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odos los resultados que se encuentran en el presente escrito han
sido publicados en revistas cientificas internacionales arbitradas.

Dichos resultados estdn representados por 6 articulos publicados. Para
fines meramente prdcticos, cada uno de estos trabajos se referirdn
desde este momento y de manera arbitrariac como Proyecto 1, Proyecto
2, Proyecto 3, Proyecto 4, Proyecto 5 y Proyecto 6.

En el Anexo 1 se adjuntan cada uno de estos frabajos en sus versiones
publicadas por las editoriales correspondientes.

Cabe mencionar que cada uno de los compuestos sintetizados fueron
identificados por Resonancia Magnética Nuclear ('H vy 13C),
espectrometria de masas de baja resolucidon (MS) y/o alta resolucién
(HRMS). Sin embargo las copias de dichos andlisis no se adjuntan en este
trabajo ya que pueden consultarse directamente en los sitios/ligas web
abajo mencionados (Supporting information/Supplementary Material).

Es asi que el lector puede consultar directamente estos archivos PDF de
sus fuentes originales, disponibles en las plataformas web de cada
editorial. A continuacién se describen las ligas URL asi como el Digital
Object Identifier (DOI):

: Proyecto 1
Tetrhdon 4

A NOVEL AND FACILE SYNTHESIS OF 1,4,5-TRISUBSTITUTED 1,2,3-TRIAZOLES FROM BENZYLIC
ALCOHOLS THROUGH A ONE-POT, THREE-COMPONENT SYSTEM. Tefrahedron Letters,
2015, 56, 3, 514-516.

DOI: 10.1016/j.tetlet.2014.12.019
http://www.sciencedirect.com/science/article/pii/S00404039 14020735

Proyecto 2

A STRAIGHTFORWARD AND VERSATILE APPROACH TO THE SYNTHESIS OF 1,4,5-TRISUBSTITUTED
1,2,3-TRIAZOLES FROM ALKYL HALIDES VIA A ONE-POT, THREE-COMPONENT REACTION.
Tetrahedron Letters, 2015, 56, 13, 1713-1715.

DOI: 10.1016/].tetlet.2015.02.049
http://www.sciencedirect.com/science/article/pii/S00404039 15003202

Proyecto 3

AZIDE-ENOLATE 1,3-DIPOLAR CYCLOADDITION AS AN EFFICIENT APPROACH FOR THE
SYNTHESIS OF 1,5-DISUBSTITUTED 1,2,3-TRIAZOLES FROM ALKYL/ARYL AZIDES AND B-
KETOPHOSPHONATES. European Journal of Organic Chemistry, 2016, 668—-672.
DOI: 10.1002/ejoc.201501465
http://onlinelibrary.wiley.com/doi/10.1002/ejoc.201501465/full



http://doi.org/10.1016/j.tetlet.2014.12.019
http://www.sciencedirect.com/science/article/pii/S0040403914020735
http://doi.org/10.1016/j.tetlet.2015.02.049
http://www.sciencedirect.com/science/article/pii/S0040403915003202
http://dx.doi.org/10.1002/ejoc.201501465
http://onlinelibrary.wiley.com/doi/10.1002/ejoc.201501465/full

Proyecto 4

ANTIFUNGAL ACTIVITY OF 1'-HOMO-N-1,2,3-TRIAZOL-BICYCLIC CARBONUCLEOSIDES: A
NOVEL TYPE OF COMPOUND AFFORDED BY AZIDE-ENOLATE (3+2) CYCLOADDITION.
Bioorganic Chemistry, 2016, 69, 1-6

DOI: 10.1016/j.bioorg.2016.09.003
http://www.sciencedirect.com/science/article/pii/S0045206816300694

BIO-ORGANIC
CHEMISTRY

Proyecto 5

AZIDE-ENOLATE 1,3-DIPOLAR CYCLOADDITION IN THE SYNTHESIS OF NOVEL TRIAZOLE-BASED
MICONAZOLE ANALOGUES AS PROMISING ANTIFUNGAL AGENTS. European Journal of
Medicinal Chemistry, 2016, 112, 60-65

DOI: 10.1016/j.ejmech.2016.02.013
http://www.sciencedirect.com/science/article/pii/S0223523416300836

Proyecto 6

A STRAIGHTFORWARD AND VERSATILE PROTOCOL FOR THE DIRECT CONVERSION OF BENZYLIC
# AZIDES TO KETONES AND ALDEHYDES. RSC Advances, 2016, 6, 83547-83550.

DOI: 10.1039/C6RA13088CG
http://pubs.rsc.org/en/Content/ArticleLanding/2016/RA/C6RA13088G#!div
Abstract

Los andlisis microbiolégicos descritos en los papers del Proyecto 5 y
proyecto é fueron realizados por la M. en C. Q. Alejandra Ramirez
Villalva vy la Q.F.B. Maria G. Mejia Dionicio (miembros del grupo) como
parte de las tareas, responsabilidades y objetivos multidisciplinarios de
nuestro grupo de investigacion. Por lo que estos no pertenecen a los
objetivos, metas y discusién de este frabajo (no contemplados en el
protocolo de investigacion) sélo se presentan como resultados
inherentes de la sintesis de los andlogos nucleosidicos y del Miconazol.


http://doi.org/10.1016/j.bioorg.2016.09.003
http://www.sciencedirect.com/science/article/pii/S0045206816300694
http://doi.org/10.1016/j.ejmech.2016.02.013
http://www.sciencedirect.com/science/article/pii/S0223523416300836
http://pubs.rsc.org/en/Content/ArticleLanding/2016/RA/C6RA13088G#!divAbstract
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Los trabajos descritos en el Anexo 1 que definen la disertacién
del presente trabajo, se llevaron a cabo en el laboratorio del
Departamento de Quimica  Orgdnica de la Facultad de
Quimica de la UAEM, bajo la direccién del Dr. Carlos Gonzdlez y
la Dra. Aydeé Fuentes. Los andlisis microbioldgicos se llevaron a
cabo en el Departamento de Microbiologia de la misma
institucion por la M. en C. Q. Alejandra Ramirez y la Q.F.B. Maria
G. Mejia Dionicio, miembros de nuestro grupo de investigacion.

De manera extracurricular se llevé a cabo una estancia de
investigacién en la Universidad de Cambridge (Reino Unido),
bajo la direccién del Prof. Steven V. Ley con el proyecto titulado
‘New flow reactor system for the catalytic reduction of nitriles to
amines’. En el Anexo 2 se adjunta un informe de dichas
actividades.

Los resultados aqui escritos también han sido presentados en diferentes en
congresos nhacionales e internacionales.

CONGRESOS NACIONALES:

e "49° Congreso Mexicano de Quimica-33° Congreso Nacional
de Educacién Quimica”, Mérida, Yucatdn. 2014.

e "50° Congreso Mexicano de Quimica-34° Congreso Nacional
de Educacién Quimica”, Querétaro. 2015.

CONGRESOS INTERNACIONALES:

“16th Tetrahedron Symposium: Challenges in Bioorganic and
Organic Chemistry”, Berlin, Alemania. 2015.



Vi

AGRADECIMIENTOS

Agradezco enormemente a la Dra. Aydeé Fuentes Benites y al Dr. Carlos
Gonzdlez Romero por el valioso conocimiento y experiencia; por su
apoyo, consejos y paciencia para la direccidn de la presente trabajo.

Al Dr. J. Francisco Delgado Reyes, a la Dra. Susana Herndndez Lépez y a
la Dra. M. Fernanda Ballesteros Rivas por la valiosa revisidn, comentarios y
sugerencias a este escrito.

A la M. en C. Ma. de las Nieves Zavala Segovia y a la M. en C. Lizbeth
Triana Cruz del Centro Conjunto de Investigaciones Quimicas UAEM—
UNAM por su apoyo en los andlisis de Resonancia Magnética Nuclear y
Espectroscopia de Masas, respectivamente, de todos los compuestos
descritos en el presente trabagjo.

Con solo dos manos no hubiese sido posible la culminacién de todo este
frabajo. Es por ello que quiero expresar un profundo agradecimiento a
Guadalupe Mejia, ltzel Santillan, Marco A. Morales y José Aguirre de
quienes tuve la oportunidad de fungir como co-asesor en sus tesis de
licenciatura. La cooperacién en equipo para el bien comUn es algo que
aprendi de todos ellos.

A mi amiga y colega, la M. en C. Q. Alejandra Ramirez por su invaluable
apoyo en el drea microbioldégica. Nuevamente comprendo que las
verdaderas colaboraciones abren mds puertas.

Al Consejo Nacional de Ciencia y Tecnologia (CONACYT), al Consejo
Mexiquense de Ciencia y Tecnologia (COMECYT) y a la Secretaria de
Investigacion y Estudios Avanzados (SIEA) de la UAEM por las becas
otorgadas durante mis estudios doctorales.

Al Dr. Steven V. Ley por la oportunidad de trabajar en el Innovative
Technology Cenfre, Department of Chemistry de la University of
Cambridge, Reino Unido, asi como al Dr. Ricardo Labes por el advisoring
durante dicha estancia.

El Grupo de Investigacién agradece a la Secretaria de Investigaciones y
Estudios Avanzados de la UAEM por el financiamiento otorgado (No.
Reg. 3804/2014/CID)



vii

CONTENIDO
1. RESUMEN .....ooiiiiiiiiii i 1
2. EXPECTATIVAS ... 4
3. ANTECEDENTES ....ooiiiiiiee e 6
4. DISCUSION DE RESULTADOS ......c.ovvveeeeieiieeeeee e, 25
5. DESARROLLO EXPERIMENTAL ......ooovviiiieiieeeeeeee 28
6. CONCLUSIONES ......ooviieieiiieee e, 29

ANEXO 1: ARTICULOS PUBLICADOS

ANEXO 2: REPORTE ESTANCIA DE INVESTIGACION (UNIV. OF CAMBRIDGE)



1 1. Resumen

Se desarrollaron y estudiaron fres nuevas metodologias sintéticas para la
obtencion de 1,2,3-triazoles a través de cicloadiciones (3+2) azida-enolato
(Proyecto 1, Proyecto 2 y Proyecto 3). Los alcances asi como la versatilidad de
tales metodologias se demostraron mediante su aplicacion en la sintesis de
Andlogos Nucleosidicos (Proyecto 4) y del Miconazol (Proyecto 5). Como parte de
una colaboracion  multidisciplinaria,  estos  Ultimos  fueron  evaluados
bioldgicamente  (actividad antimicdtica) en especies microbiolégicas
flamentosas y levaduriformes de importancia clinica.

Fortuitamente se descubrid, estudid y desarrollo un nuevo protocolo para la
conversion directa de bencil azidas a grupos carbonilo (Proyecto é —proyecto
adicional-).

Para una comprension versdtil y general, se describen a continuaciéon los
Graphical Abstract y Absfracts para cada uno de estos, mismos que pueden ser
vistos en las versiones electronicas disponibles en las plataformas web de cada
editorial.

Abstract:

Three new synthetic methodologies for the approach to 1,2,3-triazoles
through an azide-enolate cycloaddition (Project 1, Project 2 and Project 3) were
developed and studied. The scope and the versatility of such methodologies were
demonstrated by their application in the synthesis of nucleoside (Project 4) and
Miconazole (Project 5) analogs. As part of a multidisciplinary collaboration, the
latter were biologically evaluated (antimycotic activity) in microbiological
flamentous and yeast species of clinical importance.

