the pyrimidinone 131 in DMF with a solution of phosphorous tribromide, pyridine and
toluene at room temperature for 3 days led to the intermediate 138, bearing a bromine atom on the N1 side
chain. Compound 138 was in turn chlorinated at C4 by treatment with the Vilsmeier complex, to afford the
intermediates 139 which were finally reacted with an excess of various amines to obtain the derivatives 140
in high yields (Scheme 29).”

HMTP NHR
NBS/LlBr N/ Am|nes NZ A X
131 X | N
N N

N
136 137 OH
PBrs/Py =
R = cyclopropyl, C3H; C4Hg
cyclohexyl, (CH,)>Ph, Bn
POCIyDMF N - _ Amines K)\/E\
138 139 140

Scheme 29

The library of compounds 129 and 133, bearing a 2-chloro-2-phenylethyl N1 side chain showed a
submicromolar to nanomolar activity toward isolated Src as well as antiproliferative activity toward the
epidermoid (A431) and breast cancer (BC-8701) cell-lines (that overexpress Src) blocking Src
phosphorylation and inducing apoptosis with potency about two-fold higher than that of the reference
compound 4-amino-5-(4-chlorophenyl)-7-(¢-butyl)pyrazolo[3,4-d]pyrimidine (PP2) 112b 5560688 The most
potent compounds of the series were also used to investigate the role of c-Src in the control of the invasive
prostate carcinoma cell line, PC3. The molecules reduced proliferation, migratory ability and adhesive
capacity of PC3 cells.”’ Moreover nanomolar concentrations of these c-Src inhibitors have a highly selective
antiangiogenesis effect, by reducing the production of VEGF (Vascular Endothelial Growth Factor) and
decrease tumor volume promoted by A431 implanted in nude mice.”!

Derivatives 129, bearing an aniline, benzylamino or phenylethylamino substituents on C4 possessed,
together with c-Src inhibitory properties, antiproliferative activity on human osteogenic sarcoma (SaOS-2)
cells, reduced bone resorption when used to treat mouse osteoclast without interfering with normal
osteoblast growth and reduced the volume of human SaOS-2 xenograft tumor model in nude mice.”

Based on the fact that compounds acting as c-Src inhibitors often showed also activity toward Brc/Abl,
a set of these pyrazolo[3,4-d]pyrimidine derivatives have been tested on Abl isolated enzyme and on a panel
of leukemia cell lines. The studied compounds were able to inhibit Bcr/Abl and c-Src phosphorylation,

induced apoptosis and, as the activation of Src and Abl is an important step in the progression of leukemia
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cells (in particular, CML), reduced cell proliferation.”” More interestingly, some of these compounds have

very recently shown to be active on imatinib resistant CML cells.”

5. Conclusions

The most common methods for the synthesis of pyrazolo[3,4-d]pyrimidine scaffold have been reported
starting from the earlier work of Robins, when the biological behaviour of these compounds was still in an
embryonic state, up to recent days. We have described how the evolution of chemical methodologies, which
led to many new derivatives, tightly accompanied the evolution of modern biology, pharmacology and
modern medicine. It is fascinating how the functionalization of the pyrazolo[3,4-d]pyrimidine scaffold can
gives rise to selective inhibitors for many different biological targets, which number is in rapid evolution.

Further work in this field is expected to give even more interesting results in modern molecular medicine; it

175

is a proof of concept that the recent work by Smithgall™ on the use of such derivatives on stem cells has

opened a new avenue on the war against tumors.
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Abstract. This chapter is devoted to the most recent progresses in the chemistry of bidentate and tridentate
heterocyclic ligands containing at least one pyridine group. In this family of organic ligands derived from
the pyridine unit, we indeed present the recent advances in the well-known and tremendously developed
chemistry of 2,2'-bipyridine, 1,10-phenanthroline and 2,2':6',2"-terpyridine and their respective derivatives
but we also report the synthesis of new chelating ligands incorporating original five-membered heterocyclic
rings such as imidazole, pyrazole or triazole. We describe the different strategies recently developed for the
synthesis and the functionalization of these organic compounds. The pyridine-based ligands presented in this
chapter have also been specifically selected amongst the vast literature dealing with these compounds to
illustrate the numerous applications in which they are now involved, such as nonlinear optical (NLO)

materials, organic light emitting diodes (OLEDs) or in nanotechnologies.
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1. Introduction

Pyridine is one of the most important nitrogen-containing heterocycle present in numerous natural and
synthetic molecules. Its synthesis has been intensively investigated.'*® Pyridine is also a key building-block
to prepare polydentate ligands able to coordinate metals.'* These chelating ligands, based on the pyridine
unit, are named polypyridyl ligands when they are exclusively composed of pyridines. But polydentate
ligands can also bear only one pyridine unit. Among polydentate ligands, polypyridyl ligands are one of the
most important classes of chelating agents as they coordinate various transition metal ions. In the past
decade, the structure of these ligands has been widely tuned to obtain structure-properties relationships for
targeted applications ranging from optical applications to nanoelectronic devices. In this chapter, our aim is
to present bidentate and tridentate ligands bearing at least one pyridine unit as binding site. This chapter will
first focus on the recent development in the syntheses of these ligands and will highlight works recently
published with the different strategies used for these syntheses. The second part will be devoted to the most
relevant applications for these ligands and their substituted derivatives. Even if the chelating ligands
presented here are indeed mainly synthesized and designed to bind metal ions and to generate metal
complexes with specific properties, only few of these metal complexes will be presented as it is not the main
object of this chapter. For the applications, three main topics will be considered: optical applications, opto-
electronic materials and nanoelectronic components. Several ligands mentioned in this chapter have also
been used for applications other than materials. When coordinated to a metal, some of these ligands have
been used in asymmetric catalysis,” for mimicking the electron-donor side of a photosystem II in artificial
photosynthesis,3 in DNA binding and photocleavage4 or in metal-labeled single stranded oligonucleotides.5

These different topics are well-reported in the literature and will not be discussed herein.

2. Synthetic approaches to polypyridyl ligands
2.1. Nature of the chelating ligands

Bidentate and tridentate chelating ligands constitute an important class of compounds for the
construction of transition metal complexes. For all these ligands, the binding ability depends on the
geometry and the angle at which donor atoms of the chelating ligand ‘bite’ into the transition metal. Various
groups have been covalently linked to the central pyridine in order to modify the distance between two
consecutive donor atoms. The main structures employed as second or third binding substituent are pyridine,

phenyl, imidazole, pyrazole, triazole and thiophene groups (Scheme 1).
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Among bidentate ligands, the most widely used is undoubtedly the 2,2’-dipyridyl (bipyridine 1)
combining easy functionalization, redox stability and luminescence properties when complexed with a
metal. Bipyridine 1 is both a ¢-donor and a m-acceptor ligand.6 The nitrogen lone electron pair can form
c-bond(s) with a central atom, while the aromatic system can be involved in 7 back-bonding. 1 stabilizes
soft metal ions, especially transition metal ions in low oxidation states. Another specificity lies in the fact
that it is a neutral ligand, compared to dianionic ligands derived from catechol or monoanionic
acetylacetonate. The oxidation state of the metal and the resulting overall charge of the complex can have a
strong impact on its solubility, crystallization, stability or optical properties. Moreover, 1, having two
nitrogen donor atoms separated by two carbons, form five-membered rings, which are the most stable
structures. Numerous multifunctional compounds derived from 1 have been synthesized (Scheme 2). For
example, introduction of an additional aromatic ring linking two pyridine groups generates a rigid
framework and led to the development of the chemistry of phenanthroline and phenanthroline derivatives.’
Recent years have also witnessed an increasing interest for ligands containing five-membered heterocyclic
rings such as pyrazole, imidazole or triazole. Notably, introduction of such five-membered rings in the

ligands led to a series of blue-emitting iridium® and osmium’ complexes.

N N= N N
N = /N /\]@ C/N>©
/\\/ CG}—\/ CHN 7\
H

bipyridine 1 phenanthroline 2 2-(2'-pyridyl)-benzimidazole 3 2-phenyl-pyridine 4

Scheme 2

Ligands can also be modified by changing the nature of the binding site. The replacement of the
nitrogen donor atom by the less electronegative carbon atom led to the 2-phenyl-pyridine ligand 4 capable of
reacting with various transition-metal ions through direct C-H bond activation.'® In particular, the use of this
cyclometalated ligand enabled the formation of neutral complexes, for instance with iridium, exhibiting
room temperature phosphorescence suitable for organic light-emitting diodes (OLEDs) devices."'

Tridentate ligands such as terpyridine S and its derivatives have also been the subject of intensive

investigations due to the multitude of potential applications for these systems.'*'> Special redox and
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photophysical properties have been obtained when metals in various low and high oxidation states are
coordinated to these ligands. The family of tridentate chelating ligands has been extended to compounds
based on 2,6-di(pyrazol-1-yl)pyridine 6, 2,6-di(pyrazol-3-yl)pyridine 7, 6-(pyrazol-3-yl)-2,2’-bipyridine 8
and 6-phenyl-2,2’-bipyridine 9 (Scheme 3)."* Compared to the conventional terpyridine, in which the central
pyridine is substituted by two equivalent rings, these last families contain binding groups of different
basicities. By deprotonation of the phenyl ring of 9, luminescent platinum-acetylide complexes have been
plrepared.15 Ligand 2,6-bis-(1-aryl-1,2,3-triazol-4-yl)pyridine 10, which is widely used in supramolecular
chemistry, has been prepared by a “click chemistry” based approach.'® The last type of tridentate ligand
presented in this chapter is the 2,6-bis-(1-methyl-benzimidazol-2-yl)pyridine 11 which reacts with

. . . 17
lanthanide ions to generate luminescent complexes.

terpyridine 5 2,6-di(pyrazol-1-yl)pyridine 6 2,6-di(pyrazol-3-yl)pyridine 7 6-(pyrazol-3-yl)2,2"-bipyridine 8
9 . ; Q @
N
N
SN S N, N
= N ‘ \
6-phenyl-2,2-bipyridine 9 2,6-bis(1-aryl-1,2,3-triazol-4-yl)pyridine 10 2’6“"3("ryr}fggﬁ’i'éﬁ%“ﬂm'daz°"2'
Scheme 3

Each of the previous ligands 1-11 represent the "basic" structures of a variety of families of substituted
ligands. Sections 2.2. and 2.3. will be devoted to the syntheses of these substituted ligands.

2.2. Synthesis of bidentate ligands

Preparation of the ligands is subjected to the stability and the compatibility of the functional groups on
the pyridine ring. As a consequence, there are two possible synthetic routes towards all bidentate ligands
described above. The first method involves the preliminary functionalization of the different rings followed
by a final coupling linking the functionalized rings and generating the final bidentate ligand. This approach
is now an efficient and flexible large-scale preparative method with the development of cross-coupling
methods using mild conditions. When the pyridine, or its counterpart, is conveniently substituted, this
pathway is certainly the most efficient approach to prepare dissymmetric ligands. The second method
consists on the synthesis of the entire ligand backbone and the subsequent selective functionalization of the

core of the ligand.

2.2.1. Pre-functionalization

A short synthesis to prepare 5,5’-diamino-2,2’-bipyridine 14 has been recently reported.'”® In the
former synthesis described by Whittle,"” 14 was prepared in six steps starting from 5,5’-dimethyl-2,2’-
bipyridine 15 with an overall yield of 38%. In the new synthesis, involving reduction of the commercially
available 2-chloro-5-nitropyridine 12 with SnCl,.2H,O and reductive coupling reaction with
NiCl,.6H,O/PPhs/Zn, 14 has been isolated with an overall yield above 60% (Scheme 4).
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Syntheses of 4- and 5-bromo-2,2’-bipyridine have been recently revisited.””® Initial synthesis of
5-bromo-2,2’-bipyridine 19 was hardly reproducible’™*' and 19 was obtained in low yield (12%).** 19 has
been isolated in 78% yield using a Stille coupling reaction of 2-trimethylstannylpyridine 17 with 2,5-
dibromo-pyridine 18 (Scheme 5). 4-Bromo-2,2’-bipyridine 22 has been synthesized in three steps,””” starting
from 1, by modification of published procedures.23 Bipyridine 1 has been first converted to bipyridine N-
oxide 20 with magnesium monoperoxyphthalate (MMPP) and then nitrated by use of nitric acid at 100 °C.
Replacement of the nitro group has been realized by addition of acetyl bromide and removal of the N-oxide
with PBr3 in 21 finally afforded 22.

Br- N\ 18
‘/
N._Br 1) nBuli N._SnMeg Br N =

N - ‘ N — = B 4 )
= 2) BugSnCl = Pd(PPh3)s — N
16 88% 17 78% 19
Mg** O

‘0
o)
€] €]
o ol
N@

J |\{ — C’\S—O HNOg / AcBr 89%
—/ Y (MMPP) N 2) PBry, 50% Q—O

50%
1 50% OaN 21

Scheme 5

Introduction of a phenyl substituent in the 4- position of a bipyridine can be realized following two
different strategies: the first one is based on a ring closure procedure whereas the second one is based on a
cross coupling reaction. Using both methods, several substituents have been introduced in the para-position
of the phenyl ring. 4-Phenyl-2,2’-bipyridine 27 has been obtained following the ring closure route.
4-Substituted benzaldehyde 23 and pyruvate 24 have been condensed to give acid 25. The chalcone has been

then condensed with 2-pyridacyl pyridinium iodide and treatment with ammonium acetate afforded

. . . 5
carboxylate 26. 26 has been finally decarboxylated by strong heating to give 27 (Scheme 6).24*
R N
i 2-pyridacyl =
-pyriaacy: .
)OS(OG EtOH, NaOH pyridinium iodide heating «
. il it — .
o ) NH,OAc, H,O
CHO o R
o
23 24 HO 25 26 27
23a: R = Me, 25a: R = Me, 52% 26a: R = Me, 38% 27a: R = Me, 88%
23b: R =NO, 25b: R = NO,, 60% 26b: R = NO,, 79% 27b: R =NO, 74%
Scheme 6

The second strategy to prepare 27a relies on a Stille cross-coupling reaction between appropriated
stannanes and pyridyl halides (Scheme 7). The new family of bipyridine derivatives 36" has been
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obtained using a strategy initially developed by Akermark et al. 7 to prepare terpyridine derivatives via an
aldol condensation and a Michael addition reaction. The first step consists in an aldol condensation of a
substituted benzaldehyde with 2-acetylpyridine. Dihydropyrans 35 are then obtained by reaction of ethyl
vinyl ether with 34 catalyzed by yttrium hexafluoroacetylacetonate. Reaction of 35 with hydroxylamine

finally afforded 36 with yields ranging from 18 to 51% with the substituent (Scheme 7).

4
N Br
‘N\ SnBuj ‘N\ \N
/ ‘N\ Br Pd(PPhy), / Pd(PPhg), S”Bus
"
/ xylene, 130°C, DMF, 120°C, U
45% 60 h, 52%
29
28 27a 31
N OEt
=
o R NaOH Z ‘ H,NOH.HCI
"
| _N 6 MeOH /H0 X O Yttrium hexafluoro N N0 oRt CHsCN
46-86% yield _N acetylacetonate \ N 18-57% yield
56-98% yield z
32 33 34 35
Scheme 7

Microwave-assisted syntheses is a new approach recently developed to isolate 2,2'-dipyridyl 1
(Scheme 8).”* Various derivatives of 1 have also been obtained with yields ranging from 81 to 88% using

microwave irradiation (Scheme 8).28b

S A catalyst (50mol%) 7\ N=
» L — \ /
N Br N

ZnBr microwave, 300W =N
THF, 1 h
29 37 1
Ar! Ar-HN
X
X DMF =
U ., NC_ON Ne— )
N = ; _ N\ 7/
N NH, microwave, 200W N
(0] 2-9 min, 100°C Arl
r
38 39 40
Scheme 8

An approach to prepare functionalized 1,10-phenanthroline core has been recently published.29 The
synthesis of 1,10-phenanthroline derivatives 44 has been achieved by construction of the polycyclic aromatic

scaffold under Skraup conditions.

S] 3
1 X R
R R2
CHO © R R 7
A PhsP X t-BuOK, THF N Cu, DMF
‘ _ + ‘ _ _— AN X
R N Br Br N R?2 ‘ _ Br
R” N7 TBr
| 42 43 44
41a:R=R'=H 42a:R?=R%=H 43a:R=R'=R?2=R°®=H, 94% 44a:R=R'=R?=R®=H, 67%
41b:R=Me,R'=H 42b:R>=Me, R®=H 43b: R =Me, R'=H, R?=R3 = H, 94% 44b: R =Me, R' = H R2 R3=H, 75%
41c:R=R'=Me 42¢: R2-R® = -CH=CH-CH=CH- 43c:R=R=R?=Me,R' = R3 H, 97% 44c:R=R=R?=Me, R"=R®=H, 32%
43d: R=R'=Me, R2=R3=H, 88% 44d: R =R'=Me, R?=R®=H, 24%
43e: R = Me, R' = H, R%R3 = -CH=CH-CH=CH-, 95%  44e: R = Me, R' = H, R?-R® = -CH=CH-CH=CH-, 24%
43f: R = R' = Me, R%-R? = -CH=CH-CH=CH-, 32% 44f: R = R" = Me, R%-R?® = -CH=CH-CH=CH-, 35%
Scheme 9
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An advantage of this new methodology lies in the fact that both pyridines are conveniently
functionalized before the coupling. Both pyridines have been covalently linked by a Horner-Wadworth-
Emmons reaction and an Ullmann intramolecular coupling generated the phenanthroline core (Scheme 9).

Another strategy used for the functionalization of the phenanthroline is based on the generation of its
corresponding 1,10-phenanthroline-5,6-dione. Dione 46 has been previously obtained in quite harsh
conditions by oxidation using fuming nitric acid in sulfuric acid at 90 °C.*° Recently, several groups
optimised the synthesis, and diones 46 and 47 can be obtained now with high yields (Scheme 10).%!
Coupling of 46 with different substituted aromatic aldehydes generated the target molecules 49 with yields
ranging from 40 to 90%.** Concerning the neocuproine 47, only one example of reaction with an aldehyde,
namely 2-chloropyridine-4-carbaldehyde, is reported to date, providing the modified phenanthroline 50 in
92% yield (Scheme 10).

/
/

49a: R' = p-HO-Ph-, 79%

z—
\

, \
O+ RCHO N~ N% 49b: R’ = Ph-, 89%
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HNO; / H,SO, NHLOAG. AcOH R 49c:R = pMeoN-Ph-, 78%
KBr, 130°C N o 4 N N 49d: R' = p-OHC-Ph-, 72%

_ _ 49e: R' = p-PhyN-Ph-, 80%
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X X
HNOg / HpSO,4 \ \ cl
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N (o} N N
| cl |
47 48 50: 92%
Scheme 10

1,10-Phenanthroline-5,6-dione 46 is also a key intermediate for the synthesis of several bidentate
ligands such as dipyrido[3,2-a:2’,3’-c]phenazine 51 (Scheme 11).%

‘ X ‘ X
N A0 HaN- H:O/EIOH NN N
N Lg —— SR
N o HNT S 180°C, 1day NN
‘ = ‘ =
46 51:93%
Scheme 11

The novel chemosensory material 2-(2’-pyridyl)-benzimidazole 3 has been obtained by condensation
of o-phenylene diamine 52 and picolinic acid 53 in polyphosphoric acid at 190 °C in moderate yield (21%)
(Scheme 12).% By modification of the reaction conditions (quantity of polyphosphoric acid, temperature,
reaction time), 3 has been obtained with yields up to 93%.>® Several efficient and rapid syntheses were also
developed to prepare 3 without the use of polyphosphoric acid as solvent. Using BF;.Et;O as
cyclodehydrating and deacylating agent, 3 has been obtained in 94% yield from 54.%” Microwave-assisted
synthesis shortened the reaction time to seven minutes and provided 3 in 84% yield.3 8 Starting from

pyridine-4-carbaldehyde and by use of the hypervalent iodine reagent PhI(OAc); in dioxane, 3 was obtained
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from 52 in three minutes at room temperature in 86% yield (Scheme 12).*? 3 was also prepared by
chemoselective reaction of a stoichiometric amount of 52 and 55 with silica-supported thionyl chloride in
dichloromethane at room temperature in 92% yield.40 Finally, a green synthesis of 3 was recently developed,
based on an oxidation process of the carbon-nitrogen bond with iodine, potassium iodide and potassium

carbonate in water (Scheme 12).*!

©:NH2 @\ _polyphosphoric acid @[ >_Q
+
i 190°C

NH, N~ >CO.H

52 53 21% —> 93%

’ Microwave synthesis, 155-165°C, 7 min |

84%

+ _—
_ 9% N \ 7/

NH, N >cocl N
52 54 3

PhI(OAc)y, rt, 3 min

’ dioxane, 86% j
NH, N SOClI,-SiO, N N=—
O O, o O
NH, N"NCHO  CHCly, tt, 92% N \_/
52 55 3
‘ I, KI, K,CO3 |

50 min, 90°C, 65%

Scheme 12

Traditionally, 2-phenylpyridine 4 was synthesized by the arylation of pyridine with phenyllithium
(78% yield)* or by a Grignard reaction with phenylmagnesium chloride (62% yield).> A green synthetic
approach, using acetophenone 56, ethanol and ammonia over molecular sieves has been reported (Scheme
13).* With a yield of 12-31%, this procedure is not adapted for large scale syntheses. The most common
method to prepare substituted phenyl-pyridine is the Stille cross coupling reaction (Scheme 13).%

0}
Q)K NHS HCHO
molecular sieves

56 4:12-31%
OR!
= Pd(PPhg),
+ | -
.
| N~ “SnBuj
57
57a:R'=H 59a:R' = H, 72%
57b: R' = CpoHag 59b: R" = CypHys, 35%
Scheme 13

Extended phenyl-pyridine systems (4-styryl-2-phenylpyridine) can be easily prepared starting from
substituted derivatives 60 and 62. The syntheses of the styryl ligands 61 and 63 have been achieved either by
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a Knoevenagel-type condensation between the appropriate aldehyde and 4-methyl-2-phenylpyridine 60 or by
means of a Horner-Wadworth-Emmons reaction between p-nitrobenzaldehyde and 4-diethylphosphonato-

methyl-2-phenylpyridine 62 (Scheme 14).*°

R = H, OMe, NEt,
60 no yields reported

PO(OMe),

Scheme 14

2.2.2. Post-functionalization

The post-functionalization approach is a strategy that has been mainly developed for robust structures
such as bipyridine and phenanthroline. This method often requires harsh conditions resulting in
unsatisfactory yields and low tolerance towards functional groups. However, for bipyridine and
phenanthroline, it constitutes an alternative strategy to introduce substituents such as an aldehyde, an acid or
a bromomethyl group without the necessity of a multi-step synthesis. Nevertheless, as already stated
previously, this is not the most convenient method to prepare dissymmetric ligands. Bipyridine 1 itself and
its dimethyl-substituted derivatives 65 are undoubtedly the main starting reagents to generate functionalized
bipyridine by post-functionalization. Dimethyl-2,2’-bipyridines are mainly obtained by reductive coupling of

the corresponding pinacoline using Raney-Nickel alloy.

HsC
AR Raney-Ni N —\ CHs
() = O~
N HC <=/ '\

64 65
N - N = AgNO N _
7N\ » 7N » #, 7R C)
— N =/ N NaOH, EtOH, H,0 =/ N\
66 SeO,, dioxane  OHC 67 53% HoOC g
32-50% OHC HOOG
N/ = AGNO N
) N/ 7 \ - 7\ L)
- N =/ N NaOH, EtOH, H,0 =/ N
76%
69 70 ”
SeO,
N/~ N
S =X o)
—/\ an
72 7
Scheme 15

The conditions to introduce a single aldehyde function on dimethyl-substituted 2,2’-bipyridine vary
depending on the position of the methyl groups. One aldehyde function can be directly synthesized by the
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selective oxidation of one methyl group using selenium oxide, starting with 4,4'-dimethyl-2,2’-bipyridine 66
or 6,6'-dimethyl-2,2’-bipyridine 69. Monoaldehydes 67" and 70* have been obtained in moderate yield
(29-50%) and have been then converted to the corresponding monoacids 68%° and 71,% respectively, using
silver nitrate (Scheme 15). It has not been possible to isolate monoaldehyde 73 when the same reaction
conditions are applied to 5,5 -dimethyl-2,2’-bipyridine 72.

Several strategies have been developed to introduce two aldehyde functions in 65. The typical one
consists in oxidizing both methyl groups using KMnQOy4, K,Cr,0O7 or CrOs, followed by the esterification of
the resulting acids 74, the reduction of the resulting esters 75 in their corresponding alcohols 76 and finally
the oxidation of the alcohols with various oxidants such as SeO,, KMnO,, PCC (pyridinium chlorochromate)
or MnQ,; to afford dialdehydes 77 (Scheme 16). This four-step procedure gives the dialdehydes in low
yields. A high yield two-steps synthesis has been developed to generate 4,4’-diformyl-2,2’-bipyridine 79.
Enamination of bipyridine 66 with Bredereck reagent fert-butoxy-bis-(dimethylamino)methane gave 78 in
quantitative yield. Further oxidation of the enamine with potassium periodate provided 79 in 80% yield
(Scheme 16).** Introduction of two aldehyde functions in 3,3’- positions has been realized by
monolithiation of 2,6-dibromopyridine 80 and oxidative coupling.51 Double lithium-halogen exchange
reaction followed by quenching with DMF afforded dialdehyde 82 (Scheme 16).> Substitution of bipyridine
core by a formyl group has been widely studied in order to generate extended conjugated framework,

notably valuable for NLO applications.
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N 1) n-BuLi, -78°C N — -BuLj, - N =
VAR - ) n-BulLi TN ) 1) n-BuLi, -78°C 7N )
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80 50% for both steps 81 Br 55% g2  CHO
Scheme 16

Mono- and bis-bromination of 4,4’-dimethyl-2,2’-bipyridine 66 and 5,5 -dimethyl-2,2’-bipyridine 72
have been extensively studied and several variations of published procedures leading to improved yields
have been recently reported. Monobrominated bipyridine 83 has been obtained in various yields by
bromination of 66 with N-bromosuccinimide (NBS) and a radical initiator (AIBN, benzoyl peroxide) in
CCl,.>*>* 83 has also been synthesized in high yield by halogenation of the alcohol 84 (Scheme 17).%¢
Improved synthesis by lithiation of 66, silylation with trimethylsilyl chloride and bromination with

1,2-dibromotetrafluoroethane has been reported with an overall yield of 74% (Scheme 17).%
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Scheme 17

A similar procedure (lithiation, silylation and bromination) has been developed to synthesize
4,4’-dibromomethyl-2,2’-bipyridine 87, starting from 66 and with an overall yield of 74%.’® This overall
yield is quite low, considering that a yield as high as 97% has been previously reported to convert 86 in 87.%
However, yields ranging from 10 to 30% had been previously obtained using former procedures to
synthesize 87 starting from 66.® 87 has also been used in an alternative procedure to prepare
4,4’ -dihydroxymethyl-2,2’-bipyridine 89, via the bis-ester 88.°° 87 has also been obtained from 89 by
halogen substitution of the dialcohol 89 in 88% yield (Scheme 18).59

VA Br-CF,CFo-Br NaOAc, DMF
4 E— _— .
— N / CsF, DMF, rt, 3h 50°C, 3h
66 74% yield for both steps

SiMe; OAc 859 |

6 overa
Nazf?03.1'3r210 yield starting

NBS, AIBN, CCl,, reflux rei. from 103

10-30% vyield
aq. HBr (48%), HoSO,
88%

Scheme 18

6,6’-Bis-bromomethyl-2,2’-bipyridine 94 has been prepared in five steps, starting from 6-bromo-2-
methylpyridine 90 (Scheme 19).°° 6,6’-Dimethyl-2,2’-bipyridine 69 has been obtained in 84% yield by
reductive coupling using Ni(PPhs)s. The two methyl groups have been then converted into bis-methanol
groups (62% overall yield) following the procedure described by Newkome.®' Bis N-oxide 91 has been
readily prepared by treatment of 69 with an excess of peracetic acid. 91 has been then refluxed with acetic
anhydride to afford the bis-ester 92. Treatment of 92 with potassium carbonate in ethanol induced a
complete transesterification. 6,6’-Bis-(hydroxymethyl)-2,2’-bipyridine 93 has been further transformed into
6,6’-bis-bromomethyl-2,2’-bipyridine 94 with PBrs, using the standard method (51% yield). Bromination of
69 allows for the direct synthesis of 94 in similar yields (24-51% yield) compared to the five steps
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procedure. However, this method results in the formation of side products that are often difficult to

62
separate.

| A Ni(PPhg), Y N\ — CH4CO4zH Y h{ = Ac,0 Y r\{ — KoCOs
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Scheme 19

Halogenation of 2,2’-bipyridine (5,5’- positions) and 1,10-phenanthroline (3,8- positions) constitutes a
key-step for the functionalization of these ligands. Similar strategies have been used to prepare both
halogenated ligands. These strategies lead to tedious work-up, for example to remove the side products by
column chromatography, low yields and problems of reproducibility. Consequently, this crucial step is still
under intensive investigations. Monobrominated bipyridine 19 has been obtained with yields ranging from
20%° to 46%* and bis-brominated bipyridine 96 with yields ranging from 21%% to 51%** (Scheme 20).
Mono- and bis-bromination of 1,10-phenanthroline 2 have been performed with bromine in nitrobenzene,
using the hydrochloride derivative of 2, but proceeded in low yield (Scheme 20).** Improvement of this
reaction has been proposed with sulfur dichloride and pyridine (63% yield).65 It has to be noticed that the
direct chemical modification of the 1,10-phenanthroline backbone has not been widely investigated and only
few examples of regioselective introduction of substituents are known.*® Sauvage er al. have published a
modified procedure to prepare 3,8-dibromo-1,10-phenanthroline 99, improving the yield from 63% to 75%
by using pyridine and 1-chlorobutane as solvents (Scheme 20).57
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1 B @ 19 96
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Cl cl
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N N N N
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Scheme 20
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Halogenation of 1 (4,4’- positions) has been easily realized using its N-oxide derivative 100.
Bipyridine 102 has been obtained in moderate yield by nitration of 100 and subsequent conversion of the
nitro groups into halogens.68 The nitration of 100 had been previously reported with a higher yield by

elongation of the reaction time (Scheme 21).%

Q_O H,0, N\ =\ _HNOg Hy80; _ CHSCOCI ACOH, 100°C, 4, 80% /=N /=
\
CHgCOOH, 75°C  \= / 100°C, 8h 2) PCls, CHCI,, reflux, 6h, 86% Y

94% 52% Cl

‘ HNO; H,SO, 100°C, 20h, 86% 1

Scheme 21

2.3. Synthesis of tridentate ligands
2.3.1. Cyclisation

Strategies to prepare symmetrically or unsymmetrically substituted terpyridines are indeed different
but they also depend on the nature of the substituent in the 4- position. For symmetric terpyridines,
introduction of an hydroxyl or a chlorine group in the 4- position has been realized according to the
following procedure: reaction of ethyl 2-pyridinecarboxylate 103 with acetone in the presence of a base
afforded 1,5-dipyridin-2-yl-pentane-1,3,5-trione 104 in 75% yield.ma 2,6-Bis-(2’-pyridyl)-4-pyridone 105
has then been obtained by ring closure using ammonium acetate in methanol. Finally, prolonged reflux of
105 with PCls in boiling POCI; generated chloroterpyridine 106 in 62% yield (Scheme 22).70

Ny -COqEt o) NaH, THF N N NH,OAc
(e g e ey iy e
Z 75% _ _J MeOH, 75%
103 104
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‘ X
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Scheme 22

Reaction between a central pyridine bearing a bis-Michael acceptor unit and two equivalents of acetyl
derivatives have been used to synthesize the symmetrically substituted terpyridine 109 (Scheme 23). This
procedure, initially developed by Potts,” is at the root of several opto-mechanical supramolecular devices

T2a

recently prepared by Lehn et al."™ Another method has been developed to obtain terpyridines, without

substituent on the central pyridine, via an aza-Diels-Alder reaction, starting from 1,2,4-triazines (Scheme
For symmetric terpyridines substituted by an aromatic ring in the 4- position, the main strategies are

ring assembly and coupling methodology. The most common ring assembly based method is the Krohnke
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procedure or its various improved procedures.”® Several modifications of the initial approach, based on the
condensation of a N-heteropyridinium salt with enones in ammonia, have been introduced and
unsymmetrical terpyridines can now be prepared.”* The procedure developed by Newkome et al. is
convenient for the synthesis of mono and symmetrically or asymmetrically disubstituted 4°-(4-
bromophenyl)terpyridine.” Reaction of the pyridinium salt of the modified 2-acetylpyridines 112 with
functionalized 4-bromo-aza-chalcones 113 via a Michael-type addition, followed by ring closure with

ammonium acetate, afforded unsymmetric terpyridines 114 with yields ranging from 33 to 73% (Scheme
24).

OO Prs ‘SP" \Prs‘ SPr 1) BuOK, THF, 60°C
+
‘O N 2) NH,OAc, AcOH, 80°C

) o) o) 39%
107 108
Ar_N. N_A Ar Ar
"~V N* ]/ ' 2,5-norbornadiene, xylene, 48 h = ‘ = ‘
X ! N X, \N N\ N
N N 65-80% \
= =
110 111
Scheme 23
_MeOH, NH,0Ac, 8h _
/ — > Br
Q g2 or AcOH, NH,OAc, 61
Scheme 24

Other approaches have been developed to prepare terpyridines bearing an aromatic ring in the
4- position. The method developed by Constable et al. is based on the condensation of an aromatic aldehyde
115 with 2-acetylpyridine 32 in THF and in the presence of a base, followed by ring closure with ammonium
acetate in refluxing alcohol under aerobic conditions (method 1).”> A sequential solvent-free version of this
procedure, based on the grinding of the reactants, has also been published.76 A one-pot synthesis has also
been described in which aldehyde 115 and 2-acetylpyridine 32 are mixed together with a base in a mixture
of solvents (ammonia and alcohol, method 2).”” Microwave-assisted high-speed chemistry can also be used
to prepare terpyridines. A one-pot reaction of 2-acetylpyridine 32, aromatic aldehydes and ammonium
acetate in glycol under microwave irradiation and without catalyst was investigated.78 Terpyridines were
obtained in high yields ranging from 81 to 91%. Recently, an environmental friendly version of this reaction
was developed in water and terpyridines were obtained in similar yields (Scheme 25).7° A green and
straightforward synthesis of 4-substituted terpyridines 121 involves the reaction of the enolate anion of
2-acetylpyridine 32 with aromatic aldehydes 117, followed by oxidative cyclization in the presence of
concentrated aqueous ammonia.*® The reaction is performed in polyethylene glycol (PEG 300) and ammonia
(Scheme 25).
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Scheme 25

6-Phenyl-2,2’-bipyridine 9 has been synthesized in a similar way as described above for terpyridines. 9

has been isolated in 76% yield by reaction of [2-(2-pyridyl)-2-oxoethyl]pyridinium iodide 112, dimethyl(3-
ox0-3-phenylpropyl)ammonium chloride 122 and ammonium acetate in acetic acid (Scheme 26).*'
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Scheme 27

Improved methodology for the preparation of disubstituted 6-phenyl-2,2’-bipyridine 126 has recently

been developed from 1,2,4-triazine derivatives via the inverse-electron-demand Diels-Alder reaction. The
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interest of this reaction lies in the fact that this microwave-promoted, solvent-free route affords 126 in good
yields with relatively short reaction times and avoids the need of a separate aromatization step (Scheme
27).%

2.3.2. Coupling reactions

In the family of tridentate ligands, terpyridine derivatives have been extensively studied and remain
the focus of considerable attention. The recent synthetic approaches to prepare terpyridines consist in cross-
coupling reactions, and Stille coupling is the most widely used.®’ Yields obtained with such reactions are

highly dependent on the nature of the substituent on the central pyridine (Scheme 28).
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Scheme 28

Suzuki cross-coupling reaction has also been used for the synthesis of substituted 6-phenyl-2,2’-
bipyridine 135.% Starting from 132, monosubstituted 135 and disubstituted 134 have been obtained by
controlling the number of equivalents of phenyl iodide and base (Scheme 29). 132 had been elegantly
obtained by the regioselective borylation of 4,4'-tert-butyl-2,2'-bipyridine in ortho to the nitrogen atoms.

@/' PdCl,(dppf) 10 mol%
+
DMF, 80°C, 6h

K3PO,.2H,0

133

K3PO4: 4 eq, Ph-1: 3 eq K3PO4: 2 eq, Ph-1: 1.2 eq
67% 31%

Scheme 29

Parallel to the terpyridine derivatives chemistry, recent years have witnessed the rapid development of
pyridine-centred ligands containing heteroatomic five-membered rings. The most common method to
prepare 2,6-di(pyrazol-1-yl)pyridines 7 is the nucleophilic coupling of deprotonated pyrazole with
2,6-bromopyridine 130, even if the use of 2,6-dichloropyridine 136 leads to similar yields of 85% and 80%,
respectively (Scheme 30).* When a 3-(5-substituted)pyrazole ring has been used, a mixture of regioisomeric
products has been obtained and, in all cases, the mono-substituted pyridine is obtained as a by-product. This
coupling has proved to be highly dependent on the nature of the substituent on the pyridine ring. Up to now,
the only substituents that have been introduced in the 4- position of the pyridine ring are OMe, Ph, CONHj,

85



thien-2-yl, CN and CO,Et (Scheme 30).% 141 and 142, bearing a hydroxymethyl and a bromomethyl group,
respectively, in the 4- position of the central pyridine ring have been recently obtained by reduction of 140 in

ethanol with NaBH, for 141, followed by bromination in refluxing conditions for 142 (Scheme 30).%
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Functionalization of the 4’- and 4’’- positions of the pyrazole groups has been successfully realized by
halogen exchange on 2,6-di(pyrazol-1-yl)pyridine 143, in a one-pot synthesis, and led to symmetrically
substituted 2,6-di(pyrazol-1-yl)pyridines (Scheme 31)." 144 and 145 are indeed interesting synthons for

further functionalization.
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Scheme 31

Recently, a new family of chelating ligand named “clickates” has been reported.16 Their synthesis has
been realized in high yield by click chemistry between 2,6-diethynyl-4-substituted pyridines 146 and aryl
azides 147 (Scheme 32). Authors also proved this method to be suitable to prepare symmetrical and
unsymmetrical ligands. The dissymmetry has been generated by sequential coupling using in the first step
the monodeprotected 2,6-diethynylpyridine 149 (Scheme 32)."® A similar procedure has been described to
substitute the triazole moiety by alkyl chains.®

2,6-Bis-(1-methyl-benzimidazol-2-yl)pyridine 11 has been used to isolate metal complexes exhibiting
photoluminescence properties.” The synthesis of 11 was first reported in 1987 by condensation of
N-methylbenzene-1,2-diamine dihydrochloride 154 with pyridine-2,6-dicarboxylic acid 155 in H3PO, at
170 °C (15% yield). Recently, a three-step synthesis of 1H,1H’-2,2’-pyridine-2,6-diyl-bis-benzoimidazole
156 has been 1rep0rted.90 Using this procedure, 156 has been obtained with an overall yield of 80% starting
from 157 and 158 (Scheme 33). Condensation of 1,2-diaminobenzene 157 with 2,6-diformylpyridine 158 in
the presence of Cd(ClOs), afforded the polydentate Schiff’s base 159. Reaction of 159 with sodium sulfide
afforded the free ligand 160, which has been then oxidized with iodine in methanol to give 156. 156 can then
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be alkylated using iodomethane, sodium hydride and tetramethylurea and therefore constitutes a key-

intermediate for the synthesis of 11.”"
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3. Applications
3.1. Optical properties
3.1.1. Nonlinear Optical (NLO) materials
Coordination compounds are of particular interest for the design of new dyes with large second-order
nonlinear optical (NLO) susceptibilities. Metallic complexes based on lanthanide®® or d-transition metal,

proved to exhibit high dipoleur93 or octupolar94 nonlinearities response. However, the understanding of the
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electronic origin of increased second-order NLO properties is still limited and far from being rationalized in
terms of preferred molecular architectures, so that intensive researches are still conducted to prepare metal
complexes with high NLO activity.95 Polypyridinic ligands have largely contributed to the development of a
variety of NLO-phores based on metal complexes.” The first demonstration of their potential use for NLO
applications was reported by Zyss et al. and concerned the Ru(bpy)g,2+ complex.96 By modifications of the
bipyridinic core, Le Bozec et al. have significantly contributed to the molecular engineering around
4,4’-substituted-2,2’-bipyridine and they have also characterized the ruthenium complex with the highest
quadratic optical nonlinearity ever obtained.”’” These modifications have been now extended to the
terpyridinic ligands in order to coordinate, for example, lanthanide ions.”**® In this section, we will focus on
the most commonly used 4,4’-disubstituted-2,2’-bipyridine and terpyridine derivatives as well as their

syntheses to obtain highly active NLO complexes.