A new protocol for the direct conversion of benzyl azides to carbonyl groups
has been discovered, studied and developed (Project 6 —additional project-)

For a versatile and general understanding, the Graphical Abstracts and
Abstracts are described below for each of these ones, which can be seen in the
electronic versions available on the web sites of each editorial.
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Graphical Abstract:
Proyecto‘l (DPPA) (o) P

A NOVEL AND FACILE SYNTHESIS OF PhO—P—OPh
1,4,5-TRISUBSTITUTED  1,2,3-TRIAZOLES
FROM BENZYLIC ALCOHOLS THROUGH A | A + 5“% DBU | Ar N
ONE-POT, THREE-COMPONENT SYSTEM. T\ _— — \N/ N
Tetrahedron Letters, 2015, 56,

(0]
3,514-516. Rl)]\/RZ =

R1 R?

62-82%
17 examples

AN S X

Abstract: A simple one-pot procedure has been developed to efficiently prepare 1,4,5-trisubstituted 1,2,3-
friazoles from benzylic alcohols. The presence of diphenylphosphoryl azide (DPPA) and active ketones allows for
an azide—enolate [3+2] cycloaddition by use of DBU.

Graphical Abstract:

Proyecto 2
®
Na ©

A STRAIGHTFORWARD AND VERSATILE Ny @ R3
APPROACH TO THE SYNTHESIS OF 1,4,5- RI—X + N%ﬁ DBU ,/N
TRISUBSTITUTED  1,2,3-TRIAZOLES FROM > N |

X=Cl,Br, | o) DMF N
ALKYL HALIDES VIA A ONE-POT, THREE- . R2
COMPONENT REACTION. RZJ\/R | .
Tetrahedron Letters, 2015, 56, R
13,1713-1715. 73-82 %

14 examples

Abstract: The preparation of 1,4,5-trisubstituted 1,2,3-tfriazoles by the coupling of three components (alkyl halides,
sodium azide, and active ketones) through an azide-enolate [3+2] cycloaddition (Dimroth cycloaddition) has
been developed for the first time. A wide variety of halides (including chlorides, bromides, and iodides as well as
primary and secondary derivatives) have demonstrated the versatility of this method, which is based on a one-
pot system under mild reaction conditions.

Graphical Abstract:

Proyecto 3

azide-enolate 1,3-dipolar cycloaddition
AZIDE-ENOLATE 1,3-DIPOLAR
CYCLOADDITION AS AN EFFICIENT 'T'3 o .cf

Q
APPROACH FOR THE SYNTHESIS OF oD+ F|>\0Me —>KOH(2.09q)
1,5-DisuBsTiTUTED  1,2,3-TRIAZOLES OMe MeCN
FROM ALKYL/ARYL AZIDES AND B- 60°C, 5h
KETOPHOSPHONATES. European
Journal of Organic Chemistry, 70-97 %

2016, 668-672. 16 examples

Abstract: A simple procedure to prepare 1,5-disubstituted 1,2,3-friazoles efficiently from alkyl/aryl azides and -
ketophosphonates in the presence of KOH by an azide-enolate 1,3-dipolar cycloaddition in good yields was
developed.
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Proyecto 4

ANTIFUNGAL ACTIVITY OF 1'-HOMO-N-
1,2,3-TRIAZOL-BICYCLIC
CARBONUCLEOSIDES: A NOVEL TYPE OF
COMPOUND AFFORDED BY AZIDE-
ENOLATE  (3+2)  CYCLOADDITION.
Bioorganic Chemistry, 2016, 69,
1-6

Graphical Abstract:

b N=N

&
-

1-Homo-N-triazol-bicyclic

52

carbonucleosides

azide-
cycloaddition

This work

=N
¥
wa)\Rz
: R!
O\( OH

A
enolate (3+2) E

Antifungal studies

+ Aspergillus fumigatus

* Trichosporon cutaneum

* Rhizopus oryzae

 Mucor hiemalis Good

«Candidaspp. <: antifungal
activity

Abstract: The first report of 1'-homo-N-1,2,3-triazol-bicyclic carbonucleosides (7a and 7b) is described herein.
Azide-enolate (3+2) cycloaddifion afforded the synthesis of this novel type of compound. Anfifungal activity was
evaluated in vitro against four filamentous fungi (Aspergillus fumigatus, Trichosporon cutaneum, Rhizopus oryzae
and Mucor hiemalis) as well as nine species of Candida spp. as yeast specimens. These pre-clinical studies
suggest that compounds 7a and 7b are promising candidates for complementary biological studies due fo their

good activity against Candida spp.

Proyecto 5

AZIDE-ENOLATE 1,3-DIPOLAR
CYCLOADDITION IN THE SYNTHESIS OF
NOVEL TRIAZOLE-BASED MICONAZOLE

ANALOGUES AS PROMISING
ANTIFUNGAL  AGENTS. European
Journal of Medicinal

Chemistry, 2016, 112, 60-65

Azide-enolate 1,3dipolar
cycloaddition

Graphical Abstract:

1,4,5- and 1,5-substituted triazole derivatives
N .. N .
@_ % IN=N [ ¥ UN=N
N ﬁ] 3 N ! 3

Cl

-

..............

Triazolic analogs

M Cl
Antifungal studies

. N emmmmccmaaes "
A s o
H N™ & | H
i o] 7 i
H d '
1| B TR

Miconazole
cl

* Candida albicans *Candidautilis +Candida tropicalis

* Aspergillus fumigatus

= Rhizopus oryzae  =Mucor hiemalis

+Trichosporon cutaneum

Abstract: Seven miconazole analogs involving 1,4,5-tri and 1,5-disubstituted triazole moieties were synthesized by
azide-enolate 1,3-dipolar cycloaddition. The antifungal activity of these compounds was evaluafed in vitro
against four filamentous fungi, including Aspergillus fumigatus, Trichosporon cutaneum, Rhizopus oryzae, and
Mucor hiemalis as well as three species of Candida spp. as yeast specimens. These pre-clinical studies suggest
that compounds 4b, 4d and 7b can be considered as drug candidates for future complementary biological
studies due to their good/excellent antifungal activities.

Proyecto 6

A STRAIGHTFORWARD AND VERSATILE
PROTOCOL  FOR  THE DIRECT
CONVERSION OF BENZYLIC AZIDES TO
KETONES AND  ALDEHYDES. RSC
Advances, 2016, 6, 83547-
83550.

o 05

Graphical Abstract:
N, 1) NaH (2.0 eq), o

DMSO,
room temp.

H,0
>70%

oo

R = H: Aldehydes
10 examples

R = Alkyl: Ketones
10 examples

Q No metals

Q No strong oxidants

@ Simple protocol

Q Conventional reagents
Q Wide substrate scope

Abstract: The synthesis of carbonyl compounds from benzylic azides through benzylideneamides is described for
the first time. NaH-mediated activation of benzyl azides allows a rapid water-promoted oxidation under a facile

protocol with good yields.
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2. Expectativas

2.1. Objetivo General

Desarrollar y estudiar fres nuevas metodologias sintéticas para la obtencion
de 1,2,3-triazoles a través de cicloadiciones 1,3-dipolar azida-enolato asi como
comprobar sus alcances y versatilidad en la sintesis de Andlogos Nucleosidicos y
del Miconazol.

2.2.1.

222

2.2.3.

2.2.4.

2.2.5.

2.3.1.

= VA

2.2. Objetivos Especificos

Obtener 1,2,3-triazoles mediante cicloadiciones (3+2) azida-enolato
a partir de alcoholes bencilicos (formacién in situ de alquil azidas) y
cetonas.

Desarrollar un protocolo para obtener 1,2,3-tfriazoles mediante
cicloadiciones (3+2) azida-enolato a partir de halogenuros de alquilo
(formacidén in situ de alquil azidas) y cetonas.

Sintetizar 1,2,3-friazoles mediante cicloadiciones (3+2) azida-enolato
a partir de azidas y B-cetofosfonatos.

Generar andlogos nucleosidicos mediante la aplicacion de nuevas
estrategias sintéticas.

Producir andlogos del Miconazol mediante la aplicacion de nuevas
estrategias sintéticas.

2.3. Hipotesis:

Los heterociclos 1,2,3-friazoles pueden obtenerse via cicloadiciones
1,3-dipolar mediante el acoplamiento entre una cetona activada
del tipo R'"COCH2R"" y un alquil azida preparada in situ a partir de
alcoholes bencilicos.

Los heterociclos 1,2,3-triazoles pueden obtenerse via cicloadiciones
1,3-dipolar mediante el acoplamiento entre una cetona activada
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del tipo R'"COCH2R'" y un alquil azida preparada in situ a partir de
halogenuros de alquilo.

2.3.3. Los heterociclos 1,2,3-tfriazoles pueden obtenerse via cicloadiciones
1,3-dipolar mediante el acoplamiento entre una cetona activada
del tipo RCOCH2P(O)(OMe)2 y un alquil azida.

2.3.4. Es posible la obtencion de andlogos nucleosidicos mediante nuevas
metodologias sintéticas del tipo cicloadiciones 1,3-dipolar.

2.3.5. Es posible la obtencion de andlogos del Miconazol mediante nuevas
metodologias sintéticas del tipo cicloadiciones 1,3-dipolar.

2.4. Justificacion:

El nUcleo 1,2,3-triazole es un importante farmacdéforo por lo que su sintesis de
manera versatil, facil y sencilla siempre serd motivo de intensa investigacion
debido a los factores de COSTO/BENEFICIO. Por lo tanto, este frabajo permitird
ampliar la biblioteca de los métodos de sintesis de estos apreciables heterociclos.

El Centers for Disease Control and Prevention de EUA describe a las
enfermedades micdticas como un problema de salud publica a nivel mundial y
de incidencia para todas las clases sociales.! Dicho problema se ve ain mds
afectado por la RESISTENCIA FARMACOLOGICA de los microorganismos fungicos.? Este
hecho ha obligado a la quimica orgdnica medicinal a una continua y obligada
buUsqueda de nuevos agentes anti-fungicos.? Este trabajo pretende incursionar en
la solucidon de los problemas antes mencionados mediante la modificacion
estructural de farmacos lideres (sintesis de sus correspondientes andlogos), una
estrategia muy recurrente en la quimica medicinal. 4

! http://www.cde.gov/fungal/global/index.html (fuente consultada en Abril de 2017).

2 (a) Z. A. Kanafani, J. R. Perfect, Clin. Infect. Dis.2008, 46, 120-128. (b) M. A. Pfaller, Am. J. Med. 2012, 125, S3-S13.
(c) G. Morace, F. Perdoni, E. Borghi, Am. J. Med. 2014, 2, 254-259. (d) G. Morace, F. Perdoni, E. Borghi, J. Global
Antim. Resis. 2014, 2, 254-259. (e) J. B. Anderson, Nature Reviews Microbiology 2005, 3, 547-556.

% Para un completo entendimiento de este tema ver los siguientes Reviews: (a) M. K. Kathiravan, A. B. Salake, A. S.
Chothe, P. B. Dudhe, R. P. Watode, M. S. Mukta, S. Gadhwe, Bioorg. Med. Chem. 2012, 20, 5678-5698. (b) A. B.
Petersen, M. H. Rgnnest, T. O. Larsen, M. H. Clausen, Chem. Rev.2014, 12088-12107. (c) J. Heeres, L. Meerpoel P.
Lewi, Molecules 2010, 15, 4129-4188.

*W. R. J. D. Galloway, A. Bender, M. Welch, D. R. Spring, Chem. Commun. 2009, 2446-2462.


http://www.cdc.gov/fungal/global/index.html
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3. Antecedentes

IMPORTANTE: Las publicaciones (Anexo 1) de los trabajos que aqui
se reportan han involucrado de manera inherente, una
descripcién sustancial, apropiada y concisa de antecedentes
para cada wuno de los frabajos; antecedentes que
necesariamente fueron evaluados, discutidos y sugeridos por
réferis internacionales asi como por los mismos editores de cada
una de las revistas. Con la intenciéon de evitar la redundancia y
demasia, en esta seccién solo se abordaran conceptos que no

fueron descritos en dichos papers.

3.1. La cicloadicion 1,3-dipolar: Una breve
contextualizaciéon

Las reacciones orgdnicas podrian ser clasificadas en tres categorias
exclusivas, conveniente a los propdsitos del presente trabajo: (a) reacciones
idnicas o polares, (b) por radicales y (c) periciclicas (Esquema 1). La
caracteristica principal que diferencia a las Ultimas de las primeras es que las
reacciones periciclicas tienen estructuras de transicion ciclicas, los electrones se
mueven en un circulo donde no hay cargas positivas o negativas en ningin
intermediario, de hecho, no hay intermediarios en lo absoluto, ya que la
formaciéon y ruptura de enlaces toma lugar de manera concertada en un estado
de fransicion.s

5 Calsificacion de las reacciones periciclicas: (a) I. Fleming, Pericyclic Reactions, Oxford Chemistry Primers, USA, 1998,
pp. 1-7. (b) S. Kumar, V. Kumar, S.P. Singh, Pericyclic Reactions: A Mechanistic and Problem Solving Approach.
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Las cicloadiciones 1,3-dipolar pertenecen a un grupo especial de los mds
versdtiles en las reacciones periciclicas refiriendose a la reaccion entre un 1,3-
dipolo y un dipolardfilo para formar ciclos de cinco miembros involucrando un
sistema [4+2].

Reacciones | « I6ni .
L I6nicas o « Electrociclicas . [2+2]a*b
Organicas polares
» Radicales . -
libres Sigmatropicas [4+4]
S . i « Fotoquimicas
«Periciclicas  » Transferencia de quimica > | - [6+6]
grupo (fotocicloadiciones)
+ Cicloadiciones >

» Térmicas > | < [8+2] * Diels-Alder
* [6+4] « Cationicas

«[4+2]*  »| - Aniénicas

+1,3-Dipolar
Sistemas también involucrados en otro tipo de reacciones periciclicas: Quelatropicas .

Sistemas también involucrados en procesos térmicos, principalmente cuando el dipolo involucra a una cetena o un isocianato.

Esqg. 1: Clasificacion de las reacciones organicas. La cicloadicion 1,3-dipolar pertenece a las reacciones
periciclicas del tipo [4+2].

3.2. La naturaleza de los 1,3-dipolos y
dipolarofilos

Si consideramos la naturaleza de una reaccion Diels-Alder enfre un dieno y
un diendfilo —cicloadicion [4+2]: é electrones; (4+2): 6 Gtomos involucrados- para
formar asi un anillo de seis miembros [Esquema 2, Eq. (a)], entonces concluimos
que para la formacién de un anillo de cinco es necesario involucrar: (i) un
componente solamente de tres dtomos, pero capaz de comportarse como un
equivalente a cuatro electrones de un dieno, vy (i) un componente de 2 dtomos
capaz de involucrar solo 2 electrones (mismas condiciones que para un diendfilo)
que nos llevaria a una cicloadicion [4+2] pero del tipo (3+2). Para el caso (i), el
componente de tres dtomos (‘X’, 'Y’ y ‘Z') es de naturaleza isoeléctrica, esto es,
fragmento que forma un dipolo electrénico a nivel molecular por deslocalizaciéon
electréonica a lo largo de los tres dtomos, teniendo un sistema conjugado de tres
orbitales p a lo largo de los mismos, y cuatro electrones en el sistema conjugado.
Ya que los dtomos extremos (X,Z o 1,3) tienen naturaleza nucleofilica-electrofilica
(un ataque nucleofilico en Y* no es posible), dicho componente molecular es en

Chapter 1- Pericyclic Reactions and Molecular Orbital Symmetry, Academic Press- Elsevier, 2016, pp. 1-3 DOI:
10.1016/B978-0-12-803640-2.00001-4
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efecto un 1,3-dipolo, mientfras que a su contraparte (diendfilo equivalente) se le
conoce como dipolardfilo, llevando a una clasificacién de cicloadiciones muy
particular: las cicloadiciones 1,3-dipolar [Esquema 2, Eqg. (b)]. Dado que la
reaccion forma un producto ciclico, a fravés de un estado de transicion ciclico
mediante la adicidon de un sistema 4n-electrones (1,3-dipolo) a un sistema 2xn-
electrones (dipolaréfilo), también puede describirse como reaccién de
cicloadicion [n*s + m2]. La letra ‘s’ indica que la reaccion tiene lugar

suprafacialmente en ambos componentes.é

(a) Cicloadicién Diels-Alder

Z R R
o
Dieno Diendfilo
6 electrones: 4 electrones  + 2 electrones : [4+2]
6 atomos: 4 atomos + 2 atomos 1 (4+2)

(b) Cicloadicion 1,3-dipolar

3
[ R RIL AN
@y x~ Nz
ll + | | — _
1
2 3
R1 R2 R R
1,3-dipolo Dipolaréfilo
6 electrones: 4 electrones  + 2 electrones : [4+2]
5 atomos: 3 atomos + 2 atomos 1 (3+2)

Esq. 2: Comparacion entre la cicloadicién Diels-Alder y 1,3-dipolar. Un 1,3-dipolo es la contraparte de un
dieno y un dipolardéfilo la de un diendfilo.

3.3. Algquil azidas como especies 1,3-
dipolares

Las azidas son intermediarios sintéticos altamente versdtiles y su quimica es
muy conocida. Libros’” y Reviews8 han compilado el papel de estos valiosos
compuestos nifrogenados como mediadores entfre la quimica, la medicing, la

®'s. Kumar, V. Kumar, S.P. Singh, Pericyclic Reactions: A Mechanistic and Problem Solving Approach. Chapter 4—
Cycloaddition Reactions, Academic Press- Elsevier, 2016, pp. 164-165. DOI: 10.1016/B978-0-12-803640-2.00004-X

7 (a) Organic Azides: Syntheses and Applications, ed. S. Brase, K. Banert, John Wiley & Sons, Ltd, Chichester, England,
UK, 2010, DOI: 10.1002/9780470682517; (b) Supplement F2: The Chemistry of Amino, Nitroso, Nitro and Related
Groups, ed. S. Pata, John Wiley & Sons, Ltd, Chichester, England, 1996, ISBN: 0-471-95171-4.

§ (a) S. Brase, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem., Int. Ed., 2005, 44, 5188-5240. (b) W. P. Fehlhammer,
W. Beck, Z. Anorg. Allg. Chem., 2015, 641, 1599-1678. (c) W. P. Fehlhammer, W. Beck, Z. Anorg. Allg. Chem., 2013,
639, 1053-1082. (d) S. Chiba, Synlett, 2012, 23, 21-44. (e) T. M. Klapotke, Chem. Ber., 1997, 130, 443-452. (f) E. F. V.
Scriven, K. Turnbull, Chem. Rev., 1988, 88, 297-368.
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biologia y la ciencia de los materiales. Una base para la diversidad quimica de las
azidas proviene de las propiedades fisicoquimicas de estas. Algunas de estas
propiedades pueden explicarse considerando sus estructuras mesoméricas
polares (Esquema 3).

Orden de prevalencia

® O e ® © @
R-N; = R_N=N=.N. P R—N—NE.N <«——>» R—-N—N=N
1 1a 1b 1c

Esq. 3: Estructuras resonantes dipolares de las azidas.

Las estructuras 1b y 1c pueden

E(+) @Nu explicar mucho de sus propiedades

\ f quimicas. La forma resonante 1c

© @ (predominante, aunque también depende

R‘E“B‘”;' de la naturaleza de R) representa en efecto

Q 1c > a una especie 1,3-dipolar que ademds de

=Y actuar en procesos de cicloadicion

\R (Esquema 4), esta naturaleza le confiere la

Esq. 4: Principales reacciones de las capacidad de reaccionar

azidas. regioselectivamente con electréfilos y

nucledfilos (ataque en N3 por nucledfilos —
e.g. reaccion de Staudinger—, mientfras que los electrofilos son atacados por N —
e.g. reaccioéon de Mitzunobu-).?

3.4. Alguil azidas y la teoria de los orbitales
moleculares frontera

Antes de describir la influencia de los orbitales moleculares frontera (HOMO-
LUMO) de las azidas en las cicloadiciones 1,3-dipolar, primero es necesario
considerar algunas generalidades de los orbitales moleculares (OM) para el grupo
R-Nz (Esquema 5).

°S. Brase, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem., Int. Ed., 2005, 44, 5188-5240.
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antienlace antienlace

SN
0 VIO

LUMO R—N'——N?——N3 T} de antienlace E|

0:0:0
NI

0837 N\

0.56
7> de no enlace

HOMO R—N'——N?>——N? 1nodos

-\

enlace enlace

Nivel energético de los electrones

R—N'——N?——N?* 0 nodos T} de enlace

Esq. 5: Tres OM para las alquil azidas, uno de enlace (771), uno de no enlace (7T;), y otro de
antienlace (773).

Ya que el nUmero de orbitales moleculares (OM) siempre es igual al nUmero
de los orbitales atémicos p utilizados para formar los OM, podemos construir los 3
OM de un alquil azida a partir de sus 3 orbitales atémicos p (sobre NI, N2 y N3).
Estos tres OM tienen caracteristicas muy particulares. El primer OM (my) es
completamente de enlace (traslape constructivo de los nucleos en fase), vy
corresponde al estado basal con mayor densidad electrénica. El segundo (m,)
tiene un nodo simétrico que coincide con el dtomo N2 central; este orbital como
el primero habrdn de ser orbitales llenos. Y el tercero (m3) con 2 nodos y debido a
que es el OM de energia mds alta, es completamente de antienlace. Al igual que
cualquier otro sistema, esperamos que la mitad de los OM sean de enlace y la
mitad de anfienlace; sin embargo, con un nUmero impar de OM no puede
dividirse de manera simétrica. Uno de los OM debe aparecer a la mitad de los
niveles de energia, ni de enlace ni de antienlace. Este es un orbital molecular de
no enlace (m,). Los electrones en un orbital de no enlace tienen la misma energia
que en un orbital p aislado. La estructura del orbital m, puede aparecer extrana
debido a que hay densidad electrénica cero en el orbital p central (N2). Este es el
caso debido al cual m, debe tener un nodo y sdlo la posicidn simétrica para un
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nodo estd en el centro de la molécula atravesando N2, A través de esta estructura
podemos decir que m, debe ser de no enlace, debido a que N' y N3 tienen
fraslape cero con N2, En tal esquema se colorean de verde las funciones de onda
positiva del orbital molecular p y sin color para la fase (o funcidon) negativa con el
fin de enfatizar la diferencia de las fases. Se describen los correspondientes
coeficientes (orbital coefficients) para el grupo alquil azida tratando de
asemejar en la mayor manera posible el tamano de cada uno de los I6bulos con
respecto a tales coeficientes los cuales describen las densidades electronicas.

Las azidas al igual que otros 1,3-dipolos son reactivos capaces de usar tanto
su HOMO como su LUMO que puede depender en gran manera del tipo de
dipolardfilo empleado (rico o deficiente de electrones). Aunque la
regioselectividad (muchas veces predecible) de las cicloadiciones 1,3-dipolares
depende de efectos electrénicos y estéricos, la teoria de los OM proporciona una
elegante interpretacion de las interacciones 1,3-dipolo-dipolardfilo.

Antes de describir qué o quién determina la regioselectividad en las
cicloadiciones (3+2) azida-enolato, primero serd conveniente explicar los factores
que determinan la regioselectividad en otros sistemas.