3.1.1.1. Molecular engineering based on 4,4’-substituted-2,2’-bipyridine

All molecules having a large second order NLO response are characterized by their hyperpolarizability
coefficient £, and contain a 7-conjugated chain which serves as a bridge for the mobile electrons between an
electron donor (D) and an electron acceptor (A) functionality.” Electron releasing moieties are generally
composed of dialkylaminoaromatic groups, such as phenyl or thienyl systems and the 7bridge system is
characterized by the presence of oligophenylenevinylene or oligovinylene 7~conjugated backbones. Contrary
to the purely organic push-pull molecules exhibiting a well-defined acceptor moiety, the electron
withdrawing group of the chelating ligand in coordination complexes is only generated by coordination of
the pyridine moiety with the metal. Substitution of the 2,2’-bipyridine on its 4,4’- positions has been
performed in order to establish an optimal communication between the donor and the acceptor moieties. A

similar approach has been previously used with purely organic push-pull molecules'®!

and this strategy
has been now extended to prepare three-dimensional NLO-phores.'?*

The most convenient method to synthesize a large variety of 4,4’-substituted-2,2’-bipyridines with an
electron donating moiety in conjugation with the pyridine group is to use the 4,4’-dicarboxaldehyde-2,2’-
bipyridine. The final ligand is then obtained by a Horner-Wadsworth-Emmons condensation or a Wittig
reaction of the appropriate phosphonates (RCH,P=0(OMe),) or phosphonium (RCH,P(Ph);*) with the
dialdehyde. Le Bozec et al. prepared a series of ligands using this strategy (Scheme 34). The aim was to
finely tune the NLO response of the final complexes as a function of the nature of the donating substituents,
the metal and the conjugated spacer. Ligands 161 have been used to generate supramolecular assemblies and
polymers.”'®1%* This study showed an enhancement of the NLO response of the ruthenium complexes
when the number of ruthenium centres was increased from one (monomer) to seven (heptamer) and a
decrease of the NLO response between the heptamer and the polymer (14 ruthenium centres). 163 differs
from 161 and 162 by the presence of an azobenzene group. This function, which is introduced before the
final coupling with the substituted bipyridine, allows the incorporation of photoactive molecules in polymer
matrices with an acentric arrangement of the metallo-octupolar units obtained by the so-called "all-optical
poling".103105

Several 4,4’-(7~conjugated)substituted-2,2’-bipyridines have also been prepared to act as “push-pull”
systems for third order NLO applications.'” The starting bipyridine 1 was substituted in 4,4’- positions by
two pyridine units affording 164. 164 has been then reacted with 2,4-dinitrochlorobenzene in ethanol to form
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the activated substituted quaterpyridinium 165. Ligand 166 has been finally obtained after addition of an

excess of dimethoxy-5-aminoisophthalate to 165 in ethanol at reflux (Scheme 35).
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3.1.1.2. Molecular engineering based on 2,2':6',2"'-terpyridine

A variety of terpyridine derivatives have been used for NLO applications. In ligand 167, the electron
donor group, namely a dialkylaminophenylene group, is covalently linked to the terpyridine fragment by a
bridging polyenic spacer (Scheme 36). 167 was obtained by a Hérner-Wadworth-Emmons condensation of

106,107

4-(2,2":6',2"-terpyridyl-4')-benzyltriphenyl phosphonium with the appropriate carboxaldehyde.

Scheme 36

Based on Michler's ketone, two different approaches have been developed to prepare new stilbazolium
-like dyes potentially valuable for quadratic NLO applications (Scheme 37). The first one consists in the
covalent linkage of purely organic chromophores to a terpyridine group. The second one is based on the
substitution of the terpyridine core by a donating group using a spacer of variable length.'*®

NLO properties of lanthanide complexes of terpyridyl-like ligand 174 have been recently studied. 174

has been synthesized from acridine 171. One ketone function has been introduced by a multistep reaction to
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give 172. Reaction between 172 and iminium chloride 173, followed by cyclisation in the presence of an

excess of ammonia, afforded 174 after purification by column chromatography (Scheme 38).”
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3.1.2. Luminescence properties
Many publications are available on polypyridinic ligands used for luminescence applications or used
as photosensitizers for dye-sensitized solar cells. In this section, we will only focus on the latest

developments in the design of polypyridyl ligands for this type of applications.

3.1.2.1. Bipyridines and terpyridines with naphthalene subunits

Many efforts have been devoted to the functionalization of polypyridinic ligands with a naphtalene
group. This type of systems indeed allows for the formation of electron donor-acceptor dyads (Scheme 39).%
The grafting of the naphthalene unit, using flexible linkers, has been realized by condensation of an

aminopolypyridine with the naphthalic anhydride group.
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Scheme 39

3.1.2.2. Terpyridines with pyrene subunits
The photophysical properties of ruthenium(Il) bis-terpyridine complexes are often less attractive than

their analogous ruthenium(Il) #ris-bipyridine complexes, especially their luminescence properties at room
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temperature. However, addition of adapted chemical groups can drastically improve these photophysical
properties, as in the case of the pyrene group.'” Synthesis of 181 (Scheme 40) has been realized by a
Sonogashira reaction between ruthenium complexes of the 5,57”-dibromo-2,2’:6’,2”-terpyridine and the
1-ethynyl-pyrene. Incorporation of an ethynyl junction between the central terpyridine and the pyrene groups

considerably improved the luminescence properties of the ruthenium complexes.110

Scheme 40

3.1.2.3. Polypyridines with boron dipyrromethene dyes
Among organic fluorescent molecules, the bodipy family is well-known as luminescent tag and as
laser dye.'"! Incorporation of bodipy in chelating ligands has been achieved by Ziessel ef al. Two main

families of Bodipy are listed and represented in Scheme 41, the F-Bodipy and E-Bodipy.
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F-Bodipy E-Bodipy

Scheme 41

In the E-Bodipy family, the functionalization of the 4- position has been only described with
4’—ethynyl—terpyridine.112 182 has been obtained by reaction of F-Bodipy with lithium acetylides of
terpyridine in THF. In 183, one terpyridine group has been inserted at the 8- position while pyrene groups

occupy the two 4- positions (Scheme 42).113

182 O 183

Scheme 42

For the F-Bodipy family, their functionalization by chelating ligands was easier since the synthesis of

dipyromethane requires a carboxaldehyde function, as outlined in Scheme 43. Consequently, F-Bodipy
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functionalized at the 8- position by a variety of bidentate and tridentate polypyridine ligands have been

characterized (Scheme 44). t

N\ S 0 R2 R3 R3 R3
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2

FPN\NH N=
R! R’
Scheme 43

Scheme 44

3.1.3. Photochromism

Photochromic compounds are extensively studied due to their potential application in optical memory,
data storage or photoswitchable nonlinear optical devices.'* Comparatively, photochromic species
containing polypyridine ligands have only been scarcely described. Three illustrative examples are presented

below.

3.1.3.1. Dithienylethene

Dithienylethene (DTE) derivatives have been first described in 1988 by Irie and Mohri.'" They
display a variety of valuable properties ranging from photochromism to electrochemical and nonlinear
optical properties.116 In 188, the DTE links two 2-phenylpyridine groups through an ethylenic function. 188
has been obtained by a Sonogashira coupling reaction (Scheme 45)."'"” In 189, two DTEs have been fixed at
the 4,4'- positions of a central bipyridine. 189 has been synthesized using a Horner-Wadworth-Emmons

reaction of DTE-carboxaldehyde with 4,4'"-bis-(phosphonate)bipyridine (Scheme 45).''®

3.1.3.2. Spirooxazine

Spirooxazines are a second class of photochromic molecules with high fatigue resistance and
photostability.119 2,2'-Bipyridine has been functionalized by spirooxazine through an ester function or an
ether function at the 4,4'- positions. Symmetric and unsymmetric 2,2'-bipyridine precursors such as mono-
and di-carboxybipyridine or mono- and di-bromomethylbipyridine allowed for the synthesis of mono- and
di-functionalized bipyridine 190-193 (Scheme 46).'*
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3.1.4. Organic light emitting diodes (OLEDs)
Since the report of Tang and VanSkyle on the first thin film hetero-junction organic light emitting

diode (OLED),"' considerable efforts have been devoted to this application. OLEDs using phosphorescent
materials are mostly designed with iridium(Ill) or ruthenium(Il) complexes. Ligands used in these
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complexes are based on 2-phenylpyridine 4,'2 isoquinolylpyrazolate 194'* or isoquinolylphenyl 195"
derivatives. These ligands are obtained by cross-coupling reactions, as illustrated for the synthesis of 198
(Scheme 47).'* A blue organic light-emitting diode was prepared using the highly fluorescent 4,4’-di-(2-
(2,5-dimethoxyphenyl)ethenyl)-2,2’-bipyridine 196."*° 196 has been synthesized in a one-pot procedure by
condensation of 4,4’-dimethyl-2,2’-bipyridine 66 with 2,5-dimethoxybenzaldehyde in the presence of
potassium 7-BuOK. Blue-red,'”’ white phosphorescent'®® and orange-red light-emitting diodes'” were

obtained with bathocuproine 197 (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline).

3.2. Towards inorganic polymers
A great attention is currently devoted to the synthesis of polynuclear transition-metal complexes for

their photochemical, photophysical and electrochemical properties.'*

3.2.1. Oligomers
3.2.1.1. Linear oligomers

Many oligomers have been designed for long-distance electron transfers. An example has been
provided by Ziessel et al. with the synthesis of various ethenylthiophene-bipyridine ligands. In these
oligomers, prepared by Sonogashira coupling, bipyridine units are covalently linked to each others by a bis-
ethenylthiophene spacer (Scheme 48)."*"12 The connection between the chelating groups can also be
ensured by vinylic functions.'”® In these systems, alkyl chains have been introduced on the thiophene rings
in order to improve the solubility of the overall assembly. It has to be noted that only symmetric oligomers
are generated by cross-coupling reactions. Indeed, polynuclear assemblies have been then obtained by

reaction of these oligomers with metal ions.

Scheme 48

In the case of main-chain metal-containing oligomers, the metallic cation ensures the formation of the
oligomers by connecting the ligands, containing two chelating groups, to each others. In that case, the
properties of the oligomers are determined by the physico-chemical properties of the metal complexes, and
the structure and the orientation of the coordinating sites determine the architecture of the oligomer. The
electronic communication between metallic complexes is ensured by the spacer used in each ligand. Several

terpyridine ligands such as 201 have been prepared and further used for the synthesis of main-chain metal-
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134

containing oligomers (Scheme 49).”" Once again, alkyl chains have been introduced on the thiophene rings

to improve the solubility of the final systems.

Scheme 49

3.2.1.2. Cyclic oligomers

Cyclic metallic hexamers prepared with bis-terpyridine ligands have been recently reported by
Newkome er al.'*® The strategy developed to synthesize the bis-terpyridines involved a double Kréhnke
reaction of 3,5-phenylene-bis-carboxaldehyde with four equivalents of 2-acetylpyridine, followed by a
cyclisation with ammonium acetate in excess.'”® Ligands 202 thus generated have been then reacted with

metal ions to generate hexametallic complexes (Scheme 50).

Scheme 50

3.2.2. Molecular wires
In polymer electronic devices, metallic complexes are used for their specific optical and
electrochemical properties. In this field of research, bis-terpyridines are extensively studied due to their

topology perfectly adapted for the generation of linear polymetallic complexes.

204

Scheme 51
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The two terminal chelating terpyridine groups can be connected via a variety of fully conjugated
spacers in order to facilitate, for example, electron transfers in the final molecular wires. Two illustrative
examples are shown in Scheme 51. In 203, the two pendant terpyridines are connected by an
oligophenylenevinylene spacer bearing long alkoxide chains to enhance the solubility of the system."’ In

204, a polyphenylene bridge ensures the connection between the terpyridine units.'*®

3.3. Surface functionalization
3.3.1. Functionalization of oxometallic surfaces

Dye-sensitized solar cells (DSSCs) are of particular interest due to their possible low-cost alternative
to conventional solid-state photovoltaic devices.'” Efforts to increase device cell efficiencies of DSSCs
include varying anchoring groups,'” structural modification of ancillary ligands of well-known
photosensitizers,141 increasing the excited-state lifetime, decreasing the band gap and increasing the range of
absorbed wavelengths.'** Most of the DSSCs are based on modified bis or tris(bipyridine)Ru(II) complexes
and functional groups such as carboxylic acid or phosphonate are introduced on the bipyridine unit for the
anchorage of the metallic complexes onto titanium oxide surface. Among bidentate ligands employed for
DSSCs, the most widely used is the 4,4’-dicarboxy-2,2’-bipyridine 208, initially investigated by Griitzel."*
More sophisticated anchoring groups have been recently developed such as the tripodal sensitizers 206
(Scheme 52).

Scheme 52

Phosphonates are suitable alternative groups able to ensure a strong adhesion with TiO, surfaces.
Numerous bipyridines have been designed with phosphonate pendant moieties (Scheme 53).'** 207 have
been synthesized by palladium cross-coupling reaction of diethyl phosphite with the appropriate dibromo-
bipyridine.144 208, containing an additional methylenic spacer compared with 207, have been obtained by an

Arbuzov reaction between the appropriate bis-(bromomethyl)bipyridine and triethyl phosphite.'*’

—N  N= =N N=
H,0 P&—/ \QPO H H203P\\/(/ \%PQHZ
23! 32
207 208

Scheme 53

Original dyads 209 and 210 have also been designed in which mono- and di-phosphonate-bearing
bipyridines have been functionalized by fullerene by way of Bingel-type reactions (Scheme 54)14
Phosphonate groups have also been covalently attached to phenanthroline through various spacers such as

imidazole 211 or bipyrazine 212 as shown in Scheme 54.'*"'**
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Scheme 54

3.3.2. Functionalization of metallic surfaces

Metallic surface and metallic nanoparticles (NPs) such as gold, silver, palladium or platinum NPs are
currently attracting a great attention due to the numerous recognized and potential applications for these
systems. In this ever-growing research area, the functionalization of metallic surfaces or metallic NPs by

199159 The jdea behind this combination is to induce a synergy

metal complexes has recently emerged.
between the intrinsic properties (optical, electrochemical...) of each component, namely the metallic surface
and the metal complex. An important specificity of metallic surfaces, especially with gold, is their facile
functionalization using electron donor anchorage points such as thiols, phosphines, carboxylates, pyridines,

! The connection between the metal complex grafted on the metallic surface and the

polypyridines,...
metallic surface itself is often realized through a long alkyl chain. Indeed, this long alkyl chain is not adapted
to favour electronic communication between the metal complex and the metallic surface. We recently
developed a family of ligands bearing on one side a function ensuring the grafting on the metallic surface
(2-mercaptopyridine, pyridine, phenanthroline, thiophene) and on the other side a pendant polypyridine
chelating function (phenanthroline, terpyridine) that will be used to generate the metal complex (Scheme
55).%1% An originality of this family of ligands lies in the fully conjugated connection that has been realized
between the anchoring function and the chelating pendant group. These ligands have been designed to
enhance an electronic communication between the metallic surface and the metal complex and therefore to

efficiently tune the physico-chemical properties of the final systems.
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Polypyridine ligands bearing pendant thiol groups have also been characterized. In 218, one thiol
function has been connected to a terpyridine group through a phenyl moiety'™ while, in 3,8-bis-(4-
mercaptophenyl)-1,10-phenanthroline 219, the two thiol pendant groups have been used to prepare self-
assembled films with gold NPs (Scheme 56).1%

4. Conclusion

The optimisation of the physico-chemical properties of metal complexes based on bidentate and
tridentate pyridine derivative ligands is currently a growing field of research. In this chapter, different
approaches recently used for the synthesis of these ligands have been summarized. A variety of original
ligands have been obtained by functionalization of the well-known bipyridine, phenanthroline and
terpyridine cores. Parallel to this very active field of research, new families of chelating ligands have been
synthesized by incorporation of nitrogen-containing five-membered rings. Such new ligands allow the
electronic and steric control of the resulting metal complexes by modification of the bite angle.

We also focused on three main applications of the pyridine-based ligands presented in this chapter:
applications based on their optical properties, their use for the formation of inorganic polymers or for the
functionalization of metallic surfaces. Obviously, the full potentials offered by these new ligands has not
been yet fully exploited. It is expected that they will bring outstanding contributions in a variety of research
fields such as supramolecular chemistry or for the design of elaborated systems with specific physico-

chemical properties.
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Abstract. The tetrahydropyran (THP) substructure of the annonaceaous acetogenins is an attractive
synthetic challenge due to the promising antitumor properties of this natural product class. Representative
members of THP-containing acetogenins are mucocin, jimenezin, pyranicin, pyragonicin and muconin. This
review compares synthetic routes to the THP part of these target molecules, with an emphasis on the

different key steps to obtain the tetrahydropyran moiety stereoselectively.
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1. Introduction

The annonaceaous acetogenins are a class of natural products with various biological properties
(antitumor, immunosuppressant, pesticide).! A blockage of mitochondrial complex I (NADH-ubiquinone
oxidoreductase) of mammalian and insects is considered as the mode of action.” Most annonaceaous
acetogenins consist of a central cyclic ether part with one side aliphatic chain connected to the lower end and
one to the upper end. The upper side chain is terminated by a butenolide unit. Most of the over 400
annonaceaous acetogenins have one, two or three 2,5-disubstituted tetrahydrofurans (THFs) in the cyclic
ether part. A small subgroup bears a 2,6-disubstituted tetrahydropyran (THP) moiety in the cyclic ether part.
Mucocin® has one THP and one not-adjacent THF moiety, while in jimenezin® the THF ring is adjacent to
the THP ring (Figure 1). All three stereocenters in the THP ring of mucocin and jimenezin have the same

absolute configuration.
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mucocin jimenezin

Figure 1
Pyranicin and pyragonicin are two rare annonaceaous acetogenins with no THF ring but possess an

identical THP ring (Figure 2). The central cyclic ether part of muconin® consists of a THF ring adjacent to a
THP ring.

pyranicin

HO
1H

muconin

Figure 2

This review covers all synthetic routes to the THP-moiety of THP-containing annonaceaous
acetogenins that have been published as part of a total synthesis of the corresponding natural products till
August 2007. It is organized according to the key step of the THP-ring synthesis: epoxide opening,
acetal/hemiacetal formation/reduction, Nicholas reaction, oxa-Michael addition, Sml,-induced reductive

cyclization, allylboration, ring-closing olefin metathesis, hetero Diels-Alder and chiral pool approach.

2. Ring-closure of the THP ring via CO bond formation
2.1. Epoxide opening

The acid-mediated intramolecular opening of a Yy-hydroxy-epoxide 1 leads in accordance with
Baldwin’s rules’ via a 5-exo attack to the THF product 2 with an exocyclic o-hydroxyalkyl substituent

(Scheme 1). The regioselectivity of the epoxide opening can be reversed to the 6-endo attack by allylic
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activation.® This makes a vinylic epoxide such as 3 an ideal precursor for the THP-substructure 4 found in
mucocin, jimenezin, pyranicin and pyragonicin. The THP substructure found in muconin is accessible from

the d-hydroxy-epoxide 5, which leads via a 6-exo attack to the a-hydroxyalkyl-substituted THP 6.

R R
R R R
5-exo

OH OH 6-endo OH 6-exo @)
( —_— O { _ —_— 0 { —

O —
X H ¥ HO “ © HO

1 2 3 4 5 6
Scheme 1

The THP-moiety of mucocin was synthesized via an allylic assisted intramolecular 6-endo epoxide
opening in the course of the total syntheses by Keinan-Sinha’ and Koert."

An entry point for the synthesis of the THP-part by Keinan was the bis-allylic alcohol 7 (Scheme 2). A
twofold Sharpless epoxidation gave the bis epoxyalcohol 8. The symmetry of 8 was broken in the
subsequent monosilylation. The following Parikh-Doering oxidation provided the aldehyde 9, which was

converted via a Wittig reaction into the alkenyl epoxide 10.

Ti(OFPr)4, (-)DET o 1. TBSCI, imid. 50%
X S OH TBHP, 57% A OH 2. SO3-Py, 79%
Z ~OH —_— = o OH e
I/o
7 8
CgH1gPPh3Br
KHMDS
o P P o -78 °C, 94% o P P o
O/ _> 7
TBSO CgH1y7 TBSO
9 10
Scheme 2

A double Sharpless asymmetric dihydroxylation of 10 installed four stereocenters very efficiently in
one step only and gave the tetraol 11 (Scheme 3). Treatment of 11 with p-TsOH resulted in a 5-exo epoxide
opening of the upper epoxide to a THF ring and in a 6-endo opening of the lower alkenyl-epoxide to a THP
ring which gave compound 12. This key step provided the central ether part of mucocin in just one step only.
While the adjacent THP-THP substructure was established very elegantly, the conversion of 12 into the
alkine 13 required a number of steps. The terminal alkyne was used in a Sonogashira coupling to add the
butenolide side chain and to reach the target molecule mucocin.

Koert’s synthetic strategy for mucocin is based on a very late connection of the THP-moiety to the

THP-substructure already linked to the butenolide. This highly convergent approach required the synthesis
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of an iodide 21 (Schemes 4 and 5). A Sharpless dihydroxylation of 14 and a subsequent acetonide formation
gave the bromide 15, which was converted into the allylic alcohol 16.

OTBS

AD-mix-a TsOH, CH»Cl,
94% 0 °C, 72%
10 ——>» —_—
OH CgH17
/II(.)
11 12 13
Scheme 3
1. AD-mix-o 1. HC=CCH,0OH
2. DMP BulLi
) 2w / ‘otes / otBS
f) O
Br
14 1 16
5 1. Dess-Martin
2. CgH19PPh3BI’
Ti(OFPr)4, (-)DIPT NaHMDS
TBHP,85%  Q 76% O;"
Z OTBS < Z OTBS
b b
CBH17
17 18
Scheme 4

Sharpless epoxidation of the allylic alcohol 16 gave the epoxide 17, which could be converted via a
Wittig reaction into the alkenyl epoxide 18. Treatment of 18 with camphor sulfonic acid resulted in the
desired allyl-assisted 6-endo attack on the epoxide and the formation of the THP 19. An attack of the
acetonide and not the free diol on the protonated epoxide is supported by further studies.'”™ A few standard
steps led from 19 via 20 to the iodide 21. From 21, the target mucocin was available in 2 steps only, which
shows the efficiency of this convergent approach.

The THP moiety of muconin has been synthesized via an intramolecular epoxide opening by
Takahashi,'' Kitahara'* and Yoshimitsu/Nagaoka."? In all three cases the 6-exo attack (5 — 6) was very
efficient, however the degree of stereoselectivity achieved in introducing the epoxide/hydroxy stereocenters

was different. A very convincing solution to this problem was presented in Takahashi’s muconin synthesis
(Scheme 6)."!
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CH,Cl,/iPrOH H,, Pt/C
-40->0°C EtOAc OTBS 3 steps
89% 95% wOH 58%
18— — =
N nH
HO HO CgH17
19 20 21
Scheme 5

A remarkable short sequence of Sharpless epoxidation and asymmetric dihydroxylation was used to
convert the triene 22 into compound 23 with complete stereocontrol. The epoxide opening (23 — 24)

succeeded well and the product was isolated as bis-acetonide 25.

1. D-DET
Ti(Oi-Pr)4
OH  tBuOOH OTBDPS
Z 2. TBDPSCI
3. AD-mix-B CSA
88% OH  CHCl
| . "oy —_—
OH
IC12H25 HO™ "C12H2s
22 23 24 25
Scheme 6

Kitahara chose a different approach to install the stereocenters of his precursor 29 for the epoxide
opening (Scheme 7)."% A chelation-controlled reaction of the aldehyde 26 with the Grignard compound 27
provided the alcohol 28. The acetonide group in 28 is a latent epoxide with the stereocenter already in place.

In a standard sequence 28 was converted into the epoxy-alcohol 29, which smoothly performed the intended

6-exo cyclisation to produce 30.

0 1. HOAc
O O 2. MesitylSO,CI OH
Py CSA wH
OH 3.NaOMe 0°C leH
H 50% 80% H
O —_— —_— @)
"H nH
MOMO C10H21 C10H21 MOMO C10H21
26 28 29 30
Scheme 7
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In comparison with the previous two syntheses of the muconin-THP moiety, the synthesis by
Yoshimitsu/Nagaoka13 exhibits a low degree of stereocontrol and requires extra steps for recycling of the
undesired stereoisomers (Schemes 8 and 9). Entry point of the synthesis was the conversion of the
compound 31 into the lactone 32. The stereoselectivity for the trans substitution of the THF ring in 32 was
satisfying but the stereocenter in the cyclopentanone required correction steps to achieve the overall
respectable yield. A Bayer-Villiger oxidation of 32 led to the six-membered lactone 33. The latter was
reduced to the corresponding lactol which underwent a Wittig-reaction to deliver the E-alkene 35. A non-
stereoselective epoxidation gave 36. The epoxide opening of the stereoisomeric mixture and a multistep

recycling of the wrong stereoisomer resulted in compound 37 with the THP-THF core of muconin.

1. DIBAH
2. ACQO
3. 1-TMSO-cyclopentene MCPBA
BF3°OEt2
? 87% O NaZHF:,O4
H 89%
@) e O —_—
H "
TBSO C1oH21 TBSO C1oHa24
31 32
Scheme 8
TBSO TBSO
I'(Ph3)P+/\/\/\/\/'\/OB” OBn
34
1. DIBAH
2. NaHMDS
BuLi, 34 MCPBA
83% 98%
33 e e

TBSO

2. chromatography

——

3. multistep recycling
of undesired
stereoisomers

68% TBSO

Scheme 9

2.2. Acetal/hemiacetal formation/reduction
The cis configuration of all THP moieties in the annonaceous acetogenins makes the cis-selective

cationic reduction (silane + Lewis acid)'* a well suited key step for the synthesis of this substructure
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(Scheme 10). Acetals of type 38 can be converted via the oxonium ion 39 with very high stereoselectivity
into cis 2,6-disubstituted THPs 40."

R R
H LeW|s acid R3S|H mH
O O
OR2 mH
R !
38 39 40
Scheme 10

The acetal/hemiacetal formation/reduction approach to construct the cis THP moiety of annonaceous

acetogenins was used by Evans'® and Mootoo'” in their syntheses of mucocin.

Ti(Oi-Pr)4 PMBOH
(-)DIPT, TBHP DIAD, PPhg
48% Q, 80%
M —_— Xy —> l/‘\z/\
OH OH dpPvB
41 42 43
1. OTBS
=
mu Li OctylMgBr
2. TBSOTf CuCN
96% 65%
—_— s

45 46

1. BiBrs,
t-BuMe,SiH
MeCN, 0 °C

2. TBSOTf
93%

47 48 49
Scheme 11

Evans started his synthesis with a Sharpless epoxidation of the allylic alcohol 41 to obtain compound
42 (Scheme 11).16 The latter was transformed by a Mitsunobu inversion into the PMB-ether 43. In the next
step, lithiated 44 attacked the epoxide 43 at the terminal position to produce after TBS-protection compound
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45. A Sharpless asymmetric dihydroxylation of the enolether in 45 led to the a-hydroxy ketone 46. In the
following step, a Cu-mediated 1,4-addition of an octyl-Grignard reagent introduced the lower alkyl side
chain (46 — 47) and prepared the stage for the intramolecular hemiacetal formation/reduction. Evans used
BiBr3; as the Lewis acid in combination with +~-BuMe,SiH to convert 47 into the cis THP structure which was
subsequently TBS-protected to deliver 48. Deprotection of the PMB-ether gave the THP building block 49.
In Mootoo’s synthesis of mucocin the first stereocenters were introduced in the asymmetric
dihydroxylation of the diene 50 (Scheme 12)."” The chemoselectivity of this step was less satisfying which
resulted in a moderate yield of the diol 51. A standard sequence converted 51 into the aldehyde 52. The
lithiated thioacetal 53 added to the aldehyde non-stereoselectively to produce after treatment with Hg(ClO4),
the hydroxy acetal 54 as a 1:1 epimeric mixture. The desired epimer 55 was obtained in pure form after

chromatography and smoothly reduced to the cis THP derivative 56.

1. DIBAH
2. DMP, CSA
AD-mix-a 3. PCC
47%

o Os
HO | 80% \/j\/ll
EtOgC/\/\) —_— ETOQC/\/\) — o)

oH 6
1. BulLi, 52
63% 3 graphy /’EI
CaH HO HO ©
s 11 C8H17 CgH17
53
54 55
Scheme 12

Compared with Evans’s synthesis, Mootoo achieved the same efficiency for the cationic reduction key

step but a lower degree of stereocontrol for the synthesis of the precursor.

2.3. Nicholas reaction

Martin has developed a protocol for an intramolecular Nicholas reaction'® leading to cis THP
compounds of type 60 (Scheme 13)."” Treatment of the Co,(CO)s-activated propargylic alcohol 57 with a
Lewis-acid leads to the carbocation 58, which is attacked by the epoxide resulting in the oxonium ion 59 and
after oxidative hydrolysis the alkyne-THP-diol 60.

This intramolecular Nicholas reaction was used by Martin as a key step in a formal synthesis of
muconin (Scheme 14).° A Sharpless epoxidation of 61 provided after Boc-protection the epoxide 62 which
was converted into the propargylic alcohol 63. The following Nicholas sequence proceeded smoothly to
deliver the cis THP 64. One drawback is the wrong stereochemistry of the acetonide, which will require

further correction steps in the completion of the total synthesis.
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2.4. Oxa-Michael-addition
The intramolecular 1,4-addition of an alkoxide to an o,B-unsaturated ester (intramolecular oxa-

Michael addition) is another possibility to close the THP ring (Scheme 15). The alcohol 66 can be converted
under thermodynamic control into the THP compound 67, which stereochemically corresponds to the THP-

moiety of pyranicin.21

Base H
R —f=H
R0 \ R%0
EtOZC CO,Et
67

Scheme 15

This intramolecular oxa-Michael addition was used by Rein in his total synthesis of pyranicin to
establish the THP-moiety (Scheme 16).'** An asymmetric Horner-Wadsworth-Emmons reaction of the
meso-dialdehyde 68 with the Horner-Wadsworth-Emmons reagent 69 gave after aldehyde-reduction/ester-
hydrolysis and ethyl ester formation the Z-a,3-unsaturated ester 70. This step was accompanied by migration
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of the TBDPS-group from the secondary to the less strained primary position. The next step corrected the
OH-stereochemistry by a Mitsunobu reaction (70 — 71). The oxa-Michael reaction of the precursor 71 to the

THP derivative 72 was achieved in excellent yield and stereocontrol.

1. NaHMDS
2. NBH,
. 3. EtOH, DMAP
TBDPSQ,_, 0 0 49%
( +  (CFsCH50)3 PG - —>
TBDPSO O ~TPh
68 69
1. CICH,CO,H KOt-Bu
PhsP, DIAD toluene
TBDPSO > LiOH TBDPSO OTBDPS
88% ’, 99%
OH , OH
TBDPSO  \ TBDPSO \ TBDPSO
EtO,C EtO, COoEt
70 71 72
Scheme 16

Pyranicin and pyragonicin exhibit a constitutional and stereochemical identity of their THP-moieties.

Rein used therefore the THP-building block 72 in a successful total synthesis of pyragonicin too.>!** Using
an oxa-Michael reaction as a key step, Rein also prepared the THP-moiety of mucocin with a different

stereochemistry21d but so far the total synthesis has not been published.

3. Ring-closure of the THP ring via CC bond formation
3.1. Sml,-induced reductive cyclization

Samarium iodide is a soluble one-electron reductant that can be used for reductive cyclizations.22 Itisa
valuable reagent for the ring closure of the THP moiety of the annonaceaous acetogenins via CC-bond
formation (Scheme 17).

R
é)H Sm |2
IZSm—O IZSm—O
g\ ’ﬁR 5 R
O Et EtO
EtO
73 74 75 76

Scheme 17

An aldehyde 73 can be reduced to the ketyl radical 74. The chair-like ketyl radical is further stabilized

by a chelation of the samarium by the ester carbonyl. An intramolecular stereocontrolled addition of the
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nucleophilic ketyl radical to the electrondeficient double bond is very favorable and leads to the radical 75
which after H-atom abstraction generates the target THP structure 76. The relative configuration of the three
stereocenters in 76 corresponds to the THP-moiety of mucocin and jimenezin, which makes the Sml,-
induced reductive cyclization a well suited key step for the total synthesis of these natural products.

Two total syntheses have been published which use the Sml,-induced reductive cyclization for the ring
closure of the THP ring 76: one of mucocin by Takahashi/Nakata® and one of jimenezin by Lee.” In
addition, Takahashi/Nakata applied this methodology for a total synthesis of pyranicin® and pyragonicin.

The mucocin synthesis of Takahashi/Nakata™ used a symmetric bisacetal 77 as entry point for the
synthesis of the THP moiety (Scheme 18).

OMe
OMe Me OMe 1-1.3-propane-
1. AD-mix-a. dithiol
! 2. CSA WO NaH o Zn(OTH),
MeOH OH  BnBr OH 2. DMP, CSA
| 89% \OH 93% \OBn 86%
> 0] —_—
OMe OMe OMe
OMe
s’j 1. ethyl- o
S propiolate
WO 2. Mel \\\O>< Sm|2
O>< NaHCO3 o MeOH
OBn 73% WwOBN 87%
—> wH  ——
OH o
$ )
S EtO,C
80 81 82

Scheme 18

A twofold Sharpless asymmetric dihydroxylation and transacetalization gave the diol 78. The next step
broke the C2-symmetry of 78 with a very high yield to produce the mono-benzyl ether 79. Both THF acetals
were converted into thioacetals and the remaining 1,2-diol was protected as an acetonide (79 — 80). The
free alcohol in 80 could be transformed into the corresponding E-B-alkoxy acrylate which after thioacetal
cleavage gave the bis aldehyde 81. This was used as the precursor for the Sml,-induced reductive cyclization
to produce the THP-derivative 82 in very good yield. The authors point out the remarkable compatibility of
the upper aldehyde group under the reaction conditions but notice that a short reaction time is necessary to
avoid side reactions like pinacol coupling.

Lee’s jimenezin synthesis starts with the Sharpless asymmetric dihydroxylation of the alkene 83 to the

diol 84, which was transformed into the triol 85 (Scheme 19).%*
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Scheme 19

The 1,3-diol in 85 was protected as benzylidene-acetal and the remaining alcohol could be converted
into the iodide 86 (Scheme 20). Next the aldehyde group necessary for the radical key step was introduced in
form of a 1,3-dithiane (86 — 87). After cleavage of the PMB ether the resulting alcohol led to an E-B-alkoxy
acrylate. Removal of the thioacetal resulted in the aldehyde 88 as the precursor for the Sml,-induced
reductive cyclization. This key step gave the desired THP-moiety 89 of jimenezin in excellent

stereoselectivity and yield.**

1.DDQ
1. PhCH(OMe), 1,3-dithiane 2. HC=CCO,Et
CSA %\\ph BuLi Oj\\Ph 3. Mel, NaHCO,
2. I, PPhg yO 79% from 85 WO 82%
85 —_— > »
OPMB OPMB
|
S
86 87
Smly
THF, MeOH
; Ph
Oﬁ\\Ph 0°C OB‘
WO 93% "
H
0 —>

~ I—fl1iH
I HO
O CO,Et COEt
88 89

Scheme 20

3.2. Allylboration
The intramolecular addition of a E-y-alkoxyallylboronate to an aldehyde as in 90 provides via a chair-

like transition state 91 a highly stereocontrolled entry into substituted THP rings of type 92 (Scheme 21).7

RO\B/\é\Q RQ K -
1 - -
RO A~ R — RO‘E{B\]/'{\&'/R —_— 0
OQ)/\ oM WS H
920 91 92
Scheme 21
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Koert and Hoffmann used the intramolecular allylboration in their total synthesis of jimenezin as key
step to construct the THP moiety (Scheme 22).% Starting from the hydroxylacton 93 via the benzyloxylactol
94 the ynol ether 95 was obtained. The triple bond in 95 was converted by a zirconium-mediated
hydroboration into an E-vinyl boronate, which was homologized into the E-allyl boronate 96. Treatment
with Yb(OTf); in acetonitrile with 2% water led to a cleavage of the acetal and gave via a transition state 97
the THP 98 as exclusive stereoisomer. A hydroformylation/Wittig sequence served for the introduction of
the lower side chain while the upper OH group was transformed into an iodide (98 — 99 — 100), the
complete THP building block of jimenezin.

1. (MeO),CH(CH,),MgBr, MgBr,-OEt,

1. CI3CC(NH)OBn, 2. TBSCI
p-TsOH 3. KH, CI,CCHCI, -78 — 20 °C
2. DIBAH Meli, -78 — -40 °C \\
o 75% 0 55% ()
Oﬁ — HOV'-Q —_— MGOY\/.\/\/OTBS
H(j\\ Bnd\ OMe 6Bn
93 94 95
1. pinacolborane,
CpoZrCIH
2. CH,ICI, nBuLi Yb(OTf)3,
-100 = 20 °C MeCN B -
67, O~"2N0 iy
(< é/é - + 2% HQO Q K
I z —_— Be -0
Meo\mTBS 0 i\ar\\,oms
i i OBn
OMe
96 97
1. TBSOTf
2. Rh(CO)s(acac),
BIPHEPHOS, CO/H, 1. CSA
2. TsCl, P
3. H3C(CH2)6PPh3Br OTBS y
NaHMDS 3.Nal
860/0 740/0
—_— ———
GeHi3
98 929

Scheme 22

3.3. Ring-closing olefin metathesis
A ring-closing olefin metathesis of the diene 101 using e.g. Grubbs second generation catalyst
[CLy(PCy3)(IMes)Ru=CHPh]? results in the formation of the THE-moiety 102 (Scheme 23).
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Crimmins applied this method for the THP-ring formation in his total synthesis of mucocin (Scheme
A kinetic resolution of the allylic alcohol 103 resulted in the epoxide 104. After THP-protection, an
Two protection steps (105 — 106)

24).%°
epoxide opening/Peterson olefination delivered the allylic alcohol 105.
followed by the introduction of an acetate unit with an Evans auxiliary led to compound 107. A highly

stereoselective Evans-aldol reaction of 107 with acrolein produced the aldol 108.