LUMO O O o
500, o 0 0Q Q) 00 e
R'—N—N—N —C—R? —C—R?
O Lumo 0 O O S o O SRR
O \ M c—C—R? 00 R1—8—N—N ‘00
0 HOMO O 00 O O
9 —N—N—N ) HOMO O O O HOMO O O HOMO
k) O 0 ‘« O O HOMO —N—N—N C—C—R? sono O 0 ;  C—C-R
e C—C—R? O O 00 RI—N—N—N OO
[}
k) —N—N—N
©
z O 0 O —N—N—N O O O
Tipo I O O O RT—N—N—N
EDG-1,3-dipolo o Tipo II O O O
EWG-dipolaroéfilo EDG-y EWG-1,l.i-dipo!o. v Tipo 1
EDG- y EWG-dipolaréfilo
EWG-1,3-dipolo o
= EDG-dipolarofilo

<«—> Interaccion fuerte
- - - > Interaccién debil

Esq. 6: Tres interacciones HOMO-LUMO (Tipo I, Tipo I, Tipo IIl) describen a las cicloadiciones 1,3-dipolares.

10 @) K. N. Houk, et. al. J. Am. Chem. Soc., 1973, 95, 7287-7301. (b) ver Fig. 10.15 en: F. A. Carey, R. J. Sundberg,
Advanced Organic Chemistry: Part A: Structure and Mechanisms, 5th ed., Springer, New York, 2007, p. 881. e-ISBN-
13: 978-0-387-44899-3
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Cualqguier cicloadicion 1,3-dipolar es caracterizada por tres tipos de
interacciones HOMO-LUMO descritos en el Esquema 6. Consideremos el sistema
azida-olefina:!!

Tipo I. Sustituyentes electro-donadores (EDG) en el 1,3-dipolo o
sustituyentes electro-atractores (EWG) en el dipolardfilo: El dipolo
tiene un HOMO alto que se superpone con LUMO del dipolardfilo.
Un dipolo de esta clase se denomina a veces como un ‘dipolo
HOMO-controlado’ o ‘dipolo nucleofilico’ capaces de anadirse
facimente a los alguenos electrofilicos. Los  grupos
electronegativos (EWG) en el dipolaréfilo acelerarian la reaccion
bajando el LUMO, mientras que los grupos donadores de
electrones (EDG) desacelerarian la reaccion al elevar el HOMO.

Adicionalmente considere las velocidades de reaccién
encontradas para el diazometano con diferentes dipolaréfilos:'2

E O ® velocidad de NéN i
' H,C—N=N + /\ X reaccion \\/\> :
: X |

A cogt 2 e D oBu AR,

electro-deficiente electro-donador

-

Vretle?gﬁ/gd 11,2000,000 4.300 2,000 1 no reaccion
Tipo Il. Sustituyentes electro-donadores (EDG) y electroatractores
(EWG) tanto en el 1,3-dipolo y dipolardfilo: EIl HOMO del dipolo
puede emparejarse con el LUMO del dipolardfilo.
Alternativamente, el HOMO del dipolaréfilo puede emparejarse
con LUMO del dipolo. Esta interaccién de dos vias surge porque la
brecha de energia en cualquier direccidn es similar. Un dipolo de
esta clase se denomina un dipolo ‘HOMO-LUMO-controlado’ o
‘dipolo  ambifilico’. Cualquier sustituyente en el dipolardfilo
aceleraria la reacciéon reduciendo el espacio de energia enfre los
dos orbitales que interactian, es decir, un EWG reduciria el LUMO
mientras que un EDG elevaria el HOMO.

Tipo lll. Sustituyentes electro-atractores (EWG) en el 1,3-dipolo o
sustituyentes electro-donadores (EDG) en el dipolardfilo: El dipolo

1 R. Huisgen, J. Org. Chem. 1976, 41, 403-419.
123, Geittner, R. Huisgen, Tetrahedron Lett. 1977, 18, 881-884.
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tiene un LUMO bagjo que se superpone con el HOMO del
dipolardfilo. Un dipolo de esta clase se denomina un ‘dipolo
LUMO-controlado’ o ‘dipolo electrofilico’. Los EWG sobre el
dipolardfilo desaceleran la reaccidon, mientras que los EDG
aceleran la reaccion.

log k

Eromo dipolaréfio —>

Esqg. 7: Correlacion entre la energia del HOMO de algunos dipolardfilos y sus
velocidades de reaccion con la PhNs

® O o ® €] @
R=Nj3 = R-N=N=N <> R-N-N=N <> R-N-N=N
1 1a 1b 1c
Tipo I: H0M01,3-dipolo_ LUMO i o1arsito V Tipo III: LUMO,, ;. —HOMO - sfito

@) o
N_

ttpoto
N

4

—\ /= EDG-dipolaréfilo
co,Me ((EWG-dipolarfilo )

Me—0:.
0 " 5—9
N—N 3 NO) O
00 5/ SN N 2
S+ = B
N 0 N S OZNON\ ; 5
E,z'/ ! = 0 = N E O,N s
N = O A 27 translape =
=== = C—COyMe ' st suprafacial /
* CQMe Stl:;?:;:gieal _/0 generzalmente via una':::aida ~
acercamiento exo electrénica inversa O ge?x;mente
acercamiento exo
7% l25 °C 99% izo

1 ,N§N 1 Nsy
/
Pl °2"©—N>J

°C

CO,Me <

MeO

Esq. 8: Caracteristicas principales en las cicloadiciones (3+2) azida-olefina del tipo | y III.
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Segun la naturaleza del dipolardfilo, en el Esquema 713 se pueden apreciar
graficamente los tres tipos de interacciones HOMO-LUMO antes mencionados

para la bencil azida (ni particularmente nucleofilico ni

particularmente
electrofilico).

Sin  embargo, en necesario mencionar algunas otras caracteristicas
importantes sobre estas interacciones HOMO-LUMO Tipo |, Tipo Il y Tipo Il de la

cicloadicion  1,3-dipolar. Consideremos algunos ejemplos particulares. En el
Esquema 8 se describe detalladamente la cicloadiciéon entre el 4-nitrofenilazida y

metil vinil éter asi como entre la bencil azida y el éster acrilico (Tipo | y Tipo 1)

(a)

HOMO (b)

LUMO
035 0 0.18

0.03 0.28 0.25

eV O 0 eV 0 O O
11 @—N—N—N +3.1 QN N—N
I O 0 ! 00
13.8 z ::5 17.0 :z: s
| Q0 l 9 0
+27 C — € —CO,Me 139 Me0,C—C—C
O 0 0 0
0.07 0.11
0.37 0.17
LUMO HOMO

Menor variacién de energia cinética (13.8)
aumenta la velocodad de reaccion.
Interaccion favorecida

Esqg. 9: Velocidades de reaccion dependiente de las interacciones orbitales donador-receptor
dominantes

Aunqgue la regioselectividad se puede entender definitivamente por los
acercamientos electrostdticos (control de carga electréonica), si consideramos el
control por sus OM, aun se observardn dos posibilidades de orientacion a

considerar (Esquema 9),'4 explicadas por la variaciéon de energia cinética que
experimenta el electron en los OM,

representada por sus valores en eV
(electronvoltio),

que determinard entonces la velocidad de reaccidn
dependiente de las interacciones orbitales donador-receptor dominantes. A

menor valor de eV, mayor es la velocidad de reaccién (producto favorecido)
[Esquema 9, Eq. (a)]. Por ofro lado, se ha observado que acercamientos del tipo

13 1. Fleming, Molecular Orbitals and Organic Chemical Reactions, Student ed., John Wiley & Sons Ltd, UK, 2009, p
243. ISBN 978-0-470-74660-8

(a) R. Huisgen, J. Org. Chem. 1976, 41, 403-419. (b) ver también Fig. 6.36 en: I. Fleming, Molecular Orbitals and
Organic Chemical Reactions, op. cit. p.249.
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exo determinan la estereoquimica. No olvidar otros factores importantes de regio
y estereoselectividad como el impedimento estérico. El traslape de los orbitales
moleculares para fodas las cicloadiciones 1,3-dipolar siempre es suprafacial.

Las interacciones HOMO-LUMO del Tipo Il resultan ser las menos versdtiles en
términos prdcticos debido a la mezcla de regioisdmeros si estas no estdn
gobernadas por ofros factores, e.g efectos estéricos, o en casos mds sofisticados,
por catalizadores metdlicos inductores de regio y estereoselectividad. Un ejemplo
emblematico es la cicloadicidn alquino-azida de Huisgen'> que hasta antes del
improvement por Meldal-Sharpless,'¢ esta parecia no tener utilidad prdctica
debido a la inevitable mezcla de regioisdmeros entendible por la magnitud similar
de energias del HOMO-LUMO tanto para la azida como del algquino (Esquema
10).17

N
PhO 92°C, 18 h NZ NN\ Ph
= 4 N3/\Ph E— _ ph ¥ 4):/
PhO

PhO 16:1

Esq. 10: Cicloadicion alquino-azida como ejemplo emblemético del acoplamiento Tipo Il.

3.5. Constantes de reaccion de Hammett (o, p):
Cuantificando los efectos electronicos de los
sustituyentes en el 1,3-dipolo

Lo que idealmente nos gustaria hacer es encontrar una manera de
cuantificar los efectos que los grupos electro-donadores o atractores tienen sobre
el estado de transicién durante el transcurso de una reacciéon. Esto nos dard una
idea de como es realmente el estado de transicion. La primera pregunta es:
spodemos definir exactamente cudn eficiente es un grupo dado en donar o
retirar electrones? Se han desarrollado muchas correlaciones importantes entre los
grupos sustituyentes de un anillo aromdatico y sus propiedades quimicas. En
muchos casos, las relaciones estructura-reactividad pueden expresarse
cuantitativamente de manera que sean Utiles tanto para la interpretacion de
mecanismos de reaccion como para la prediccion de velocidades de reacciéon y

15 (a) R. Huisgen, Angew. Chem. Int. Ed. Engl. 1963, 2, 565-598. (b) Angew. Chem. 1963, 75, 604—637.
16 M. Meldal, C. W. Tornge, Chem. Rev. 2008, 108, 2952—3015.
v, V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2596-2599.
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equilibrios. La mds ampliamente aplicada de estas relaciones es la ecuacion de
Hammett, que correlaciona velocidades y equilibrios para muchas reacciones de
compuestos que contienen grupos fenilo-sustituidos.'8

4-0CH34-CHz H 4-Cl 3-Cl 4-NO;
17 ! ! o La constante de reacciéon de Hammett p mide la sensibilidad de la reaccion
6 - al efecto de los electrones.
/ » Un valor positivo de p significa méas electrones en el estado de transicion
que el sustrato.
« Un valor negativo de p significa menos electrones en el estado de transicion
5 1 que el sustrato.
/ Grafica tipica de Hammet:
/ Los electrones fluyen hacia el
4 anillo aromatico en el paso
/ determinante de la reaccion.
) )/ p = positiva
| Y0 I
_..-"'-—

P = negativa
Los electrones fluyen hacia fuera

log Kz + 7

|_—T del anillo aromatico en el paso
o= determinante de la reaccion.
2 >
G = Negativa 0=0 J = Positiva
Grupos electrodonadores X=H Grupos electroatractores

d
P
|

X=MeO, Me, NH,, etc. X=Cl, CO,Et, CN, NO,, etc.

B -S| .
<] — x@
/’l,-...-?q\-‘ g
b a
0 ] ]
02 0o 02 04 06 08

o [Hammetl]—

Esqg. 11: Los ‘Hammett plots’ representan las velocidades de cicloadicion de arilazidas sustituidas con
alguenos nucledfilos, electrofilicos y no sustituidos que muestran el caracter ambifilico de las arilazidas. La
reaccion con anhidrido maléico (electrofilico) es favorecida por los sustituyentes donantes en el Ar-Ns. La
reaccion con pirrolidinociclohexeno (nucledfilo) es favorecida por los sustituyentes aceptores. Las reacciones
con ciclopenteno y norborneno son favorecidas moderadamente por los sustituyentes aceptores.