'(Oi-Pr)4 1. DHP, PPTS 1. NaH, BnBr
-)DIPT 2. TMSI 2. p-TsOH
N PH TBHP Buli = """ MeoOH
28% o _87% N %
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1. BrCH>,CO2H %_ i-PrNEt, (3/— |
OH NaH acrolein 1"OH
= O @) 4
\ 2. Me3CCOCI 4 77% 3
BnO — — o o — 0O
CgH17 )ﬁ BnO BnO
; H CeH
@) Li 87 8M17
106 595% 107 108
Scheme 24

Compound 108 could be converted after TES-protection and subsequent removal of the chiral

auxiliary into the primary alcohol 109 (Scheme 25).

1. Swern
1. TESOTf | 2. PhsPCH3Br
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109 110
Scheme 25
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A Swern-oxidation followed by a Wittig reaction (109 — 110) introduced the terminal double bond
necessary for the ring-closing olefin metathesis. This key step proceeded very efficiently. Noteworthy is the
chemoselectivity of the metathesis in the triene system of 110. The THP-moiety 111 has the lower side chain

of mucocin already in place and was connected to the rest of the molecule by a cross metathesis.™

4. Hetero-Diels-Alder reaction

The hetero-Diels-Alder reaction of an aldehyde 112 and the Danishefky diene 113 can lead to
enantiomerically pure dihydropyranone 114 (Scheme 26).>! After a diastereoselective reduction the resulting
allylic alcohol is subjected to an Ireland-Claisen rearrangement which gives via the silyl ketene acetal 116
the cis 2,6-disubstituted THP 117.%

1. Jacobsen's
112 (OR Cr-salen OR

4 OR
¢ 2. CSA =<:E? NaBH4 "
+ HO
P _
TMSOJL/\OMe

113 114 115
Ireland OR OR
Claisen o "H

. TMSO-§ .
OH
116
Scheme 26

The hetero-Diels-Alder approach was used as a key step for the preparation of the THP-moiety by
Jacobsen in his synthesis of muconin (Scheme 27).%? Starting point was the asymmetric 4+2 cycloaddition of
the aldehyde 118 with the diene 113 to produce enantiopure 119. A stereoselective reduction of the ketone in
119 led to the alcohol 120. The latter was coupled with the acid 121 and the resulting ester subjected to an
Ireland-Claisen rearrangement. The corresponding acid could be converted into the methyl ester 122. A
DIBAH-reduction followed by a Wittig reaction gave the triene 123. After a protective group change
(123 — 124) a ring-closing olefin metathesis delivered the THF ring and gave the complete ether core 125 of

muconin with the lower alkyl chain already in place.

5. Chiral pool approach

D-Galactose 126 is a suitable source from the chiral pool for the THP-building block 127 as shown in
Scheme 28. Takahashi used this chiral pool approach in a mucocin synthesis (Scheme 29).% Starting from
the protected D-galactose 128 the lactone 129 was prepared. After Grignard addition of the lower side chain
the resulting hemiacetal 130 was subjected to a stereoselective cationic reduction to yield 131. The
hydrogenolytic cleavage of the benzyl ethers gave 132, which via derivatisation and subsequent elimination
of the cis-diol led to 133 and finally to the desired THP-moiety of mucocin 134. The THP-building block

134 was used by Takahashi in a total synthesis of jimenezin t0o.*
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6. Conclusion

The comparison of the different synthetic solutions allows a few conclusions. All of the reviewed
contributions show a very high yielding and selective key step. In most cases this key step fits well into an

overall elegant synthesis. In a few cases the use of the key step requires extra steps to adopt to the rest of the

synthetic strategy.

The routes that close the THP ring via CO bond formation establish the stereocenters before the key
step. In contrast, two of the routes for THP ring closure via CC-bond formation (Sml,-induced reductive

cyclization, allylboration) form the strategic bond and two stereocenters in just one step. This is a better

synthetic performance than creating the strategic bond and the stereocenters in two different steps.
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In conclusion, the broad variety of synthetic solutions for the THP-moieties of the annonaceaous

acetogenins are convincing examples for state of the art heterocyclic natural product synthesis.
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Abstract. Recent advances concerning the synthesis, reactivity and potential applications of 2-thienyl-
pyrroles are reported in the present review. Thienylpyrroles play important roles in natural product
chemistry, agriculture, materials science and medicinal chemistry. In materials science, they have found
applications as nonlinear optical chromophores, conducting polymers and anion binding agents, while, in
medicinal chemistry, they are important building blocks for the synthesis of antitumor agents displaying also
antiviral, antibacterial, antifungal, antiinsecticidal and antiherbicidal activities. Therefore the deevelopment
of efficient methods for the synthesis of these compounds has become an important and topical area of
heterocyclic chemistry. In our laboratories, we have developed a convenient method for the synthesis of
1-alkyl(aryl)-2-thienylpyrroles, through the combination of the Friedel-Crafts and Lawesson reactions.
1-Alkyl(aryl)-2-thienylpyrroles were used as precursors in several type of reactions, allowing the
preparation of a variety of new donor-acceptor substituted thienylpyrroles. The characterization of the
solvatochromic, optical (linear and nonlinear) and thermal properties of the new 7-conjugated push-pull
systems are described. The prospects of application of the new compounds are also discussed. Particular
attention has been paid to their application as solvatochromic probes and as efficient and thermally stable

nonlinear optical materials.
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1. Introduction

Thiophene and pyrrole moieties play important roles in synthetic and medicinal chemistry, as they are
present in a large number of natural products and biologically active compounds." Among five-membered
heterocycles, pyrroles possess the highest reactivity and most diverse chemical properties. It is not accidental
that it is pyrrole that Nature has “chosen” for constructing the vital pigments chlorophylls and hemoglobin,
as well as other vitally important supramolecular structures (various porphyrins, chlorins, prodigiosins,
vitamin B, etc.).

For this reason, amongst all five-membered aromatic heterocycles, molecules containing the pyrrole
nucleus have attracted the greatest attention of researchers and have been studied in most detail. Especially,
2-aryl- and 2-heteroaryl-substituted pyrroles are of great interest to the pharmaceutical industry, for instance,
as precursors in the synthesis of chemotherapeutics.”

Furthermore, synthetic pyrrole containing derivatives (e.g. thienylpyrroles and 2,5-dithienylpyrroles)
and m-conjugated oligo- and poly-pyrrolic systems are of growing relevance in materials science,
supramolecular chemistry and nanotechnology. For example, they have found application in anion binding
and cation coordination,* conducting organic polymers,” liquids crystals® and nonlinear optics.’

The wide array of interesting properties has inspired the development of several procedures for the
preparation of differently substituted pyrroles.® Methods of synthesis range from the classical Knorr,” Paal-

® and Hanstzch' strategies, transition-metal-catalyzed couplings,12 1,3-dipolar cycloadditions

Knorr'
procedures'® and multicomponent protocols.'* On the other hand, methods for the construction of 2-(2’-
thienyl)pyrroles remains limited and the development of new synthesis methods for these heterocycles is an

important and challenging objective.

2. Synthesis of 2-thienylpyrroles
2.1. Introduction

The chemistry of thienylpyrroles is a very recent field in the chemistry of heterocyclic compounds. In
the last few years, synthetic 2-thienylpyrrole derivatives have come in focus. However, even more than 60
years since the first 2-thienylpyrrole, bis-2-[5-(2-thienyl)pyrrole]azametine dihydrochloride (Figure 1) has
been reported by Edward Knott'" at Kodak, Ltd., the synthesis of functionalized thienylpyrroles remains

challenging. Conventional methods for the synthesis of pyrroles such as Knorr, Hantzsch, Barton-Zard
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(except the Paal-Knorr synthesis) have not found wide use for the preparation of pyrroles bound to

thiophene. Often, the yields are low and the regioselectivity is only modest.

/\|T|
N
S\/N\N

\

Figure 1

Until recently, no sufficiently efficient and general methods of preparation existed; therefore, although
these compounds remained attractive, they were difficult to obtain and were consequently not extensively
studied. The development of this field begain in the 1970s, when new methods for pyrrole synthesis (e.g.
coupling reactions, condensation of heteroarylacetylenes with trimethylsilyl cyanide as well as those with
the use of isocyanides, other cyano compounds, azides, etc.) appeared or the existing procedures were
modified to allow for linking five-membered aromatic heterocycles. Therefore, 2-thienylpyrroles and their
N-methyl and N-vinyl derivatives have been prepared in a variety of ways. Among the previously reported
routes to
2-aryl- and 2-heteroarylpyrroles, the Trofimov reaction of ketoximes with acetylene (or their precursors) is
one of the most important. The synthesis of 2-(2-thienyl)-1-vinylpyrroles by this method was first reported
in 1977 by Trofimov et al. with a yield of 50%.'®* This procedure allows the synthesis not only of 2-(2"-
thienyl)pyrroles unsubstituted on the nitrogen atom but also their 1-vinyl derivatives.'®

Recent reports on the synthesis of thienylpyrroles include the preparation of those heterocycles
through 1,3-dipolar cycloaddition of azomethine ylides with bis-sulfonyl ethylenes,13b TMSOTf-mediated
reaction of donor-acceptor cyclopropanes with 2-cyanothiophene reactions'’ and a novel version of the
Trofimov reaction.'® However, all these methods have some limitations with respect to the regioselectivity

and substitution patterns that can be introduced.

2.2. Synthesis through the combination of the Friedel-Crafts and the Lawesson reactions
2.2.1. Synthesis of secondary alkyl and aryl-4-(2"-thienyl)-4-oxobutanamides

A common approach to the synthesis of both thiophene and pyrrole groups involves the use of
1,4-dicarbonyl compounds. In the thiophene case, the 1,4-dicarbonyl compound is reacted with a source of
sulfur, usually H>S and HCI, phosphorus(V) sulfide or Lawesson’s reagent (LR)." Similarly, pyrroles have
traditionally been prepared via the condensation of 1,4-dicarbonyl compounds with ammonia or primary
amines through the Paal-Knorr synthesis. However, the preparation of the initial 1,4-diketones and/or amines
with thienyl substituents remains a challenge: their synthesis includes several stages which do not always
result in high yields, a fact which in many circunstances limits the applicability of this method. '

Our strategy for the synthesis of 1-(alkyl)aryl-2-thienyl-substituted pyrroles was based on the
combination of the Friedel-Crafts and the Lawesson reactions.

Recently, we have reported an efficient synthesis of of N,N-dialkyl-4-(2"-thienyl)-4-oxobutanamides
by direct amidation of 4-oxo-(2-thienyl)butanoic acid through a DCC/BtOH mediated reaction.”’ We applied
this approach to the synthesis of several secondary amides: N-propyl-4-(2°-thienyl)-4-oxobutanamide 1a and
aryl-4-(2°-thienyl)-4-oxobutanamides 1b-x, which embody a number of different substituents on the aryl
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moiety donating substituents (Cl, Br, I, CHs;, OH, OMe) or withdrawing substituents (CO,Me, CN, NO,)
thereby extending our earlier work. Starting from succinic anhydride, we prepared the 3-carbomethoxy-
propionyl chloride which, after the Friedel-Crafts reaction with thiophene, yielded methyl 4-(2-thienyl)-4-
oxobutanoate. Hydrolysis of the y-keto ester gave 4-oxo-(2-thienyl)butanoic acid.”**! Transformation of
4-ox0-(2-thienyl)butanoic acid to the alkyl and aryl-4-(2°-thienyl)-4-oxobutanamides 1la—x was carried out
by direct amidation of the acid with several commercial alkyl- and arylamines through DCC/BtOH mediated
reaction (Scheme 1).**** We found that no secondary products were detected and the yields were fair to

good depending on the nucleophilicity of the arylamine (Table 1).

O , O
/A alkyl or arylamine ]\ H 1
S OH S N
o DCC/BtOH, rt, CH,CI, O R
Scheme 1
Table 1. Experimental data obtained in the synthesis of secondary 2-thienyl-4-oxobutanamides 120222
Entry Compound R, Yield Ou
1 (%)" (ppm)”
1 a n-Pr 80 .
2 b Ph 42 4.54
3 c 1-Naphthyl 20 5.23
4 d 2-MeOPh 46 4.36
5 e 4-MeOPh 62 4.21
6 f 2,4-diMeOPh 64 3.99
7 g 3,5-diMeOPh 56 4.64
8 h 3,4,5-triMeOPh 49 4.44
9 i 2-HOPh 54 4.23
10 j 2-MePh 51 4.35
11 1 2-FPh 73 4.64
12 m 4-FPh 41 4.54
13 n 2-CIPh 53 4.93
14 0 3-CIPh 23 5.15
15 p 4-CIPh 22 4.80
16 q 2-BrPh 53 4.95
17 r 4-BrPh 30 4.83
18 S 2,4-diBrPh 26 5.16
19 t 2-1Ph 55 4.89
20 u 3-NO,Ph 24 5.34
21 v 4-CO,MePh 35 5.45
22 X 4-CNPh 31 5.63

“Reaction time: 7 days. "For the NH, protons of arylamines (300 MHz, acetone-ds).

A broad correlation could be observed between reaction yields of the synthesis of amides 1 and the

chemical shift of the nitrogen protons of the starting arylamines; in fact, from the data in Table 1, it was
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possible to infer that an increase in the chemical shift of the NH, protons results in a decrease in the basic
character of the arylamine and lower yields were obtained for the corresponding aryl-4-(2°-thienyl)-4-
oxobutanamides 1b—x. The effect of different substituents in the anilines used was noteworthy (20-73%). As
expected, the amides le,f and 1 (Table 1, entries 5, 6 and 11) obtained from the anilines with electron-
donating groups in ortho or/and in para position (dy 3.99-4.64 ppm) were synthesized in better yields: 62—
73%. The amides 1u—x (Table 1, entries 20-22) obtained from anilines with electron-withdrawing groups in
meta or para position (dy = 5.34-5.63 ppm) were synthesized in fair yields: 24-35%. 1-Naphthylamine (dy
= 5.23 ppm) was even less reactive than the other arylamines giving only 20% of amide 1c¢ (Table 1, entry
4). Arylamides 1c¢,0,p,r,s,u—x were obtained in lower yields even after reaction time of seven days. It was
possible to detect, by TLC, some unreacted 4-oxo-(2-thienyl)butanoic acid and arylamine starting material.
We also examinated the effect of reaction time on the synthesis of aryl-4-(2°-thienyl)-4-oxobutanamides 1b-
X. As expected, a longer reaction time was necessary for the synthesis of aryl-4-(2°-thienyl)-4-oxo-
butanamides 1b—x (7 days) compared to the analogous reaction to obtain N,N-dialkyl-4-(2°-thienyl)-4-
oxobutanamides (1 day).20 We also observed that, in the case of aryl-4-(2°-thienyl)-4-oxobutanamides 11 and
1s, the yields improved markedly when the reaction time was increased from one to seven days (11, 14—
73%), (1s, 8-26%). This new method for the synthesis of secondary alkyl and aryl-4-(2°-thienyl)-4-oxo-
butanamides is interesting because the experimental procedures described use mild reaction conditions and

simple work-up procedures allowing preparation of these derivatives in moderate to good yields.

2.2.2. Reaction of secondary alkyl and aryl-4-(2°-thienyl)-4-oxobutanamides with Lawesson’s reagent
In an earlier study, we have synthesized several 5-alkoxy- and 5-N,N-dialkylamino-2,2-bithiophenes
by reaction of N, N-dialkyl-4-(2°-thienyl)-4-oxobutanamides with an equimolar amount of Lawesson’s
reagent (LR) in toluene at refluxing temperature.20 When the secondary alkyl- 1a and aryl-4-(2°-thienyl)-4-
oxobutanamides 1b—x were submitted to the same experimental conditions, we observed that, instead of the
expected 5-arylamino-2,2°-bithiophenes, 1-aryl-2-(2°-thienyl)pyrroles 2 and/or 5-arylamino-2,2°-bithio-

20,22,23

phenes 3 were obtained (Scheme 2, Table 2).

/ \ H Lawesson’s reagent, toluene S\ /I N SN
- ~

O R4 reflux

Scheme 2

Therefore, attempts to convert the secondary alkyl- and aryl-4-(2°-thienyl)-4-oxobutanamides la—x
into the corresponding 5-alkyl- or 5-arylamino-2,2"-bithiophenes 3 gave only thienylpyrroles 2 (3-55%),
(Table 2, entries 1, 3 and 7-9) or a mixture of thienylpyrroles 2 (16-58%) and bithiophene derivatives 3
(Table 2, entries 2, 4-6, 10-12, 15, 17, 18, 20-22) in low yields (7-32%), pyrroles being the major
compounds (Table 2, Scheme 2). Bithiophene derivatives 3n,0,q,t were obtained as major compounds (21—
55%) only when 2- or 3-haloaryl-4-(2°-thienyl)-4-oxobutanamides 1n,0,q,t were treated with LR under the
same experimental conditions described above (Table 2, entries 13, 14, 16 and 19). Treatment of
2”"-hydroxyphenyl-4-(2°-thienyl)-4-oxobutanamide 1i with LR gave a complex mixture with several
products (TLC). After purification by flash chromatography, it was only possible to isolate and identify
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traces (3%) of pyrrole 2i. The very low yield of pyrrole 2i was probably due to the formation of the
corresponding phosphorous-containing heterocycle.l%"01

Reactivity studies performed with amides 1m and 1e, using different stoichiometric amounts of LR,
showed that, the yield of 1-(4""-fluorophenyl)-2-(2"-thienyl)pyrrole 2m dropped from 58 to 26% (and no
5-(4”"-fluoroanilino)-2,2"-bithiophene 3m was isolated), when 0.5 equiv. of LR was used in this reaction. In
the case of 4-methoxyphenyl-4-(2°-thienyl)-4-oxobutanamide 1le, the reflux in toluene during 9 h without

LR, resulted in recovery of the unchanged amide 1e.

Table 2. Experimental data obtained in the synthesis of pyrroles 2 and bithiophenes 3 from secondary alkyl

and aryl-4-(2’-thienyl)-4-oxobutanamides 1a—x. 20.22.23
Entry R, Reaction time Thienylpyrroles Yield Bithiophenes Yield
(min.) 2 (%) 3 (%)
1 n-Pr 30 a 47 a _
2 Ph 15 b 58 b 9
3 1-naphthyl 20 c 55 c _
4 2-MeOPh 15 d 16 d 14
5 4-MeOPh 15 e 33 e 14
6 2,4-diMeOPh 15 f 32 f 12
7 3,5-diMeOPh 15 g 24 g _
8 3,4,5-triMeOPh 30 h 49 h _
9 2-HOPh 20 i 3 i _
10 2-MePh 15 j 35 j 16
11 2-FPh 20 1 30 1 17
12 4-FPh 15 m 58 m 8
13 2-CIPh 30 n 16 n 21
14 3-ClPh 30 o 24 0 31
15 4-CIPh 15 p 22 p 15
16 2-BrPh 15 q 6 q 46
17 4-BrPh 30 r 34 r 7
18 2,4-diBrPh 25 s 24 s 15
19 2-IPh 15 t 8 t 55
20 3-NO,Ph 25 u 26 u 21
21 4-CO,MePh 15 v 37 v 32
22 4-CNPh 15 X 32 X 19

A plausible mechanism for the formation of five membered heterocycles, pyrroles 2 and/or
bithiophenes 3 from secondary amides 1 involves an initial thionation of 1 to the corresponding 4-thioxo
thioamides followed by further changes shown in Scheme 3. A subsequent intramolecular nucleophilic
attack of thioamide N-atom to thiocarbonyl group leads to cyclized produt, which, after elimination of H,S,
suffers desulfurization of thioxo group to 1-(alkyl)aryl-2-(2"-thienyl)pyrroles 2 (Path a). On the other hand,

the imidothiol form of 4-thioxo thioamides undergoes a ring closure to give 5-amino-2,2"-bithiophenes 3
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(Path b). A similar mechanism was proposed earlier by Nisho for the formation of pyrroles and thiophenes

from diphenyl—4—0x0butanamides.24
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2
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Scheme 3%

The synthesis of 1-(alkyl)aryl-2-(2°-thienyl)pyrroles 2 and 1-arylamino-2,2°-bithiophenes 3 was
reported for the first time by us from aryl-4-(2°-thienyl)-4-oxobutanamides la—x as a combination of the
Friedel-Crafts and the Lawesson reaction. If suitable (alkyl)aryl-4-(2°-thienyl)-4-oxobutanamides were
synthesized, the synthesis of a large range of 1-(alkyl)aryl-2-(2°-thienyl)pyrroles 2 and 1-amino-2,2"-
bithiophenes 3 would be possible. The synthesis of new 1-aryl-substituted thienylpyrroles 2 is an important
achievement because this substitution makes it possible to modify the properties of polymers, including the

synthesis of chiral conducting polymeric materials with better properties for several optical applications (e.g.
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NLO).”*%* The thienylpyrroles 2 described above were used later (see sub-chapter 3.) as precursors in

several reactivity studies in order to obtain new donor-acceptor conjugated heterocyclic systems.

3. Synthesis of donor-acceptor substituted 2-thienylpyrrole derivatives
3.1. Introduction

Currently, a variety of synthetic approaches to substituted pyrroles exist although their synthesis, in
general, remains challenging. Often, the yields are rather low and a significant number of by-products, such
as undesired regioisomers, are obtained. Furthermore, pyrroles are susceptible to chemical degradation as
they are rather easily oxidized; this further hampers their synthesis and especially their isolation and
purification. Thus, even 150 years after its isolation and synthesis and more than 100 years after the classical
pyrrole synthesis was developed, the synthesis of highly substituted pyrroles is anything but
straightforward.ga’f’26 Therefore, the development of effective methods for the regioselective
functionalization of the pyrrole or the thiophene rings on thienylpyrrole systems remains an important
synthetic challenge, in particular due to the fact thienylpyrrole derivatives are the key building blocks used
in the synthesis of important and complex heterocyclic systems.l6d

Thiophene and pyrrole are electron-rich heteroaromatic compounds and hence their predominant
chemical reactivity is an attack by electrophiles followed by a substitution reaction. The reactivity of pyrrole
is comparable to that of an electron-rich benzene derivative such as aniline or phenol. In a typical
electrophilic aromatic substitution such as bromination, pyrrole is about 5.9x10° times more reactive than
‘[hiophene.27 As a consequence, electrophilic substitution reactions of thienylpyrroles were found to be very
selective. According to earlier reports, the pyrrole nitrogen atom has a greater ability to delocalize the
positive charge of 6-complexes than the sulfur atom in thiophene; pyrrole is therefore considerably more
reactive towards electrophilic substitution than thiophene. Even when both o-positions of the pyrrole ring
are occupied, electrophilic substitution will preferentially occur in the B-position of the pyrrole ring rather

26,28a,b

than the o-position of the thiophene ring. The reactivity of these systems has been demonstrated with

the use of electrophilic reactions producing derivatives with the electrophile substituted primarily on the

. 16,d,27-30
pyrrole ring. >“%

Before our recent work, only a few papers were published concerning the
regioselectivity studies of 1-alkyl(vinyl)-2-thienypyrrole systems. These studies reported the results
concerning essentially electrophilic aromatic substitutions and nucleophilic addition to the triple bond on a
few selected examples of simple thier1y1py1’r01es.7f’16‘2’01’282"1”2901 No reports were found concerning the
functionalization of 1-aryl-(2-thienyl)pyrroles.

Following our interest in the chemistry of the new thienylpyrroles 2, we have used these compounds as
precursors for the synthesis of functionalyzed thienylpyrrole derivatives. Pyrroles 2 have proved to be
versatile substrates in several reactions (aromatic electrophilic substitutions: azo coupling, direct
tricyanovinylation reaction, Vilsmeier-Haack formylation), metalation followed by reaction with DMF,
conversion of the formyl-pyrroles to dicyanovinyl, benzothiazolyl and benzimidazolyl groups, allowing the
preparation of interesting new donor-acceptor substituted thienylpyrroles, selectively functionalized on the

pyrrole or on the thiophene rings (see sub-chapters 3.2.-3.6.).

3.2. 2-Thienylpyrrole azo dyes
Our synthesis of 2-thienylpyrroles 2 through the combination of the Friedel-Crafts and Lawesson

reactions made these compounds available in reasonable amounts, ready for further applications. Indeed we
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are able to use these derivatives with success, as coupling components in azo coupling reactions, allowing
the preparation of several new donor-acceptor substituted thienylpyrroles 1-alkyl(aryl)-2-(2°-thienyl)-5-
phenylazopyrrole derivatives 5 which have para CO,Me, CN, NO, and ortho-para NO, groups as the
electron-withdrawing groups on the phenylazo moiety and the conjugated 1-alkyl(aryl)-2-(2°-thienyl)-
pyrrole, as strong T-electron donor systems. The coupling reaction of aryldiazonium salts 4a—d with
1-alkyl(aryl)-2-(2°-thienyl)pyrroles 2 gave rise to the formation of 1-alkyl(aryl)-2-(2-thienyl)-5-phenylazo-
pyrrole derivatives 5, by reacting 1-alkyl(aryl)-2-(2°-thienyl)pyrroles with aryldiazonium salts 4a—d in
acetonitrile/acetic acid for 2 h at 0 °C. As expected, we observed that the diazo coupling was accomplished
selectively at the 5-position®" of pyrrole ring to give compounds 5 in moderate to excellent yields (31-90%),
(Scheme 4, Table 3).** These results were in agreement with the greater nucleophilicity of the pyrrole ring as
compared wit the thiophene ring as has been shown earlier.”**"**! At the same time, Trofimov et al. reported
the synthesis of 2-arylazo-1-vinylpyrroles through a modified azo coupling of 1-vinylpyrroles with

arenediazonium hydrocarbonates, in which two 2-arylazo-5-thienyl-1-vinylpyrroles were also prepared.7f

2a R;=n-Pr VA ¥ _Ff_z 4a R, =4-CO,Me
2b R;=Ph \ / N + N=N N/ 4b R, =4-CN

2c Ry = naphthyl R, 4c R, =4-NO,

2e R1 = 4—MeOC6H4 4d R2 = 2,4—d|N02

2f R1 = 2,4—(MeO)206H3
2h R1 = 3,4,5—(MeO)3C6H2
om R, = 4-FCgH, CHZCN / CHsCOOH / 0 °C

2r R1 = 4—BrC6H4

5a R1 = n—Pr, R2 = 4—N02

S/ \ 5b R; = Ph, R, = 4-NO,
\ / NTN°N
R Y \/\Rz 5¢ R; = naphthyl, Ry, = 4-NO,

5e; Ry =4-MeOCg¢H,4, R, =4-CO,Me
5e, R;=4-MeOCgH,, Ry = 4-CN
5e3 R1 = 4—MeOC6H4, R2 = 4—N02
5e4 R1 = 4—MeOC6H4, R2 = 2,4—d|N02

5f R1 = 2,4—(MeO)206H3, R2 = 4—N02
5h R1 = 3,4,5—(MeO)3CGH2, R2 = 4—N02
5m R, = 4-FCgH,, R, = 4-NO,

5r R1 = 4—BrCGH4, R2 = 4—N02
Scheme 4

3.3. Tricyanovinyl 2-thienylpyrroles
Three synthetic routes are widely used for the preparation of tricyanovinyl derivatives. Direct reaction

of tetracyanoethylene (TCNE) with activated aromatic rings,” condensation of an aldehyde with
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malononitrile followed by reaction with potassium cyanide and oxidation with lead tetraacetate™® or
lithiation folowed by quenching with TCNE.**

Table 3. Experimental data obtained in the synthesis of azo dyes 5%

Thienylpyrrole R, Amax Thienylpyrrole azo R, Amax Yield
(nm)* dye (nm)* (%)
2a n-Pr 291.0 5a 4-NO, 488.0 63
2b Ph 294.5 5b 4-NO, 497.0 70
2¢ Naphthyl 288.5 5c 4NO,  498.0 34
2e 4-MeOPh 290.0 Seq 4-CO,Me 473.0 85
2e 4-MeOPh Se, 4-CN 479.0 84
2e 4-MeOPh Ses 4-NO, 500.0 81
2e 4-MeOPh Sey 2,4-diNO, 531.0 47
2f 2,4-diMeOPh 286.5 5t 4-NO, 507.0 84
2h 3,4,5-triMeOPh 281.5 5h 4-NO, 499.0 88
2m 4-FPh 293.0 Sm 4-NO, 496.0 90
2r 4-BrPh 289.5 Sr 4-NO, 492.0 31

*All the UV-vis spectra were recorded in ethanol.

Direct tricyanovinylation reactions using 2-thienylpyrroles 2 as substrates gave, as expected, the
tricyanovinyl-substituted thienylpyrroles 6—8, which were selectively functionalized on the pyrrole 1ring.2901
The tricyanovinyl- group was introduced in a manner similar to that of a previously reported procedure,”
that is by reacting the activated thienylpyrroles 2 with TCNE in DMF during 15 min.—3 h at room-
temperature (Scheme 5). Under these experimental conditions, we observed that, 1-aryl-2-(2’-thienyl)-
pyrroles 2b,c,e~h,m,r reacted regioselectively forming 1-aryl-2-(2’-thienyl)-5-tricyano-vinylpyrroles
6b,c,e—h,m,r with yields of 31-73% (Table 4). 1-n-Propyl-2-(2°-thienyl)pyrrole 2a behaved quite differently
in this reaction: the main reaction product was 7a (29%) which results from the substitution at the 3-position
of the pyrrole ring; in addition, the 5- and 4-tricyanovinyl-substituted pyrrole derivatives 6a (12%) and 8a
(8%) were also isolated (Table 4, entries 1-3).% In interpreting these results it seems appropriate to take into
account the possible steric influence of the n-propyl group impeding the substitution at the ¢-position of the
pyrrole ring.26b

The tricyanovinyl derivatives synthesized are colored with metallic luster. As for similar 2,5-dithienyl-
pyrrole derivatives, the color of the tricyanovinyl-substituted pyrroles 6-8 depends on the substituent on the

nitrogen of the pyrrole ring.”*™
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TCNE / DMF / rt L/ N TCNE / DMF / 1t
2a 2b-c,e-h,m, r
a Ry=n-Pr
8 ¢ Ry = naphthyl s /T CN
SN e R;=4-MeOCgH, SN~
\ / N" Ry f Ry =2,4-(MeO),CeHs ! W& CN
Ry g Ry =3,5~(MeO),CgH3 Ry
h R1 =3,4,5—(MeO)3C5H2
m R1 = 4—FC6H4 6b'c!e'h5m5 r
r R1 = 4—BrC6H4

C =Ry =
7a R, =C(CN)=C(CN),, Ry = R, =
8a R3 = C(CN)=C(CN)2 5 R2 = R4 =

Scheme 5

Table 4. Experimental data obtained in the synthesis of tricyanovinyl thienylpyrroles 6-8.°

Thienylpyrrole R, Tricyanovinyl- Yield IR ven Amax

thienylpyrrole (%) (cm) (nm)*
2a n-Pr 6a 12 2215 491.5
2a n-Pr Ta 29 2217 408.5
2a n-Pr 8a 8 2221 416.0
2b Ph 6b 35 2211 511.5
2¢ Naphthyl 6¢ 34 2207 516.5
2e 4-MeOPh 6e 50 2212 519.0
2f 2,4-diMeOPh 6f 63 2210 525.5
2g 3,5-diMeOPh 6g 37 2216 514.5
2h 3,4,5-triMeOPh 6h 73 2207 519.0
2m 4-FPh 6m 37 2204 510.5
2r 4-BrPh 6r 31 2213 509.0

All the UV-vis spectra were recorded in ethanol.
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3.4. Formyl thienylpyrroles
3.4.1. Introduction

Formylation is a key process in organic synthesis, with the resulting aldehyde function being a
“crossroads” intermediate. Not surprisingly, a large number of methods has been developed for this reaction.
Reagents for electrophilic formylation are mostly of the form Y-CH=X". Thus the reactions attributed to
Vilsmeier (CICH=NR,"), Rieche (e.g. MeOCHCl,> MeO=CHCI"), Gatterman (Zn[CN],/HCI > HC=NH,*"),
Gatterman-Koch (CO/HCl/Lewis acid » HC=0") and even Duff (CH,=NH," - followed by dehydrogenation
of initially formed RCH,;NH>) all fit this pattem.37

Organolithiums, with their unparalleled ability to react with a wide variety of electrophilic compounds,
are surely the most versatile of the metalated heterocycles. Usually they are prepared by direct deprotonation
of acidic hydrogens using strong bases or, particulary useful in the case of the less acidic sites in aromatic
rings, by halogen exchange between a halogenated heterocycle and an organolithium compound or lithium
metal. Another frequent alternative is the so-called ortho-lithiation or “directed ortho-metalation” (DoM)
which is the metalation of an aromatic ring adjacent to a heteroatom-containing functional group by
providing the lithium base with a coordination point, thus increasing reactivity close to the coordination site.
The lithiated species generated by all these methods are able to react with all kinds of electlrophiles.38

Vilsmeier formylation and metalation followed by quenching with DMF constitute the most significant
routes for the preparation of formyl-substituted pyrroles and thiophenes.27’3 o

The formyl-derivatives obtained can further react to produce more complex molecules this has made
formyl-thiophenes and formyl-pyrroles some of the most important intermediates and building blocks widely
employed in the synthesis of diverse biological active compounds,* conducting polymers,*' anion receptors
in biomedical analysis,42 porphyrins,43 supramolecular chemistry44 and molecular electronics.**

However, until our recent work™ concerning the formylation of 1-alkyl(aryl)-2-thienylprroles 2 little
was known about thienylpyrroles containing an aldehyde moiety. There was only one previous work
describing the formylation of thienylpyrroles and this study was performed through the Vilsmeier-Haack
reaction on the simple 2-(2’-thienyl)pyrrole and 2-(3°-thienyl)pyrrole. Bouka ef al. exclusively obtained
thienylpyrrole derivatives formylated on the o-position of the pyrrole ring.*® At the same time that we have
reported our work,” Trofimov et al. communicated the synthesis of 1-vinyl-2-carbaldehydes in which the
preparation of a mixture of 1-vinyl-5-formyl-2-(2-thienyl)pyrrole and its vinyl-free 5-formylthienylpyrrole
was included.”® The development of a general approach to thienylpyrroles containing the aldehyde
functionality on the pyrrole or on the thiophene moieties represents an important synthetic challenge.

Therefore, we decided to study the reaction behavior of different thienylpyrroles bearing N-alkyl or
N-aryl groups on the pyrrole ring through the Vilsmeier-Haack formylation or through metalation followed
by reaction with DMF.

3.4.2. Vilsmeyer formylation

As expected, Vilsmeier formylation of thienylpyrroles 2 proceeded selectively in the pyrrole ring to
form the corresponding formyl-substituted thienylpyrroles 9 and 10 (Scheme 6, Table 5).

In our studies of Vilsmeier-Haack formylation of 1-propyl-2-(2°-thienyl)pyrrole 2a, the 5-position of
the pyrrole ring was found to be much more reactive than the 3-position. The Vilsmeier-Haack formylation
of 2a, with DMF/POCI; at 60 °C for 2 h produced a mixture of 5-formyl- 9a (63%) and 3-formyl- derivative
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10a, with lower yield (5%) (Table 5, entries 1-2). Under the same experimental conditions, 1-aryl-2-(2°-
thienyl)pyrroles 2b and 2e behaved quite differently producing a mixture of the 5- and 3-formyl- derivatives
in similar yields. Formylation of 2b gave a mixture of 9b (19%) and 10b (22%), (Table 5, entries 3—4) and
formylation of 2e resulted in a mixture of 9e (12%) and 10e (10%). In comparison to alkylpyrrole 2a, the
formyl derivatives of 1-aryl-2-(2°-thienyl)pyrroles 2b and 2e were obtained in lower yields. In order to
interpret the results obtained, we consider several factors: (i) an appreciably larger nucleophilicity of the
pyrrole ring compared to that of thiophene; (ii) a decrease in the electron density in the pyrrole ring due to
the competitive conjugation of the N-aryl group with the unshared electron pair on nitrogen and also due to
its negative inductive effect; (iii) possible steric influence due to the n-propyl group for attack at the

o-position of the pyrrole ring.

OHG
s, /1 POCI; / DMF s, /T s )
L/ N \ / N”CHO + \ / N

R, 60 °C R, R,
2a Ry =nPr 9a-b.e 10a-b,e
2b R, =Ph

2e R1 = 4'MeOC6H4
Scheme 6

Table 5. Experimental data obtained in the synthesis of formyl-thienylpyrroles 9 and 10.”

Entry Pyrrole Formyl- Yield OH IR YcrHo Amax
pyrrole (%) (ppm)* (cm™) (nm)*
1 2a 9a 63 9.54 1658 321.5
2 2a 10a 5 9.54 1662 293.5
3 2b 9b 19 9.39 1660 340.5
4 2b 10b 22 9.82° 1661 325.0
5 2e 9e 12 9.38 1655 343.0
6 2e 10e 10 9.81° 1661

“For the CHO proton of formyl-thienylpyrroles 9 and 10 (300 MHz, CDCls). "For the CHO proton of
formyl-thienylpyrroles 9 and 10 (300 MHz, acetone-dg). “All the UV-vis spectra were recorded in ethanol.

3-Substituted pyrroles are the most difficult to synthesize since most electrophilic aromatic
substitution reactions and lithiation reactions of N-substituted pyrroles occur at the 2-position and so
functionalization at the 3-position of pyrrole is a challenging goal in synthetic research. Bulky substituents

on the nitrogen atom promote 3-substitution. This observation led to new approaches to the synthesis of

134



3-substituted pyrroles, as these are normally found only as by products in reactions leading predominantly to
2-substitution.*® As 3-formyl N-arylpyrroles are key synthetic intermediates to highly active biological

. . . . . . . . . 16d.30.40a.k
compounds, the preparation of new derivatives, even in fair yields, still remains an attractive goal. """

3.4.3. Metalation followed by reaction with DMF

The electron-rich five membered-aromatic N-substituted pyrrole, furan and thiophene are lithiated at
C-2 by direct deprotonation with a lithium-containing base. Several authors have reported the a-lithiation of
N-arylpyrroles using different experimental conditions: n-BuLi-TMEDA chelate, n-BuLi-tBuOK (LiCKOR)
superbase, fert-BuLi-secondary amides, Na/dry ether/0 °C /tert-BuLi, tert-BulLi/~78 °C/THF, n-BuLi/THF/
~78 °C, n-BuLi-TMEDA/THF/-75 °C."

As (5°-formyl-2’-thienyl)pyrroles could not be synthesized solely by the Vilsmeier-Haack reaction, we
tried another synthesis strategy to prepare these compounds which involved lithiation followed by treatment
with DMF. Therefore, metalation of thienylpyrroles 2 was carried out with n-BuLi in dry ether at 0 °C for
1 h. Subsequently, the organolithium derivatives were converted to the corresponding formyl compounds, by
addition of DMF followed by refluxing the mixture for 1 h (Scheme 7, Table 6). In order to compare the
reactivity of pyrroles 2 under the experimental conditions described above, the reaction time studied for all
derivatives (for the metalation and for the reaction with DMF) was 1 h. We observed that, as a consequence

of the limited reaction time, in some cases, unreacted starting materials remained in the reaction mixtures.

S 7\ . o S 7
! OHC
M i) n-BuLi / 0 °C / dry ether M
R 1
1 ii) DMF / reflux Ry
2a 1 =n-Pr 11a
5L b R, =H |
L/ e R, =4-MeO i) n-BuLi / 0 °C / dry ether
R, | f R, =2,4-(MeO), i) DMF / reflux
0 21 h R, =3,4,5-(MeO);
m R, =4-F
oHCc_ S OHc S ¢ | S. /1
\ /N N \ / \ /N

my)

)
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o

®
R
)

nN
(@)
Ir .
o @

%
Rz_\l 11b,e-f,h,m cHO

Scheme 7

Through this method, we were able to lithiate selectively thienylpyrroles 2a,b,h—m at the a-position of
the thiophene ring giving formyl-derivatives 11a,b,h—m.
The methoxy group is known as a moderately strong ortho directing substituent with electron

withdrawal and electron donor properties.****® At the same time, for compounds 2e,f, the 4-methoxy and the
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2,4-dimethoxy group(s) have an o-directing effect on the aromatic ring. Consequently, the formylation of
the aromatic ring was also observed for thienylpyrroles 2e,f (Table 6, entries 4, 6 and 7, compounds 12e,f,
13f) due to the ortho directing effect of the methoxy groups, giving a mixture of several formylated
derivatives with (5"-formyl-2’-thienyl)pyrroles 11e,f being the major products. For compound 2f, we studied
also the effect of the reaction time for the metalation step and for the reaction with DMF. Metalation of
thienylpyrrole 2f for 2 h followed by 2 h of reflux with DMF gave a mixture of four compounds:
thienylpyrrole 2f (18%), 1-(27",4”"-dimethoxyphenyl)-2-(5"-formyl-2 -thienyl)pyrrole 11f (34%), 1-(3°"-
formyl-2"",4""-dimethoxyphenyl)-2-(2’-thienyl)pyrrole 13f (14%) and 1-(3""-formyl-2"",4""-dimethoxy-
phenyl)-2-(5"-formyl-2’-thienyl)pyrrole 12f (18%) (Table 6, entries 5—7). The experiment showed that,
instead of improving the yield of compound 11f, we obtained the diformylated compound 12f and a higher
yield for the formyl-aryl derivative 13f as a result of the increased reaction time. Compounds 11h and 11m
were obtained but in lower yields. It should be noted also that we could not isolate any benzylic formyl
product from these reactions.

The synthesis of 5’-formyl-2-(2°-thienyl)pyrroles 11 selectively formylated on the thiophene ring of a
thienylpyrrole system was reported for the first time by us® and this achievement opens the way to a new
range of formyl functionalized thienylpyrroles. The formyl-thienylpyrroles selectively formylated on the
pyrrole or on the thiophene rings were used later, as versatile building blocks in the synthesis of new donor-
acceptor substituted thienylpyrroles through conversion of the formyl functionality to dicyanovinyl-,
benzothiazolyl and benzimidazolyl groups (sub-chapters 3.5.-3.7.).

Table 6. Experimental data obtained in the synthesis of formyl-thienylpyrroles 11-13.%

Entry Pyrrole Formyl- Yield Ou IR vcHo Amax
pyrrole (%) (ppm)” (cm™) (nm)”

1 2a 11a 68 9.87 1659 374.0
2 2b 11b 78 9.75 1659 374.0
3 2e 11e 63 9.74 1659 379.0
4 2e 12e 5 9.81%10.48° 1659, 1684 374.0
5 2f 11f 48, 34" 9.73 1652 384.5
6 2f 12f 18" 9.75, 10.45 1657, 1690 377.0
7 2f 13f 8, 14* 10.45 1693 -
8 2h 11h 12 9.77 1659 377.0
9 2m 11m 25 9.75 1659 373.5

*Yields for compounds 11f-13f obtained for 2 h of lithiation followed by 2 h of reaction with DMF. °For the CHO proton of
formyl-thienylpyrroles 11-13 (300 MHz, CDCl;). “For the CHO proton of formyl-thienylpyrroles 11-13 (300 MHz, acetone-dg).
4All the UV-vis spectra were recorded in ethanol.
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3.5. Dicyanovinyl 2-thienylpyrroles

Thienylpyrroles containing the formyl group in either the pyrrole (9a) or on the thiophene rings
(11a,b,e,f,m) were condensed with malononitrile in refluxing ethanol producing dicyanovinyl- derivatives
14 and 15, (Scheme 8, Table 7) in moderate to quantitative yields (36—100%).49

A A
L NTTCHO WCN

R R, H
9a malononitrile / ethanol / 14a

reflux

one \S/ /N\ R P i S\
\ a 1 =n=Fr

Ry b Ry =Ph NCM

e R1 =4—MeOCGH4 CN R1

- _ f R1 = 2,4—(MeO)206H3 - _

11a-b,e-f,m m R, =4 FCH, 15a-b,e-f, m
Scheme 8

Table 7. Experimental data obtained in the synthesis of dicyanovinyl thienylpyrroles 14 and 15.%

Entry Formyl- Dicyanovinyl- Yield SOu IR ven Amax

pyrrole pyrrole (%) (ppm)* (em™) (nm)®
1 9a 14a 100 7.46 2217 415.0
2 11a 15a 93 7.75 2215 454.5
3 11b 15b 47 7.61 2219 455.0
4 11e 15e 100 7.59 2215 462.0
5 11f 15 90 7.57 2217 473.5
6 11m 15m 36 7.62 2217 454.5

“For the CH=C(CN), proton of dicyanovinyl-thienylpyrroles 14 and 15 (300 MHz, CDCl;). "All the
UV-vis spectra were recorded in ethanol.

3.6. Thienylpyrrolyl-benzothiazoles

Compounds 9-11 with the formyl group at 5-position or 3- and 5°-position of the pyrrole or thiophene
ring, respectively, were used as precursors of the benzothiazoles 4-6 in order to evaluate the effect of the
position of benzothiazole group on the optical properties of these chromophores.

Benzothiazoles 16-18 with either alkyl or aryl groups substituted on 1-position of the thienylpyrrolyl
system were obtained by reaction of o-aminobenzenethiol with formyl derivatives 9-11, in DMSO at
120 °C* for 2-3 h (Scheme 9, Table 8), generating thienylpyrrolyl-benzothiazoles 16-18 in fair to excellent
yields (34-93%).”"
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The reaction is initiated by the formation of the corresponding imine that cyclises spontaneously,
yielding the benzothiazoline, which is oxidised to the benzothiazole, aided by the oxidizing character of
DMSO.

\ /N~ "CHO

SH

OHC @[
Vol -
R, DMSO, 120 °C

a Ry =n-Pr
e R1 = 4—MeOCGH4

Scheme 9

Table 8. Experimental data obtained in the synthesis of thienylpyrrolyl-benzothiazoles 16-18.”!

Entry Formyl- Thienylpyrrolyl- Yield Amax

pyrrole benzothiazole (%) (nm)*
1 9a 16a 75 353.0
2 9e 16e 35 366.0
3 10a 17a 34 318.0
4 10e 17e 48 319.0
5 11a 18a 36 377.5
6 11b 18b 48 374.5
7 11e 18e 93 386.5
8 11f 18f 67 390.0

“All the UV-vis spectra were recorded in ethanol.
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3.7. Thienylpyrrolyl-benzimidazoles
The most popular synthetic approaches for the synthesis of benzimidazoles generally involve the

condensation of an arylenediamine with a carbonyl equivalent.’*

So A | Yt
o D
. R, HN

R4 9a,e
9a,e
19a 20a,e
NH,
) J@[ DMSO, Na,S,0,,120 °C
a Ry =n-Pr Rz NO,

e R; =4-MeOPh
19a R,=H 19a—-d
19b R, = MeO e Q
OHCW 19¢ R, = CN W
\ N 19d R, =NO,
Ry

11e 21e-24e

OMe
Scheme 10

Table 9. Experimental data obtained in the synthesis of thienylpyrrolyl-benzimidazoles 20-24.*

Entry Formyl- Thienylpyrrolyl- Yield O IRv Amax
pyrrole benzimidazole (%) (ppm)°* (em™) (nm)”

1 9a 20a 95 9.40-9.45 3430 (NH) 327.0

2 9e 20e 74 - 3435 (NH) 328.0

3 11e 21e 40 - 3480 (NH) 369.0

4 11e 22e 76 - 3489 (NH) 367.0

5 11e 23a 85 12.47 3412 (NH) 375.0

2213 (CN)
6 11e 24e 64 12.45 3362 (NH) 391.0

“For the NH proton of the imidazole ring of thienylpyrrolyl-benzimidazoles 20-24 (300 MHz, acetone-ds). "All the
UV-vis spectra were recorded in ethanol.

These methods usually use strong acid or alternatively harsh dehydratation conditions often at elevated
temperatures, in order to produce benzimidazoles. These conditions are not fully compatible with a broad
range of functional groups and desirable substrates. Therefore, we used a new method of synthesis reported
recently by Yang53 et al. for the preparation of 2-substituted benzimidazoles by a one step reaction through
the Na,S;04 reduction of o-nitroanilines in the presence of aryl or heteroaryl (pyridyl and quinolyl)

aldehydes. Applying this mild and versatile method of synthesis, we were able to prepare the new
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benzimidazoles 20-24 using as precursors formyl-thienylpyrroles 9 and 11 with the formyl group at
5-position or 5 -position of the pyrrole or thiophene ring, respectively, in order to evaluate the effect of the
position of benzimidazole group on the optical properties of these chromophores. Therefore, compounds 9
and 11 with either alkyl or aryl donors on the thienylpyrrolyl system and H, OMe, CN or NO, groups on the
benzimidazole moiety, were prepared by a one step reaction through the Na;S;0s reduction of several
o-nitroanilines 19 in the presence of formyl-thienylpyroles 9 and 11 in DMSO at 120 °C for 15 h. Under
these conditions, compounds 20-24 were obtained in moderate to excellent yields (40-95%) (Scheme 10,
Table 9).** Although compound 24e was obtained from the dinitro precursor 19d, no reduction was observed
for the second nitro group. A broad correlation could be observed between the donor or acceptor properties
of the group attached to 6-position of the benzimidazole nucleus and the chemical shift of the nitrogen
proton of the benzimidazole ring in compounds 20-24 (Table 9). In fact, from the data in Table 9, one may
infer that an increase in the chemical shift of the NH proton in the 'H NMR spectra results in a decrease in
the basic character of the benzimidazole. The NH was also identified by IR spectroscopy as a sharp band at
about 3362-3435 cm™.

4. Applications
4.1. Introduction

The design and synthesis of organic chromophores as nonlinear optical (NLO) materials has attracted
much attention in recent years. They have great and as yet largely unrealized potential especially for use in
optical communications, information processing, frequency doubling and integrated optics.>> One commonly
used strategy to design T-electron chromophores for second-order NLO applications is to end-cap a suitable
conjugated bridge with donor (D) and acceptor (A) substituents. In the 1990s, several authors pointed out
that the strength of the electron-donor and -acceptor must be optimized for the specific -conjugated system
and the loss of aromaticity between the neutral form and the charge separated zwitterionic form of the
chromophore is believed to be responsible for the reduced or saturated £ (first molecular hyperpolarisability)
values. Therefore, attempts have been made to design chromophores with less aromatic characteristics in the
ground state, by replacing the benzene ring in stilbene derivatives by easily delocalisable five-membered
heteroaromatic rings. It has also been demonstrated that the electron density of the m-conjugated system
plays a major role in determining second-order NLO response. The electron excessive/deficient heterocycles
act as auxiliary donors/acceptors while connected to donating/withdrawing groups and the increase of
donor/acceptor ability leads to substantial increases in the measured values.”

Having in mind this idea, several investigators pursued the synthesis and characterization of
conjugated heterocyclic systems in which the donor moiety was represented by a m-excessive five-

membered heterocycle (pyrrole or thiophene)’®>”’

and the acceptor group was a deficient heterocyclic ring
(azine or benz-X-azole).”® These new heterocyclic derivatives exhibited improved solvatochromic,
electrochromic, fluorescent and nonlinear optical properties.” For the practical application of second-order
NLO materials, not only a high hyperpolarisability but also good thermal stability is required. In this respect,
promising candidates are benz-X-azole derivatives,”® as well as conjugated thiophene and pyrrole
heterocycles acting as auxiliary donors, substituted with appropriate acceptor groups. In contrast, the benz-
X-azole heterocycles act as an electron-withdrawing group and also as an auxiliary acceptor. Moreover, they

extend the conjugation length of the m-electron bridge.
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35,57,58a.d . 59 o : :
=8¢ and organometallic™” materials includes an interest in new

5,57

Our research on new organic

molecules with potential applications in optical and electronic devices. In particular, oligothiophene3 and

58a.d
benz-X-azole”**%*

derivatives which typically exhibit favorable fluorescence, solvatochromic,
electrochemical and NLO properties could be used in the manufacture of organic light-emitting diodes
(OLEDs), semiconductor materials, in optical data storage devices and second-harmonic generators. We
were therefore motivated to explore the potential of conjugated 1-(alkyl)aryl-2-(2'-thienyl)pyrroles 2 as
strong m-electron donor moieties and their donor-acceptor substituted phenylazo- (§), tricyanovinyl- (6-8),
formyl- (9-13), dicyanovinyl- (14 and 15), benzothiazole (16—18), and benzimidazole derivatives (20-24) in
order to study their potential application as monomers for the synthesis of conducting heterocyclic materials,

solvatochromic probes, photochromic and nonlinear optical materials.

4.2. Conducting polymers

Low band gap polyconjugated polymers are exceptionally attractive materials for applications in high
performance optical and electronic devices. In particular, polythiophene and polypyrrole have been widely
investigated as potential materials in the field of molecular electronics.’®”"> However, polypyrrole, although
highly conducting, is not stable in the dedoped state towards oxygen. On the other hand, polythiophene,
although stable, requires high potentials to be cycled between the doped and dedoped states. A tailoring of
the electroactive properties could be reached by the preparation of hybrid polymers including pyrrole and
thiophene units. Therefore, 2-(2°-thienyl)pyrroles have been identified as prospective monomers for organic

conductive polymers. The latter combine high electroconductivity as well as thermal and environmental

stability. "%
Table 10. Electrochemical data for thienylpyrroles 2 and thienylpyrrole azo dyes 5.%*
Thienylpyrroles 2 Thienylpyrrole azo dyes 5
Oxidation® Reduction” Oxidation®
Compound Ep,./V  Compound -'Ein/V  -?Eyp/V  'Epl/V *Epa! V

2a 0.57 5a 1.23 1.70 0.78 0.96
2b 0.53 5b 1.29 1.76 0.72 0.93
2c 0.54 5c¢ 1.31 1.80 0.72 0.92
2e 0.48 5e; 1.71 _ 0.57 0.87
2e _ Se; 1.74 _ 0.59 0.88
2e _ Se;3 1.35 1.83 0.62 0.90
2e _ Seq4 1.40 1.76 0.68 0.93
2f 0.45 5f 1.36 1.77 0.61 0.90
2h 0.46 5h 1.35 1.81 0.63 0.91
2m 0.55 5m 1.27 1.73 0.80 0.96
2r 0.54 5r 1.25 1.72 0.79 0.97

"Measurements were carried out in N,N-dimethylformamide containing 0.1 mol dm” [NBu,][BF,] as base electrolyte
with a carbon working electrode at scan rate of 0.1 V s™'. Ferrocene was added as an internal standard at the end of each
measurement and all E values are quoted in volts versus the ferrocinium/ferrocene-couple.
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Table 11. Electrochemical data for thienylpyrroles 2 and tricyanovinyl-thienylpyrrole 6-8.%°

Thienylpyrroles 2 Tricyanovinyl-thienylpyrroles 6-8

Compound Oxidation® Compound Oxidation® Reduction® Banl()l
Epa (V) Epa (V) “Ein/ (V) Epe/ (V) %::‘l;)

2a 0.57 6a 1.11 0.92 1.61 2.03
2b 0.53 6b 0.95 1.00 1.70 1.95
2¢ 0.54 6¢ 0.96 1.02 1.73 1.98
2e 0.48 6e 0.94 1.14 1.80 2.08
2f 0.45 6f 0.92 1.05 1.75 1.97
2g 0.48 62 0.95 1.01 1.78 1.96
2h 0.46 6h 0.94 1.06 1.72 2.00
2m 0.55 6m 0.97 0.94 1.78 1.91
2r 0.54 6r 0.98 0.99 1.70 1.97

*Solution approximately 1-2 mM in each of the tested compounds in acetonitrile 0.10 [NBu,][BF,] was used, and the
scan rate was 100 mV s™', potentials versus the ferrocinium-ferrocene-couple.

*Epono =439+ Eoy (eV) and E, /) = Bpea +4.39 (eV).

Table 12. Electrochemical data for dicyanovinyl-thienylpyrroles 14 and 15.%

Compound Oxidation® Reduction® Band gap®

Eiz (V) Epa (V) -E112 (V) (eV)
14a 0.80 1.20 1.46 2.26
15a 0.46 0.96 1.56 2.02
15b 0.68 1.10 1.42 2.10
15e 0.59 1.06 1.44 2.03
15fF 0.50 0.93 1.49 1.99
15m 0.56 1.00 1.47 2.03

"Measurements made in dry acetonitrile containing 1.5 mM of each of the quoted
compounds and 0.10 M [NBu,][BF,] as base electrolyte with a carbon working
electrode at a scan rate of 0.1 V s™'. Ferrocene was added as an internal standart at the
end of each measurement, and all E values are quoted in volts versus the
ferrocinium/ferrocene-couple.

"Eomo =439+E(eV)and E, ) =Epa+4.39 (eV)

The synthesis of thienylpyrroles containing substituents at the nitrogen atom has attracted considerable
attention because the substitution makes it possible to modify the properties of polymers, including the
synthesis of conducting polymeric materials with better properties for NLO applications. Therefore, our
attention was focused on I-aryl-2-(2°-thienyl)pyrroles. These new systems are expected to show some
beneficial features: i) the aryl group is perpendicular to the m-system such that the coplanarity is affected to a
lesser extent while resulting in a bathochromic shift in its UV-vis absorption spectrum,; ii) the perpendicular
aryl group prevents the stacking of the m-system and as a result increases its solubility; iif) various aryl

groups can be employed in order to modify the physical properties of 1—ary1—2—(2’—thienyl)pyrroles.Sa’d’i’25
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The redox properties of the phenylazo- (5, Table 10), tricyanovinyl- (6-8, Table 11) and dicyanovinyl-
thienylpyrroles (14 and 15, Table 12) were studied by cyclic voltammetry. All the functionalized derivatives
displayed oxidations at more positive potentials compared to 2-thienylpyrroles 2, as a consequence of the
destabilizing effect of the electron-withdrawing groups substituted on the pyrrole (5§ and 6-8 ) or on the
thiophene (14 and 15), rings. The results showed also that the extent of the interaction between the electron
donanting and accepting termini is dependent on the substituents on the nitrogen of the pyrrole ring and also
by the electronic nature and position of substitution (pyrrole or thiophene ring) of the different acceptor
groups.32’36’49 Electrochemical band gaps, (Tables 11 and 12) were calculated as previously described®' from
the potentials of the anodic and cathodic processes and agree well with the calculated optical band gaps.

To our knowledge, these are among the lowest band-gap materials based on thienylpyrrole derivatives

and they should be attractive potential monomers for the fabrication of conducting polymers.

4.3. Solvatochromic probes

All the donor-acceptor substituted thienylpyrroles synthesized are deeply colored compounds which
exhibit intense absorptions in the UV-visible range. The position of these absorptions is influenced by the
structure of the compounds, for example by the substituent on the nitrogen atom of the pyrrole ring and by
the position of substitution of the acceptor group on the pyrrole or on the thiophene ring and also by the
strengh of the acceptor group. The electronic spectra of donor-acceptor substituted thienylpyrroles were
recorded in ethanol (Tables 3-9). Dramatic differences in energy occur upon functionalization of
thienylpyrroles 2 with acceptor groups. These effects have been attributed to the stabilization of LUMO by
the electron-withdrawing groups.”’

Several studies have demonstrated that the replacement of a benzene ring by a less aromatic
heterocycle in typical donor-acceptor chromogens of the same chain length and bearing the same D-A pair,
results in a significant bathochromic shift (in a given solvent) of the visible absorption spectra. Accordingly
to theorectical NLO studies, this red shift, obtained for example with thiophene and thiazole rings, should be
acompanied by an increase in the molecular hyperpolarisability. Experimental data confirmed this positive
effect, in particular, for the five-membered heterocycles mentioned above. It is widely recognized that low
energy bands in the UV-vis spectra and large solvatochromism are good indicators of potential NLO
properties, 57458

In order to investigate if phenylazo- (5),* tricyanovinyl- (6-8),% dicyanovinyl-thienylpyrroles (14 and
15),* thienylpyrrolyl-benzothiazole (16-18)’" and thienylpyrrolyl-benzimidazoles (20-24)>* could act as
suitable probes for the determination of solvent polarity, we carried out a study of the absorption spectra of
above mentioned chromophores in 13 or 15 solvents with different polarities from n-hexane (—0.08 ©t* value
by Kamlet and Taft) to DMSO (1.00 ©* value by Kamlet and Taft).%* All the compounds exhibited positive
solvatochromism with respect to their CT absorption band, that is, the position of the absorption maximum
shifts to longer wavelengths as the polarity of the solvent increases due to a greater stabilization of the
excited state relative to the ground state with increasing polarity of the solvent. In view of the pronounced
solvatochromism and the good correlation with n* values for the solvents investigated, compounds Se3 (Av =
+2088 cm™), 6a (Av = +1228 cm-!), 6h (Av = +804 cm-!), 7a (Av = +1260 cm!), 15a (Av = +1130 cm™),
15f (Av = +1263 cm™), 18a (Av = +1121 cm™), 18f (Av = 4924 cm™), 21e (Av =+ 685 cm™'), 22e (AV =
+807 cm™) and 24e (Av = +1277 cm™') seem to be very appropriate solvent polarity indicating dyes.
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4.4. Nonlinear optical (NLO) materials

We have used the hyper-Rayleigh scattering (HRS) method® to measure the first hyperpolarizability £
of tricyanovinyl- (6-8, Table 13),36 dicyanovinyl- (14 and 15, Table 13),49 benzothiazole (1618, Table 14)5 !
and benzimidazole-thienylpyrroles (20-24, Table 14)°* at an incident wavelength of 1064nm. p-Nitroaniline
(PNA) was used as standard® in order to obtain quantitative values, while care was taken to properly
account for possible fluorescence of the dyes. The static hyperpolarisability £ values were calculated using
a very simple two-level model neglecting damping. They are therefore only indicative and should be treated
with caution.

The results obtained for the first hyperpolarisability £, of tricyanovinyl derivatives (6-8, Table 13),
showed that S varies with the substituent on the pyrrole ring (alkyl or aryl) and with the position of
substitution (3, 4 or 5) of the acceptor group on the pyrrole ring. Therefore, compounds 6e,f (having one or
two methoxy- groups at ortho or ortho-para position on the aromatic ring) and compounds 6m and 6r
(having one halogen, F or Br, at para position on the aromatic ring) show higher £ values. Compound 7a
having a propyl group at the 1-position of the pyrrole ring and the tricyanovinyl acceptor group at 3-position
exhibit the largest  and /3 values. The [ value of 7ais 19 times that of pNA while the corresponding £ is
13 times greater. Comparison of the £ values for compounds 6a and 8a shows that the substitution of the
tricyanovinyl- group at the 3-position on the pyrrole ring leads to a larger nonlinearity than the same
acceptor group at 4- (8a) or at 5-position (6a). The compounds with high molecular nonlinearities have a
response at 1064 nm that are 10-20 times greater that the well known pNA molecule which is often used as
standart.

The study of the nonlinear optical properties of dicyanovinyl-thienylpyrroles (14 and 15, Table 13),
showed that the £ values for compounds with the dicyanovinyl- group on the thiophene ring are 22-38 times
greater than that of pNA, whereas the corresponding [ values are 4—14 times of pNA. As expected, the S
values for pyrroles 15b,e,f increased with the donor effect of the substituent on the nitrogen atom of the
pyrrole ring along the series phenyl < 4-MeO-phenyl < 2,4-diMeO-phenyl. Compound 14a having a propyl
group at the 1-position of the pyrrole ring and the dicyanovinyl acceptor group on the pyrrole moiety exhibit
the lowest B and ) values. Comparison of the S values for 14a (85 x107° esu) and 15a, (526 x10°" esu)
showed that the substitution of the dicyanovinyl- group at the 5°-position on the thiophene ring leads to a
larger nonlinearity than the same acceptor group at 5-position on the pyrrole ring (14a). These results are in
accordance with the theoretical studies of Varanasi et al. who concluded that an increase or decrease of the
molecular nonlinear activity of heteroaromatic systems depends on the nature of the aromatic rings as well
as the location of these heteroaromatic rings in the systems.Sﬁa The results obtained showed that, even with a
stronger acceptor group, tricyanovinyl derivatives 6a,b,e,f,m exhibit lower hyperpolarisability values
compared with dicyanovinyl compounds 15a,b,e,f,m. Thus, the location of the dicyanovinyl group on the
pyrrole or on the thiophene ring alone can either dramatically enhance or decrease the overall molecular
nonlinearity of the system.

These studies showed that the thienylpyrrole moiety should not simply be viewed as a conjugated
segment but also as significant role as structural unit, which affects the overall electron transfer properties of
the system. Pyrrole, being the most electron-rich five-member heteroaromatic ring, counteracts the electron
withdrawing effect of the dicyanovinyl group (in 14a), resulting in a decrease in . The same explanation

could be used to account for the lower £ values observed in tricyanovinyl-pyrroles (6-8) as discussed earlier.
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As expected, the dycianovinyl-pyrrole 14a exhibits a lower value of B (85 x107° esu) compared to the

corresponding tricyanovinylpyrrole 6a (254 x107 esu).

Table 13. UV-vis absorptions, Sand /3 values for pNA and for compounds 6-8 and 14 and 15.°°°%

Tricyanovinyl- Aunax £no* g0 Dicyanovinyl- Amax p£no B 1107
thienylpyrroles (nm) esu esu thienylpyrroles (nm) esu esu
6a 486 254 — 14a 414 85 28
— — — 30 15a 458 526 111
6b 504 244 19 15b 450 364 85
6¢ 506 234 17
6e 510 253 17 15e 458 439 93
6f 514 263 13 15f 514 651 33
6g 508 221 15 — — — —
6h 512 225 13 — — — —
6m 506 290 21 15m 449 439 104
6r 504 280 22 — — — —
7a 408 317 105 — — — —
8a 414 240 80 — — — —
pNA 352 16.9% 8.5 — — — —

*Experimental hyperpolarisabilities and spectroscopic data measured in dioxane solutions. "All the compounds are transparent at
the 1064 nm fundamental wavelength. “Data corrected for resonance enhancement at 532 nm using the two-level model with
Bo= B1-Mman/ 1064)*1[ 1-(Aman/532)°]; damping factors were not included.”

In accordance with the results discussed above for tricyano- (6—8) and dicyanovinyl-thienylpyrroles
(14 and 15), the data for thienylpyrrolyl-benzothiazoles (16-18) and thienylpyrrolyl-benzimidazoles (20-24)
showed that £ is dependent on the substituent on the pyrrole ring (alkyl or aryl) and on the position of the
substitution (3 or 5) of the benzothiazole or benzimidazole group on the pyrrole or on the thiophene ring.

It has also been shown that the benzothiazoles have high molecular nonlinearities especially
derivatives 18 in which the benzothiazole group is substituted on the thiophene ring, as their values are 20—
33 times higher that the well known pNA molecule. The effect of the electronic nature of the group that
substitutes the benzimidazole heterocycle at 6-position is also noteworthy. It was obvious that the increase of
the acceptor strength of the groups mentioned above, along the series H < CN < NO,, results both in red-
shifted absorption maxima and enhanced f values for benzimidazoles 21e, 23e and 24e.

It was also observed that, smaller nonlinearities were obtained for benzimidazoles 20a,e and 21le
compared to thienylpyrrolyl-benzothiazoles 16a and 16e with similar structures, due to the different
electronic nature of benzimidazole heterocycle compared to benzothiazole.®” The thermal stability of thienyl-
benzothiazoles (16—-18) and thienyl-benzimidazoles (20-24) were also estimated by thermogravimetric
analysis (TGA), measured at a heating rate of 20 °C min~' under a nitrogen atmosphere (Table 14). The
results obtained revealed an excellent thermal stability for all compounds, which could be heated up to T4=
330-375 °C for 16-18 or to Tq= 326—401 °C for 20-24.

In agreement with the thermal stability properties and the solvatochromic, electrochemical and
nonlinear optical studies, the new compounds prepared could be used on the manufacture of semiconductor

materials, as solvatochromic probes or materials with strong nonlinear (NLO) properties.
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Table 14. UV-vis absorptions, S and £ values for pNA and for compounds 17,18 and 20-24 and T, values
for compounds 17,18 and 20-24.*'*
Thiazoles Ap.x 7107 £/10% T4 Imidazoles Ay,  A710%°  B°/100 Ty

(nm) esu esu (°C)* (nm) esu 30 (°C)*
esu

16a 353.0 64 32 — 20a 3325 42 23 326
16e 366.0 85 39 336 20e 336.0 58 31 363
17a 318.0 75 44 — — — — - _
17e 319.0 73 43 369 — — = — —
18a 377.5 — —d 302 — — — - _
18b 374.5 330 150 330 — — — — -
18e 386.5 450 180 357 21e 361.0 60 29 380
— — — — — 22e 364.0 — — 401
— — — — — 23e 366.5 114 53 390
— — — — — 24e 363.0 121 57 365
18f 390.0 550 220 375 — — — — -
pNA 3520  16.9% 8.5 — — — _ _ -

“*Experimental hyperpolarisabilities and spectroscopic data measured in dioxane solutions. All the compounds are transparent at
the 1064 nm fundamental wavelength. “Data corrected for resonance enhancement at 532 nm using the two-level model with
Bo= P 1-(Anar/ 1064)*1[1-(Anae/532)°1; damping factors were not included.®® The hyperpolarisability for compound 18a proved to
be extraordinarily large, possibly due to a two photon resonance enhancement effect, so no value is given. ‘Decomposition
temperature (Ty) measured at a heating rate of 20 °C min”' under a nitrogen atmosphere, obtained by TGA. "The
hyperpolarisability for compound 22e proved to be abnormally large, possibly due to a two photon resonance enhancement effect,
so no value is given.

4.5. Photochromic systems

Azo dyes with heterocyclic components have been intensively investigated to produce bright and
strong colour shades ranging from red to greenish blue on synthetic fabrics. These results led to the
development of commercial products which have replaced the conventional azobenzene disperse dyes.
Besides their classic applications in synthetic dyes and pigments, heteroaryl azo chromophores could act
also as organic second-order nonlinear optical (NLO) materials suitable for applications such as second
harmonic generation and optical switching.66

Usually, azo compounds are chemically stable molecules that display intense absorption bands whose
position can be tailored, by appropriate ring substitution, to fall anywhere from UV to near-IR spectrum.67
One of the most interesting properties of these chromophores is the readily induced and reversible
isomerization about the azo bond between the E- and Z-isomers, which can be photo or thermally
interconverted. The reversible structural change is a space-demanding process and brings important
reversible modifications not only on physico-chemical properties of the molecules but also on a variety of
compatible matrices, such as solutions, liquid crystals, sol-gel systems, monolayer films or polymers, where
they can be incorporated.68 This opens a wide field of potential applications for systems incorporating azo-

chromophores. In fact, these systems can be used as photoswitches to control a variety of chemical and
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physical (e.g. mechanical, electronic and optical) properties. The principal requirements for photonic devices
includes thermal stability of both isomers, fatigue resistant character, high sensitivity, rapid response and
reactivity when incorporated in solid matrices.

The photoisomerisation of azoaromatic dyes is an extensively studied phenomenon. Generally, the two
isomers exhibit different absorption spectra and are therefore distinguishable. The thermodynamically more
stable E-isomer is normally highly coloured due to the allowed extension of the T-electronic system while
the Z-isomer is an uncoloured or weakly coloured species due to an out-of-plane configuration of the
aromatic groups attached to the azo group.69 Upon continuous irradiation with visible light, a coloured
solution of an azo dye (normally constituted mainly by the E-isomer) exhibits a fast decrease of the
absorbance measured at the longer wavelengths due to the conversion to the Z-isomer. A photostationary
equilibrium between the two isomers is attained and when the irradiation source is removed, the Z-isomer
thermally (or photochemically) converts back to the highly coloured E-isomer following a monoexponential
kinetic. This isomerization is completely reversible, free from side reactions and one of the cleanest
photoreactions known. Both the spectra of the photoactive molecules and the reaction kinetics are strongly
dependent on the nature of the matrix in which the photochromic substances are incorporated.®®*

The mechanism of the E-Z interconversion remains unclear and it seems that there may not be one
general mechanism, but a competition between rotational (about the —N=N- double bond axis) and
inversional (through a transition state where one of the nitrogen atoms is sp-hibridized) mechanisms,
depending on the particular molecular structure and the local environment.”

Very few reports concerning the photochromic properties of heteroaromatic azo dyes can be found in
the literature.”' Therefore, we decided to investigate the photochromic behaviour of thienylpyrrole azo dyes
5 (Scheme 11), in THF solutions (Table 15).72

R
SN ANEN o /7 i
\ /) N \\NAQ*R 1 S -~
) 2 S /
R N
5 E-isomer Ry = alkyl, aryl 5 Z-isomer
R, = NO,, CN, CO,Me
Scheme 11

It was observed that the photochromic properties were strongly dependent on the substitution pattern
of the dyes. Nitro-substituted thienylpyrrole azo dyes are particular interesting since they exhibit very fast
colouration/decolouration processes. These compounds showed also aggregation phenomena in freshly
prepared solutions of THF, which led to variable photochromic behaviours. Only after 1-5 hours the
solutions reached equilibrium and only then reproducible photochromic behaviour could be observed. The
activation energy calculated for compound Sc¢ was 56 kJ/mol which is considerably lower than the value for
azobenzene (94 kJ/mol) or other heteroaromatic azo dyes like 2-(phenylazo)imidazoles (79 kJ/mol) or
phenylazopyridines (90 kJ/mol). To our knowledge, these are among the lowest values of the activation
energy reported for heterocyclic azo dyes. The photochromic properties described for thienylpyrroles 5

makes them good candidates for optical data storage devices where it is desirable to use excitation energies
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of lasers with longer wavelengths (which are easier to manufacture) and to obtain fast photochromic

systems.

Table 15. Spectrokinetic properties under continuous irradiation: maxima wavelength of absorption (Ayax),

colourability (Aq), absorbance variation (A Abs) and thermal bleaching rate (ka) of azo dyes 5.2

Thienylpyrrole R, R, Amnax Ay A Abs A Abs Kk,

Azo Dye (nm) (%) )
Sa n-Pr 4-NO, 490 0.58 0.13 22 0.32
5b Ph 4-NO, 498 0.59 0.16 27 0.21
Sc naphthyl 4-NO, 497 0.66 0.22 34 0.17
Se, 4-MeOPh 4-CO,Me 464 0.40 0.19 48 0.0011
Se, 4-MeOPh 4-CN 477 0.66 0.37 56 0.011
Se; 4-MeOPh 4-NO, 500 0.42 0.11 26 0.33
5f 2,4-diMeOPh 4-NO, 508 0.68 0.10 15 0.71
5h 3,4,5-MeOPh 4-NO, 501 0.69 0.14 20 0.41
Sm 4-FPh 4-NO, 495 0.49 0.18 37 0.13

4.6. Organic light-emmiting devices (OLEDs)

The benzothiazole nucleus appears in many fluorescent compounds that have useful applications such
as polidentate ligands, in laser technology as laser dyes, organic luminophores, thermo- and LTV-stabilizers
for polymer materials, diazotype materials, materials with nonlinear optical (NLO) properties, as
fluorescence sensors. Recently benzothiazole derivatives as well their metal complexes were widely
investigated as electron transporting and emmiting layers for organic light-emmiting devices (OLED’s). %7
Thienylpyrrole derivatives are also characterised by important electroluminescent properties.74 Therefore,
some preliminary studies have been made concerning the fluorescence properties of thienylpyrrolyl-
benzothiazoles 1821,b,e,f.75 Absorption and emission spectra of 5 x 10 M solutions of compounds 18a,b,e.f
were run in degassed absolute ethanol and fluorescence relative quantum yields were determined using 9,10-
diphenylanthracene as fluorescence standard. This preliminary study showed that the fluorescence relative
quantum Yyields of thienylpyrrolyl-benzothiazole derivatives 18a,b,e,f in absolute ethanol were found to be in
the range 0.56 to 0.80, emitting in the 482-486 nm region and they exhibit also large Stokes’ shifts. An
absorption and emission solvatochromic study in eight solvents was carried out for all derivatives, showing
that solvent polarity influences the position of the absorption and the emission band, as well as the
fluorescence quantum yield. Due to their strong fluorescence, benzothiazole derivatives 18a,b,e,f can find
use as fluorescent markers or as light emitters in organic light emitting devices (OLEDs), among other
applications. More complete studies concerning the photophysical properties of benzothiazoles in solution

and in solid state are currently underway.
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5. Conclusions

A convenient and practical method for the synthesis of 1-alkyl(aryl)-2-(2°-thienyl)pyrroles has been
developed in our laboratories from secondary alkyl(aryl)-4-(2°-thienyl)-4-oxobutanamides in the presence of
Lawesson’s reagent. The method can be applied to several secondary alkyl or aryl 4-(2°-thienyl)-4-
oxobutanamides. 1-Alkyl(aryl)-2-(2"-thienyl)pyrroles were versatile building blocks allowing the
preparation of a large variety of donor-acceptor substituted thienylpyrroles. Thus, 1-alkyl(aryl)-2-(2°-
thienyl)pyrroles were used as precursors in several electrophilic reactions permitting the synthesis of
5-phenylazo-, 5-tricyanovinyl- and 5-formyl-thienylpyrroles. Through metalation followed by reaction with
DMF, it was possible to obtain for the first time new formyl-thienylpyrroles selectively functionalized on the
thiophene ring. The formyl-thienylpyrroles functionalized on the thiophene or on the pyrole ring were also
used as versatile synthons to prepare several new derivatives such as: dicyanovinyl-thienylpyrroles,
thienylpyrrolyl-benzothiazoles and thienylpyrrolyl-benzimidazoles. Our recent work shows that
1-alkyl(aryl)-2-(2°-thienyl)pyrroles and their corresponding formyl-derivatives constitute excellent
precursors for the synthesis of a wide range of new interesting push-pull substituted thienylpyrroles.
Moreover, the thermal stability and the electrochemical, optical (linear and nonlinear), solvatochromic and
photochromic properties of the new m-conjugated heterocyclic systems were studied, showing that these
fascinating compounds have a wide range of potential applications namely as conducting materials,
solvatochromic probes, OLED’s, nonlinear optical and photochromic materials. Therefore, the data
presented in this review demonstrate the considerable recent progress that has been achieved concerning the
synthesis and exploration of potential applications of 2-thienylpyrrole derivatives. Nevertheless the potential
of 2-thienylpyrroles and their derivatives are still far from being fully revealed. We hope that this review
will entice others researchers to join us as we continue to explore the promise latent in these intriguing

molecules.
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Abstract. Metalation of quinolines and isoquinolines generally requires more chemoselective bases than
metalation of pyridines due to facile nucleophilic addition (often observed at the 2- and I-position,
respectively) in relation to lower energy levels of the LUMOs of these substrates. Whereas classical lithium
bases are still capable of performing deprotonation reactions of quinolines carrying heterosubstituents
provided that elaborated procedures are designed, recourse to other classes of deprotonating agents is
required for bare heterocycles. Subsequent reactions with electrophiles open access to a wealth of building
blocks for various applications such as synthesis of biologically active compounds, material science or

supramolecular chemistry.
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1. Introduction

Quinolines and isoquinolines belong to the most important heterocycles. Natural products such as
alkaloids of the cinchona bark are derived from quinoline. Examples are the diastereoisomeric pairs quinine-
quinidine and cinchonidine-cinchonine (bare quinoline was first obtained by alkaline degradation of the
alkaloid cinchonine). Another example is camptothecin, a highly toxic polycyclic quinoline alkaloid isolated
from the stem wood of a Chinese tree.'