Hasta ahora hemos considerado cualitativamente los efectos de los
sustituyentes en los 1,3-dipolos. Por Ultimo, las constantes de reaccidon de Haommett
nos pueden dar las Ultimas pesquisas a cerca de las cicloadiciones 1,3-dipolar de
manera cuantitativa. La ecuacion de Hammett describe una relaciéon lineal de
energia libre que relaciona a las velocidades de reaccion y las constantes de
equilibrio para muchas reacciones, entre ellos a los sistemas R-Ar—-Nz con dos
pardmetros: una constante de sustituyente (6) y una constante de reacciéon o
sensibilidad (p). El Esquema 11 ilustra esta relacion para las arilazidas. El p de
Hammett es positivo para la reaccion con enaminas nucleofilicas pero negativo
para el dipolardfilo electrofilico anhidrido maleico, mostrando que la direccién del
efecto sustituyente depende de la importancia relativa de las dos interacciones

BE A Carey, R. J. Sundberg, Advanced Organic Chemistry: Part A: Structure and Mechanisms, 5th ed., Springer, New
York, 2007, pp. 335-336. e-ISBN-13: 978-0-387-44899-3
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HOMO-LUMO. Los alquenos no funcionalizados, ciclopenteno y norborneno tienen
un cardacter nucleofilico, pero menos que la enamina.!?

3.6. Enolatos como dipolardfilos

Hasta ahora hemos estudiado la naturaleza del 1,3-dipolo en las reacciones
periciclicas considerando su comportamiento frente a ciertos dipolardfilos. Ahora
considerando el comportamiento de estas de manera muy particular frente a los
iones enolato como dipolardfilos.

La quimica y conceptos de los enoles/enolatos ha constituido de alguna u
ofra manera un tema central en los fundamentos de la quimica orgdnica. Libros
completos? o capitulos de libro de sintesis bdsica/avanzada han copilado la
inmensa y formidable informacién acerca de estos sustratos. Evidentemente sdlo
algunos conceptos convenientes a este trabajo serdn brevemente discutidos.

o} 0@ 0
) base 2 2
, R _—) ] \,.JR > 1 f\.("R + H—Dbase
R R R
H oxianion carbanion
fbase H—base
H d R?
@ >_<
H R M
(2)-
enolato
(cis)
( base base base © H—base
\ ’
H H
H — Q \\H \ :\\H éa H
N e Ve WA S
R R R R R? R R
(E)-
enolato
(trans)
. orbital 7t
orbital @
C—H ’,enolato
orbital 7. __ _ > @ L O .
c=0 . /
(c) o R? 0. O R
base ' '
G —_— O + H—ba
‘ - ‘ se
R? R! H

Esq. 12: Perspectiva general de la desprotonacion a-C de las cetonas.

1% (a) Ibidem, pp. 877-878. (b) J. Clayden, N. Greeves, S. Warren, Organic Chemistry, 2nd ed, Oxford University Press,
New York, 2012, p. 1044. ISBN 978-0-19-927029-3

20 M. Braun, Modern Enolate Chemistry: From Preparation to Applications in Asymmetric Synthesis, Wiley-VCH Verlag,
2016, Online ISBN: 9783527671069. DOI: 10.1002/9783527671069
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El estudio de la formacion de los enolatos a partir de sus correspondientes
carbonilos, involucra inherentemente conceptos de selectividad [(E) vs (Z):
estéricos, electronicos] y de regioselectividad (termodindmicos vs cinéticos,
estéricos), conceptos que deberdn ser considerados si se advierte que tales
tendrdn consecuencias directas, en una segunda etapa, en los productos de
reaccion de dichos enolatos. Para el primer caso, el control de la
estereselectividad dependerd de la presencia de los centros estereogénicos o—
CO, estéricos, estereoelectréonicos y/o geométricos sin considerar el uso de
agentes quirales usados durante la formacion de los mismos. En el Esquema 12 se
describe muy someramente y a manera de infroduccién un primer esbozo de la
formacién de los enolatos, con la intencidn de visualizar, a conveniencia y
propodsitos de este frabajo, la transformacion y naturaleza de los OM de las
materias de partida (RZCH2COR') a los productos (RZCH=C=0R'). Los enolatos
normalmente son formados por desprotonacion. Esto es favorecido cuando el
enlace C-H es perpendicular al enlace C=0 permitiendo el traslape del orbital ¢ @
un orbital .21

Dos posibles conformaciones son permitidas segin el esquema. La primera
[Esquema 12, Eq. (a)] es dada como resultado en la formaciéon del cis-enolato; la
conformacion inicial (proyeccion de Newman) es similar al estado de transicion
observdndose una menor interaccion estérica entre R!' y R2 La segunda
conformacién [Esquema 12, Eq. (b)] toma lugar cuando el enlace C-H esta
perpendicular al C=0 llevando al producto frans-enolato. La Tabla 1 esquematiza
estos conceptos de manera muy versdtil. En ofros casos, la interaccidn estérica de
otras bases o el uso de aditivos (e.g. HMPA) también deberdn ser consideradas al
tratar de predecir la estereoselectividad de la reaccion.

Tabla 1: Estereoselectividad en la formacién de los enolatos influenciada por efectos

estéricos.
Li Li
0 LDA o~ o
)K/Me L . _Me +
R 780c R RTS
Me

R cis : trans
Et 30 : 70
i-Pr 60 : 40
t-Bu >08 : <2
OMe 5 : 95
NEt, >97 : <3

2L p_ \Wyatt, S. Warren, Organic Synthesis: Strategy and Control, John Wiley & Sons Ltd, Chichester, 2007, pp. 43-53.
ISBN: 978-0-470-48940-5
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El segundo concepto importante de describir, continuando con la
formacion de los enolatos, es la regioselectividad la cual es gobernada
principalmente por aspectos cinéticos y termodindmicos.

C] )
J o o o, 0
& — —_ N
Control cinético Control termodinamico

Hay numerosos estudios acerca de las velocidades de desprotonacion de
los compuestos de carbonilo. Estos datos son de interés no sélo porque definen la
relacion entre la acidez termodindmica y cinética de estos compuestos, sino
también porque son necesarios para comprender mecanismos de reacciones en
las que los enolatos estdn implicados como intermedios.

El Esquema 1322 muestra algunos datos sobre las velocidades de deuteracion
de algunas alguilcetonas. A partir de estos datos, el orden de reactividad hacia la
desprotonaciéon es CHz> RCH2> R2CH. El impedimento estérico al acercamiento de
la base es el factor principal en el establecimiento de este orden. Es decir, este
proceso depende de la manera mdas rapida de formar al enolato (proceso
cinético)

O (0] (0] O Y (0] (@] (@)

)J\/ H Me H \)J\/ Me H H \)K)\
Me Me'

H H

Velocidades 100 415 45 <0.1 45

h 0.45 51
relativas

Esq. 13: Velocidades relativas para la deuteracion de algunas cetonas catalizadas por base (Na,COs aq.).

Por ofro lado, dado que los enoles/enolatos son alquenos, los enlaces dobles
mas sustituidos son los mds estables. Los grupos alquilo son donadores de
electrones y contribuyen a la densidad electronica del enlace w. Asi, en principio,
debido a que los hidrogenos impedidos necesitardn de una mayor energia de
activaciéon deberdn sufrir un proceso termodindmico para dar productos mds
estables (en contraste, la via cinética proporcionaria productos menos estables).
La formacién del enolato mds estable requiere un mecanismo de equilibrio entre
los dos enolatos por la fransferencia de protones. Una base como el hidruro de
potasio es fuerte, pero pequena, y por lo tanto no tiene dificultad de quitar el

2 F_A. Carey, R. J. Sundberg, Advanced Organic Chemistry. Part A: Structure and Mechanisms, 5th ed., Springer, New
York, 2007, pp. 594. e-ISBN-13: 978-0-387-44899-3
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protdn mads impedido y se puede usar en condiciones que permitan el equilibrio
enolato.z

La Tabla 224 y el Esquema 14 ejemplifican y simplifican sustancialmente los
conceptos arriba mencionados.

Tabla 2: Control cinético vs termodinamico para la formacion de los

enolatos.
(0] oM oM
base
+
condiciones
C T
Base Temp CIT Control
LiN(i-C3H-)» 0°C 99:1 Cinético
KN(SiMe3), -78 °C 95:5 Cinético
PhsCLi -78 °C 90:10 Cinético
Ph;CK 25°C 67:33 Cinético
NaH 25°C 26:74 Termodinamico
PhsCLi 25°C 10:90 Termodinamico
Regioselectividad en la formacion de enolatos
Control cinético: ° Control termodinamico: O@
% RL_A__R?
k Rl\)\/R2 o \)A\/
(@] a Ka
A
RX R2 / n_ ke RO _R? A
o~ & B " < Wk%:k
+
o +
ki
Base b Rl\)\sz Base T(b\ o°
B
Lareaccion es: Rl\)\/ R
-Irreversible. B
—E[ prqdl_Jcto mayoritario es el que se forma La reaccién es:
mas rapido. -Uno o ambas reacciones son reversibles.

-Favorecida por bases fuerte, impedidas (e.g. LDA),

c A ! -El producto mayoritario es el mas estable.
bajas temperaturas, tiempos de reaccién cortos.

-Favorecida por el exceso de la cetona, altas

. temperaturas, tiempos de reacciénprologados.
Los enolatos cinéticos son:

-Menos sustituidos.

Los enolatos termodindmicos son:
-Menos estables.

-Mas sustituidos.
-Mas estables.

Esqg.14: Resumen y esquematizacion de las principales caracteristicas del control cinético y
termodinamico para la formacion de los enolatos.

28 (a) F. A. Carey, R. J. Sundberg, Advanced Organic Chemistry. Part B: Reactions and Synthesis. 5th ed., Springer, New
York, 2007, pp. 5-11. e-ISBN: 0-306-47380-1 (b) J. Clayden, N. Greeves, S. Warren, Organic Chemistry, 2nd ed, Oxford
University Press, New York, 2012, p. 599. ISBN 978-0-19-927029-3

24 H.0. House, et. al. J. Org. Chem, 1969, 34, 2324. (b) C. A. Brown, J.Org. Chem. 1974, 39, 3913. (c) G. Stork, P. F.
Hudrlik, J. Am. Chem. Soc. 1968, 90, 4464.
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3.7. Control de carga y de OM de los enolatos

Carga electronica vs Orbital Molecular

)
)

‘ %
E O Control via orbital molecular: :
' HOMO « La reaccioén ocurre en el atomo cuya densidad H
L o electronica de frontera es la mas alta. '
! O * Predominante con electrofilos neutros con LUMOs
1 relativamente bajos H

E O Control de carga: E
: « La reaccién ocurre en el atomo que lleva la mayor :
E m 0 densidad electronica total E
. O « Predominante con electréfilos cargados (e.g. H) E

Esg. 15: Reacciones OM-controladas vs carga-controladas.

Mientras que el anion alilo (Esquema 15), con un plano de simetria a fravés
del dtomo central, tiene un nodo en el dtomo central en m, (semejante a lo que
describimos para las azidas), las amidas, ésteres, enaminas, o iones enolato no
tienen un nodo precisamente en el dtomo central. Si bien el traslape entre los
orbitales atomicos en el O y el C adyacente representa un fuerte enlace en my,
estos mismos son de antienlace en m, (un nodo no simétrico). Sin embargo, tanto
m, como m, contribuyen al enlace pi de entre los dos dtomos de carbono. Esta
es una de las razones por la que suele ser aconsejable dibujar iones enolato con
la carga sobre el oxigeno en lugar de carbaniones estabilizados con carbonilo, no
s6lo porque hay una carga electrénica mayor sobre el oxigeno, sino que el grado
de enlace pi se ilustra mejor de esta manera. La utilidad del esquema nos
ayudard a definir un pardmetro muy importante respecto a identificar que dtomo
debe ser considerado en ciertas reacciones caracteristicas de estas especies, las
cuales se definen por dos vias: reacciones OM-controladas y las reacciones
carga-controladas.?> Las reacciones que involucran a las primeras se referirdn a
las C-alquilaciones (reaccidn sobre el carbanién del enolato) y las segundas a las
O-alguilaciones (reaccidén sobre el oxigeno del enolato).

=4 Fleming, Molecular Orbitals and Organic Chemical Reactions, Student ed., John Wiley & Sons Ltd, UK, 2009, pp.
124-125. ISBN 978-0-470-74660-8
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El factor dominante, para tales reacciones dependerd del nucledfilo y
electrofilo involucrados. Los nucledfilos que contienen dtomos electronegativos
pequenos (como O o Cl), que llamamos «durosy, tienden a reaccionar bajo un
control predominantemente electrostatico, mientras que los nucléfilos «blandosy
que contienen dtomos mds grandes (incluido el azufre de los tioles, pero también
P, 1, o Se) estdn predominantemente sujetos a reacciones OM-confroladas.

Con electréfilos cargados, entonces, el sitio de ataque serd oxigeno, como
es de hecho el caso, cinéticamente, con protones y carbocationes. Con los
electréfiios que tienen poca carga y LUMOs relativamente bajos, la reaccion
tendrd lugar en el carbono. En otras palabras, los electréfilos duros reaccionan en
el oxigeno y los electrofilos blandos en el carbono. El disolvente, por supuesto,
también impide la reaccion en los sitios de mayor solvataciéon, que generalmente
serdn los dtomos que llevan la carga total mdas alta.

Tabla 3: Proporcién entre la C- y O-alquilacibn como una funcién del grupo

saliente X en EtX
(@] (@]
kc
/ > OEt

+ EtX
MOEt OEt (@)
AN ko M
A OFEt

X I~ Br TsO™ EtSO,4~ CFsSO3-
kc/ko >100 60 6.6 4.8 3.7

C)

También se puede explicar por qué la naturaleza del grupo saliente en un
haluro de alquilo (o tosilato, por ejemplo) afecta a la proporciéon de C- u O-
alguilacién en ciertos enolatos tales como el derivado del acetoacetato de etilo
(Tabla 3): cuanto mds duro es el grupo saliente (es decir, cuanto mds acido sea el
dcido conjugado del grupo saliente), menor es la proporcion de la C-alquilacion.
Cuanto mas suave sea el grupo saliente, menor serd la energia del LUMO.
Ademds, cuanto mdas duro es el grupo saliente, mds polarizado es su enlace con
el carbono, y por lo tanto mdas carga habrd sobre el carbono en la estructura de
transicion.

Resumiendo estos conceptos:

Reactividad dura/blanda:
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e Lasreacciones de las especies duras estdn dominadas por cargas
y efectos electrostaticos.

e Las reacciones de las especies blandas estdn dominadas por los
efectos orbitales.

e Los nucledfilos duros tienden a reaccionar bien con los electroéfilos
duros.

e Los nucledfilos suaves fienden a reaccionar bien con electréfilos
blandos.

3.8. La cicloadicion (3+2) azida-enolato: Su
naturaleza

En este momento podemos describir definitivamente las caracteristicas que

gobiernan la cicloadicion 1,3-dipolar azida-enolato las cuales se encuentran
resumidas en el Esquema 16. Tales aspectos son mencionados de manera
concluyente, ya que los fundamentos han sido discutidos en los pdarrafos
anteriores.

VI.
VII.

La cicloadicion 1,3-dipolar azida-enolato deberd ocurrir bajo  una
inferaccion HOMO-LUMO del Tipo Il para la azida, denominada ‘dipolo
LUMO-controlado’ (LUMO1 3-dipolo—HOMOdipolarsfio) -

La cicloadiciéon ocurre via demanda electréonica inversa.

El estudio de la reaccién deberd tener una constante p positiva para la
ecuacion de Hammett.

La reaccion deberd ser OM-controlada para el enolato.

La interaccion HOMO-LUMO es suprafacial como cualquier ofro fipo de
cicloadiciones 1,3-dipolar.

La regioselectividad depende Unicamente del enolato (dipolardéfilo).

A diferencia de otras cicloadiciones 1,3-dipolares con interaccion exo, es
mucho muy probable que esta reaccidon ocurra por una interaccion del
tipo endo, debido a un posible orbital de interaccion secundaria entre el
orbital p del O (dipolardfilo) y el orbital p del N central (1,3-dipolo),
interacciones ampliamente conocidas en la literatura.?¢ Esta interacciéon no
conduce a un enlace, pero puede contribuir a disminuir la energia de la
estructura de transicién.

% (a) Ibidem, p. 235. (b) 1. Fleming, Pericyclic Reactions, Oxford Chemistry Primers, USA, 1998, pp. 49.
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Tipo 111
R—N, AP
R‘—(R—@N
00 ) 3. 99 Yy
Y LUMO O O LUMO
pg 000
via una demanda
electronica inversa O O O O
o
e ===N\ R—N—N—N c—cCc—O
PO HOMO O 0 O O 0 womo
R'—N__ ' __
:8 '8
o+ /R
& 5
R2 O
0 ¢
O 56
LUMO1,3-dipolo - HOModipoIaréfilo
O N

92

% Q QN ,NQN
Orbital Nz R-N, RN, R® .q,0 R-N
de interaccion R 0 > 5 == R3
secuandaria = OH H R2

000 -----

<
>

()
W

\_'H Base

90

A
N

Esqg. 16: La ciloadicion 1,3-dipolar azida-enolato. Generalidades.
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4. Discusion de Resultados

IMPORTANTE: Las publicaciones (Anexo 1) de los trabajos
que aqui se reportan han involucrado de manera
inherente, una descripcion sustancial, apropiada y concisa
de la discusion de los resultados para cada uno de los
frabajos; mismos que necesariamente fueron evaluados,
discutidos y sugeridos por réferis internacionales asi como
por los mismos editores de cada una de las revistas. Con la
infencion de evitar la redundancia y demasia, en esta
seccion solo se abordaran conceptos generales que no
fueron descritos en dichos papers.

La Cicloadicién Alguino-Azida Catalizada por Cobre (CUAAC) ha sido el
método fradicional para obtener 1,2,3-triazoles gracias a las mejoras realizadas a
esta reaccion durante los Ultimos anos, y su versatilidad se ve reflejada por sus
aplicaciones en otros campos tales como la quimica medicinal?’ (Esquema 17).

Inspirados por los grandes impactos de la CUAAC en la sintesis orgdnica vy
guimica medicinal, decidimos incursionar en el estudio y desarrollo de los 1,2,3-
triazoles pero por otro tipo de cicloadiciones 1,3-dipolar, la cicloadicion de
Dimroth azida-enolato, descrita por primera vez en 1902, pero poco explorada
hasta ahora. A partir de 2008, grupos de investigacidn como el de Ramachary,
Wang, Bressy, Rademann y C. Gonzdlez (nuestro grupo) -solamente— han
retomado dicha metodologia pionera con el fin de mejorarla y lograr lo que la
CUAAC ha demostrado: aplicaciéon versatil en la guimica medicinal.

27 Reviews completos acerca de este tema: (a) Thirumurugan, P.; Matosiuk, D.; Jozwiak, K. Chem. Rev. 2013, 113, 4905—
4979; (b) S.G. Agalave, S.R. Maujan, V.S. Chem. Asian J. 2011, 6, 2696-2718; (c) Lauria, A.; Delisi, R.; Mingoia, F.;
Terenzi, A.; Martorana, A.; Barone, G.; Almerico, A. M. Eur. J. Org. Chem. 2014, 3289-3306. (d) C. D. Hein, X. M. Liu,
D. Wang, Pharm Res. 2008, 25, 10, 2216-2230.
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Barry Sharpless (2002) y

Rolf Huisgen (1963)

R. Huisgen, Angew. Chem. () V. V. Rostovtsev, L. G. Green, V. V. Fokin, B.

Int. Ed. 1963, 2, 565-598. Sharpless, Angew. Chem. Int. Ed. 2002, 41, 2596
2599. (b) C. W. Tornge, C. Christensen, M. Meldal, J.
Org. Chem. 2002, 67, 3057-3064.

/N
\
N
I
C. Gonzélez y otros (2008-presente)

ﬁ olololololo!

hd Ad Ahd bk b Ad

Quimica
Medicinal

: . Reviews: (a) C. G. S. Lima, et. al, Chem. Commun. 2015, 51,
Otto Dimroth (1902) 10784-10796. (b) J. John, et. al. Chem. Commun. 2015, 51,
0. Dimroth, Ber. Dtsch. Chem. —N;  + JJ\/ 10797-10806. (c) S. S. V. Ramasastry, Angew. Chem. Int. Ed.

Ges. 1902, 35, 1029-1038. 2014, 53, 14310-14312.

Esq. 17: La aplicacion de las cicloadiciones 1,3-dipolar (CUAAC y azida-enolato) han dependido
principalmente del mejoramiento de las metodologias pioneras.

Por todo lo anterior, en este trabajo (Esquema 18) se desarrollaron y
estudiaron tres nuevas metodologias sintéticas para la obtencion de 1,2,3-tfriazoles
a través de cicloadiciones (3+2) azida-enolato a partir de:

(a) Alcoholes bencilicos (formacion in situ de alquil azidas) y cetonas
(Proyecto 1).

(b) Halogenuros de alquilo (formacion in situ de alquil azidas) y cetonas
(Proyecto 2)

(c) Azidas y B-cetofosfonatos (Proyecto 3).

Los alcances asi como la versatilidad de tales metodologias se demostraron
mediante su aplicacion en la sintesis de Andlogos Nucleosidicos (Proyecto 4) y del
Miconazol (Proyecto 5).

Como parte de una colaboracion multidisciplinaria, estos Ultimos fueron
evaluados bioldgicamente (actividad antimicética) en especies microbioldgicas
flamentosas y levaduriformes de importancia clinica.

Fortuitamente se descubrid, estudid y desarrollo un nuevo protocolo para la
conversion directa de bencil azidas a grupos carbonilo (Proyecto é —proyecto
adicional-).
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APLICACION
Quimica
Medicinal

Nucl

\
M Nuevos métodos
g, de Sintesis

Proyecto 1 Proyecto 4
Proyecto 2 Proyecto §
Proyecto 3

Esq. 18: Esquematizacion de los proyectos realizados en este trabajo.
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5. Desarrollo Experimental

El desarrollo experimental (Generalidades, Metodologia General vy
Metodologias particulares), la caracterizacion de cada uno de los compuestos
("H- 13C-RMN, espectrometria de masas de baja -MS- y alta resolucion —-HRMS-,
puntos de fusion, Rr y aspectos fisicos —solido/liquido/color-) y rendimientos de
reaccion asi como las copias de los espectros analiticos han sido
COMPLETAMENTE descritos para cada uno de los compuestos en cada uno
trabajos publicados (Anexo 1) y pueden ser consultados en el articulo principal

y/0 en su material de suplementario, por lo que se prescinde de todo ello en este
apartado.
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6. Conclusiones

Se logrd el desarrollo y estudio de fres nuevas metodologias sintéticas para
la obtencidn de 1,2,3-tfriazoles a través de cicloadiciones (3+2) azida-enolato a
partir del: (a) acoplamiento de alcoholes bencilicos (formacioén in situ de alquil
azidas) y cetonas, (b) acoplamiento de halogenuros de alquilo (formacion in situ
de alquil azidas) y cetonas; y (c) a partir del acoplamiento de alquil/aril azidas y
R-cetofosfonatos.