The quinoline core is present in many important biologically active agents such as 8-hydroxyquinoline
and some halogenated derivatives (used as antiseptics) and chloroquine (one of the older antimalarial).
N-Alkyl-4-quinolone-3-carboxylic acids such as ciprofloxazin and moxifloxazin are constituents of
antibacterials. Quinmerac is a quinoline-8-carboxylic acid employed as a herbicide.'

Isoquinoline occurs in coal tar and bone oil. Derivatives are widely present in nature. Most of the
quinoline alkaloids derive from l—benzylisoquinoline.1

The main approaches used to build the ring system of quinolines are: (1) reduction and subsequent
cyclization of 2-nitrocinnamoyl compounds, (2) Pd-catalyzed transfer hydrogenation/heterocyclization of
(2-aminophenyl)ynones, (3) cyclocondensation of 2-aminoaryl ketones or aldehydes with ketones possessing
an o-CH, group (Friedldnder synthesis) or reaction of methylene ketones with isatin (Pfitzinger synthesis),
(4) intramolecular SgAr processes such as cyclocondensation of primary arylamines with a free ortho
position with B-diketones or with B-keto aldehydes (Combes synthesis), or B-keto esters (Knorr and Konrad-
Limpach synthesis), and (5) reaction of primary arylamines possessing an unsubstituted ortho position with
o, B-unsaturated carbonyl compounds (Skraup and Doebner-Miller symhesis).1

To build the isoquinoline ring system, the main approaches are: (1) cyclization of (2-formyl-
phenyl)ethanal and analogous dicarbonyl compounds with ammonia, (2) cyclization of N-(2-aryl-
ethyl)amides and subsequent oxidation (Bischler-Napieralski synthesis), (3) reaction of arylaldehydes with
aminoacetaldehyde (Pomeranz-Fritsch synthesis), (4) cyclocondensation of 2-arylethylamines with
aldehydes, and (5) intramolecular aza-Wittig reaction of azidocinnamic esters.'

Addition and substitution processes can be used to functionalize quinolines. Whereas SgAr reactions
occur on the more activated benzene moiety, nucleophilic addition and substitution reactions take place at
the hetero ring, as a rule in the 2- or 4-position for quinoline and 1-position for isoquinoline.1

Site selectivity could be easily achieved of course if the electrophile could react with a specific
quinolylmetal rather than with the unmodified heterocycle. Non-deprotonative accesses to quinolylmetals
such as halogen/metal exchange have been developed,” but the problem is only deferred since the preparation
of bromo- and polybromoquinolines that could be used as substrates is generally not trivial. The metalation
(hydrogen/metal permutation) avoids the use of heavy halogen-substituted quinolines.

The acidities of hydrogens in quinolines are related to less highly-conjugated p orbitals (decrease in
aromaticity) in the ring when compared to naphthalene. The pK, values for C-H bonds of numerous aromatic
heterocyclic compounds including quinoline and isoquinoline have been recently calculated (Scheme 1.}

The strongest acidities on quinolines were estimated to be the 4-positions (39.2 and 40.0 for quinoline

and isoquinoline, respectively). When metallic bases are employed to deprotonate these 7-deficient aza-
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heterocycles, the regioselectivity of the reaction is generally different because of additional effects.*
Coordination of the ring nitrogen to the metal (particularly in the absence of a chelating solvent such as THF)
causes the disaggregation of the base (which becomes more reactive), increases the electron-withdrawing
effect of the nitrogen, and (thus) favors the deprotonation at an adjacent position. In addition, it should be
noted that the lithiated compound at the nitrogen adjacent position is on the one hand stabilized by the
electron-withdrawing effect of the nitrogen(s), but on the other hand destabilized by electronic repulsion

between the carbanion and the lone pair of the nitrogen.

40.3 415 392 45 400
4.7 | X 41.0 426 | X405 42.1 | X 43.6
436 422 424 42.3 _N
N 422 N 411 418
quinoline isoquinoline

Scheme 1. Estimated pK, values for C-H bonds.

The electron-withdrawing effect of the azine nitrogen decreases the energy level of the LUMO of these
substrates and makes them more sensitive to nucleophilic addition.** As a consequence, "soft" alkyllithiums,
which are strong bases (pK, ~ 40-50), have to be avoided since they easily add nucleophilically to the
quinoline ring, even at low temperatures. It is often advisable to rely upon the "harder", though less basic
lithium diisopropylamide (LDA, pK, = 35.7) and lithium 2,2,6,6-tetramethylpiperidide (LTMP, pK, = 37.3)
to effect deprotonation. Nevertheless, this still happens to be difficult with bare heterocycles, for which
formation of dimeric products -either by addition of lithiated substrate to another molecule or by
dimerization of "radical anions"- can hardly be avoided.

Using lithium amides as bases, the reaction is usually under thermodynamic control, and the
regioselectivity observed is the result of different effects such as stabilization by the electron-withdrawing
effect of the ring nitrogen and destabilization by electronic repulsion between the carbanion and the lone pair
of the adjacent ring nitrogen. These effects are modulated by the aggregation state of the lithium species,
which largely depends on solvent, for example. A rationalization of the regioselectivity becomes more
complicated when substituted quinolines are concerned. As the ring nitrogen, the substituent can stabilize by
inductive electron-withdrawing effect. It can also chelate the Lewis acidic metal of the base, an effect that is
important for the few reactions carried out under kinetic control using alkyllithiums since it allows the
disaggregation of the base, reinforces the electron-withdrawing effect of the substituent and increases the
proximity effect of the complexed base. Under thermodynamic control, unlike the ring nitrogen the
substituent can stabilize the metalated substrate by chelation, which reinforces the electron-withdrawing

effect. Steric hindrance caused by the substituent has an impact on the outcome of the reaction too.

2. Functionalization of halogen- and trifluoromethyl-substituted quinolines
2.1. Fluoroquinolines

Owing to their low LUMO levels, quinolines are subjected to nucleophilic addition. When treated with
the BuLi-TMEDA (TMEDA = N,N,N'N'-tetramethylethylenediamine) chelate in diethyl ether (DEE),
fluoroquinolines are easily converted into products of 1,2-addition.” Using the same base in tetrahydrofuran
(THF), which is a more basic solvent than DEE, both deprotonation of fluoroquinolines and nucleophilic
addition of the base to the substrates were evidenced by trapping with chlorotrimethylsilane.” On the other

hand, using lithium diisopropylamide (LDA) at low temperatures allows to avoid competitive nucleophilic
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addition reactions and gives chemo- and regioselectively (adjacent to fluorine) the functionalized 2-, 3-, 5-,

6- and 7-fluoroquinoline 1-5 after quenching with chlorotrimethylsilane (Scheme 2).’

SiMe
O QG
—F F
N// N//
SiMes SiMe3
X SiMej; X F MesSi N F N N
_ L P »
N~ °F N N N F N
SiMej;
1: 58% 2: 66% 3: 30% 4: 65% 5: 30%
a. LDA, THF, -75 °C; b. ClISiMes.

Scheme 2

Metalation using LDA in THF at low temperatures (=75 °C) has been extended to substituted
fluoroquinolines such as 2—but0xy—3—ﬂuoroquinoline6 and various 2-bromo-3-fluoroquinolines’ to furnish the
corresponding carboxylic acids 6-12 after carboxylation/neutralization. Whereas LDA suffices to
deprotonate 2-bromo-3-fluoroquinolines owing to the long-range assistance of the bromo group,
3-fluoroquinoline undergoes metalation more efficaceously when mixed-metal reagents are used. It is readily
deprotonated with LDA in the presence of potassium tert-butoxide in order to be carboxylated subsequently
(compound 13) (Scheme 3).°

CO>H
= X F a,b,c =z X F
R— | _ —_— R—\ | _
N N
CO>H CO5H COxH COzH
X F X F Cl X F N F
_ P » P
N OBu N Br N Br F N Br
6: 82% 7: 94% 8: 87% 9: 68%
(LDA) (LDA) (LDA) (LDA)
CO>H COyH Me CO3H CO2H
XX F XX F XX F XX F
~— ~ ~ ~
MeO N Br N Br Me N Br N
10: 83% Br 11: 92% 12: 82% 13: 64%
(LDA) (LDA) (LDA) (LDA + tBuOK)
a. LDA or LDA + '‘BuOK, THF, =75 °C, 2 h; b. CO,; c. H*.
Scheme 3

When 3-fluoro-4-iodoquinoline (14) is submitted to LDA in THF at —75 °C, the 4-substituted 3-fluoro-
2-iodoquinolines 15 are obtained after interception with electrophiles. This result is presumably a

consequence of a rapid isomerization of first formed 3-fluoro-4-iodo-2-lithioquinoline to more stable
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3-fluoro-2-iodo-4-lithioquinoline (migration of the iodine atom from the 4- to the 2-position) during the
deprotonation step.® Such a metalation-isomerization process was applied twice in the course of the synthesis

of cryptomisrine, an indolo[3,2-b]quinoline dimer (Scheme 4).Sb

I El
~
N N~ I
14 15a-f: E/ = H, I, Cl, CH(OH)Me,

CH(OH)Ph, CHO

a,d,c
I 95% \

I
Qg e =
_ —_— B ——

N

14
15g: 50% cryptomisrine
a. LDA, THF, -75 °C, 2 h; b. Electrophile; c. hydrolysis; d. HCO,Et, =75 °C, 2 h; e. 15f, -75 °C, 2 h.

Scheme 4

Hydrogen-metal permutations of functionalized 6- and 7-fluoroquinolines have also been described
using hindered lithium dialkylamides in THF at —75 °C. Lithiations of (S)-N-(1-phenylpropyl)-6- and -7-
fluoro-3-methoxy-2-phenyl-4-quinolinecarboxamide (16-17),’ 2-bromo-7-fluoro-4-(trifluoromethyl)-
quinoline (18)10 and 4-bromo-7-fluoro-2-(trifluoromethyl)quinoline (19)11 afford in this way the
corresponding iodides 20-21 and carboxylic acids 22-23, respectively, in good yields (Scheme 5).

Ph Phw\\ - Phw\\‘«\ Ph ™
Os_NH Os_NH Os_NH Os_NH
F\Q\I\/EOMe a,b F&OMe N OMe a,b N OMe
= — — —
N~ "Ph I N~ "Ph F N~ "Ph F N~ "Ph
16 20: 61% 17 I 21:78%
CF3 CF3 Br Br
| A c,d,e | A | N c,d,e | N
— — ~ —
F N~ "Br F N~ "Br F N~ "CF3 F N~ "CF3
CO>H CO>H
18 22: 87% 19 23: 80%
a. 3 equiv LTMP, 1 equiv BulLi, THF, =75 °C, 5 h; b. I,; c. LDA, THF, =75 °C, 2 h; d. CO,; e. H*.

Scheme 5

Deprotonation of 8-fluoroquinoline has never been observed using LDA in THF at low temperatures, a
result explained by the presence of a strong cation chelating site in the vicinity of the fluorine and nitrogen

atoms.’ Using lithium 2,2,6,6-tetramethylpiperidide (LTMP) in excess at —75 °C, the conversion of the
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secondary 2,3-disubstituted 8-fluoro-4-quinolinecarboxamide 24 (amide function protected as its lithium
salt) to the corresponding 7-iodo derivative 25 proves possible passing through the 7-lithio compound, but in
a low 28% yield.9 8-Fluoro-6-methoxymethoxyquinoline (26) is successfully lithiated at the location flanked
by the two activating groups with methyllithium at —-75 °C, as demonstrated by interception with
chlorotrimethylsilane (compound 27, 83% yield), whereas 1,2-addition compounds are concomitantly
formed using butyllithium or fert-butyllithium (Scheme 6)."

Ph RN Ph
H
a b MeO (0) C d MeO
24 25: 28% 26 27: 83%
a. 3 equiv LTMP, 1 equiv BuLi, THF, -75 °C, 5 h; b. I,; c. MeLi, THF, =75 °C, 6 h; d. CISiMes.

Scheme 6

2.2. (Trifluoromethyl)quinolines

Trifluoromethyl-substituted building blocks attract more and more attention. Unlike the fluoro group,
which only acidifies the adjacent hydrogen, the trifluoromethyl group exerts a strong electron-withdrawing
effect, but this inductive activation is counterbalanced by the steric hindrance caused by the bulky
substituent."”> An optional site-selective hydrogen/metal interconversion reaction can be performed with
2-(trifluoromethyl)quinoline (28) (Scheme 7)."

CO,H
/
‘ N” CF;

29: 31%
CO5H
X
N~ "CF3 _ Pz
28 N~ “CF3 N~ "CF3
30: 43% 31: 27%
‘ e,b,c S
»
N~ “CF3
CO5H
32: 20%
a. LDA, THF, =75 °C, 2 h; b. CO,; c. H*; d. LTMP, THF, -75 °C, 2 h; e. LTMP, DEE, -75 °C, 6 h.
Scheme 7

Deprotonation occurs solely at the 3-position when LDA is used in THF at —75 °C, generating
2-(trifluoromethyl)-3-quinolinecarboxylic acid (29) in 31% yield after trapping with dry ice. The bulkier
LTMP does not behave regioselectively, attacking both the activated 3- and the sterically less hindered
4-position when employed in THF to afford a 3:2 mixture of 2-(trifluoromethyl)-3- and
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-4-quinolinecarboxylic acid (30-31) in 43 and 27% yield, respectively, after carboxylation and
neutralization. When DEE is used instead of THF, the metalation is regioselectively rerouted to the 8-
position, probably due to coordination of the reagent by the nitrogen lone pair, opening the entry to
2-(trifluoromethyl)-8-quinolinecarboxylic acid (32) in 20% yield after trapping with dry ice.

The presence of a bromo group, which acts as a second activating substituent, is probably at the origin
of the better yields obtained when 4-bromo-2-(trifluoromethyl)quinoline and its 6-, 7- or 8-substituted
congeners are transformed into the corresponding 3-quinolinecarboxylic acids 33—40 using LDA as the base
(Scheme 8).11 In contrast, 5-methoxy-, 5S-fluoro- and 5,7-dimethyl-substituted 4-bromo-2-
(trifluoromethyl)quinolines prove to be unaffected by exposure to LDA or LTMP. Since 4-chloro-5-fluoro-2-
(trifluoromethyl)quinoline reacts in this way to afford 4-chloro-5-fluoro-2-(trifluoromethyl)-3-
quinolinecarboxylic acid in 61% yield upon standard carboxylation/neutralization procedure, the operation of
a buttressing effect'’” was suggested on the basis of crystallographic studies to explain the inertness of the

more congested 4-bromo derivatives.'®

Br
a b,c = COxH
R— |
~
N~ >CFs
33: 88% 34: 74% 35: 81% 36: 89%
Br Br
mcow |\ COH CO,H CO,H
_ |
e0 N~ “CFs3 N~ "CF3
37: 86% F 38: 86% Br 39: 629% I' 40: 78%
a. LDA, THF, =75 °C, 2 h; b. CO,; c. H*.
Scheme 8

The case of 3-(trifluoromethyl)quinoline (41) illustrates again the concept of "optional site selectivity"
(Scheme 9).'"* Whereas LDA attacks the more acidic 4-position (when compared to the 2—position)17 when
used in THF at —75 °C to give 3-(trifluoromethyl)-4-quinolinecarboxylic acid (42) in 32% yield after
trapping with dry ice, LTMP is effective at lithiating exclusively the less congested 2-position (absence of
peri-hydrogen atom) under the same reaction conditions to produce 3-(trifluoromethyl)-2-
quinolinecarboxylic acid (43) in 41% yield. The latter was also obtained using butyllithium in the presence
of lithium 2-(dimethylamino)ethoxide (Caubere's base) in DEE, but in a low 12% yield.

4-(Trifluoromethyl)pyridine (44) is converted into 4-(trifluoromethyl)-3-quinolinecarboxylic (45) in 54
and 76% yield, respectively, using LDA or LTMP in THF at —75 °C. In contrast, Caubere's base deflects the
reaction from the 4- to the 2-position to give 4-(trifluoromethyl)-2-quinolinecarboxylic (46) in 36% yield
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after carboxylation/neutralization, an orientation attributed to the assistance of the quinoline nitrogen

(Scheme 10)."
CO,H
‘ 32% N"
42
~CF3
/ _—
N
CO,H

41%
a1
‘ e,b,c T
12%
a. LDA, THF, -75 °C, 2 h; b. CO,; c. H*; d. LTMP, THF, -75 °C, 2 h; e. BuLi-LDMAE, DEE, -75 °C, 2 h.
Scheme 9
a,b,c
‘ 54% l
CF3 CF3
CO5H
~ —— ~
N 76% N
44 45
CF3
e,b,c N
36% N” NCOo,H
46
a. LDA, THF, =75 °C, 2 h; b. CO,; c. H*; d. LTMP, THF, =75 °C, 2 h; e. BuLi-LDMAE, DEE, -75 °C, 2 h.
Scheme 10

A systematic investigation has revealed that the presence of a second activating substituent (a bromo
group) favors the reaction using LDA, ensuring higher yields for the 3-quinolinecarboxylic acid derivatives
47-53."° 2-Bromo-5,7-dimethyl-4-(trifluoromethyl)quinoline hardly reacts under these conditions whereas
2-bromo-5,7-dimethoxy-4-(trifluoromethyl)quinoline is inert toward LDA or LTMP;'® buttressing effect

were again advanced to rationalize these results (Scheme 11).

2.3. Chloroquinolines

As observed with 3-fluoroquinoline, LDA-mediated deprotonation of 3-chloroquinoline occurs at the
4-position using LDA in THF at —75 °C, leading to the 4-trimethylsilyl derivative 54° 4-Chloroquinoline is
similarly deprotonated at the 3-position, without formation of peri-functionalized products as observed with
naphthalenes (compound 55)."% The reaction can be extended to 2-chloroquinoline, giving 2-chloro-3-
quinolinecarboxylic acid (56) and 2-chloro-3-quinolineboronic acid (57) in 67 and 85% vyield, respectively.'®
For 2-chloro-8-methoxyquinoline, and using the more hindered and basic LTMP, 2-chloro-8-methoxy-3-
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quinolineboronic acid (58) was obtained in 82% yield.19 2-Chloro-3-quinolineboronic acid (57) acted as
starting material for the synthesis of indolo[2,3-b]quinoline by palladium-catalyzed cross-coupling with

2-iodoaniline and acid catalysis steps in 35% overall yield (Scheme 12)."8

CF3
= A a b,c COZH
R—\ l _
N Br
CF3 CF3
[:::IjliI:cozH Me\Ti::IiLiI:cozH \I:::IiltI:COZH
| = ~
N Br N Br
47: 81% 48: 66% 49: 69%
F3 Me CF3
mw mcm @COZH -
50: 88% 51: 82% Me 52: 89% 53: 26%
a. LDA, THF, =75 °C, 2 h; b. CO,; c. H*.

Scheme 11

El
—Cl —— —Cl
N// N//
N Cl X SiMes N COzH N B(OH)» N B(OH),
N N N~ ~Cl N~ ~Cl N~ ~Cl
OMe

54 55 56 57
o, Ve
| | — » \
N c NN
57

indolo[2,3-b]quinoline
a. LDA or LTMP, THF, -75 °C, 2 h; b. Electrophile; c. hydrolysis.
Scheme 12

2.4. Bromoquinolines

The metalation of bromoquinolines has been only scarcely examined up to now because of the
unavailability of the substrates. The deprotonation of 2-bromoquinoline (59) has been reported using LDA in
THF at —75 °C. After trapping either with formaldehyde or with N,N-dimethylformamide followed by
sodium borohydride, the expected 3-quinolinemethanol 60 is isolated in 58 and 78% yield, respectively.” It
served in a synthesis of camptothecin, an alkaloid endowed with antitumoral properties (Scheme 13).%°
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— N
X a,b,c X OH \ N/ N J 0
7 | P - 0
N Br N Br HO
59 60

(%)-camptothecin
a. LDA, THF, =75 °C; b. CH,0 or DMF then NaBH,; c. hydrolysis.
Scheme 13

Metalation of the isomers is a challenging problem because of the propensity of these heterocycles to
undergo 1,2-addition reactions with organometallic reagents. A chemoselective method using a mixed Mg/Li
amide of type R,;NMgCI-LiCl was developed in 2006 for the deprotonation of sensitive substrates.”' Using
TMPMgCI-LiCl at -25 °C, the 2-magnesiated derivative of 3-bromoquinoline (61) is generated, as
demonstrated by trapping with iodine and N,N-dimethylformamide to provide the functionalized quinolines
62 in 87 and 91% yield, respectively (Scheme 14).

SO X

— | —

N N~ "El
61 62: £/ =1, CHO

a. TMPMgCI-LiCl, THF, -25 °C, 30 min; b. Electrophile.
Scheme 14

In the aforementioned examples, 1,2-addition reactions to the quinoline ring are circumvented
employing hindered lithium dialkylamides, and elimination of lithium halide is avoided by using low

reaction temperatures.

3. Functionalization of quinolines bearing oxygen-based substituents
3.1. Hydroxyquinolines and quinolones

It was showed in 1992 that lithiation of N-methyl-4-quinolone or -quinolinethione (63-64) occurs at
the 2—p0sition.22 The reverse addition of the substrates to an excess of LDA in THF at —75 °C can be
efficiently used for the synthesis of a large range of 2-substituted derivatives (compounds 65-66) (Scheme
15).

X X
a,b,c
(fﬁ 2 (fi
N N E
Me Me
63-64 65-66

65: X = O, E/ = D, Et, CH(OH)Ph, CH(OH)(4-(NO5)Ph), CH(OH)(4-(OMe)Ph)
CH(OH)(3-py), COPh, CO(3-py), CH,OH, C(OH)PhMe, C(OH)Phy: 14-71%
66: X = S, E/ = CH(OH)Ph, CH(OH)(3-py), CH(OH)(4-(OMe)Ph): 40-82%

a. 3 equiv LDA, THF, =75 °C, 30 min; b. Electrophile; c. hydrolysis.
Scheme 15
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In contrast to N-methyl-2-quinolone, which gives a complex mixture of products when the BuLi-
TMEDA chelate is used in THF at room temperature, 2-quinolone (67, R' = R* = H) is cleanly deprotonated
at the 3-position when treated similarly.23 Metalation at the 3-position is also observed from —75 °C when a

methoxy group is present at the 5- or 6-position (Scheme 16).*

R1 R1
2 2
N~ 0 N~ 0
H H
67

R! = R? = H, E/ = Me, CH(OH)Ph, CH(OH)(4-(OMe)Ph), CH(OH)(4-FPh), CH(OH)(2-FPh),
CH(OH)(4-CIPh), CH(OH)(2-CIPh), C(OH)Ph,, SiMe3, SMe, CHO, CO3H: 18-96%
R! = H, R?2 = OMe, El = SiMe3, Me: 38-47%
R! = OMe, R2 = H, El = SiMe3, Me: 25%
a. 2 equiv BuLi-TMEDA, THF; b. Electrophile; c. hydrolysis.
Scheme 16

In the presence of a methoxy group at the 8-position, the addition of the base to the 2-quinolone ring is
favored against deprotonation,24 unless a second methoxy group at the 4-position contributes with the
phenoxide anion to stabilize a lithio derivative at the 3-position (substrates 68).” This was suggested since
the N-methylated derivative of 4,8-dimethoxy-2-quinolone cannot be deprotonated under the same reaction

conditions (Scheme 17).

OMe OMe
X a,b,c X El
R H @] R H (0]
OMe OMe
68

R = H, El = CHO, SMe, CH(OH)Ph, C(OH)Ph,, SiMes, I, CH,CH=CH5, B(OH)5, Me: 10-93%
R = OMe, E/ = CHO: 54%

a. 4 equiv BuLi-TMEDA, THF, 55 °C, 1 h; b. Electrophile; c. hydrolysis.
Scheme 17

3.2. Alkoxyquinolines

It was showed in 1951 that butyllithium is not the best base to promote the metalation of
2-ethoxyquinoline since 2-ethoxy-3-quinolinecarboxylic acid is isolated in a low 7% yield after reaction of
the base in DEE at room temperature and subsequent trapping with dry ice.® This was explained by the
competitive 1,2-addition of the base to the substrate, giving after rearomatization 2-butylquinoline in 60%
yield.

Higher yields of 3-substituted products are observed after metalation of 2,4-dimethoxy-, 2.4,6-tri-
methoxy-, 2,4, 7-trimethoxy-, 2,4,8-trimethoxy- and 2,4,6,7-tetramethoxyquinoline (substrates 69).
Interception of the intermediate lithio compounds with N—methylformanilide27 or 3,3-dimethylallyl bromide®®
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furnishes the expected 3-substituted derivatives 70 in good yields. The 3-functionalized derivatives led for

example to dictamnine®’ and skimmianine,”® two furoquinoline alkaloids (Scheme 18).

OMe OMe
1 1
R XX a,b,c R XX El
R2 N” “OMe R2 N oMe
R3 R3
69 70

70: R!, R2, R3 = H or OMe, E/ = CHO, CH,CH=CMe,: 69-76%

OMe OMe
CHO
LY D
N” OMe N~ O
dictamnine
OMe OMe
N % N\
— —
MeO N~ “OMe MeO N~ O
OMe OMe

skimmianine
a. BuLi, DEE, 0 °C; b. Electrophile; c. hydrolysis.
Scheme 18

Metalation of 5- and 8-ethoxyquinoline furnishes the substituted benzo ring derivated provided that the
C2 site is occupied. Indeed, treatment of 2-butyl-5-ethoxyquinoline (71) and 2-butyl-5-chloro-8-
ethoxyquinoline (72) with TMEDA-activated BuLi in cyclohexane at 20 °C results in the deprotonation at
the adjacent position to the nitrogen- and oxygen-containing group, respectively, as evidenced by trapping
with chlorotrimethylsilane (Scheme 19).29

OEt OEt cl Cl
A a,b N A a,b ~
SoNE s W< o NN o
N° 'Bu N~ 'Bu N° 'Bu Me3Si N~ Bu
SiMe3 OEt OEt
71 60% 72 13%
a. BuLi-TMEDA, CgH;5, 20 °C; b. CISiMes.

Scheme 19

3.3. O-(Quinolyl)carbamates

Deprotonation of all isomeric O-(quinolyl)carbamates has been studied.”® When N,N-diethyl-2-
quinolinecarbamate (73) is involved in a deprotonation procedure, the lithio derivative can either survive
until the trapping step or stabilize itself by anionic Fries rearrangement. Using LDA in THF at —75 °C with
N,N-diethyl-2-quinolinecarbamate, the expected 3-deuterated derivative 74 is obtained (40% yield after
quenching with deuterated water) together with the anionic Fries rearrangement product 75. Employing the
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‘BuLi-TMEDA chelate at —105 °C, the anionic Fries rearrangement is avoided, and N,N-diethyl-2-(3-

D)quinolinecarbamate (74) is formed (80% conversion) (Scheme 20).2%

pz - pz +
N OCONEt, N OCONEt> H (0]
74 75

73
base = LDA (-75 °C) 40% vyield yield not given
base = *BuLi (-105 °C) 80% conversion 0%
a. base, THF, 1 h; b. MeOD; c. hydrolysis.
Scheme 20

When the lithio derivative coming from deprotonation of N,N-diethyl-2-quinolinecarbamate (76) is
intercepted with aldehydes, the expected 3-quinolinemethanols 77 are obtained together with an isomeric

compound 78. The latter could result from a nucleophilic attack of the intermediate lithium alkoxide to the

carbamate function (Scheme 21).>%®

R R

©\/j a,b @Y\ou c @\/YKOH

— — —

N~ “OCONEt, N~ “OCONEt; N~ “OCONEt,
76

77a: R = Et: 30%

l 77b: R = Ph: 28%
R R
@(f\ocomtz c @\/\IKOCONEQ
NS0 NS0
Li H

78a: R = Et: 19%
78b: R = Ph: 24%

a. °BuLi, THF, =105 °C, 1 h; b. RCHO; c. hydrolysis.
Scheme 21

Using LDA in THF at —75 °C with N,N-diethyl- and N,N-dimethyl-3-quinolinecarbamate 79 results in
a regioselective deprotonation at the 4-position; stabilization through anionic Fries rearrangement does not
take place before interception with deuterated methanol or chlorotrimethylsilane (Scheme 22).%° 4-Lithio-

N,N-diethyl- and even -N,N-dimethyl-3-quinolinecarbamate prove more stable than 3-lithio-N,N-diethyl-2-

quinolinecarbamate.
El
pZ - pZ
N N
79 R = Me, El = D, SiMe3: 80-90%

R = Et, El = D: 80%
a. LDA, THF, =75 °C; b. Electrophile.
Scheme 22
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When 4-lithio-N,N-dimethyl-3-quinolinecarbamate (80) is trapped with aldehydes, complications arise:
the expected o-substituted 4-quinolinemethanols 81 are again obtained together with the isomeric compound
82 resulting from a nucleophilic attack of the intermediate lithium alkoxide to the carbamate function. In
addition, an unexpected loss of carbon dioxide from the latter to give o-substituted
N,N-dimethyl-3-hydroxy-4-quinolinemethylamines 83 in unreproducible yields is observed during the

reaction work-up (Scheme 23).30

¥ R._ _OH R. _OCONMe, R._ _NMe,
—_— + +

~ ~ ~ ~

N N N N

80 81 82 83

a. RCHO; b. work-up.
Scheme 23

When used in THF at —75 °C, LDA is able to deprotonate N,N-dialkyl-4-quinolinecarbamates. The
anionic Fries rearrangement takes place with the N,N-dimethyl lithio compound to afford 3-(NV,N-
dimethylcarbamoyl)-4-quinolinone in 80% yield, whereas the corresponding N,N-diethyl lithio compound
survives intact until trapping to furnish the 3-functionalized compounds 84 in high yields (Scheme 24)3%

OCONEt, OCONEt,
X a,b,c A El
— —

N N

84: E/ = D, Me, SiMe3, CH(OH)Et: 75-95%
a. LDA, THF, =75 °C, 1 h; b. Electrophile; c. hydrolysis.
Scheme 24

N,N-Dimethyl-5-, -7- and -8-quinolinecarbamate are regioselectively transformed into the 6-, 8- and
7-functionalized derivatives 85-87, respectively, when simultaneously treated with LDA and
chlorotrimethylsilane (in situ trapping conditions) in THF at —75 °C (Scheme 25).>! Under these conditions,
N,N-dimethyl-6-quinolinecarbamate gives a mixture of 5- and 7-silylated together with 5,7-disilylated

derivatives in a 2:2:1 ratio.”!

Me;NOCO Me;NOCO

— S —
NN Me3Si/ N
MesSi N _ _
| _ Me>NOCO N MesSi N

N SiMes OCONMe>
85: 70% 86: 90% 87: 40%
a. LDA, CISiMes, THF, -75 °C.
Scheme 25
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In the absence of electrophile, the lithiated N,N-dimethyl-5-, -6-, -7- and -8-quinolinecarbamate
decompose by anionic Fries rearrangement. The latter occurs regioselectively using LDA in THF, at specific

temperatures for each isomer, to give compounds 88-91 (Scheme 26).%!

Me;NOCO Me,;NOC

A N/ HO\/\ N/

OH HO X X
eaNos | h j@'\/j HO/<J\/Nj Me NOC/<J\/Nj
7 Me,NOC N CONMe, 2 OH
88: 100% 89: 75% 90: 60% 91: 50%
(-70 °C) (-70 °C) (-40 °C) (20 °C)
a. LDA, THF; b. hydrolysis.
Scheme 26

It is possible to functionalize N,N-dimethyl-7-quinolinecarbamate (92) at the 8 position by
accumulation of the lithio intermediate at —75 °C (decomposition occurred from —40 °C) followed by
electrophilic trapping (iodination or oxidation with ferric chloride, to give compounds 93 and 94,
respectively). Exposure of the 8,8'-biquinoline 94 to LDA in THF results in a single (compound 95) or

double (compound 96) anionic Fries rearrangement, depending on the reaction temperature (Scheme 27).%

— - —
Me,NOCO N Me,NOCO N
92 I

l 93: 65%
a,C
O AN MesNOC O AN Me>NOC O AN
~ ~ P
Me,NOCO N de HO N . HO N
Me,NOCO O Ny Me,NOCO O Ny HO O Ny
Z Z Me,NOC 7
94: 71% 95: 70% 96: 43%
(-75 °C) (5 °C)

a. LDA, THF, -75 °C; b. I,, THF, -75 °C; c. FeCl3, THF, -75 to 0 °C;
d. LDA, THF, =75 °C or =75 to 5 °C; e. aq. NH4CI.
Scheme 27

Whereas lithiation of 8-iodo-N,N-dimethyl-7-quinolinecarbamate (93) using LDA in THF at 0 °C
followed by protonolysis leads to the carbamoyl transfer product 97, the reaction surprisingly furnishes
6-iodo-N,N-dimethyl-7-quinolinecarbamate (98) when carried out at —75 °C. Such a halogen-dance reaction
could proceed by (1) initial metalation at the C6 site and (2) migration of the iodine atom from the 8- to the

6-position, giving the thermodynamically more stable 8-lithio isomer. At higher temperatures, the anionic
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Fries rearrangement is less likely for 6-iodo-8-lithio-V,N-dimethyl-7-quinolinecarbamate (owing to its
relative stability) than for 8-iodo-6-lithio-N,N-dimethyl-7-quinolinecarbamate. The equilibrium between both
species could be shifted toward the latter, consumed to give the 6-quinolinecarboxamide 97 (Scheme 28).%2

Me>NOC I
X a,b 2 X X
_ > 7 + “
Me>NOCO N HO N Me>NOCO N
I

I

93 97: 76% 98: 62%
(0 °QO) (-75 °QC)
a. LDA, THF, -75 °C or =75 to 0 °C; b. aq. NH4CI.
Scheme 28

6-lodo-8-lithio-N,N-diethyl-7-quinolinecarbamate generated by treatment of 8-iodo-N,N-diethyl-7-
quinolinecarbamate (99) using LDA at —75 °C in THF can be remarkably converted into the corresponding
8,8'-biquinoline 100 by treatment with ferric chloride (Scheme 29).*

T
~
N a,b Eto,NOCO N
~
Et,NOCO N Et2NOCO O AN
I =

I

99 100: 54%
a. LDA, THF, -75 °C, 10 min; b. FeCls, =75 to 0 °C, 24 h.
Scheme 29

4. Functionalization of quinolines bearing nitrogen-based substituents

The unavailability of the nitrogen lone pair of nitrogen-based substituents for coordination with
metalating agents due to resonance effects makes less accessible the deprotonation of these substrates. In
addition, the acidifying effect exerted by these groups on adjacent hydrogens is weak compared to other non-
coordinating functions such as heavy halogens, and lithium dialkylamides can hardly be used. It is thus
advisable to employ weakly nucleophilic bases as common alkyllithiums tend to add nucleophilically to the

ring 2- or, when occupied, 4-position.

~ —
N~ "NHCO!Bu N~ “NHCO!Bu

101

102: £/ = D, I, SiMes, SMe, CO,Et, CH(OH)Ph, CH(OH)CHs,
C(OH)Et,, CH,CH(OH)CH3: 11-95%

a. 3 equiv Buli, DEE, 0 °C, 3 h; b. Electrophile; c. hydrolysis.
Scheme 30

As quinoline is prone to nucleophilic addition of 1,2-type, deprotonation of 2-substituted isomers is
expected to be more facile. Indeed, 2-(pivaloylamino)quinoline (101) is amenable to lithiation at C3 when
treated with an excess of neat butyllithium in DEE at 0 °C. The 3-iodo derivative 102 (El = I) was for
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instance isolated in a good 90% yield after trapping with iodine (Scheme 30).** On the other hand,
butyllithium combined with TMEDA proves inappropriate, giving a mixture of the 3-iodo and 4-butyl
derivatives when used in DEE at 0 °C.

3-(Pivaloylamino)quinoline is a challenging model to test the scope of the method. As expected in the
absence of substituent at the C2 site, the deprotonation with alkyllithiums (butyllithium, tert-butyllithium or
the BuLi-TMEDA chelate) in THF leads to the corresponding 2-alkylquinolines after subsequent oxidation.>
Admittedly, the 2-substituted derivatives 103 were obtained starting from the corresponding N,N-dimethyl
urea 104 in THF at —75 °C, but only upon simultaneous treatment with LDA and chlorotrimethylsilane (in

situ trapping conditions) (Scheme 3 1.

®NHCONMe2 ab @\/\/ENHCONMeZ
— —
N N~ SiMes

104 103: 93%
a. LDA, CISiMes, THF, -75 °C; b. hydrolysis.
Scheme 31

1,2-Addition is similarly observed when 4-(pivaloylamino)quinoline (105) is treated with the BuLi-
TMEDA chelate at —50 °C.*> Addition is however reduced when more basic sec-butyllithium is employed at
-90 °C, as evidenced by trapping with chlorotrimethylsilane to generate a mixture of the 8-silylated
compound 106 and the 2-(sec-butyl) derivative 107 (Scheme 32). This unexpected regioselectivity suggests a
coordinative interaction between the ring nitrogen and the base. Unfortunately, the lithiated intermediate was

unable to react with carbonyl electrophiles.35

NHCO'Bu NHCO!Bu NHCO!BU
X a,_b,c> X N N
N N~ ~
SiMes N" *Bu
105 106: 45% 107: 45%
a. *BulLi, THF, -90 °C; b. CISiMes; hydrolysis.
Scheme 32

5. Functionalization of quinolines bearing carbon-based substituents
5.1. Quinolinecarboxylic acids

The metalation of free carboxylic acids avoids protection and deprotection step. The use of
butyllithium to generate the lithium salts of quinolinecarboxylic acids, as established for the pyridine
series,*® was first considered but without success due to competitive addition to the quinoline ring. LTMP in
THF was therefore used both to form the lithium salts and to deprotonate them. The metalation of quinaldic
acid (108, R = H) is achieved at —25 °C, as evidenced by trapping the dilithio derivative with heavy water,
dry ice and benzaldehyde (in the latter case, a subsequent cyclization to lactone 109 is achieved under acidic
conditions). From 4-methoxyquinaldic acid (108, R = OMe), deprotonation can be performed at 0 °C, owing
to the substituents present at both the 2- and 4-position (Scheme 33).%
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R

R
— —
N~ "COxH N~ "COxH

108 R =H, El = D, CO,H: 57-75%
l R = OMe, E/ = D, CO,H, 1: 45-60%

a,d,e
Ph

N
0

—

N

109: 48%©

a. 3 equiv LTMP, THF, =25 °C (R = H) or 0 °C (R = OMe), 30 min;
b. Electrophile; c. H"; d. PhCHO; e. CH3CO,H, EtOH, reflux.
Scheme 33

From 3-quinolinecarboxylic acid (110), it is difficult to avoid the 1,2- and 1,4-addition of the 4-lithio
derivative to the starting lithium quinolinecarboxylate. Nevertheless, working at —50 °C allows to minimize

it to afford regioselectively the 4-functionalized products 111 (Scheme 34).%

El
7 —
N N
110 111a: £/ = D: 59%

111b: £/ = CO5H: 80%
a. 3 equiv LTMP, THF, -50 °C, 30 min; b. Electrophile; c. H*.
Scheme 34

Concerning lithium 4-quinolinecarboxylate (generated from 112), no lithiation is observed using less
than 5 equiv of LTMP in THF at —50 °C (Scheme 35). The decreased efficiency of the directing power of the
lithium carboxylate could be attributed to the non-coplanarity between the C=0O and C-Li bonds, a

consequence of the steric hindrance caused by the peri hydrogen at C5.”