Los alcances, asi como la versatilidad de tales metodologias se demostraron
mediante su aplicacién en la sintesis de Andlogos Nucleosidicos y del Miconazol.

Como parte de una colaboracion multidisciplinaria, estos Ultimos fueron
evaluados bioldgicamente (actividad antimicética) en especies microbioldgicas
flamentosas y levaduriformes de importancia clinica.

Fortuitamente se descubrid, estudid y desarrollo un nuevo protocolo para la
conversion directa de bencil azidas a grupos carbonilo (—proyecto adicional-).
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The triazole ring system is a key pharmacophore! for an
increasingly important series of nitrogen heterocycles that display
a wide range of therapeutic and biological activity.” Several meth-
ods for the synthesis of 1,4-disubstituted 1,2,3-triazoles® and 1,5-
disubstituted 1,2,3-triazoles” have been described in literature. In
the last decade, the 1,4,5-trisubstituted 1,2,3-triazole framework
has received much attention in medicinal chemistry due to its bio-
logical activity against cancer,” HIV-RT,° Cantagalo Virus,” and
Lachesis muta snake venom,® as well as its use as an antiplatelet
agent,’ among other applications.'® Hence, reports on synthetic
methods to obtain 1,4,5-trisubstituted 1,2,3-triazole moieties are
increasingly common in literature.!' An outstanding synthetic
method is azide-enolate [3+2] cycloaddition, best known as ‘Dim-
roth Cycloaddition’,'”> which has been improved'® by several
research groups. Recently, Cao et al. have given versatility to this
method through an attractive three-component synthesis of
1,4,5-trisubstituted 1,2,3-triazoles, starting from primary alcohols
and using a NaN3/TsIm/TEA/TBAI/KOH system.'* Thus, the devel-
opment of an efficient synthesis of these valuable heterocycles—
particularly from readily accessible and common substrates—is of
ever increasing importance.

During one of our ongoing research projects, focused on the
development of novel methodologies for the construction of

* Corresponding authors. Tel.: +52 722 217 5109x113; fax: +52 722 217 3890.
E-mail addresses: qfb_dgonzalez@yahoo.com.mx (D. Gonzalez-Calderdn),
cgonzalezr@uaemex.mx (C. Gonzdlez-Romero).

http://dx.doi.org/10.1016/j.tetlet.2014.12.019
0040-4039/© 2014 Published by Elsevier Ltd.

triazole carbocyclic nucleosides,'® we observed that an excess of
1,8-Diazabicyclo[5.4.0]lundec-7-ene (DBU) in Thompson's azida-
tion procedure'® of benzyl alcohol 1 leads to the highly regioselec-
tive synthesis of 1,4,5-trisubstituted 1,2,3-triazole 1a in the
presence of active ketone benzoylacetonitrile A (78% yield) by a
one-pot system.

Ph— N
~ cN DPPA N
Ph™ "OH L pp —>
DBU >=<
1 A DMF PH CN
1a

Consequently, we decided to investigate the coupling of 1, A,
and diphenylphosphoryl azide (DPPA) in greater detail, finding
that triazolyzation was very inefficient using stoichiometric
amounts of DBU. Moreover, the evident use of only benzylic
alcohols when some alkylic alcohols (e.g., menthol, octyl alcohol,
and phenethyl alcohol) failed under our procedure is in accor-
dance with Thompson’s discussion. Conventional heating
(60-70 °C upon adding ketone) and a 6 h reaction period were
adopted as the standard. The coupling reactions of various
benzylic alcohols in the presence of benzoylacetonitrile A, ethyl
acetoacetate B, dibenzoylmethane C, and/or acetylacetone D as
active ketones were then examined under these optimized
conditions (Table 1).7
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Table 1
Synthesis of 1,4,5-trisubstituted 1,2,3-triazoles from benzylic alcohols by coupling

with active ketones
o DPPA
RS—\/j

R—— -\ )l\/Rz DBU
\/ OH R1
DMF
A:R'=Ph, R?%=CN >=<

B: R'= CH3, R?= COOEt R1 R2
C: R'= Ph, R?= COPh
D: R'= CH3, R?= COCHj;

Entry Benzyl alcohol Ketone Triazole® Yield" (%)
1 1 A 1a 78
2 1 C 1c 80
3 2 D 2d 82
4 2 B 2b 65°¢
5 2 C 2c 76
6 3 D 3d 75
7 3 C 3c 74
8 4 D 4d 77
9 4 B 4b 63¢

10 4 A 4a 72

11 5 D 5d 76

12 5 B 5b 62¢

13 6 D 6d 73

14 6 B 6b 66°

15 7 D 7d 82

16 7 C 7c 80

17 8 A 8a 75

3 Confirmed by 'H NMR, '*C NMR, and HRMS.
b Yields refer to chromatographically pure isolated compounds.
¢ In these cases, the reactions require longer times (36 h) upon adding ketone.

The presence of moderate EWG in the aromatic ring (p-Cl, entry
3) led to slightly higher yields than those observed for electron-
rich benzylic alcohols (p-OCH3, entry 11, considering acetylacetone
D for these examples). However, the formation of a less stable eno-
late in the reaction (when ethyl acetoacetate B is used) leads to the
synthesis of triazoles in low yields (entries 4, 9, 12, and 14). Fur-
thermore, we have used the method with heterocycles (6, 7 and
8) as aryl moieties. These results are consistent for both primary
(1-6) and secondary (7 and 8) benzylic alcohols.

Mechanistically, we believe the reaction takes place in four dis-
crete steps (Scheme 1). One DBU equivalent is necessary for an
effective Thompson azidation. The enolate generated in situ by
the action of a second DBU equivalent leads to azide-enolate
[3+2] cycloaddition.

In summary, we developed a simple one-pot, three-component
procedure for the direct conversion of alcohols to 1,4,5-trisubsti-
tuted 1,2,3-triazoles through highly regioselective synthesis under
mild conditions.
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Scheme 1. Proposed plausible mechanism for azide-enolate [3+2] cycloaddition.
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Experimental procedure: To a cold solution (0 °C) of benzyl alcohol 1 (0.108 g,
1.0 mmol) and diphenylphosphoryl azide (0.236 mL, 1.1 mmol) in anhydrous
DMEF (2.5 mL) was added DBU (0.3 mL, 2.0 mmol). The solution was stirred for
15min at 0°C under nitrogen atmosphere, and then brought to room
temperature with continuous stirring for 3 h. Afterwards, TLC indicated the
disappearance of the starting material. Benzoylacetonitrile A (0.145g,
1.0 mmol) was then added to the reaction mixture, which was stirred for 3 h
at 60-70 °C. Brine (~40 mL) was added to the reaction mixture and washed
with EtOAc (3 x 10 mL). The organic layer was dried (Na,SO4) and the solvent
evaporated under reduced pressure. The crude product was purified by flash
column chromatography to give the brown highly viscous oil 1a (0.2 g, 78%).
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The preparation of 1,4,5-trisubstituted 1,2,3-triazoles by the coupling of three components (alkyl halides,
sodium azide, and active ketones) through an azide-enolate [3+2] cycloaddition (Dimroth cycloaddition)
has been developed for the first time. A wide variety of halides (including chlorides, bromides, and
iodides as well as primary and secondary derivatives) have demonstrated the versatility of this method,
which is based on a one-pot system under mild reaction conditions.

© 2015 Elsevier Ltd. All rights reserved.

In 1902' Otto Dimroth first described the azide-enolate [3+2]
cycloaddition to obtain 1,4,5-trisubstituted 1,2,3-triazoles under
strong basic conditions (NaOEt as base). For nearly 100 years this
reaction remained almost forgotten.

During the last decade several research groups® took renewed
interest in this synthetic method and strove to improve it, because
the 1,4,5-trisubstituted 1,2,3-triazole core had shown potent
pharmacological activities.> Although these improved protocols
have brought back this synthetic method in a new setting, there
are still certain limitations. For instance, the use of azide substrate
as the starting material requires that this uncommon reagent be
obtained from other common functional groups. Recently, Cao
and co-workers, reported a one-pot, three-component synthesis
of 1,4,5-trisubstituted 1,2,3-triazoles starting from primary alco-
hols and using a NaN5/TsIm/TEA/TBAI/KOH system.* Unfortunate-
ly, the exclusive use of primary substrates and strongly basic
conditions limits it use. Previously we published the use of a
BnOH/DPPA/DBU system”® as a facile approach to the synthesis of
these compounds, but its scope is limited by the exclusive use of
benzylic alcohols. Thus, there is a need to develop new alternatives
for an effective approach to this important class of heterocycle

* Corresponding authors. Tel.: +52 722 217 5109x113; fax: +52 722 217 3890.
E-mail addresses: qfb_dgonzalez@yahoo.com.mx (D. Gonzalez-Calder6n), cgon-
zalezr@uaemex.mx (C. Gonzdlez-Romero).

http://dx.doi.org/10.1016/j.tetlet.2015.02.049
0040-4039/© 2015 Elsevier Ltd. All rights reserved.

compounds, preferably starting from conventional functional
groups and using mild reaction conditions.

Alkyl halides in the presence of sodium azide (NaNs) have been
highly efficient in Cu-catalyzed azide-alkyne cycloaddition (CuAAC)
for the synthesis of 1,4-disubstituted 1,2,3-triazoles through a one-
pot, three-component system.® This has proven to be a very rapid
and elegant way to access triazole building blocks. The reasons are
evident, the azide substrate generated in situ requires only a simple
and rapid displacement (Sy2) of a halide by an azide ion, providing
this potential functional group in a one-pot reaction.

Rationalizing these facts, we decided to investigate the use of
alkyl halides in the synthesis of 1,4,5-trisubstituted 1,2,3-triazoles
via a one-pot, three-component reaction. The aim was to improve
the synthetic strategies for the total synthesis of triazole
carbocyclic nucleosides.”

Optimization studies for this coupling synthesis were carried
out on benzyl chloride 1 and benzoylacetonitrile B. Mixing halide
with a 1.1 equivalent of sodium azide in anhydrous DMF solution
produced the desired alkyl azide in quantitative yield with short
reaction times at 50 °C. The reaction with the enolate substrate,
which was generated in situ by the action of a 1.1 equiv of
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) on a 1.1 equi of active
ketone A led the building of the desired 1,4,5-trisubstituted
1,2,3-triazole block in 80% yield. In contrast with Khurana's
procedure,?’ the catalytic use of DBU failed under our protocol.
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Optimized conditions were then used to study the coupling of a
series of halide compounds in the presence of acetylacetone A,
benzoylacetonitrile B, and/or dibenzoylmethane C as active
ketones (Scheme 1).2

As the data in Scheme 1 indicate, acceptable yields of 1,4,5-
trisubstituted 1,2,3-triazoles were obtained by using chlorides (1
and 7), bromides (2, 4 and 5), and iodides (3, 6, 8 and 9) as well
as primary (1-6) and secondary (7-9) derivatives. The inversion
of configuration in an asymmetric center (e.g., 8 »8c) must be
expected in order to a Sy2 mechanism.’

Rufinamide is an anticonvulsant medication approved by the
FDA in 2008 which was discovered by Novartis Pharmaceuticals
and is currently manufactured by Eisai Co., Japan, and marketed
under the brand name Banzel. Classical approach to rufinamide is

D. Gonzdlez-Calderon et al./ Tetrahedron Letters 56 (2015) 1713-1715

described in Scheme 2.'° Synthetically, the use of benzoylacetoni-
trile B under our method may represent the obtaining of potential
intermediates (1b, 2b, 3b, and 9b) for the synthesis of rufinamide
analogues.