CO,H COxH
A a,b,c X D
— —
N N
112 33%
a. 6 equiv LTMP, THF, -50 °C, 30 min; b. D,0; c. H*.
Scheme 35

5.2. Quinolinecarboxamides

As observed with lithium 4-quinolinecarboxylate, metalation of N,N-diethyl-4-quinolinecarboxamide
(113) requires an excess of LTMP in THF. The reaction was exploited as a key step during the course of the
synthesis of calothrixin A and B (Scheme 36). The choice of LTMP is crucial. Indeed, sec-butyllithium,
tert-butyllithium and lithium hexamethyldisilazide are useless whereas LDA only gives small amounts of the

expected product.3 8
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~
N&
Oo
calothrixin A calothrixin B
a. 4 equiv LTMP, THF, -90 °C, 35 min; b. N-MOM-3-indolecarboxaldehyde, -90 °C to rt, 2 h.
Scheme 36

The functionalization of (S)-N-(1-phenylpropyl)-2-phenyl-4-quinolinecarboxamide (114) through the
lithiated derivative was studied in order to label with carbon-11 NK-3 receptor antagonist SB 222200.%
Lithiation is first studied using deuterated methanol as an electrophile. Using hindered lithium amides LDA
or LTMP, even in large excess (10 equiv), and tert-butyllithium, no reaction is detected. The BuLi-TMEDA
chelate gives better yields than butyllithium alone; when 10 equiv are used in THF at low temperature, the
expected 3-functionalized quinolines 115 are isolated in satisfying yields after interception with electrophiles
(Scheme 37). In spite of the drastic conditions used, the sequence does not lead to racemization of the

stereogenic center.

Phw\\\«\ Phw\\\«\
Os_NH Os_NH
a,b,c
X - XN El
/ /
N~ "Ph N~ "Ph
114 115: £/ = D, I, Br, Cl, SnMe3, SiMe3: 59-74%
a. 10 equiv BuLi-TMEDA, THF, -60 °C, 5 h; b. Electrophile, =60 °C, 1 h; c. H*.
Scheme 37
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5.3. Other quinolines bearing carbon-based substituents

In order to reach heterocyclic quinones, a deprotonation-condensation sequence involving quinolines
bearing an alkyl carboxylate or a lithium carboxylate group remote from the quinoline ring was
investigated.*” Benzo[j]phenanthridine-7,12-dione (116) is regioselectively obtained in 10 and 34% yields,
respectively, when lithium 2-(3-quinolylcarbonyl)benzoate (117) and methyl 2-(3-quinolylcarbonyl)benzoate
(118) are exposed to LTMP in THF (Scheme 38). A better result is obtained with the latter since it intercepts

the lithio intermediate at a lower temperature.

118 116: 34% 117
a. 3 equiv LTMP, THF, =75 °C, 2 h; b. hydrolysis; c. 3 equiv LTMP, THF, rt, 2 h.
Scheme 38

A regioselective lithiation of a quinoline moiety at the position adjacent to a quinazolinone was used as

a key step for a synthesis of the human DNA topoisomerase I poison luotonin A and luotonins B and E.*!

o) OLi 0 o)
@LNH a @N Li b,c ©\)‘\NH OH @LN
NS NS NS NN
N~ N~ = N
119 120: 86% luotonin A

luotonin B luotonin E

121
a. 2 equiv mesityllithium, THF, -75 °C, 30 min to -20 °C; b. THF solution of HCHO (5 equiv), -30 °C,
20 min; c. saturated aq. solution of NH,4Cl; d. DMF (5 equiv), —-20 °C, 30 min.
Scheme 39

The strategy is based on the ability of the amide unit in quinazolinone to direct metalation reactions on
an adjacent 2-aryl group (in this case, 3-quinolyl). Whereas the reaction of the 2-quinolylquinazolinone 119
with alkyllithiums (butyllithium, sec-butyllithium and tert-butyllithium) combined or not with TMEDA, at
0 to =75 °C, or even with LDA, leads to the formation of worthless complex mixtures, the use of non-

nucleophilic mesityllithium at —20 °C furnishes the desired dilithiated species as follows: (1) deprotonation
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of the quinazolinone amide and (2) deprotonation at the proximal 3'-position of the quinoline ring.
Subsequent reaction with formaldehyde or N,N-dimethylformamide yields expected quinazolinone 120 or
121, respectively. The former is transformed either into luotonin A using a Mitsunobu cyclization, or into
luotonin B by PCC oxidation. The latter directly cyclizes to give luotonin B, which is next converted into

luotonin E on treatment with p-TS A/methanol (Scheme 39).

6. Functionalization of N-activated quinolines and isoquinolines
6.1. N-Activated quinolines

In quinoline N-oxide, the acidity of the hydrogen at the 2-position is enhanced by the inductive effect
of the oxide and by the complexing ability of the lone pair on oxygen with lithium. Therefore, 2-lithiation
becomes feasible. The deprotonation of quinoline N-oxide (122) and its BF; complex 123 has been
examined.*? Deprotonation turns out less useful in the quinoline N-oxide than the pyridine N-oxide series*
since addition giving 2,2'-dimers cannot be avoided. Starting from the corresponding BF3 complex 123 gives

mixtures including the desired products (Scheme 40).

0%
122
g — ~ Ph P Ph
I}l@ I}l@ N
OBF3 0° OH 0
123 12% 22%
or
X
OH
~
I}I@
0©
11%
a. LTMP, TMEDA, DEE, -75 °C, 1.5 h; b. PhCHO or cyclohexanone; c. hydrolysis.

Scheme 40

6.2. N-Activated isoquinolines

Similar results are observed starting from isoquinoline N-oxide (124) and its BF; complex 125. In this
case, mono- and difunctionalized compounds 126-127 are obtained because the oxide activates two
positions of the ring (Scheme 41).4 Attempts to deprotonate BF; complexes of quinoline and isoquinoline

44
were unsuccessful.

7. Functionalization of other substituted quinolines and isoquinolines
7.1. Triazoloquinolines
Owing to their accessibility and possible conversion into useful derivatives, triazoloquinolines have

been submitted to deprotonation studies. Lithiation of 1,2,3-triazolo[1,5-a]quinoline (128) with LDA at
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—40 °C followed by reaction with aldehydes and ketones allows to graft an alcohol function at the 3-position
of the triazoloquinoline (compounds 129). When carbon dioxide is used instead, the 3-carboxylic acid is
obtained, and next converted into the corresponding N,N-diethylcarboxamide 130 by a standard procedure.
The lithiation of the latter using LDA then occurs at the 4-position of the triazoloquinoline, as evidenced by

interception with carbonyl electrophiles (compounds 131) (Scheme 42).%

Ph
X X X
@G) abe ‘N * N eOH
~ \Re = \OG) = \O
Ph™ "OH Ph™ "OH

124 126: R=0,28and 17%
125 127: R = OBF3, 19 and 17%
a. LTMP, TMEDA, DEE, -75 °C, 1.5 h; b. PhCHO; c. hydrolysis.
Scheme 41

X 4 a,b,C X Rl
. RZ
NN 5 NN
N= N= OH
128 ' N N

129: R! = H, Me; R2 = Me, Et, Pr: 74-84%

l a,d,cef
Rl R2
X 4 X OH
a,b,c
Ny —CONEt; — N“\,—CONEt;
N=N N=N
130: 66% 131: R! = H, Me; RZ = Me, CH(OH)(4-(OMe)Ph): 54-65%

a. LDA, -40 °C; b. R'R?C=0; c. hydrolysis; d. CO,; e. SOCl,; f. Et,NH.

Scheme 42

7.2. Triazoloisoquinolines

Unlike 1,2,3-triazolo[1,5-a]quinoline, 1,2,3-triazolo[5,1-a]isoquinoline (132) is directly lithiated at the
4-position of the triazoloisoquinoline when treated with LDA in DEE at —40 °C, as evidenced by trapping
with electrophiles (compounds 133). Using chlorotrimethylsilane, the expected 4-silylated compound 133b
(60% yield) is formed together with the 1,4-disilylated derivative 134 (23% yield) (Scheme 43).46

Subsequent hydrolytic ring opening provides a synthesis of 1,3-disubstituted isoquinolines.

SiMes
K a,b,c
N, - X
\ N "
1 N i
MesSi
132 133a-d: £/ = CONEty, 134: 23%

SiMes3, CH(OH)Me,
CH(OH)(4-(OMe)Ph): 45-70%

a. LDA, DEE, -40 °C; b. Electrophile; c. hydrolysis.
Scheme 43
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7.3. Pyrazoloisoquinolines

Treatment of 1-(4,5-dihydro-4,4-dimethyl-2-oxazolyl)pyrazolo[5,1-a]isoquinoline (135) with 2 equiv
of butyllithium in THF at —75 °C enables the deprotonation at both the 2- and 4-position to give after
trapping with benzaldehyde the 3-substituted isoquinoline-2-acetonitriles 136 (cleavage of the pyrazole ring)
(Scheme 44).%

a,b,c | >
Lk i
/'\DN/ |
Ph™ "OH
135 136: 90%
a. 2 equiv BuLi, THF, =75 °C, 30 min; b. PhCHO; c. hydrolysis.
Scheme 44

8. Functionalization of unsubstituted quinoline and isoquinoline

Unlike alkyllithiums, hindered lithium dialkylamides such as LDA and LTMP hardly add to
m-deficient heterocycles in the absence of good leaving groups at the 2- and 4- position. When submitted to
LDA in DEE at very low temperatures (around —70 °C), quinoline and isoquinoline undergo complex
reactions of formation of 2,2'- and 1,1'-dimer, respectively.48 Addition of hexamethylphosphoramide
(HMPA) proves to increase the yields of dimers. Attempts to trap the lithiated species fail. A single electron
transfer (SET) route between LDA and the substrate, giving a radical anion, which can add to a neutral
molecule, was suggested on the basis of electron spin resonance (ESR) studies to rationalize these coupling
reactions.”” A 1,2-migration of lithium ate complexes ([(2-quinolyl),Li] ,Li"-HMPA or [(I-isoquinolyl),
Li],Li"-HMPA) was also advanced as an alternative mechanism to explain the dimers formation.™

The use of unimetallic superbases for the deprotonation of m-deficient aza-aromatics has been studied.
Using an excess of butyllithium in the presence of lithium 2-(dimethylamino)ethoxide, quinoline (137) is
deprotonated at the 2-position, and the lithio intermediates formed trapped by various electrophiles
(compounds 138, Scheme 45). Nevertheless, large amounts of unchanged quinoline are recovered after the

reaction, this is attributed to a lower reactivity of the deprotonated quinoline.51

— - —
N N El

138: £/ = SiMes, D, Et, SMe, CH(OH)!Bu,
CH(OH)Ph, CH(OH)MeEt, C(OH)Ph;: 25-70%
a. 4 equiv BuLi-LDMAE, hexane, =75 °C, 30 min; b. Electrophile; c. hydrolysis.
Scheme 45

137

The chemoselective deprotonation of quinoline (137) and isoquinoline (138) through the formation of
an arylzincate has been studied. Using lithium di-tert-butyl(2,2,6,6-tetramethylpiperidino)zincate as a base
and conducting the reactions at room temperature, quinoline is deprotonated at both the 2- and 8-position

whereas isoquinoline is deprotonated regioselectively at the 1-position (Scheme 46).”

177



/ b + /
N N I N

137 26% I 61%
A a,b,c A
_N _N

138 939, I

a. TMPZn(‘Bu),Li, THF, rt, 3 h; b. I,; c. hydrolysis.
Scheme 46

The chemoselective magnesiation of isoquinoline (138) has been examined using DAMgCI-LiCI (DA
= diisopropylamino) and TMPMgCl-LiCl. Whereas reaction with 2 equiv of DAMgCI-LiCl provides only the
magnesiated isoquinoline after 12 h at room temperature (compound 139 in 81% yield after trapping with
iodine), more hindered and less aggregated TMPMgCI-LiCl (1 equiv) leads to complete magnesiation within
2 h at room temperature (compound 139 in 92% yield after trapping with iodine). Quenching the
deprotonated quinoline with benzoyl chloride under copper catalysis or transmetalation to the corresponding
zinc derivative to allow a palladium-catalyzed Negishi cross-coupling reaction with ethyl 4-iodobenzoate

affords the expected ketone 140 and arylated quinoline 141 in 86 and 82% yield, respectively (Scheme 47).

a,b
81% |

X X
=N 92%

\ 139 1

X
N
X
YO
CO>Et

140. 86% 141: 82%
a. DAMgCI-LiCl, THF, 25 °C, 12 h; b. I,; c. TMPMgCI-LiCl, THF, 25 °C, 2 h;
d. CuCN-2 LiCl then PhCOCI; e. ZnCl, then ethyl 4-iodobenzoate, cat. Pd(dba), and P(2-furyl)s.
Scheme 47

c,d

The potential of methods avoiding the use of highly reactive lithium bases is far from being explored

and exploited.

9. Conclusions
The numerous examples of quinoline metalation highlighted in this review demonstrate the synthetic
utility of this methodology. The main problem encountered is nucleophilic addition of the base to the

substrate. With appropriate experimental conditions, lithium bases may therefore be used to deprotonate
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quinolines containing various heterosubstituents. In particular, lithium amides, although less basic (pK, 35.7
for LDA or 37.3 for LTMP) than alkyllithiums (pK, ~ 40-50), can help to bias the reactions in favor of
deprotonation and an even larger set of heterosubstituents are then compatible.

For quinolines with little or no activation, the use of an additive such as TMEDA, which is known to
enhance the basicity of alkyllithiums, can often promote metalation. Unimetallic and mixed metal complex
bases that are less nucleophilic or/and more basic than alkyllithium reagents are increasingly finding
application in the metalation of azines. Importantly, such bases can often facilitate the metalation of bare
quinolines.

Attention has largely focussed to date on the generation and application of lithiated quinolines.
Increasingly other organometallic derivatives are finding favor. Advances in this field will further widen the

scope and application of quinoline metalation chemistry.
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Abstract. 1,2,3,4-Tetrafluoro-acridines are an interesting example of fluorescent semiconducting molecules
with applications in materials science. The syntheses developed so far allow the preparation of a wide class
of fluorinated acridines, starting from pentafluoro-benzaldehyde and substituted anilines. The reactivity of
tetrafluoro-acridines has been explored, in order to obtain polyfluoro-acridines which are not accessible by
one-pot synthesis. Chemico-physical characterization and some examples of applications of these systems in

materials science are also reported.
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1. Introduction

During the last decades, organo-fluorine compounds have attracted a huge and growing interest for
their peculiar physical properties and for their promising applications in materials science. In addition,
starting from the 1990’s, fluorinated aromatic and heteroaromatic systems have been proposed as good
candidates for electron transport molecules (n-type semiconductors) in the research field of organic
semiconductors.'™ The availability of both p-type and n-type organic semiconductors is necessary for the

full development of organic electronics. Polyfluoro-acridines are potentially superior systems, since they
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combine the interesting properties of acridine, which is a fluorescent, electron-poor aromatic heterocycle,
with those of fluoro-arenes, giving rise to new promising fluorescent and n-type semiconductors. In addition,
the acridine nucleus has important applications in medicine; indeed, the antibacterial activity of acridines is
known since 1913,5 and 5-amino- and 2,8-diamino-acridines (this latter known as proflavine) have been used
as antibacterial drugs while quinacrine (i.e. 2-chloro-5-(1-methyl-4-diethylamino)-butylamino-7-methoxy-
acridine) has been proposed as antiprotozoal drug. More recently, 1,2,3,4-tetrafluoro-acridines, synthesized
for the first time in the 1960’s, have been deeply investigated in order to ascertain the effect of fluorination
on pharmacological properties.6 Finally, studies on fluorinated acridines as potential antimalarial drugs are

currently in progress.’

1.1. Multi-step syntheses of 1,2,3,4-tetrafluoro-acridines

The earlier attempts to synthesize 1,2,3,4-tetrafluoro-acridines 3 (Scheme 1) are based on multi-step
ring-closure reactions.’ The synthesis was undertaken starting from 2,3,4,5,6-pentafluoro-2’-nitrophenyl-
methanol 1, which was prepared by reacting pentafluorophenyl-magnesium bromide with o-nitro-
benzaldehyde. Pyrolysis of nitrophenyl-methanol gave 1,2,3,4-tetrafluoro-acridone 2 by a mechanism,
proposed by the authors, which involves the formation of a 3-pentafluorophenyl-anthranyl derivative.
Reduction of the acridone derivative with aluminum/mercury amalgam gave the desired 1,2,3,4-tetrafluoro-

acridine while its treatment with phosphorous oxychloride gave 1,2,3,4-tetrafluoro-5-chloro-acridine 4.

F Cl F 0
F F
(LD =2 I D) e
—
F N F N
F F H

4 2 3

Scheme 1. First synthesis of 1,2,3,4-tetrafluoro-acridine.

A wide and detailed study about the synthesis of polyfluoro-acridines was presented in the 1970’s by
Russian researchers. They reported on the synthesis of trifluoro-anilino-acridines, which was obtained by
treatment of pentafluorophenyl-ketones with aniline (Scheme 2).}

This represents the first example of a one-pot synthesis of polyfluoro-acridines. However this method
is not of general application since only the 5-Me, 5-C¢Hs and 5-CgFs substituted-tetrafluoro-acridines are
directly accessible by this route. In general the 5-substituted-tetrafluoro-acridines can be prepared via
electrocyclic reaction of 2-anilino-tetrafluoro-ketones in hot H,SO4 by a two step protocol which involves
the reaction of the pentafluoro-acetophenone with aniline (eventually in presence of a base) to give, by

nucleophilic substitution of fluorine, a mixture of ortho and para anilino-tetrafluorophenyl-acetophenone 5
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(Scheme 3). The ortho-substituted derivative by treatment with POCI; or H,SO4 undergoes the electrocyclic

ring closure reaction to the desired polyfluoro-acridine 6.’

F o F o
NN R NN R
F o + +
F o O
F H o F

R
+ H2N© THF or neat
F F

F R
F QL0
L
R= Me, C6H6! CGFG N N
H ¢

Scheme 2. Synthesis of 1,3,4-trifluoro-acridine from pentafluorophenyl-ketones and aniline.
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R3 = F, anilino residue

Scheme 3. Synthesis of 1,2,3,4-tetrafluoro-5-methyl-acridines.

This protocol displays some useful features: 1) it is a multi-step synthesis, so that the reaction can be
carried out under controlled conditions, permitting the introduction of substituents in the position 5. 2) It is
compatible with the presence of electron-donating groups on the aniline both on the ortho- (R, = CHs,
OCHs;; Ri=H) and para-position (R; = CH3, OCHj3, Br, N(CH3),;; Ry=H). However, when an EWG group
(-NO; for instance) is present on the starting aniline, the reaction does not proceed beyond the ortho-
substituted tetrafluoro-acetophenone intermediate.

Other interesting derivatives prepared by a similar protocol are trifluoro- and tetrafluoro-5-chloro-

acridines 8, obtained by treatment of 2-anilino-polyfluoro-benzoic acids 7 with POCl; (Scheme 4).'°

- H - F Gl
s see
/
F F R N
R F
7 4/8

4 R=F;8 R=H
Scheme 4. Synthesis of polyfluoro-5-choro-acridines.

Polyfluoro-5-chloro-acridines represent a versatile intermediate for the preparation of other new
acridines by nucleophilic aromatic substitution with amines,'® alcohols'' or other nucleophiles. By
modifying the experimental conditions it is possible to substitute selectively the chlorine in 5 or the fluorine
atom in 2 or both of them (Scheme 5). Indeed, treatment of 1,2,3,4-tetrafluoro-5-chloro-acridine with PhOH
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or ArONa (Ar = p-NO,C¢Hy4, CgFs) in DMF afforded tetrafluoro-5-aryloxy-acridines 9, while the reaction
with RONa (R = Et, Pr) in ROH and DMF gave products 10 resulting from substitution of 2-F. When
PhONa is used as nucleophile, products 11 resulting from the substitution of both 5-Cl and 2-F were
obtained. Finally, the reaction of 5-chloro-tetrafluoro-acridine with the conjugated base of diethyl-malonate
or malono-nitrile gave 2-(1,2,3,4-tetrafluoro-5-acridinyl)-diethyl-malonates 12.!2 From these results we can
conclude that the substitution of the fluorine atom in position 2 requires drastic conditions or the presence of
hard nucleophiles, while by using soft nucleophiles the substitution goes preferentially on soft atoms
(chlorine in this case). The treatment of 5-methyl-tetrafluoro-acridine with nitrogen nucleophiles (NHj3,

MeNH,, Me,;NH) gave the corresponding 2-amino-1,3,4-trifluoro-5-methyl-acridine derivatives."

F Cl
i F Cl i c o o
O \ RONa (R = Et,Pr) O \ Etvg o Bt
Ry NG ROH/DMF N >
F F
10
PhONa ArONa
DMF PhOH/DMF
} A
F oo Foo™
OGS OGS
F F
11 9

Scheme 5. Nucleophilic substitution of fluorine on 1,2,3,4-tetrafluoro-5-chloro-acridine.

Staudinger reaction of tetrafluoro-5-azido-acridine 13 (prepared by reacting 1,2,3,4-tetrafluoro-5-
chloro-acridine with NaN3)'* with PhsP gave in moderate yield the corresponding imino-phosphoranes 14
from which 5-amino-acridines can be obtained by hydrolysis. Furthermore, photochemical decomposition of
the azido-group to nitrene affords the corresponding 5,5'-azo-bis-tetrafluoro-acridine 15 in good yield
(Scheme 6).'

F Cl F Ng F N*TPMs
O e OOy e o
P — s

Rz N Rs N Ry N
F F F
13 14
R F
F Cl F o Ng
F : ()
) =00 - -
F F O S
R2=F, N3 F F
15

Scheme 6. Synthesis and reactions of 5-azido-acridines.
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The reactivity of the methyl group in the 1,2,3,4-tetrafluoro-5-methyl-acridine has been also tested in
some condensation reactions (Scheme 7). The corresponding styryl derivatives 16 have been synthesized by
Knoevenagel condensation with benzaldehydes'? (in presence of benzoyl chloride as drying agent). In
addition the methyl group can be oxidized to the formyl one by reaction with nitroso-aromatic compounds
(4-RCgH4NO, R = H, Me;N, OH). The corresponding nitrones are intermediates of this reaction which were

not isolated, but directly hydrolyzed to the 5-acridine-carboxaldehyde 17 (Scheme 7.5

F CHs R

CHO

F  CHg Ro . CHO
/
F N F N
F NO F
17

R1 = Ph, C6F5, 2-FCGH4, ,D-CGH4N02, ,D-NMGQCGH4; R2 = H, MezN, OH
Scheme 7. Nitrosation of methyl-acridine and hydrolysis of the nitrone.

1,2,3,4,6,7,8,9-Octafluoro-5-chloro-acridine 19 is accessible from the reaction of octafluoro-acridone
18 with POCIs,'® and this latter can be prepared by cyclization of 2-amino-nonafluoro-benzophenone in
DMEF. Attempts to prepare the completely fluorinated acridine by chloro-fluoro exchange with KF in
sulpholane (a procedure used for the synthesis of decafluoro-anthracene) failed, so, at the moment, no

procedures are described to access this derivative (Scheme 8).

F O F F CI F F F F
F F F F F F
POCI, X KF X
L0 o O S )
F N F F N F F N F
F F F F F F
18 19

Scheme 8. Synthesis of octafluoro-5-chloro-acridine. Perfluoro-acridine is not known.

1.2. One-pot synthesis of 1,2,3,4-tetrafluoro-acridines

A new way to synthesize tetrafluoro-acridines was reported in the 1990’s."”'® During a study on
Schiff bases of the type C¢FsCH=NHAr (Ar= p-MeO-C¢Hy-), a new fluorescent product was isolated when
this base was refluxed in butylacetate in presence of p-anisidine. On the basis of mass spectral data,
elemental analyses and NMR, to this new product was assigned the structure of 7,8,9,10-tetrafluoro-2-

methoxy-phenanthridine. Only X-ray diffraction analysis performed on a single crystal revealed its real
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nature: 1,2,3,4-tetrafluoro-7-methoxy-acridine. Later, the same authors prepared a series of 7-substituted
tetrafluoro-acridines starting from para-substituted anilines, by heating the preformed Schiff base (E-
isomers according to X-ray diffraction analysis)"® with the corresponding aniline (1:1 molar ratio) or by
heating a mixture of pentafluoro-benzaldehyde and anilines (1:2 molar ratio) in boiling inert solvents such as
toluene (b.p. 110 °C) or 1,2-dichloro-benzene (b.p. 179 °C). They also analyzed in deep details all by-
products present in the crude reaction mixture and found polyfluorinated Schiff bases (pentafluoro- and 4-
anilino-tetrafluoro derivatives, a, b and ¢ in Scheme 9) and polyfluoro-acridines (tetrafluoro- and 2-anilino-
trifluoro-acridine, d and e in Scheme 9). Appreciable amounts of the ortho-substituted Schiff base ¢ were
formed and isolated when R = Cl, Br. While pentafluoro-benzaldehyde and anilines readily react to form the
corresponding Schiff bases, the subsequent ring closure reaction to acridine nucleus required prolonged (up
to 70 hours) reflux in high boiling point solvents. The ratios between b and ¢ and between d and e strongly
depend on the boiling point of the solvent used to carry out the reaction and on the nucleophilic character of
the aniline.

The rationalization of the experimental data allowed the authors to propose a reaction mechanism
accounting for the observed products (Scheme 9). The first step of the reaction is the condensation of one
molecule of pentafluoro-benzaldehyde with one molecule of aniline, producing the Schiff base a. When a
molecule of aniline substitutes the fluorine atom in the para position, compound b is obtained, while when
the same substitution occurs on the ortho position the product quickly evolves to compound e, with
elimination of one molecule of aniline. When a second substitution by a molecule of aniline occurs on
compound b, the same mechanism produces d. The substitution of a fluorine atom is a thermally activated
reaction and for this reason a prolonged reflux in high boiling solvents is required for the synthesis of
compounds b and ¢. The main features of this reaction and some useful observations are:

. 1,2,3,4-tetrafluoro-acridines are formed by nucleophilic attack of one molecule of aniline on the Schiff
base, followed by an intramolecular nucleophilic ring closure reaction leading to the elimination of one
molecule of aniline and HF. HF reacts with aniline producing the corresponding hydrofluoride salt, which
tends to sublimate out of the reaction mixture and to collect in the reflux condenser as white solid.

. At least 2 equivalents of aniline are necessary for each equivalent of pentafluoro-benzaldehyde. If the
Schiff base is heated under reflux the formation of tetrafluoro-acridine is not observed. The two-step
procedure (synthesis and isolation of Schiff base followed by the synthesis of tetrafluoro-acridine) and the
one-pot method (heating under reflux of pentafluoro-benzaldehyde with an excess of aniline) gave similar
yields.

. The insertion of a molecule of aniline leading to products b and d occurs on the Schiff base; indeed,
when heating a preformed tetrafluoro-acridine with aniline, the formation of trifluoro-anilino-acridine was
not observed.

. When the reaction is carried out in dichlorobenzene, products b and d are predominant. The formation
of trifluoro-anilino-acridines is observed only when using electron-rich anilines, such as p-toluidine (R =
CH3) or p-anisidine (R = OCH3). In fact, by using electron-poor anilines (R = CI, Br) tetrafluoro-acridines
are predominant over trifluoro-anilino-acridines.

More recently,20 we further explored the mechanism of formation; we confirmed that the fluorine
nucleophilic substitution at the tetrafluoro-acridine level by a molecule of aniline is not possible and we

found that the presence of anilinium salts is, to some extent, responsible for the formation of the intermediate
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b. The anilinium salt behaves as source of H" in nitrogen protonation of imine a and consequently makes

this intermediate more prone to para-substitution (Scheme 9).
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Scheme 9. Synthesis of 1,2,3,4-tetrafluoro-acridines from pentafluoro-benzaldehyde

and para-substituted anilines.
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1.3. Synthesis of new 1,2,3,4-tetrafluoro-acridines

The flexibility and feasibility of the synthesis presented in the previous paragraph, together with the
availability of a large number of different anilines, open the possibility of preparing a large pool of these
molecules. Simply by modifying the starting aniline, it is possible to introduce different substituents on the
tetrafluoro-acridine nucleus, allowing to finely tune the electronic properties (and therefore the optical and
electrochemical properties) of these substrates. Although the synthesis of tetrafluoro-acridines has already
been studied, the fundamental properties of tetrafluoro-acridines remained largely unexplored. The flexible
synthesis presented above, allowing to prepare new compounds, to investigate their properties and finally to
apply these substrates in materials science aroused our interest for this class of compounds.? First, we have
repeated some of the synthesis of tetrafluoro-acridine in refluxing toluene, as described in the literature,
obtaining similar results. However, the increase of the aniline amount to 3 equivalents together with the use
of refluxing xylene as the reaction medium, allowed us to improve the yields. By using these new
experimental conditions we prepared not only some of the acridines already synthesized, but also new terms,
such as tetrafluoro-acridines bearing in position 7 a phenyl, a phenoxy, a dimethyl-amino, a phenyl-amino, a
carbazolyl, a thiomethyl group and the pinacolic ester of boronic acid (Scheme 10). Boronic and bromo
substituted acridines are useful intermediates for cross coupling reactions and open the possibility of a wider

structural diversity. Some of these possibilities are presented later on.

F NH,

F
F R
+ 3 Xylene O N O
F F F N
F R F

R = H, Ph, tolyl, OMe, OPh, NMe,, NHPh, SCHs, carbazyl, and boronic ester

Scheme 10. One-pot synthesis of tetrafluoro-acridines with optimized conditions.

The nucleophilic character of the amino group of aniline is crucial for the substitution of the ortho
fluorine atom at the imine level. Indeed, when using an electron-rich aniline (R = OCH3, N(CH3),) the ring
closure to acridine occurs in fair to good yields (70-80%), whereas with electron-poor anilines such as
3,5-bis(trifluoro)-methyl- or 2.4-difluoro-aniline, the reaction stops at the stage of Schiff base without
formation of the corresponding tetrafluoro-acridine, even when the reaction was performed using the aniline
as solvent and heating to 200 °C. Steric effects are also of critical importance: when using electron-rich and
bulky anilines such as p-carbazolyl or p-diphenyl-amino group, the reaction does not proceed beyond the
imine level. In the case of p-carbazolyl-aniline, after heating the reaction mixture without solvent at 200 °C
for several hours, we were able to isolate the corresponding tetrafluoro-acridine in moderate yield (26%). On
the other hand, in the case of p-(biphenyl-amino)-aniline, even when using these forcing conditions, we were
not able to observe the formation of the tetrafluoro-acridine. The results obtained in this preliminary part are
fully consistent with the mechanism proposed by Banks et al.; the “bottlenecks” in this reaction are the
nucleophilic displacement of the fluorine atom in the ortho position on the pentafluoro-phenyl moiety and
the following intramolecular, nucleophilic, ring-closure reaction. Both these reactions are promoted by the

presence of electron-donating groups (such as N(CH3),) on the aniline ring and by heating the reagents at
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high temperatures; indeed, using xylene (mixture of isomers, b.p 138—140 °C) instead of toluene (b.p.
110 °C), we observed a sharp increase of the yields. The use of solvents with boiling points higher than
xylene should be avoided, because they could enhance the formation of trifluoro-2-anilino-acridines. The
choice of xylene was proved to be a good compromise between higher yields in tetrafluoro-acridine and the
absence or a limited formation of trifluoro-anilino-acridines. We must highlight that, under these new
reaction conditions, we were not able to obtain 1,2,3,4-tetrafluoro-acridine from pentafluoro-phenyl-ketones.
The reaction of decafluoro-benzophenone or octafluoro-acetophenone with anilines (p-anisidine or (N,N)-
phenylen-diamine) were unsuccessful, affording the product of substitution of one fluorine atom (we
obtained both 2- and 4-anilino-pentafluoro-phenyl-ketones). The only way to produce 5-substituted-
tetrafluoro-acridines seems to be the cyclization (in presence of POCls of H,SOy) of a 2-anilino-tetrafluoro-
ketone.

As already observed,'® the presence of a substituent in the ortho position of the aniline can hinder the
ring closure reaction of tetrafluoro-acridine. We observed a similar behavior when we reacted pentafluoro-
benzaldehyde with some ortho-substituted anilines: when a rather small substituent is present in position 2
(such as OCH3), the overall yield of the synthesis is halved, but when a bulky substituent (Br or SCHj3) is
present on the aniline ring, the ring closure reaction is totally hindered (See Table 1). We highlight that in
the case of 2,4-difluoro-aniline probably this steric effect is absent (vdW radius of Fluorine: 1.47 A) and the
lack of reactivity can be attributed reasonably to the poor nucleophilic character of the amino group.

Table 1. Tetrafluoro-acridines synthesized from o-substituted anilines.

R vdW radius® (A) | Time (h) Yield (%)
Br 1.85 71 0°
SCH3 1.80 (S) 60 0°
OCH; 1.52 (0) 86 45

*Values from different sources may differ. Those quoted here are taken from A. Bondi, J. Phys. Chem. 1964, 68, 441. °A small
amount of a fluorescent product was detected in the crude reaction mixture by Thin Layer Chromatography (TLC), but we were
not able to isolate it. “Even when using forcing conditions (i.e. heating without solvent up to the b.p. of the amine) we were not

able to detect the desired product.

1.4. Synthesis of polyfluoro-hydroxy-acridines

1-Hydroxy-acridines, prepared for the first time by Matsumura in 1927, were so far synthesized by
different ways involving, in almost all cases, the preparation of alkyloxy-acridones, their reduction to
acridines and the hydrolytic cleavage of the ether function. 1-Hydroxy-acridine has been initially studied for
its pharmacological properties22 and, more recently, has been extensively studied and employed in analytical
chemistry, exploiting the fluorescence properties of its complexes for the detection of metal cations by
spectrofluorimetry. In materials science the fluorescence properties of its complexes with divalent cations
have also found applications as the emitting component in developing new Organic Light Emitting Devices
(OLEDs).*® From this point of view 1,2,3,4-tetrafluoro-9-hydroxy-acridine should be an interesting
substrate, since the fluorination can modify both optical and electrochemical properties of acridine nucleus.

1,2,3,4-Tetrafluoro-5-methyl-9-hydroxy-acridine has been already prepared by hydrolysis of the
corresponding 1,2,3,4-tetrafluoro-5-methyl-9-methoxy-acridine but we were not able to find any report

concerning its use as chelating agent.26
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The synthesis of tetrafluoro-acridines previously described fails when 2-hydroxy-aniline is employed,
thus the corresponding 1,2,3,4-tetrafluoro-9-hydroxy-acridine is not accessible by this route. Indeed, with
this amine the reaction does not stop at imine level and the substitution of the ortho fluorine atoms occurs,
leading to benzoxazepine derivatives.”’ Moreover, in this reaction the imine is in equilibrium with the hemi-
aminal form of the aldehyde function or the substitution of more fluorine atoms can occur, as already
reported in the literature.”* " The alternative synthesis of 7- and 9-hydroxy-1,2,3,4-tetrafluoro-acridines,
based on the hydrolysis of the ether function in the corresponding methoxy-tetrafluoro-acridine derivatives
was undertaken.’’ The methyl-ether cleavage of both 7-methoxy- and 9-methoxy-1,2,3,4-tetrafluoro-
acridines 20 and 22 (Schemell) has been performed with 47% HBr in water, following the classical
aromatic ethers hydrolysis. The hydrolysis requires prolonged refluxing in 47% HBr water and proceeds on
the corresponding acridinium hydrobromide salt. From the 1,2,3,4-tetrafluoro-7-methoxy-acridine we
prepared the corresponding 1,2,3,4-tetrafluoro-7-hydroxy-acridine 21, while from 1,2,3,4-tetrafluoro-9-
methoxy-acridine an hydroxy acridine derivative was recovered in good yield. On the basis of spectroscopic
("’F NMR) and mass analyses, this latter resulted to be a trifluoro-bromo-hydroxy-acridine. The structure of
2-bromo-1,3,4-trifluoro-9-hydroxy-acridine 23 has been assigned by single crystal X-ray diffraction
analysis. The incorporation of a bromine atom was unexpected and occurred with high regioselectivity via
fluorine atom nucleophilic substitution by the bromine anion present in the hydrolytic reaction medium.
Fluorine substitution has been already observed on similar substrates but with harder nucleophiles; we
highlight that also in this case the substitution occurred on the same position. Since the nucleophilic attacks
on 2 and 3 positions are sterically equivalent, the reasons of this high regioselectivity can be addressed to
differences in the electrophilic character between carbon atoms 2 and 3 at the acridinium salt level.

Looking for milder hydrolysis conditions avoiding the presence of nucleophilic species, we have tried
the ionic liquid trimethyl-ammonium-heptachloro-dialuminate (TMAH-AI,Cl), recently proposed as highly
efficient ether cleavage reagent for a wide range of methoxy aromatic and heteroaromatic derivatives under
very mild conditions.’”” The use of this reagent effectively affords the expected 1,2,3,4-tetrafluoro-9-
hydroxy-acridine 24 in excellent yield (Scheme 11). Both tetrafluoro- and bromo-trifluoro-hydroxy-acridines

have been used as ligands for metal cations.”'
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Scheme 11. Synthesis of polyfluoro-hydroxy-acridines.
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1.5. Nucleophilic substitutions on 1,2,3,4-tetrafluoro-acridines

The unexpected reactivity of tetrafluoro-acridine towards a soft nucleophiles, such as bromide,
suggested us a further analysis on the reactivity of tetrafluoro-acridines towards HBr. The introduction of
bromine atom into the fluorinated moiety of tetrafluoro-acridine, is not easy when using the previously
described one-pot synthesis since the corresponding bromo-tetrafluoro-benzaldehydes are not commercially
available and their synthesis difficult to perform. In addition, the interest for these bromo-acridines arises
essentially from their synthetic potential in metal-mediated cross-coupling reactions. After many trials, the
best experimental condition has been individuated by performing the reaction using HBr 47% water solution
in acetic anhydride as solvent at room temperature. Under these conditions, some tetrafluoro-acridines have
been transformed into the corresponding 1,3,4-trifluoro-2-bromo-acridines 25 in good to excellent yields
(Scheme 12).
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Scheme 12. Synthesis of 1,3,4-trifluoro-2-bromo-acridines.
When R = OMe the hydrolysis of methyl ether occurs at the same time.

The reaction proceeds on the corresponding acridinium hydrobromide salt and, probably, under this
condition (HB1/Ac,0) the bromine anion shows a higher nucleophilic character than in water. When R =
N(CHs),, the reaction is very fast; this is probably due to the fact that both annular and dimethylamino
nitrogen atoms are protonated in the HB1/Ac,O solution and the acridine nucleus is more prone to

nucleophilic substitution.

1.6. Introduction of electron-poor, fluorinated substituents on 1,2,3,4-tetrafluoro-acridines

The introduction of EWGs on tetrafluoro-acridines represents an interesting modification of these
nuclei for their application as n-type semiconductors and electron-transporters. As already explained, the
direct introduction of EWGs is not possible, because of the lack of reactivity of the corresponding anilines.
Thus, the only way to introduce an EWG is to functionalize a preformed tetrafluoro-acridine. Among the
various substituents we decided to investigate the introduction of perfluorinated alkyl substituents, since the
insertion of perfluoro-alkyl chains has important effects on the properties and on the performances of
organic semiconductors.” We decided to insert the perfluoro-alkyl chain by a coupling reaction of bromo-
polyfluoro-acridines and 1-iodo-perfluoro-hexane or 1-iodo-perfluoro-decane in the presence of copper
bronze (Scheme 13).

Although in previous reports aryl iodides were preferred in the coupling reactions,”*° our reactions
worked equally well with the readily available brominated derivatives. After activation of the suspension of
Cu bronze in DMSO, the organometallic reagent is formed by adding 1-iodo-perfluoro-alkane to the

suspension, then the bromo-acridine is added and the mixture is heated for several hours at T<135 °C.
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Scheme 13. Synthesis of trifluoro- and tetrafluoro-acridines bearing perfluoro-alkyl chains.

Coupling reaction of 1,2,3,4-tetrafluoro-7-bromo-acridine with iodo-perfluoro-alkane proceeded as
expected, with good yield; besides the desired product 26, we isolated the unreacted reagent and the 1,2,3,4-
tetrafluoro-acridine, produced by the reduction of 1,2,3,4-tetrafluoro-7-bromo-acridine is the presence of
copper bronze. On the other side, when 1,3,4-tetrafluoro-2-bromo-acridine was reacted under the same
conditions, the reaction was much less straightforward and we were not able to obtain the desired product.
Also when reacting compound 1,3,4-trifluoro-2-bromo-7-(N,N)dimethylamino-acridine a complex mixture
of fluorescent products was obtained, but in this case the desired product 27 was predominant and isolated in
26% yield. The different outcomes in the two reactions can be explained assuming that in the case of 1,3,4-
trifluoro-2-bromo-acridine the carbon-bromine bond is very reactive. Furthermore, after perfluoroalkyl chain
insertion, the reactivity of fluorine atoms on acridine could be enhanced by the presence of a strong EWG
and they could react with the copper bronze or the organo-metallic reagent present in solution. On the
contrary, when an electron donor such as a dimethyl-amino moiety is present, the same phenomenon is less
pronounced. The strategic feature of these reactions is based on the possibility of comparing the effect of the
perfluoro-alkyl chain at different positions on the structural and electronic properties. Indeed the insertion of
a perfluoro-alkyl can induce the appearance of liquid-crystalline phases, or introduce peculiar and interesting
phenomenon such as superficial segregation of fluorinated chain when these compounds are dispersed in a
polymeric matrix. This latter possibility could be used not only for modifying the surface properties of the
matrix but also to induce a non-centrosymmetric arrangement of these molecules at the surface of the
polymeric matrix.

The effects of these substituents on the optical and electrochemical properties of these compounds will

be discussed in the next section.

1.7. Final remarks
In all the synthetic procedures of tetrafluoro-acridines developed after the 1970’s, we can recognize a
common root: formation of the acridine nucleus is due to an electrocyclic reaction occurring on a 2-anilino-

polyfluorophenyl-ketone (Scheme 14).
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Scheme 14. Electrocyclic reaction leading to polyfluoro-acridine.

In Scheme 14, R; can be oxygen atom (ketone or benzoic acid) or a nitrogen atom (of a Schiff base).
The nature of this substituent has a deep impact on the ring closure reaction: while for a Schiff base only the
thermal activation is required to achieve the cyclization, with ketones or benzoic acids the presence of POCl;
or H,SOy is necessary. Nevertheless, the behaviour of this group in both cases is the same: R; is the leaving
group during the ring closure reaction. The Schiff base has the advantage to give the acridine without the use
of a secondary reagent (such as POCl; or H,SOy), but one could insert a leaving group other than phenyl-
imino to obtain the same effect. In all the syntheses of polyfluoro-acridines presented so far, the nature of R,
is closely related to R;. Indeed Schiff bases are readily available only with pentafluoro-benzaldehyde, while
Schiff bases of pentafluoro-phenyl-ketones are not accessible from the reaction with anilines, because this
reaction produces only the corresponding tetrafluoro-anilino-phenyl-ketones through aromatic nucleophilic
substitution of a fluorine atom. Finally, R3 can be a fluorine atom or an aniline residue, but this has only

minor effects on the ring closure reactions.

2. Electronic properties: photophysics and electrochemistry

The introduction of four fluorine atoms on acridine lowers the molecular symmetry of acridine (from
C,y to Cs); however, since electronic states of acridine, up to 6 ev (about 200 nm), have already the lowest
symmetry, a further splitting of the electronic levels due to symmetry lowering is not possible, while as a
principle it could be possible for vibrational states.’” The main effect due to introduction of fluorine atoms is
on the electronic density of the aromatic ring. Fluorine atoms have two different effects when directly
bonded to aromatic rings: they have donor mesomeric effect, similarly to other halogen atoms, and they also
have an inductive electron-withdrawing effect, because of their large electronegativity. As already observed
for other fluorinated organic semiconductors such as o,®-diperfluorohexyl-oligothiophenes and perfluoro-
oligothiophenes, the fluorination can increase the optical gap and then can cause a blue shift of the
absorption bands; in the case of perfluoro-pentacene the opposite effect is observed.*®

Nevertheless, there is only a small difference between the absorption spectra of acridine and 1,2,3,4-
tetrafluoro-acridine (Figure 1). For the low energy band system, we observe a small red shift of the main
peak but the introduction of four fluorine atoms does not change significantly the main features of the
absorption spectrum.'’

The situation for 1,2,3,4-tetrafluoro-acridines bearing a substituent is slightly more complicated.
Tetrafluoro-acridine is a moderate EWG and when an electron donor group (EDGQG) is present, electronic
transfer configurations can have an important role in the description of the electronic states of the molecule.
The interaction between EWG and EDG causes a red shift of the absorption bands, different transitions
showing red-shifts of different magnitudes due to different interactions of the electronic states of the parent

compound with those of the substituent. When these effects are more pronounced, the interaction between
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EWG and EDG, mediated by the conjugated system, leads to the appearance of a new transition related to
the electron transfer between the two aforementioned groups. Usually, this new charge-transfer transition is
observed at lower energies than those of the unperturbed conjugated molecule. Absorption spectra of
1,2,3,4-tetrafluoro-7-(N,N)dimethylamino-acridine is a typical example of this effect: the lower absorption
band of this molecule is strongly red shifted and a similar effect is present also in the phenyl-amino

derivative.?
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Figure 1. On the left, comparison between the absorption spectra of acridine (bold line) and
1,2,3,4-tetrafluoro-acridine (dashed line). On the right, fluorescence spectra of

1,2,3,4-tetrafluoro-7-(N,N)dimethylamino-acridine in solvents of increasing polarity.

The effect of fluorination is more evident in the fluorescence spectra. Non-fluorinated acridine is
fluorescent only in polar solvents, while is almost non fluorescent in apolar solvent.” This effect is ascribed
to the presence of a dark state associated to the T*—n transition, due to the lone pair of the annular nitrogen;
this transition is symmetry forbidden both in absorption and in emission for the isolated molecule. In apolar
solvents this dark state is the lowest excited state, thus fluorescence has a very low intensity, but in polar
solvents this state is shifted to higher energy and thus fluorescence becomes allowed. On the other side,
tetrafluoro-acridines are always fluorescent, even in apolar solvents: this behavior can be explained
assuming the hypothesis that the presence of fluorine atoms shifts to higher energies the w*—n transition.
The chemical counterpart of this effect is the lower basicity of tetrafluoro-acridine with respect to non
fluorinated acridine. Tetrafluoro-acridines bearing an EDG (NMe,, NHPh) show a large Stokes shift, i.e. the
fluorescence maximum is very far from the absorption band with the lowest energy. We can interpret this
result formulating the following hypothesis: in the excited state the aforementioned molecules have a large
dipole moment, which can be stabilized in moderate to polar solvents. We measured for molecule 1,2,3,4-
tetrafluoro-7-(N,N)dimethylamino-acridine fluorescence spectra in solvents of different polarities and we
found that in apolar solvents the Stokes shift is very small, while in polar solvent this effect is very strong
(Figure 1). The same phenomenon is not present with moderate EDGs (like OCHj3).

The presence of EDG and EWG on the same conjugated molecule can increase the second order
hyperpolarizability, opening the possibility of applications in non-linear optics for second harmonic
generation (SHG). The most part of molecules proposed for SHG belongs to the class of push-pull
molecules, i.e. a conjugated T-electron system terminated by an EDG and an EWG (Figure 2).
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Figure 2. General structure of a push-pull molecule.

Preliminary measurements of SHG show that tetrafluoro-acridine is a promising EWG for push-pull
molecules, featured by uf values comparable with those of pentafluoro—stilbenes.3 o

The replacement of hydrogen atoms with more electronegative fluorine atoms has, as expected, an
appreciable influence on oxidation and reduction potential of the acridine nucleus. Indeed, as reported by
Russian researchers for 1,2,3,4—tetraﬂuor0—5—methyl—substituted—acridines,40 1,2,3,4-tetrafluoro-5-methyl-
acridine shows a increased reduction potential increased of 0.2 V with respect to acridine; in the case of
1,2,3,4-tetrafluoro-acridine both the reduction potential (less negative by 0.3 V) and the oxidation potential
are increased (See Table 2). In all cases a prepeak has been observed, ascribed to the formation of a complex
between acridine and oxygen, already observed in previous reports for similar substrates.*’ This prepeak
strongly decreases by bubbling argon through the solution for 20-30 minutes before performing Cyclic
Voltammetry (CV). As expected, the oxidation and reduction potentials of acridines reflect the nature and
the position of the substituents. The introduction of a perfluoro alkyl chain shifts to higher potentials the
oxidation peak and to less negative potential the reduction peak; this effect was observed in compounds 26
and 27 (See Table 2); compound 26 could be a n-type semiconductor, thanks to its favorable reduction
potential and to the positive effect of perfluoro-alkyl chain, shielding the effects of moisture, as observed for

other compounds bearing perfluoroalkyl substituents.'™

Table 2. Cyclic voltammetry results for some 1,2,3,4-tetrafluoro-acridine®.

Compound ES¢  E> Eneriy
gap
1,2,3,4-tetrafluoro-acridine (3) -1.34 1.91 3.25
1,2,3,4-tetrafluoro-7-methoxy-acridine (20) -1.45 1.61 3.06
1,2,3,4-tetrafluoro-7-hydroxy-acridine (21) -1.20 1.60 2.80
1,2,3,4-tetrafluoro-9-methoxy-acridine (22) -1.65 1.51 3.16
1,3,4-trifluoro-2-bromo-9-hydroxy-acridine (23) -1.25 1.91 3.16
1,2,3,4-tetrafluoro-9-hydroxy-acridine (24) -1.35 2.00 3.35
1,2,3,4-tetrafluoro-7-perfluorohexyl-acridine (26) -1.12 2.15 3.27
1,3,4-trifluoro-2-perfluorohexyl-7-(N,N)dimethylamino-acridine (27) -1.43 1.01 2.44
1,2,3,4-tetrafluoro-7-phenyl-acridine (28) -1.45 1.78 3.23
1,2,3,4-tetrafluoro-7-(N,N)-dimethylamino-acridine (29) -1.50 0.83 2.33

*Oxidation (Epo") and reduction (EpRed) potentials in V vs. SCE from the oxidation and reduction peak of the CVs. On Platinum,

scan rate: 0.1 Vs™' in AN + TBAP (0.1M). "Electrochemical HOMO-LUMO-gap estimated by the voltammetric measurements
(peak-to-peak difference for one-electron processes) (eV).

The shift of the oxidation and reduction potentials after introduction of a perfluoro-alkyl chain in the

case of compound 27 is smaller; in fact, while the observed shifts of the oxidation potentials of 26 and 27 are
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comparable, the shift of the reduction potential of compound 27 is about one third than that observed in
compound 26. This effect is probably due to the presence of a strong electro-releasing group such as
dimethyl-amino, which partially lowers the effect of the perfluoroalkyl chain. The observed trend agrees
with the results found with o,®-disubstituted oligothiophenes; the shifts observed in their reduction
potentials spans from 0.55 V for terthiophene (from —2.14 V for a,®-dihexyl-terthiophene to —1.59 V for
o, w-diperfluorohexyl-terthiophene) to 0.36 V for hexathiophene (from -1.78 V for o,m-dihexyl-
hexathiophene to —1.42 V for a,o-diperfluorohexyl-hexathiophene).® In this latter case, the introduction of
a perfluoroalkyl chain has a larger impact because oligothiophenes are electron-rich systems. In the case of
tetrafluoro-acridines a sort of saturation effect is observed; tetrafluoro-acridines are already electron-poor
systems and the introduction of a further EWG has a minor impact, if compared with the case of
oligothiophenes.

The reversibility of electrochemical processes has been evaluated, by defining the i, ratio as the ratio
of the area of the reverse oxidation peak to the area of the reduction peak. A high value of i, ratio indicate a
good reversibility; and it was observed when the tetrafluoro-acridine nucleus bears EDGs (i.e. NMe,,
compound 29, i, ratio = 0.70 or OMe, compound 20, i, ratio = 0.65) while 1,2,3,4-tetrafluoro-acridine
(compound 3) or tetrafluoro-acridines bearing EWGs present i, ratios close to zero”'. A good reversibility is
obtained when the acridine nucleus is attached to groups able to delocalize the net charge introduced by
reduction or oxidation; nevertheless a low i, ratio is not directly related to the efficiency of a solid state
device, in fact, preliminary results suggest that a good Thin Film Transistor can be obtained with compound
26, which show a very low value of i, ratio.”

Concluding, the introduction of four fluorine atoms does not affect significantly the molecular gap,
except when also an electron-releasing group is present; in this case the fluorinated moiety is the EWG in a
dipolar, “push-pull” molecule. On the other side, it was observed that tetrafluoro-acridines are fluorescent in
almost all solvents, then n—7* transition is no more the lowest excited state in non polar solvents as in the
case of acridine. Moreover, introduction of four fluorine atoms and later of a perfluoroalkyl chain shifts the
electronic states, as observed from the electrochemical analyses. These effects open the possibility to apply
tetrafluoro-acridines as fluorescent systems and the interesting results obtained from electrochemical
analyses suggest their use as electron-poor, n-type semiconductors in the solid state. The application of a

tetrafluoro-acridine as fluorescent dopant of an electrically active polymer is presented in the next paragraph.

3. OLEDs based on tetrafluoro-acridines

In the research field of Organic LEDs (OLEDs), the availability of a big pool of organic molecules,
showing a fluorescence covering a wide spectrum of visible region and with high quantum yield, is
extremely important for optimizing the efficiency or tuning the emitted wavelength of the electroluminescent
device (Figure 3).

Chemical doping of organic semiconductors is a useful strategy to improve performance of OLEDs.
The controlled introduction of a dopant can improve the efficiency of the device and minimize the effects of
accidental doping due to chemical impurities or structural defects. Following this approach it is possible to
separate the function of light or electrical excitation harvesting (host) and light emission (luminescent
guest)41 and these two functions can be optimized separately through the choice of materials with suitable

optical and electrical properties. The advantages of obtaining emission from a doped electrically active

196



matrix after a process of energy transfer are due to the fact that the usually low concentration of the dopant

prevents concentration quenching due to the migration of the excitation toward non-radiative tlraps.42
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Figure 3. Schematic representation of the working principle of an OLED: charge injection from the
electrodes introduces both positive and negative charges. The union of a charges of different sign generates

excitons, which decay producing visible light.

Moreover, excitation transfer usually results in a large Stokes shift between absorption and emission
spectrum, thus eliminating unwanted re-absorption losses of the emitted light. Better stability and material
processability have also been achieved in the polymeric blends with respect to those of the pure
chromophore. We have chosen poly-vinyl-carbazole (PVK) as electrically active, luminescent, host polymer;
PVK is a semiconducting polymer which was studied since the 1960’s because of its photoconducting
properties and it is already used in electrophotography applications. These properties stimulated a great
interest in its electrical and optical properties, which have been thoroughly studied. Nowadays it is still used
as a photoconductor when blended with an electron acceptor (trinitro-fluorenone, for instance) and it is
studied for photorefractive application when blended with electro-acceptors and chromophores active in
non-linear optics.

Among all the synthesized tetrafluoro-acridines, compound 29 has been selected because of its good
spectral overlap with the PVK emission band and the high fluorescence quantum yields in solution (n =
46%). These are essential conditions to observe an efficient energy transfer from PVK to the acceptor. We
carried out a photophysical study of the sensitized green emission of the PVK doped with 1,2,3,4-
tetrafluoro-7-(N,N)dimethylamino-acridine, followed by the preparation of a OLED plrototype.“’44
The efficiency of the energy transfer is evaluated by the Foerster’s radius (Ry, equation 1):

RS :kjwdv eq. 1

where Fp is the normalized emission spectrum of the donor (PVK) and €, is the molar extinction coefficient
of the acceptor (compound 29). A high value of Ry indicates that the transfer is efficient; typical values range
from few A to 100 A.

Theoretical and experimental data gave a high value for the Foerster’s radius (about 40 A), indicating

that an efficient energy transfer can take place between PVK and the tetrafluoro-acridine. In fact PVK is
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strongly quenched for dopant concentration above 0.6%/w with appearance of the emission spectrum of the
dopant. The position of this emission is very similar to that observed in CH,Cl, solution, thus indicating that
the dispersion of the chromophore in the blend is at the molecular level. Several devices have been prepared
and characterized using the blend PVK/tetrafluoro-acridine as light-emitter. Electroluminescence spectrum is
very similar to PL spectrum of the blend of PVK with 1% of tetrafluoro-acridine for position and shape; the
device produces green light (CIE[1931] coordinates are 0.26;0.61). The energy transfer in the PL spectrum is
almost complete for a concentration of acceptor in PVK of 1% and also in the EL spectrum the contribution
of PVK is absent; indeed, while (electro-) excitation can occur also directly on the acceptor (i.e. tetrafluoro-
acridine), in the case of PL, the photo-excitation occurs mainly on the donor (i.e. PVK) and then the resonant
energy transfer to the acceptor takes place. The maximum efficiency of electroluminescence is about 0.1%

and it is quite stable.

4. Vinyl-tetrafluoro-acridine: a monomer for semiconducting polymer?

Vinyl polymers with large pendant conjugated systems, like (PVK) or poly(vinyl-anthracene), are a
peculiar class of semiconducting polymers, where the main chain is saturated and a hopping process is
responsible for the charge transport. Their first application was as photo-conducting systems; more recently
they have found new applications as electroluminescent polymers and in holographic systems. Of course, the
nature of the conjugated systems linked to the saturated main chain determines structure and properties of
the polymer. To the best of our knowledge, all the polymers belonging to this class prepared so far are p-type
semiconductors, i.e. charge carriers are holes (positive carriers). The transport of the electric charges is
thermally activated and occurs by hopping. Poly-vinyl-naphthalene, poly-vinyl-quinoline and poly-vinyl-
anthracene were prepared by polymerization of the corresponding vinyl-monomers and their properties are
similar to those of PVK, the most studied and used polymer belonging to this class.

4346 5 worsening of photo-

When acridine was introduced in such polymers instead of anthracene,
conducting properties was observed; this effect was partially attributed to the poor electron-donating
character of acridine. Starting from these results, it is clear that introduction of fluorine atoms into the
acridine moiety should definitively convert a vinyl-acridine polymer into an n-type semiconductor. A
semiconducting vinyl polymer, bearing a tetrafluoro-acridine as substituent, could be a promising candidate
to obtain n-type organic semiconductors and, moreover, due to the peculiar sensitivity to oxygen which leads
to the formation of reversible complex with acridine, another potential application could be as a sensor for
molecular oxygen.

Anyway, 1,2,3,4-tetrafluoro-7-vinyl-acridine (38) can be produced by a one-step synthesis instead of
multi-step procedures. As already described, 1,2,3,4-tetrafluoro-acridines substituted in position 7 can be
easily obtained by reacting pentafluoro-benzaldehyde with the correct para-substituted aniline in boiling
xylene; tetrafluoro-acridines can be obtained with good yields only if an electron-donating groups is present
on the parent aniline. From this point-of-view, such a synthetic approach is fully compatible with the
presence on aniline of the moderate electron releasing vinyl group. Thus, following this procedure, 1,2,3,4-
tetrafluoro-7-vinyl-acridine showed be accessible by reacting pentafluoro-benzaldehyde with 4-amino-
styrene (Scheme 15). Unfortunately the stability of 4-amino-styrene is not compatible with the reaction
conditions. As a matter of fact, while the Schiff base of pentafluoro-benzaldehyde with 4-amino-styrene and

4-amino styrene itself are sufficiently stable at room temperature, they polymerize quickly under heating in

198



refluxing xylene, prior to give the ring closure reaction leading to the tetrafluoro-acridine. Under these
reaction conditions we were able to isolate only traces of the desired product from the insoluble matter
produced at the end of the reaction. Only by adding to the reaction mixture a little amount of a radical
inhibitor (hydroquinone, 5%w), we were able to improve the yield of the reaction (up to 10%). The reason of
the failure of this approach comes from the high reactivity of the vinyl group under the reaction conditions,
causing a spontaneous polymerization of the reagent (p-vinyl-aniline) and the other vinyl-derivatives present
in the reaction mixture as soon as they are formed.

A very appealing alternative to this way, based on standard organic modifications of reactive groups, is
represented by the organometallic approach. Following this approach, we can introduce the vinyl group into
a pre-formed tetrafluoro-acridine by a cross coupling reaction, catalyzed by a transition metal. Starting from
1,2,3,4-tetrafluoro-7-bromo-acridine, following a Stille cross coupling protocol, tributyl-vinyl-stannane was
introduced, with catalysis by Pd(PPhz)s in refluxing toluene (Scheme 15). To avoid the spontaneous
polymerization of the reagent (tributyl-vinyl-stannane) and of the product, a small amount of a radical
inhibitor (hydroquinone) was added to the reaction mixture. After 4 hours the reaction goes to completeness

and the desired product was obtained with a good yield (69%).
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Scheme 15. Syntheses of 1,2,3,4-tetrafluoro-7-vinyl-acridine.

Explorative experiments were done to test the reactivity of 1,2,3,4-tetrafluoro-7-vinyl-acridine in
polymerization reactions. Preliminary results show that the fluoro-acridine nucleus lowers significantly the

reactivity of the vinyl moiety in radical polymerizations.

5. Modification of the surface of polyamide nanofibers doped with a fluorinated acridine

Perfluorinated alkyl chains show the tendency to spontaneously segregate at the surface when
dispersed in a polymeric matrix.*” ™ This phenomenon can be applied to obtain a fluorinated surface; this
route is an interesting alternative to conventional methods, such as plasma treatments. We tried to modify
the wettability of nanofibres of Nylon 6 produced by electrospinning, doping them with a tetrafluoro-
acridine.”® We focused our attention on 1,2,3,4-tetrafluoro-7-(N,N)dimethylamino-acridine, due to its
fluorescence properties, already exploited for the preparation of OLEDs. We decided to insert a fluorinated
chain exploiting the reactivity of fluorine atoms towards nucleophilic reagents, by reacting 1,2,3,4-
tetrafluoro-7-dimethylaminoacridine with a fluorinated alcohol (perfluorodecyl-methanol) in the presence of
K,COs (Scheme 16).”'
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Scheme 16. Synthesis of the trifluoro-acridine used for doping Nylon 6 nanofibres.

As the tendency of perfluorinated molecules to segregate on the surface is well known, small amounts
of acridine 39 were used. The contact angles of water onto the surface showed an increase, on increasing the
concentration of acridine; with a load of 6%/w a contact angle of 123° was measured. This indicates that
small amounts of acridine strongly decrease the wettability of the polymer. It is noteworthy that the contact
angle at 6% of doping is higher than that typical of PTFE,>* which is usually taken as reference material
among not-wettable polymers. Surface segregation of perfluorinated alkyl chains is a thermally stimulated
process, thus the possibility to increase the contact angle by thermal annealing has been investigated.
Measurements of the contact angle were carried out on sample kept at the Tg of the polymer. After few
minutes a sharp increase of the contact angle is observed, reaching the impressive value of 131° (sample
with 4%w of acridine), without any loss of acridine for sublimation. This result is a clear evidence of
superficial segregation of acridine in the polymer fibers induced by thermal annealing.

Modifications of the wettability of polyamide (and also of other polymers) may have many
applications in textiles. Furthermore, the incorporation of the acridine described here, can conjugate the
hydrophobic properties of fluorinated chains with the antibacterial properties of acridine, opening the way to

new applications.

6. Conclusions and outlook

Tetrafluoro-acridines are an interesting class of heteroaromatic compounds, with many applications in
materials science; electronic properties can be easily tuned by acting on the substituents, giving the
opportunity to do molecular tailoring. The synthesis of polyfluoro-acridines has been explored in depth,
highlighting possibilities and limits. Several derivatives of polyfluoro-acridines are already known, but the
flexibility of this substrate allows to the preparation of many other compounds, with applications spanning

from materials science to biology.
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THE HYPERVALENT IODINE MEDIATED INTRAMOLECULAR
NITROGEN-HETEROATOM BOND FORMATION IN THE SYNTHESIS
OF PYRAZOLE AND ISOTHIAZOLE TYPE HETEROCYCLES

Imanol Tellitu,” Arkaitz Correa and Esther Dominguez*
Departamento de Quimica Orgdnica Il, Facultad de Ciencia y Tecnologia, Universidad del Pais Vasco —
Euskal Herriko Unibertsitatea, P. O. Box 644, E-48080 Bilbao, Spain (e-mail: imanol.tellitu@ehu.es)

Abstract. We describe here a selection of the most important procedures for the formation of nitrogen—
heteroatom bonds leading to the formation of different systems such as indazoles (N-N) or isothiazoles
(N=S), through a diverse array of synthetic approaches. We will also disclose our own strategy based on the
use of the hypervalent iodine reagent PIFA, [phenyliodine(Ill)bis-(trifluoroacetate)], to promote the

heterocyclization steps to these systems.
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1. Introduction

Although there is a plethora of tools available for carbon—carbon and carbon-heteroatom bond
formation, the field of heteroatom—heteroatom bond formation remains comparatively less developed. In this
review we intend to give an overall inspection of the methods available for N-N and N—S bond formation, as
well as our most recent observations in this research area. Considering space limitations, we plan to limit the
given information to those strategies developed for the preparation of indazoles, indazolones and
benzisothiazoles. These general terms will be used for simplicity along this paper when referred to 1H- or

2H-indazoles, 1,2-dihydro-3H-indazol-3-ones, and benzo[d]isothiazol-3-ones, respectively.

0O 0
\ —
N N N S
H 1

1H-indazole 2H-Indazole 1,2-Dihydro-3H-indazol-3-one Benzo[d]isothiazol-3-one
Figure 1
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In fact, this group of heterocycles is probably one of the most required targets to explore new
nitrogen—heteroatom bond forming processes. Notwithstanding, in order to attain a general view, other
synthetic approaches that employ reagents such as hydrazines (N-N) or hydroxylamines (N-O), in which the
selected bond is already preformed, will be also partially considered for this literature survey.

1.1. Indazoles, indazolones and benzisothiazolones. Biological activity and synthetic approaches
Nature does not offer many examples of heterocyclic compounds structurally based on the indazole
system. In fact, these examples are limited to nigellicine' and nigellidine* isolated from the seeds of Nigela

sativa (Figure 2).

Me
G G
NS N
Co, OH

nigellicine

Me

O_ \

Z ;
) \Z/ ;
a4
\
Z
Z; ~0O
I

B
nigellidine benzydamine indazol-3-one

OH

Figure 2

On the contrary, the indazole nucleus is a pharmaceutically important structure and constitutes the key
skeleton in many drug substances with a broad range of pharmacological activities.” In fact, since
benzydamine, the first non-steroidal anti-inflammatory drug (NSAID) bearing an indazole subunit, was
commercialized in 1960,4 many reports on the an'[i—inflammatory,5 antitumor,6 anti—HIV,7 antidepressant,8
antipyretic,9 analgesic,10 antihyperlipidemic11 and contraceptive activities'> of this kind of compounds,
particularly of indazol-3-one derivatives, have appeared in the literature. Additionally, other simplified
related structures, such as pyrazolones, have recently caught the attention of the medicinal community
because of their bioactivity as inhibitors of tumor necrosis factor—o (TNF-a) production.13

Different approaches to the synthesis of substituted indazoles have been proposed.14 Among them
(Scheme 1), it can be outlined the reduction of secondary ortho-nitrobenzylamines with Sn, Zn or Fe in
acidic medium;" the direct N—alkylation16 and N—arylation17 of indazole (although normally yielding
mixtures of 1- and 2-substituted indazoles without selectivity);18 the reaction of ortho-nitrobenzylidenamines
with trivalent organophosphorous reagents as deoxygenating agents,19 recently improved by a microwave
enhanced synthesis of indazoles via nitrenes;”  the palladium complex-catalysed reductive
N-heterocyclization of N-(2-nitrobenzylidene)amines to afford 2H-indazole derivatives;”' the treatment of
ortho-azidoamides under the conditions of Smalley et al. with thionyl chloride at reflux;'® the
electrochemical cyclization of 2-nitrobenzylamines that affords 2-substituted indazoles through the
generation of 0rtho—nitrosobenzylamines;22 the palladium-catalyzed intramolecular amination reaction of
N—aryl—N—(ortho—bromobenzyl)hydrazin6523 or hydrazones,24 a method that applies to a wide range of
substrates containing electron-donating and electron-withdrawing substituents; a one-pot synthesis from
2-bromobenzaldehydes and arylhydrazines,25 sometimes in the presence of a catalytic amount of a palladium

26

catalyst and a phosphorus chelating ligand along with NaO'Bu;™ the basic treatment of ortho-

nitrobenzylamines to yield 3—a1k0xyindazoles;27 the diazotization of the corresponding 2-alkyl anilines;™® the
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nitrosation of the N-acetyl derivatives of 2-alkyl anilines (Jacobson modification);”’ the rearrangement of
azobenzenes that occurs in cases where the azo group is placed in the ortho position to carbonyl
a

electrophiles;30 the 1,3-dipolar cycloaddition of arynes with diazomethane deriva‘[ives;31 or, finally, the

phenyliodine(Ill)diacetate (PIDA)-mediated synthesis from acylhydrazones.3 b

R R ~
2y N Me3OBF,4 X' = NA P(OEt)3 =

| N _ N-Me NAr
X N EtOAC X N NO, microwawe =N

L

Cl NHR NHR
CONHAr
©: SOCl, <jf<N_Ar <)\) redox @\) -H,O ©f\NR
N3 N NO, NO N
R .
1 NaO'Bu 1 R 1 LIHDMS 1 R
R,\/ | N A Pd(OAc), R,\’ _— R,\r | Sy-NHTS  Pd(OAc), F‘,\/ .
! N-A N
g NH2 dppf NP SN g dppf SO~
toluene, 90 °C : r dioxane, rt .
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R! R! 1 R!
NN CHO  ANNHNH,, NaOBU 28N Re NHR R2OH 9N\ =
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N 5 Pd(OAc),, dppf XN N X NO KOH SN
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1 R! A x. .NHCOR?
FE\, TMS RZCHNZ S A N~ PIDA = 2
| I N -, _ N-NHCOR
NN OTf KF NS N NH2 N

H
Scheme 1. Selected examples of indazole oriented strategies.

Compared to indazoles and despite the promising pharmacological properties shown by several of their
members, indazolones have received less attention according to the specific literature. The high-pressure
transition metal catalyzed carbonylation of azobenzenes,”” the acid-promoted cyclization of ortho-
arylhydrazinobenzoic acids,” the isomerization of 3-aryl-2-hydroxyindazoles, the base catalyzed cyclization
of arylhydrazides3 * and the reductive cyclization of ortho-nitrobenzanilides with zinc and sodium hydroxide
in aqueous methanol® can be cited among the most widely used protocols to access indazolone derivatives
(Scheme 2).

The inspection of this literature survey leads to conclude that many of the reported methods classically

used for indazole synthesis lack of generality, they involve harsh reaction conditions and thus limiting their

205



usefulness in obtaining variously functionalized indazoles and require careful manipulation of toxic or
sensitive reagents. Additionally, in many cases, the connection between N(1) and N(2) is preformed in the

substrates as hydrazine, hydrazone or azide functionalities.

0O

Zn, NaOH CO, Cox(CO)g
NHAr l 1

NO, 0 @\ N
N
N-R
0 N 0

H
NHNH; BuLi T T HCI OH
NHNH,

Scheme 2. Selected examples of indazolone oriented strategies.

Probably due to their well-recognized biomedical action’® that includes effective antifungal,
antibacterial and antipsychotic plroperties,‘q’7 as well as anti-HIV activity for some of their members,”®
benzisothiazolone derivatives have been the targets for extended synthetic studies. Therefore, among the
most established strategies for their preparation, it has to be mentioned the bromine or NBS* promoted
cyclization of dithiobenzamides, the cyclization of dithiobenzoic acids or esters,40 the intramolecular
transamination of 2—sulfenamoylbenzoates,41 the ring closure reaction on mercaptobenzoyl azides,” the
cyclization of acyl chlorides promoted by amines” and the PIFA-mediated [phenyliodine(IIl)bis-

(trifluoroacetate)] cyclization of 2—(benzylthio)benzamides,44 as shown in Scheme 3.

0]

)
NHR acetamide or urea OMe
>f l28% Ho0o
S7, SNHR
NB;\\

O NaOMe, MeOH
9
PIFA S HCI, H,O
0 » 2 0
/// \\\
NHR RNHz Ns

SBn 0 SH
o}
e

Scheme 3. General approaches to the construction of benzisothiazoles.

2. Hypervalent iodine assisted heteroatom-heteroatom bond formation
2.1. Oxidative processes mediated by hypervalent iodine reagents
In the last decades, the chemistry of hypervalent iodine reagents has witnessed a profound progress in

the field of synthetic organic chemistry. Their low toxicity, readily availability and easy handling have
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allowed their application to a number of important transformations® and, besides, their environmentally
friendly nature also suggests future applications in “green chemistry”. Indeed, hypervalent iodine reagents
are now extensively used in organic synthesis as a mild, safe and economical alternative to heavy metal
reagents such as lead (IV), thallium (III) and mercury (II).46 In particular, PIFA [phenyliodine(III)-
bis(trifluoroacetate)], PIDA [phenyliodine(Ill)diacetate)] and HITB [hydroxy(tosyloxy)iodobenzene,
Koser’s reagent] have found a wide application in the synthesis of heterocyclic compounds,47 as three of the

most active members of this family of compounds.

OCOCF; OCOCHg OH

I\ I\ ~
©/ OCOCF; ©/ OCOCH; ©/ Sots

PIFA PIDA HTIB

Figure 3. Structures of I(III) reagents commonly used in organic synthesis.

In addition, the use of this family of reagents for heteroatom—heteroatom bond construction is well
documented in the context of classical oxidation chemistry and, for instance, the oxidation of anilines to
azobenzenes, thiols to disulfides, and sulfides to sulfoxides are well known processes assisted by
hypervalent iodine reagents.*® Particularly, the use of sulfonyliminoiodanes, Arl=NSO,R, has contributed
enormously to the development of new strategies towards that end.* Thus, since the pioneering work by
Evans™ on the copper-catalyzed tosylaziridination of olefins using PhI=NTs, the use of such reagents has
become an effective tool for the formation of N=S,”! N-Se,*> N-P** and N-As™* bonds (Scheme 4).

R1'S\R2 Ar/Se'Bn PthS
Phl(OAC), Phl(OAC),
PhI=NTs
AFSOZNHQ ArSOsNHo
NSOAT e PhaAs=NSO,A
) 3AS= oAl
RIS g2 A% En

Scheme 4. Selected reactions of sulfonyliminoiodanes with heteroatom-containing substrates.

2.2. The acylnitrenium approach

In addition to the above-mentioned procedures, a methodology based on the generation of heteroatom-
centered intermediates and their subsequent intramolecular connection with heteroatom containing
fragments of the substrate would represent an evident access to the preparation of the systems under study.
In connection with this idea, nitrenium ions can be selected as good candidates to perform the designed
synthetic strategy. These highly reactive intermediates continue to receive attention not only because of their
suspected role in the carcinogenesis initiated by nitro and aminoaromatic compounds55 but, particularly,
because of their utility in organic synthesis.56 However, synthetic applications of these electrophilic
intermediates remain limited, except when such nitrenium ions are stabilized by the electron-donating effect
of a proper neighboring group (aryl, alkoxy or nitrogen, infer alia).”” In these cases, the so-stabilized N-

acylnitrenium ions (I, I, ITI, Figure 4) exist for a long enough time to be useful as synthetic intermediates.
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Figure 4. Some stabilized acylnitreniun ions.

Despite the fact that N-acylnitrenium ions can be generated by a variety of methods, for example, by
the treatment of N-alkoxy-N-chloroamides with a variety of Lewis acids, such as silver’ ™ or zinc salts,5 8 the
use of the hypervalent iodine reagent PIFA for this purpose overcomes the limitations associated with those
protocols™ and, therefore, its use has been widely applied to the synthesis of a number of different
heterocyclic compounds.60 Nevertheless, as far as we are aware, only the use of carbon nucleophiles as the
nucleophilic counterparts of the reaction has been described. Particularly, we had previously designed
(Scheme 5) the synthesis of different quinoline and benzodiazepine heterocycles based on the intramolecular
trapping of I(III)-generated nitrenium intermediates by (hetero)arene rings in an electrophilic amidation

61

reaction,” and by C-C double and triple bonds in a novel amidohydroxylation protocol rendering

2-hydroxymethylpyrrolidinones and piperidines, and 5-aroyl-substituted pyrrolidinones, respectively.®

Q/T ) o j
( QHAr NHAr Q/NHFﬂ
1,2
HN" N0 |

2
OMe 0 0 & X=NHR
X=SR
jPIFA ‘PIFA lPIFA lPIFA
| —Ar
H%"L'"/ \+ + new hypothesis
. (N NAr NAr for the N-X bond
l}l (@] formation

| | |

r
(6]
(I)Me ©
Scheme 5. Selected examples and new proposal, of the use of PIFA in the synthesis of some

N-containing heterocycles.

Therefore, in our particular context, an effective intramolecular connection of these powerful
electrophiles with heteroatom-centered nucleophiles would represent a general strategy for the construction

of a number of heterocyclic systems through N-heteroatom bond forming processes.

2.3. Iodine (IIT) mediated synthesis of indazolones and pyrazolones
As mentioned in the introduction section, we were interested in designing a complementary route to
the synthesis of pyrazole-type heterocycles that features the formation of a nitrogen—nitrogen bond as the
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key step. Therefore, since the indazole system had been selected as our target to explore the N-N bond

forming process promoted by PIFA, the nature of R' and R? substituents had to be determined (Scheme 6).

0 O N o]
2 2
@NHR Iy @NR @N_Rz
NHR' NHR, N
R1
v v VI

Scheme 6. Proposed strategy for the synthesis of indazolones of type VI.

On the basis of our previous experience, we selected the para-methoxyphenyl substituted benzamide
2a, as a model system to optimize the experimental conditions for the proposed cyclization step. This
substrate was easily prepared by treatment of the commercially available methyl N-methylanthranilate (1a)
with AlMes and para-anisidine in the conditions depicted below (Scheme 7).63 Next, as shown in Table 1,
we briefly examined the effect of different solvents, sources of hypervalent iodine, temperature and additives

on the success of the oxidative cyclization step.

(@] (@] o
OMe i) NHPMP ii)
— — N—PMP
NHMe NHMe N
1a 2a 3a Me

i) AlMes, p-anisidine, CH,Cl,, reflux (69%); ii) See Table 1.
Scheme 7. Synthesis of indazolone 3a.

Table 1. Selected assays performed on amide 2a.

entry Conditions 3a“
1 PIFA (0.05 M), CH,CL" 51%
2 PIDA (0.05 M), CH,CL,’ 21%
3 HTIB (0.05 M), CH,Cl,” 10%
4 PIFA (0.05 M), TFEA” 51%
5  PIFA (0.05 M), CH;CN? 33%
6  PIFA (0.05 M), Toluene” 36%
7 PIFA (0.05 M), DMF’ 15%
8  PIFA (0.05 M), CH,CL* 51%
9  PIFA (0.05 M), CH,Cl,, TFA® 54%
10 PIFA (0.01 M), CH,Cl,, TFA” 68%
11 PIFA (0.01 M), CH,Cl,, 7%
BF;-OEt,”

“Isolated yield after purification by flash chromatography.
b Reaction carried out at 0 °C. © Reaction carried out at —78 °C.

The results obtained from these experiments indicated that PIFA was the most efficient oxidant.
Indeed, the use of other related I(IIT) reagents, such as PIDA (entry 2) and HTIB (entry 3), was also tested
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but, unlike PIFA, they afforded the indazolone 3a in very low yields. On the other hand, the nature of the
solvent had a significant influence on the success of the reaction. Thus, whereas the employment of polar
aprotic solvents such as CH3CN (entry 5) or DMF (entry 7) afforded the desired product in low yields, the
use of either CH,Cl, (entries 1, 8-10) or trifluoroethanol (TFEA in entry 4) proved to be a better solution
since the desired heterocycle 3a was obtained in slightly higher yields. Since both solvents behaved
similarly, the selection of CH,Cl, over TFEA was made on the basis of economical costs. Furthermore,
although yields did not improve at all when carrying out the reaction at low temperatures (entry 8), the use
of two equivalents of TFA as an additive (entry 9) made the reaction take place much more cleanly, although
the yields were not highly affected. In contrast, the use of other additives, such as the Lewis acid BFs-OEt,
(entry 11), which had been extensively reported to increase the reactivity of this kind of 1reagents,64 provided
in this case only traces of the desired product. Interestingly, the use of more dilute solutions of PIFA (entry
10) turned out to be the key for the best conditions leading to indazolone 3a in 68% yield. Therefore, these
preliminary results suggest that N-acylnitrenium ions generated by PIFA, as we presumed before, can be
also trapped intramolecularly by amine moieties, featuring consequently an interesting approach to the
construction of new N-N linkages.

Having established an optimal protocol for the projected process, a more detailed examination of the
electronic requirements of the structure of the substrates was performed. Thus, the behavior of a variety of
substrates, which include different amine functionalities as well as different amide moieties, under the action
of PIFA was examined. First of all, we analyzed the influence of the nature of the amine moiety on the
efficiency of the cyclization step. Thus, a series of the required para-methoxyphenylbenzamide derivatives
2a—-g were effectively prepared starting from easily accessible or commercially available anthranilates 1a—g
either by treatment with AlMe; and p-anisidine or through basic hydrolysis followed by a known amidation
protocol (Scheme 8).®> As shown in Table 2, the proposed PIFA-mediated cyclization process proved to be
suitable for substrates in which the amine functionality was substituted by either alkyl (entries 1-3) or aryl
groups (entry 4). Once again, the positive effect of the presence of TFA as an additive was confirmed in all
cases. On the other hand, neither aminobenzamide 2e (entry 5) nor the ones substituted by an electron
withdrawing group 2f—g (entries 6—7) rendered the desired indazolones 3e—g. Thus, it can be concluded that

the scope of this PIFA promoted oxidative cyclization requires highly nucleophilic amines.

@) 0 0
OMe i) orii NHPMP i)
— — N-PMP
NHR' NHR' N
1
1a—g 2a—g 3a—g

i) AlMes, p-anisidine, CH,Cl,, reflux; ii) (a) LiOH-H,O, THF/H,O, 1t. (b) p-anisidine, Et;N, EDC-HCI,
HOBt, CH,Cl,, 0 °C — rt; iii) PIFA (0.01 M), CH,Cl,, TFA, 0 °C.

Scheme 8. Synthesis of indazolone 3a-g.

A different part of the research was designed to determine the scope of the cyclization process with
respect to the amide functionality. Thus, a series of amides were successfully prepared in a single step by an
AlMe; mediated aminolysis of methylanthranilate 1a in the presence of different amines (Scheme 9). When

the amides 2a,h—o were treated with PIFA under the optimized conditions (Table 3) the effectiveness of this
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cyclization reaction proved to be restricted to N-arylamides (entries 1-5). Although a wide range of

experimental conditions was tested on either alkyl (entries 7-8) or alkoxyamides (entry 9), they all failed to

afford the desired indazolone and a complex mixture of products was obtained in all cases. Similar results

were observed with amide 2l. Consequently, it must be pointed out that an aromatic ring seems to be

necessary to stabilize the corresponding N-acylnitrenium intermediate.

Table 2. Scope of the cyclization with respect to amides 2a—-g.

entry R 2 (%)* 3 (%)
1 Me  2a(69)°  3a(68)
2 allyl ~ 2b(77°  3b(62)
3 PhCH, 2¢c(67)°  3c(67)
4 Ph  2d(68)°  3d(61)
5 H 2e (71)°  3e (0)
6 COEt 2f(85"  3f(0)
7 TolSO, 2g(86)  3g(0)

“Isolated yield after purification by crystallization. ” Isolated yield after purification by flash chromatography. ¢ Synthesis through
conditions i. ¢ Synthesis through conditions ii.  Indazolone 3 was not detected in the complex mixture of compounds that was

obtained.

(@]
@f‘\OMe
NHMe

1a

2a

0]

i) [::]:H\NHRz
NHMe

,h—0

3a,h—o

i) AlMes, R°NH,, CH,Cl, reflux; ii) PIFA (0.01 M), CH,Cl,, TFA, 0 °C.
Scheme 9. Synthesis of indazolones 3a,h—o.

Table 3. Scope of the cyclization with respect to amides 2a,h—o.

entry R’ 2 (%)" 3 (%)
1 p-OMePh  2a(69)  3a (68)
2 Ph 2h (88)  3h (60)
3 1-Naph 21 (91)  3i(61)
4 p-EtPh 2 (89)  3j(60)
5 p-BrPh 2k (22) 3k (45)
6 H 21 (90) 31 (0)
7 PhCH, 2m(88) 3m (0)
8 allyl 2n (65)  3n(0)
9 OMe 20(18)  30(0)

“Isolated yield after purification by crystallization.
"Isolated yield after purification by flash chromatography.

To the view of the obtained results, and taking into account that a radical mechanism can be excluded,

supported by the fact that either oxygen atmosphere or an addition of a radical trap such as TEMPO or
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DPPH® did not affect the projected reaction at all, it can be proposed that this novel N-N bond formation
takes place through an N-acylnitrenium ion generated by the action of the mild oxidant PIFA on aromatic
amides. These intermediates react intramolecularly with the amine moiety, as the nucleophilic partner of the
reaction, giving rise to the highly valued heterocyclic systems 3.

Once the application of the PIFA-mediated N-N bond forming process to the synthesis of a series of
indazolone derivatives had been achieved, we decided to investigate the success of this transformation in
related systems with aromatic and heteroaromatic rings and, therefore, a series of substrates 6a—d was
chosen to construct the target indazolone derivatives. These precursors were obtained in a two-step
synthesis from commercially available methyl anthranilates 4a—d by a palladium—catalyzed N-arylation,
reaction using bromobenzene as the arylating agent,67 followed by the direct transformation of the resulting
aminoesters S5a—d into the desired amides 6a—d by a AlMes;—mediated aminolysis reaction (Scheme 10).
Next, we studied the reaction of these aromatic amides with PIFA under the cyclization conditions

previously optimized.

1 o) 1 0 1 0
R R R
M . NHPMP i
\/©ka . KjﬁL — jf\jﬁ<’N—PMP
R2 NHR R2 NHPh R2 N
Ph
5ad Roph )| 6a-d 7a-d

a, R'=R?=H; b, R'=R?=OMe; ¢, R'=H, R?=Cl; d, R'=F, R?=H
i) PhBr, Pd(OAc),, Xantphos, Cs,COs, toluene, 100 °C, sealed tube; ii) AlMes, p-anisidine, CH,Cl,, reflux;
iii) PIFA (0.01 M), CH,Cl,, TFA, 0 °C.
Scheme 10. Preparation of indazolones 7a—d.

Table 4. Yields of the transformation of Sa—d into 7a—d.
entry 5a-d (%)* 6a-d (%) 7a—d (%)
1 Sa (93) 6a (69) 7a (61)
2 5b (85) 6b (68) 7b (0)
3 Sc (71) 6¢ (70) 7c (81)

4 5d (85) 6d (70) 7d (77)
“Isolated yields after purification by flash-chromatography.
"Isolated yields after purification by crystallization from Et,O.

As shown in Table 4, the success of the proposed PIFA—-mediated cyclization process revealed a strong
dependence on the nature of the substituents in the aryl ring. Thus, it proved to be suitable for unsubstituted
substrates (entry 1) and for substrates bearing electron—withdrawing groups such as chlorine (entry 3) and
fluorine (entry 4) affording the desired indazolones 7a, 7¢ and 7d in 61%, 81% and 77% yields, respectively.
In contrast, the cyclization process failed when it was tested on the dimethoxy—substituted amide 6b (entry
2). In this case the desired indazolone 7b was not even detected and a complex mixture of products was
obtained instead. The existence of a competitive oxidation process on the electronically enriched aromatic

ring in substrate 6b can be argued to explain this particular result.
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As mentioned above, in order to investigate the extension of the presented methodology to other fused
heterocyclic systems, we also faced the synthesis of the related thieno-fused pyrazolone derivatives 11a,b by
a common sequence as shown in Scheme 11. Thus, methyl 3-amino-2-thiophenecarboxylates 8a,b were
submitted to a palladium—catalyzed N-arylation process affording satisfactorily the corresponding N-phenyl
derivatives 9a,b, which were next efficiently transformed into the desired aromatic amides 10a,b. On
treatment with PIFA, it was observed that, even after application of a complete array of experimental
conditions (by modifying solvents, temperature, and additives), amide 10a could never furnish the
corresponding bicycle 11a and complete degradation of the starting material was observed. Although
synthetically discouraging, this result could be anticipated considering the similar electronic nature of the
3,4-dimethoxyphenyl and thienyl systems. For that reason, we also examined the behavior of amide 10b
under our PIFA—promoted cyclization conditions. In this particular case, the desired thieno—fused
pyrazolone 11b was obtained in a nice 61% yield. Apparently, the decrease of the oxidation potential of the
thiophene ring due to the presence of the electron—withdrawing cyano group allows nitrogen oxidation and,

therefore, the cyclization reaction to take place.68

o}
NHPMP i S
N L N-PMP
NHPh N
R Ph
8a, R=R'=H ] 10a,b 11a,b
8b, R= CN R H )
9a, R=H;
9b, R= CN R’ P

i) PhBr, Pd(OAc),, Xantphos, Cs,CO3, toluene, 100 °C, sealed tube (69% for 8a, 57% for 8b);
ii) AlMes, p-anisidine, CH,Cl,, reflux (82% for 10a, 68% for 10b);
iii) PIFA (0.01 M), CH,Cl,, TFA, 0 °C (0% for 11a, 61% for 11b).

Scheme 11. Preparation of thieno—fused pyrazolone 11b.

Additionally, and taking into account the already described favorable results, we decided to test the
presented oxidative process on a linear amide to determine its suitability for the construction of the simple
pyrazolone skeleton. In this case (Scheme 12), the synthesis of the required para-methoxyphenylamide 14
was accomplished by following a known® aza—Michael reaction on ethyl acrylate 12, followed by a AlMe;—
promoted amidation protocol on the so—obtained derivative 13.

Next, when amide 14 was submitted to the action of PIFA, the desired pyrazolone derivative 15 was
obtained in a moderate 35% yield using trifluoroethanol as solvent, instead of CH,CIl/TFA as for the

previous examples, to attain complete conversion of the starting material.

(0] 0] O 0)
i i i
ﬁ\oa ., fJ\OEt L kaHPMP - E«/N_PMP
NHPh NHPh N
12 13 14 15 Ph

i) PhNH,, FeCls-7H,0, H,0, room temperature (72%); ii) AlMes, p-anisidine, CH,Cl,, reflux (72%);
iii) PIFA (0.01 M), TFEA, 0 °C (35%).

Scheme 12. Preparation of pyrazolone 15.
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2.4. Todine (IIT) mediated synthesis of isothiazolones

In connection with the previous work and following with our research on the synthesis of highly
valuable heterocycles through oxidative processes mediated by the environmentally friendly reagent PIFA,
we investigated the extension of the former strategy to the synthesis of benzisothiazol-3-one derivatives of
type 16. This novel approach (Scheme 13) features, once again, the PIFA—mediated oxidation of properly
substituted amides 17 and the subsequent trapping of the so-obtained N-centered electrophilic species by the

thiole moiety to form a new N-S bond.

1) (@]
PIFA N
/N—R p— H
S
16 SH 47

Scheme 13. Proposed strategy for the synthesis of benzisothiazolones 16.

A number of routes leading to the target compounds have been described in the literature but, although
they have been proven to be useful protocols, some of them are of limited use because they require the use
of highly toxic and corrosive agents such as chlorine gas.70 Therefore, the development of a chlorine—free
synthetic protocol would be rather desirable and, in this context, we envisaged that the employment of PIFA
would be of high practical value.

Our synthetic study started by an effective preparation of the required 2-mercaptoamide derivatives
17a—j following a AlMes;—promoted aminolysis protocol71 on commercially available methyl thiosalicylate
(18), as outlined in Scheme 14. Next, on the basis of our previous experience and in order to optimize the
experimental conditions for the proposed cyclization step, we selected para-methoxyphenylamide 17a as a
model system that could guarantee the stability of the corresponding N-acylnitrenium intermediate.”* Thus,
we briefly examined its behavior under the action of PIFA using different solvents (trifluoroethanol, CH,Cl,,
acetonitrile and toluene), temperatures (from 0 °C to 60 °C), and additives (TFA and BF;-OEt,) to conclude
that the optimal results were obtained when amide 17a was treated with PIFA (0.01 M) in CH,Cl, at 0 °C in
the presence of TFA (3.0 eq.) leading to benzisothiazolone 16a in 78% yield.

0 o) o
-R
dOMe AlMe3 R-NH> @LH PIFA (0.01M) @j/(N—R
SH CHyCly, reflux SH CHxCly TFA, 0 O g
18 17a-j 16a-j

Scheme 14. Synthesis of benzisothiazolones 16a—j from amides 17a—j.

Having established an optimal protocol for the key cyclization step, and with the aim to determine its
scope with respect to the amide motif, we analyzed the influence of the nature of this functionality on the
efficiency of the cyclization step. Thus, when treated with the easy-to-handle reagent PIFA under the
optimized reaction conditions, amides 17a—j afforded the corresponding benzisothiazolones 16a—j in good

yields (Table 5). Consequently, these results suggest that activated (17a,c), non-activated (17b,d), and
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moderately deactivated (17e,f) aryl rings, as well as the methoxypyridyl system (17g), are able to stabilize
the N-acylnitrenium intermediate and, therefore, to accomplish successfully the scheduled cyclization. To
our delight, alkylamides 17h and 17j also rendered successfully the corresponding benzisothiazolones 16h
and 16j, respectively.73 Thus, while the previously reported oxidative process for the construction of N-N
linkages by employing amine moieties as the nucleophilic counterpart of the reaction proved to be restricted

to aromatic amides, the presented process can be efficiently extended to a number alkyl amides.”

Table 5. Synthetic details for the transformation of amides 17 into benzisothiazolones 16a—j.

entry Amide 17 (%)* Benzisothiazolone 16 (%)°
OMe

(6]
1 Q 17a (92) @jK . 16a(78)
(0]
17b (95) @[ﬁ;@ 16b (71)
S

(0]
17¢ (95) @NOEt 16¢ (66)
17d (95) ©E< 16d (62)
S
(0]
17e (95) @:N@ 16€ (64)
|
0 Me O
17¢ (91) @NQMe 16f (67)
H S
Br

(@)} W SN (O8] [\
wn Q [92) (@]
@ ; » z=o i=
z (2] (O T = ®
T I= = T I=
* 0 *Q @
O !

o — | OMe o)

7 SHH N 17g (61) @N QOMe 16g (70)
O (0]

8 Npn 17h (60) ©EI</N_/Ph 16h (60)
SH S
(0] 0]

9 @fLHW 17i (63)° @ﬁNf 16i (0)
SH s
(0] (0]

10 GELH'MG 17j (76) @f{N_Me 16§ (60)
SH S

“ Isolated yields after purification by crystallization from Et,O.
?Isolated yields after purification by column chromatography.

Previously, it has been shown in Scheme 3 (section 1.1.) a poorly developed, but closely related,
synthetic approach to the construction the benzisothiazolone system based on the action of PIFA on

S-benzylated mercaptobenzamides, that takes place through an interrupted Pummerer type reaction.
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— Nu

+ Nu
— > —S=CH- — —S~’— + CF4CO,H Pummerer
OCOCF; H
/§\/ —
- _ N N
OCOCF; Nu L ' ( interrupted
— /§_M — S 4 OCOCF; Pummerer
"OCOCF3

Scheme 15. Schematic representation of a Pummerer and an interrupted Pummerer reactions.

Although formally very similar, both strategies differ both in the operating mechanism and also in the
required substrates. Thus, as shown in Scheme 16, while our reaction takes place directly on
mercaptobenzamides through the generation of a nitrenium intermediate, Chen’s approach involves an
additional step to benzylate the thiol group. The action of PIFA on such substrate leads to the formation of
thionium intermediate that, after cyclization, expels benzyl trifluoroacetate to render the final

benzisothiazolone derivative.

o)
Phl + TFA 2
i NHAr @J/ﬁN—Ar
,S/\Ph _S\\
OCOCF4
(R=Bn) CF3CO5Bn
0 0
@LNHN PIFA @\)(N_Ar
SR S
+
(R=H) H
SH O Phl + CF3CO0° o)
N,Ar { N
i N—Ar
Ph” ~OCOCF4 SH

Scheme 16. Alternatives to the PIFA-mediated synthesis of benzisothiazolones from mercaptobenzamides.

Acknowledgments
Financial support from the University of the Basque Country (9/UPV 41.310-13656/2001) and the
Spanish Ministry of Science and Technology (CTQ 2004-03706/BQU) is gratefully acknowledged. A. C.

thanks the Basque Government for a predoctoral fellowship.

References

1. Rahman, A.-U.; Malik, S.; Cun-heng, H.; Clardy, J. Tetrahedron Lett. 1985, 26, 2759-2762.

2. Rahman, A.-U.; Malik, S.; Hasan, S. S.; Choudhary, M. 1.; Ni, C.-Z.; Clardy, J. Tetrahedron Lett.
1995, 36, 1993-1996.

3. Cerecetto, H.; Gerpe, A.; Gonzalez, M.; Aran, V. J.; de Ocariz, C. O. Mini-Rev. Med. Chem. 2005, 5,
869-878.

216



e

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.

25.
26.
27.
28.

This drug is commercially known under a number of trade names, including Andolex®, for example.
(a) Bistocchi, G. A.; De Meo, G.; Pedini, M.; Ricci, A.; Brouilhet, H.; Boucherie, S.; Rabaud, M.;
Jacquignon, P. Farmaco Ed. Sci. 1981, 36, 315-333. (b) Picciola, G.; Ravenna, F.; Carenini, G.;
Gentili, P.; Riva, M. Farmaco Ed. Sci. 1981, 36, 1037-1056.

(a) Keppler, B. K.; Hartmann, M. Met.-Based Drugs 1994, I, 145-150. (b) Showalter, H. D. H.;
Angelo, M. M.; Berman, E. M.; Kanter, G. D.; Ortwine, D. F.; Ross-Kesten, S. G.; Sercel, A. D.;
Turner, W. R.; Werbel, L. M.; Worth, D. F.; Elslager, E. F.; Leopald, W. R.; Shillis, J. L. J. Med.
Chem. 1988, 31, 1527-1539.

(a) Sun, J.-H.; Teleha, C. A.; Yan, J.-S.; Rodgers, J. D.; Nugiel, D. A. J. Org. Chem. 1997, 62, 5627—
5629. (b) Rodgers, J. D.; Johnson, B. L.; Wang, H.; Greenberg, R. A.; Erickson-Viitanen, S.; Klabe, R.
M.; Cordova, B. C.; Rayner, M. M.; Lam, G. N.; Chang, C.-H. Bioorg. Med. Chem. Lett. 1996, 6,
2919-2924.

Ikeda, Y.; Takano, N.; Matsushita, H.; Shiraki, Y.; Koide, T.; Nagashima, R.; Fujimura, Y.; Shindo,
M.; Suzuki, S.; Iwasaki, T. Arzneim.-Forsch. 1979, 29, 511-520.

(a) Badawey, E.-S. A. M.; El-Ashmawey, I. M. Eur. J. Med. Chem. 1998, 33, 349-361. (b) El-
Hawash, S. A. M.; Badawey, E.-S. A. M.; El-Ashmawey, 1. M. Eur. J. Med. Chem. 2006, 41, 155-165.
(a) Fletcher, S. R.; Mclver, E.; Lewis, S.; Burkamp, F.; Leech, C.; Mason, G.; Boyce, S.; Morrison, D.;
Richards, G.; Sutton, K.; Jones, A. B. Bioorg. Med. Chem. Lett. 2006, 16, 2872-2876. (b) McBride, C.
M.; Renhowe, P. A.; Gesner, T. G.; Jansen, J. M.; Lin, J.; Ma, S.; Zhou, Y.; Shafer, C. M. Bioorg.
Med. Chem. Lett. 2006, 16, 3789-3792.

Wiyrick, S. D.; Voorstad, P. J.; Cocolas, G.; Hall, I. H. J. Med. Chem. 1984, 27, 768-772.

Corsi, G.; Palazzo, G. J. Med. Chem. 1976, 19, 778-783.

(a) Clark, M. P.; Laughlin, S. K.; Laufersweiler, M. J.; Bookland, R. G.; Brugel, T. A.; Golebiowski,
A.; Sabat, M. P.; Townes, J. A.; VanRens, J. C.; Djung, J. F.; Natchus, M. G.; De, B.; Hsieh, L. C.;
Xu, S. C.; Walter, R. L.; Mekel, M. J.; Heitmeyer, S. A.; Brown, K. K.; Juergens, K.; Taiwo, Y. O.;
Janusz, M. 1. J. Med. Chem. 2004, 47, 2724-2727. (b) Golebiowski, A.; Townes, J. A.; Laufersweiler,
M. J.; Brugel, T. A.; Clark, M. P.; Clark, C. M.; Djung, J. F.; Laughlin, S. K.; Sabat, M. P.; Bookland,
R. G.; VanRens, J. C.; De, B.; Hsieh, L. C.; Janusz, M. J.; Walter, R. L.; Webster, M. E.; Mekel, M. J.
Bioorg. Med. Chem. Lett. 2005, 15, 2285-2289.

For a comprehensive review of the chemistry of indazoles including ring-closure reactions, ring
transformations and substituent modifications, see: Stadlbauer, W. Sci. Synth. 2002, 12, 227-324.

(a) Paal, C.; Krecke, F. Chem. Ber. 1890, 23, 2640-2641. (b) Paal, C. Chem. Ber. 1891, 24, 959-966.
(c) Busch, V.; Hartman. P. J. Prakt. Chem. 1895, 2, 404—-406.

(a) Auwers, K. V.; Schaich, W. Chem. Ber. 1921, 54, 1738-1761. (b) Albini, A.; Bettinetti, G.; Minoli,
G. Heterocycles 1988, 27, 1207-1216. (c) Seela, F.; Bourgeois, W. Helv. Chim. Acta. 1991, 74, 315-
322.

(a) Cerrada, M. L.; Elguero, J.; de la Fuente, J.; Pardo, C.; Ramos, M. Synth. Commun. 1993, 23,
1947-1952. (b) Rosevear, J.; Wilshire, J. F. K. Aust. J. Chem. 1991, 44, 1097-1114.

A more recent paper shows the regioselective synthesis of 2-alkyl-2H-indazoles: Cheung, M.; Boloor,
A.; Stafford, J. A. J. Org. Chem. 2003, 68, 4093-4095.

(a) Cadogan, J. I. G.; Cameron-Wood, M.; Mackie, R. K.; Searle, R. J. G. J. Chem. Soc. 1965, 4831—
4837. (b) Armour, M. A.; Cadogan, J. I. G.; Grace, D. S. B. J. Chem. Soc., Perkin Trans. 2 1975,
1185-1189. (c¢) Cadogan, J. I. G.; Mackie, R. K. Org. Synth. 1968, 48, 113-116.

Varughese, D. J.; Manhas, M. S.; Bose, A. K. Tetrahedron Lett. 2006, 47, 6795-6797.

Akazome, M.; Kondo, T.; Watanabe, Y. J. Chem. Soc., Chem. Commun. 1991, 1466-1467.
Frontana—Uribe, B. A.; Moinet, C. Tetrahedron 1998, 54, 3197-3206.

Song, J. J.; Yee, N. K. Org. Lett. 2000, 2, 519-521.

Inamoto, K.; Katsuno, M.; Yoshino, T.; Arai, Y.; Hiroya, K.; Sakamoto, T. Tetrahedron 2007, 63,
2695-2711.

Lukin, K.; Hsu, M. C.; Fernando, D.; Leanna M. R. J. Org. Chem. 2006, 71, 8166—8172.

Cho, C. S.; Lim, D. K.; Heo, N. H.; Kim, T.-J.; Shim, S. C. Chem. Commun. 2004, 104-105.

Mills, A. D.; Nazer, M. Z.; Haddadin, M. J.; Kurth, M. J. J. Org. Chem. 2006, 71, 2687-2689.

See reference 14.

217



29.

30.
31.

32.
33.
34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

Yoshida, T.; Matsuura, N.; Yamamoto, K.; Doi, M.; Shimada, K.; Morie, T.; Kato, S. Heterocycles
1996, 43, 2701-2712.

Peters, M. V.; Stoll, R. S.; Goddard, R.; Buth, G.; Hecht, S. J. Org. Chem. 2006, 71, 7840-7845.

(a) Jin, T.; Yamamoto, Y. Angew. Chem., Int. Ed. Engl. 2007, 46, 3323-3325. (b) Kotali , A.; Harris,
P. A. J. Heterocycl. Chem. 1996, 33, 605-606.

Zhou, D.-Y.; Koike, T.; Suetsugu, S.; Onitsuka, K.; Takahashi, S. Inorg. Chim. Acta. 2004, 357, 3057—
3063.

Baiocchi, L.; Corsi, G.; Palazzo, G. Synthesis 1978, 633-648.

Barton, D. H. R.; Lukacs, G.; Wagle, D. J. Chem. Soc., Chem. Commun. 1982, 450—452.

(a) Bird, C. W.; Chng, J. C. W.; Rama, N. H.; Saeed, A. Synth. Commun. 1991, 21, 545-548. (b)
Bruneau, P.; Delvare, C.; Edwards, M. P.; McMillan, R. M. J. Med. Chem. 1991, 34, 1028-1036.

(a) For a review on the preparation and chemistry of 1,2-benzisothiazoles and 2,1-benzisothiazoles,
see: Davis, M. Adv. Heterocycl. Chem. 1972, 14, 58—63. (b) Pain, D. L.; Peart, B. J.; Wooldridge, K.
R. H. In Comprehensive Heterocyclic Chemistry; Potts, K. T., Ed.; Pergamon: Oxford, 1984; Vol. 6, p.
175. (c) Loo, J. A.; Holler, T. P.; Sanchez, J.; Gogliotti, R.; Maloney, L.; Reily, M. D. J. Med. Chem.
1996, 39, 4313-4320.

For some selected monographs, see: (a) Chapman, R. F.; Peart, B. J. In Comprehensive Heterocyclic
Chemistry II; Shinkai, 1., Ed.; Pergamon: Oxford, 1996; Vol. 3, p. 371. (b) See also reference 36b.
Rice, W. G.; Supko, J. G.; Malspeis, L.; Buckheit, R. W.; Clanton, D.; Bu, M.; Graham, L.; Schaffer,
C. A.; Turpin, J. A.; Domagala, J.; Gogliotti, R.; Bader, J. P.; Halliday, S. M.; Coren, L.; Sowder, R.
C.; Arthur, L. O.; Henderson, L. E. Science 1995, 270, 1194-1197.

Turpin, J. A.; Song, Y.; Inman, J. K.; Huang, M.; Wallqgvist, A.; Maynard, A.; Covell, D. G.; Rice, W.
G.; Appella, E. J. Med. Chem. 1999, 42, 67-86.

(a) Jin, C. K.; Moon, J.-K.; Lee, W. S.; Nam, K. S. Synlett 2003, 1967-1968. (b) Sano, T.; Takagi, T.;
Gama, Y.; Shibuya, I.; Shimizu, M. Synthesis 2004, 1585-1588.

(a) Shimizu, M.; Sugano, Y.; Konakahara, T.; Gama, Y.; Shibuya, 1. Tetrahedron 2002, 58, 3779—
3783. (b) Shimizu, M.; Takeda, A.; Fukazawa, H.; Abe, Y.; Shibuya, 1. Heterocycles 2003, 60, 1855—
1864.

Chiyoda, T.; lida, K.; Takatori, K.; Kajiwara, M. Synlett 2000, 1427-1428.

Baggaley, K. H.; English, P. D.; Jennings, L. J. A.; Morgan, B.; Nunn, B.; Tyrrell, A. W. R. J. Med.
Chem. 1985, 28, 1661-1667.

Wang, H.-M.; Huang, H.-Y.; Kang, L.-J.; Chen, L.-C. Heterocycles 2001, 55, 1231-1235.

(a) Varvoglis, A. Hypervalent lodine in Organic Synthesis; Academic Press, 1997. (b) Varvoglis, A.
The Organic Chemistry of Polycoordinated lodine; VCH: New York, 1992. (c) Muraki, T.; Togo, H.;
Yokoyama, M. Rev. Heteroatom Chemistry 1997, 17, 213-243. (d) Wirth, T.; Hirt, U. H. Synthesis
1999, 1271-1287.

Some selected advances in this field: (a) Hamamoto, H.; Shiozaki, Y.; Nambu, H.; Hata, K.; Tohma,
H.; Kita, Y. Chem. Eur. J. 2004, 10, 4977-4982. (b) Harayama, Y.; Yoshida, M.; Kamimura, D.; Kita,
Y. Chem. Commun. 2005, 1764-1766.

(a) Prakash, O.; Saini, N.; Sharma, P. K. Synlett 1994, 221-227. (b) Moriarty, R. M.; Prakash, O. In
Synthesis of heterocyclic compounds using organohypervalent iodine reagents, Adv. Heterocycl.
Chem. 1998, 69, 1-87. (c) Koser, G. F. In The synthesis of heterocyclic compounds with hypervalent
iodine reagents, Adv. Heterocycl. Chem. 2004, 86, 225-292.

See for example: (a) Varvoglis, A. Chem. Soc. Rev. 1981, 10, 377-407. (b) Varvoglis, A. Synthesis
1984, 709-726.

(a) Dauban, P.; Dodd, R. H. Synlerr 2003, 1571-1586. (b) Examples of catalytic asymmetric
sulfimidation in: Takada, H.; Nishibayashi, Y.; Ohe, K.; Uemura, S.; Baird, C. P.; Sparey, T. J.;
Taylor, P. C. J. Org. Chem. 1997, 62, 6512-65138.

(a) Evans, D. A.; Faul, M. M.; Bilodeau, M. T. J. Org. Chem. 1991, 56, 6744-6746. (b) Evans, D. A.;
Bilodeau, M. T.; Faul, M. M. J. Am. Chem. Soc. 1994, 116, 2742-2753.

(a) Bolm, C.; Muiiiz, K.; Aguilar, N.; Kesselgruber, M.; Raabe, G. Synthesis 1999, 1251-1260. (b)
Bolm, C.; Kesselgruber, M.; Muiiz, K.; Raabe, G. Organometallics 2000, 9, 1648-1651.

218



52.
53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.

68.
69.
70.
71.
72.
73.

74.

Miyake, Y.; Oda, M.; Oyamada, A.; Takada, H.; Ohe, K.; Uemura, S. J. Organometal. Chem. 2000,
611,475-487.

Macikenas, D.; Skrzypczak-Jankun, E.; Protasiewicz, J. D. J. Am. Chem. Soc. 1999, 121, 7164-7165.
Ou, W.; Wang, Z.-G.; Chen, Z.-C. Synth. Commun. 1999, 29, 2301-2309.

(a) Kadlubar, K. K. In DNA Adducts Identification and Biological Significance; Hemmink, K.; Dipple,
A.; Shugar, D. E. G.; Segerback, D.; Bartsch, H., Eds.; University Press: Oxford, UK, 1994. (b)
McClelland, R. A.; Ahmad, A.; Dicks, A. P.; Licence, V. E. J. Am. Chem. Soc. 1999, 121, 3303-3310.
For reviews concerning the chemistry of nitrenium ions, see: (a) Abramovitch, R. A.; Jeyaraman, R. In
Azides and Nitrenes: Reactivity and Utility; Scriven, E. F. V., Ed.; Academic Press: Orlando, 1984; pp.
297-357. (b) Falvey, D. E. In Reactive Intermediate Chemistry; Moss, R. A.; Platz, M. S.; Jones, M.,
Eds.; Wiley-Interscience: Hoboken, NJ, 2004; pp. 594-650.

(a) Glover, S. A.; Goosen, A.; McClei, C. W.; Schoonraad, J. L. Tetrahedron 1987, 43, 2577-2592. (b)
Kikugawa, Y.; Nagashima, A.; Sakamoto, T.; Miyazama, E.; Shiiya, M. J. Org. Chem. 2003, 68,
6739-6744. (c) Kung, A. C.; Falvey, D. E. J. Org. Chem. 2005, 70, 3127-3132.

Kawase, M.; Miyake, Y.; Sakamoto, T.; Shimada, M.; Kikugawa, Y. Tetrahedron 1989, 45, 1653—
1660.

When the easily handled and environmentally friendly I(IIT) reagent is used, an undesirable aromatic
chlorination process is avoided, since it is not required to generate acylnitrenium ions prior
chlorination. See: Kikugawa, Y. Rev. Heteroatom Chem. 1996, 15, 263-299.

(a) Wardrop, D. J.; Zhang, W. Org. Lett. 2001, 3, 2353-2356. (b) Wardrop, D. J.; Landrie, C. L.; Ortiz,
J. A. Synlett 2003, 1352—-1354.

(a) Wardrop, D. J.; Burge, M. S. Chem. Commun. 2004, 1230-1231. (b) Correa, A.; Tellitu, L;
Dominguez, E.; Moreno, I.; SanMartin, R. J. Org. Chem. 2005, 70, 2256-2264. (c) Wardrop, D. J.;
Burge, M. S. J. Org. Chem. 2005, 70, 10271-10284.

(a) Serna, S.; Tellitu, I.; Dominguez, E.; Moreno, 1.; SanMartin, R. Tetrahedron Lett. 2003, 44, 3483—
3486. (b) Serna, S.; Tellitu, I.; Dominguez, E.; Moreno, 1.; SanMartin, R. Org. Lett. 2005, 7, 3073—
3076.

(a) Levin, J. I.; Turos, E.; Weinreb, S. M. Synth. Commun. 1982, 12, 989-993. (b) See also: Novak, A.;
Humphreys, L. D.; Walker, M. D.; Woodward, S. Tetrahedron Lett. 2006, 47, 5767-57609.

Romero, A. G.; Darlington, W. H.; McMillan, M. W. J. Org. Chem. 1997, 62, 6582—-6587.

For a review on the general synthesis of amides, see: Montalbetti, C. A. G. N.; Falque, V. Tetrahedron
2005, 61, 10827-10852.

Kawase, M.; Kitamura, T.; Kikugawa, Y. J. Org. Chem. 1989, 54, 3394—-3403.

For some recent reviews on palladium—catalyzed C-N bond formation, see: (a) Muci, A. R.;
Buchwald, S. L. Top. Curr. Chem. 2002, 219, 131-209. (b) Hartwig, J. F. Synlett 2006, 1283—-1294.

If desired, the cyano group could be removed in an additional step to yield pyrazolone 1la. See:
Mattalia, J.-M.; Marchi-Delapierre, C.; Hazimeh, H.; Chanon, M. ARKIVOC 2006, iv, 90-118.

Xu, L.-W; Li, L.; Xia, C.-G. Helv. Chim. Acta 2004, 87, 1522-1526.

See references 36a and 43.

See reference 63.

When nitrenium ions are stabilized by the electron-donating effect of a proper neighbor group (such as
aryl, alkoxy or nitrogen groups), they exhibit sufficient long-life to undergo further transformations.
See reference 57.

Alkyl substituents at the 2-position bearing a basic group are sometimes necessary for ex vivo
biological activity of the 1,2-benzisothiazol-3-ones. See reference 43.

(a) Computational calculations on alkylnitrenium ions show that there is substantial hyperconjugation
from the vicinal sigma bonds of the N-alkyl substituent. (a) Glover, S. A.; Scott, A. P. Tetrahedron
1989, 45, 1763-1776. (b) Cramer, C. J.; Dulles, F. J.; Falvey, D. E. J. Am. Chem. Soc. 1994, 116,
9787-9788. Apart from these theoretical studies, no other synthetic application of alkylnitrenium
intermediates can be found in the literature, as far as we know. However, and due to the low
stabilization of deficient nitrogen species that a methyl group would produce, an alternative formation
of an intermediate of type ArCON(Me)-IPh(OCOCF;) that reacts intramolecularly with the thiole
group followed by reductive elimination of iodobenzene can not be ruled out. (b) Although a wide

219



range of experimental conditions was tested on amide 17i, they all failed to afford the desired
heterocycle leading, in all cases, to a complex mixture of products. Apparently double bond reacts
faster than the amide functionality with PIFA. See, for example: Celik, M.; Alp, C.; Coskun, B.;
Giiltekin, M. S.; Balci, M. Tetrahedron Lett. 2006, 3659-3663.

220



1,2,4,5,10b,10c-HEXAHYDROPYRROLOI[1°,2°,3’:1,9a2,9]IMIDAZO[1,2-a]INDOLE,
A NOVEL TETRAHETEROCYCLIC SYSTEM: STUDIES TOWARD INDOLE
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Abstract. This review covers our studies on the highly stereoselective synthesis of indole alkaloid analogues
containing the novel tetraheterocyclic ring system 1,2,4,5,10b,10c-hexahydropyrrolo[1’,2’,3°:1,9a,9]-
imidazo[ 1,2-aJindole by acid-mediated domino cyclative electrophile additions upon tryptophan-derived
a-amino nitriles. When the electrophile is a proton, a tautomerization takes place to give 10b-unsubstituted-
hexahydropyrrolo[1°,2°,3°:1,9a,9]imidazo[ 1,2-a]indoles, while, the acid-mediated reaction with other
electrophiles, such as halosuccinidides, prenyl bromide, the Corey-Kim reagent, or oxidants, leads to
10b-substituted analogues. This reaction requires the acid-mediated activation of the cyano group, which is
transformed in an endocyclic amidine. Further manipulation of the 10b-halo- or 10b-methylthiomethyl
groups allows to extend the diversity of substituents at this position. The endocyclic amidine can be
N-acetylated and N-benzyloxycarbonyl-protected, but not N-tert-butoxycarbonyl-protected. Finally, the

alkylative hydrolysis of the amidine leads to the corresponding lactam analogues.
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