On the other hand, the formation of 1,2,3-triazole core in carbo-
hydrates has become one of the most important issues in medic-
inal chemistry to obtain 1,2,3-triazole nucleosides, nucleotides,
and oligonucleotides.!! Triazolyl saccharide derivative 4¢ obtained
from halosugar 4 represents an interesting reaction for the synthe-
sis of aforementioned compounds. Furthermore, this protocol is a
facile alternative to obtain 4-carbonyl-5-methyl-triazole deriva-
tives (e.g., 2a, 3a, 5a, 6a, and 9a) which are very functionalizable
intermediates to obtain anti-HIV triazolyl sugars, previously
reported by Ferreira et al. (Scheme 3).3¢

[o) Br
0/\ | Bno fo) Br
n
Br BnO BnO Ph/\)
3 OBn OBn 5
2 4 H,
0 I
9 CH3 =
2 \
\\\ cl @ OEt CH3
. i
3
0 N ®
RI—X M ore N N I
R? DBU, DMF NT Sge
A: R?= CH3, R%= COCH; |
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C: R2= Ph, R3= COPh
/N o O/\ o
4 =N =N
N, ,‘ 7 o ?‘ 0
N N/ N/
CH,
0 Ph CH
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o)
9
0 N
O BnO N=
Bn CN oBn HsC BnO Ph g S !
3b (73 %) a (75 %) OBn 5a (81%) Ph coy N/
40(78 %) OCH,
6a (75 %)
N—_CN
N I
0
o (80 %" é’/ ]/ )\/\/ )\/\/
[ 8c(73%) b (81 %)

9a (76 %)

Scheme 1. Synthesis of 1,4,5-trisubstituted 1,2,3-triazoles from alkyl halides by coupling with sodium azide and active ketones. The products were confirmed by 'H NMR, '>C

NMR, MS, and HRMS.
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Scheme 2. Reported synthetic approach to rufinamide.
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Scheme 3. Ferreira’s synthesis for anti-HIV triazolyl sugars

In summary, we report the first one-pot procedure for the direct
conversion of alkyl halides to 1,4,5-trisubstituted 1,2,3-triazoles
via an azide-enolate [3+2] cycloaddition. These reactions were effi-
ciently performed under mild conditions. The method circumvents
the problems encountered with the isolation of organic azides, and
complements the library of synthetic methods for obtaining these
valuable heterocycles.
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Abstract: A simple procedure to prepare 1,5-disubstituted
1,2,3-triazoles efficiently from alkyl/aryl azides and [3-ketophos-

phonates in the presence of KOH by an azide-enolate 1,3-dipo-
lar cycloaddition in good yields was developed.

Introduction

In 2002, Meldal™ and Sharpless®® reported Cu-catalyzed alk-
yne-azide cycloaddition (CUAAC) as an enhanced protocol of
the Huisgen cycloaddition (1963);5! this reaction enables the
highly regioselective synthesis of 1,4-disubstituted 1,2,3-tri-
azoles (Scheme 1). This improvement has become, for the time
being, the most powerful tool to furnish 1,2,3-triazole scaf-
folds.

I N R?
Cu 7
R—= + R'—N; —— N I
N
I
R‘T

1,4-disubstituted

Scheme 1. CuAAC by Meldal and Sharpless: Highly regioselective synthesis of
1,4-disubstituted 1,2,3-triazoles.

In very recent years, Ramachary, Wang, Bressy, Tron, and
Rademann independently reported azide-carbonyl [3+2] cy-
cloaddition as a novel strategy to afford 1,2,3-triazole moieties
(Scheme 2).5-7 The use of a wide variety of carbonyl derivatives
(e.g., aldehydes, ketones, esters, and nitriles that are easily pre-
pared and inexpensive) has demonstrated significant advanta-
ges over the CuAAC.

Similar to the Huisgen-type CuAAC reaction, azide-carbonyl
cycloaddition has emerged from the “archives”. In 1902, Dim-
roth reported™® the first azide—enolate cycloaddition [Scheme 2,
Equation (a)]. The synthesis of Dimroth triazoles is a stepwise
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E Dimroth triazole synthesis (1902)
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Scheme 2. Azide-carbonyl 1,3-dipolar cycloaddition as an emerging field to
provide a versatile approach to substituted 1,2,3-triazoles.
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Scheme 3. Background and proposed approach to the synthesis of 1,5-disubstituted 1,2,3-triazoles involving the coupling of azide derivatives with certain
substrates (ref”:22-2%)) as well as synthesis by azide-free reactions (ref.2%2"). These synthetic protocols have allowed biological studies of such compounds

(ref.“““ 9])'

addition/condensation process that occurs with complete re-
gioselectivity and is most commonly achieved by using alkox-
ide bases in alcohol solvents (polar protic).[”! Consequently, sev-
eral authors have proposed!'? other alternatives for such reac-
tions. Nowadays, Ramachary, Wang, Bressy, Tron, and Rade-
mann have returned to Dimroth cycloaddition but in a new
setting. The main outstanding aspects of these novel methodol-
ogies are highlighted in recent reviews by Westermann and
Paixao,l"! Dehaen,'? and Ramasastry.l'3l In contrast with
azide—enamine [Scheme 2, Equation (b)]®! and azide-enolate
[Scheme 2, Equation ()] cycloaddition (synthetic approaches
to 1,4,5-trisubstituted and 1,4-disubstituted 1,2,3-triazoles only),
the coupling with phosphorus compounds [Scheme 2, Equa-
tion (d)]710P10¢] eads exclusively to 1,5-disubstituted 1,2,3-tri-
azoles.

The 1,5-disubstituted 1,2,3-triazole core is now known to be
a very important pharmacophore!’ owing to its considerable
biological applications (e.g., against cancer,"” HIV,'® ma-
laria,l"”! dengue,l® and fungus!'®). From increasingly common
reports on synthetic methods to obtain 1,5-disubstituted 1,2,3-
triazole moieties, general methods can be sorted as (1) the cy-
cloaddition of primary amines with a-chlorotosylhydrazones
[Scheme 3, Equation (f)]2% or with enaminones/tosylhydrazine
[Scheme 3, Equation (g)]?" and (2) the coupling of azide sub-
strates with alkynes [Scheme 3, Equation (h)],'2? vinyl electron-
withdrawing group substrates [Scheme 3, Equation (i)],?*! allen-
ylmagnesium bromides [Scheme 3, Equation (j)],?* amines/pro-
pynones [Scheme 3, Equation (k)],'?*! and aldehydes/nitrometh-
ane [Scheme 3, Equation (1)].12%! Thus, the development of an
efficient synthesis of these nitrogen heterocycles is of increas-
ing importance.

Eur. J. Org. Chem. 2016, 668-672 www.eurjoc.org
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Results and Discussion

Recently, we reported?”! the synthesis of 1,4,5-trisubstituted
1,2,3-triazoles from benzylic alcohols by azidation with the use
of diphenylphosphoryl azide (DPPA) in the presence of active
ketones (then benzoylacetonitrile, ethyl acetoacetate, dibenz-
oylmethane, and acetylacetone were used). At this stage, [3-
ketophosphonates 2 were subjected to such conditions. After-
wards, we noticed that instead of the 1,4,5-trisubstituted 1,2,3-
triazoles, the 1,5-disubstituted 1,2,3-triazoles derivatives were
obtained in low yields (30 %). This observation was not very
surprising given that, as aforementioned, phosphorus com-
pounds lead exclusively to 1,5-disubstituted 1,2,3-triazoles.
Hence, we decided to investigate the coupling of azides with
[p-ketophosphonates in greater detail. Optimization studies for
this cycloaddition process were performed with compounds 1a
and 2a. In accordance with the outcome described in Table 1,
low yields were observed upon using basic tertiary amines,
such as 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU; Table 1, en-
tries 1, 7, and 8), EtsN (Table 1, entries 2 and 9), and 4-(dimethyl-
amino)pyridine (DMAP; Table 1, entry 3), as well as strong bases,
such as sodium hydride (Table 1, entry 5), nBuli (Table 1, en-
tries 16 and 17), and lithium diisopropylamide (LDA; Table 1,
entries 18 and 19). Triazolation with the use of KOH was accom-
plished and provided the products in moderate to excellent
yields. KOH-promoted cycloaddition is dependent on the sol-
vent. With dry solvents (Table 1, entries 4, 10, and 12), the reac-
tion afforded the products in moderate yields. However, with
reagent-grade solvents (particularly Table 1, entries 14 and 15),
the highest yields were observed. Therefore, we adopted the
standard of using a solution of KOH (2.0 equiv.) in reagent-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Optimization of the reaction conditions: Effect of solvent and base.

N
o ¢ N
P base
Bn—N; + | "OMe —» 'T‘
OMe  solvent g,
1a (1.0 equiv.)  2a (1.0 equiv.) 3a
Entry  Solvent Basel®! Time [h] Yield! [%]
1 DMF (anhyd.) DBU 12 31
2 DMF (anhyd.) EtsN 12 34
3 DMF (anhyd.) DMAP 12 23
4 DMF (anhyd.) KOH 12 53
5 DMF (anhyd.) NaH 12 42
6 DMF KOH 12 64
7 MeCN (anhyd.) DBU 12 37
8 MeCN DBU 12 46
9 MeCN EtsN 12 40
10 MeCN (anhyd.) KOH 5 63
11 MeCN KOH 5 74
12 THF (anhyd.) KOH 5 56
13 THF KOH 5 75
14 MeCN KOH (2.0 equiv.) 5 95
15 THF KOH (2.0 equiv.) 5 90
1619 THF (anhyd.) BuLi 3 55
1790 THF (anhyd.) BuLi (2.0 equiv.) 3 60
189 THF (anhyd. LDA 3 64
19t THF (anhyd.) LDA (2.0 equiv.) 3 68

[a] Unless otherwise stated, reactions were run at 60 °C. [b] Unless otherwise
stated, reactions were performed by using 1.1 equiv. of base [c] Yields refer to
chromatographically pure isolated compounds. [d] These experiments were
performed at 0 °C.

grade acetonitrile or tetrahydrofuran with conventional heating
at 60 °C for 5 h. To demonstrate the reproducibility and scope
of such results, a library of (3-ketophosphonates 2 was readily
prepared according to the mild and high-yielding procedures
described by Maloney™® and Milburn?®! (Scheme 4).

0 (6] LDA or LIHMDS
)l\ II'—I' THF 0°C, 15 min P
* Me” | TOM J\/ =~
R oM e” | O e >90% OMe

A g OMe 2 OMe

Scheme 4. Facile condensation of esters A with dimethyl methylphosphonate
(B) afforded high yields of (3-ketophosphonates 2 under noncryogenic condi-
tions.128:29]

The cycloaddition of various alkyl and aryl azides 1 in the
presence of diverse -ketophosphonates 2 under the optimized
conditions is summarized in Table 2. The scope and versatility
of this protocol is displayed by the efficient synthesis of 1-alkyl-
substituted (3a-i, from alkyl azides) and 1-aryl-substituted (3j-
p, from aryl azides) 1,2,3-triazoles as well as 5-alkyl-substituted
(3b-k, from R? = alkyl derivatives) and 5-aryl-substituted (3I-p,
from R? = aryl derivatives) 1,2,3-triazoles in good yields, both
with the use of acetonitrile and tetrahydrofuran. Unfortunately,
upon subjecting commercial dimethyl 2-oxopropylphosphon-
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Table 2. Cycloaddition of azides 1 with -ketophosphonates 2 under opti-
mized conditions. Reaction conditions: A mixture of compound 1 (0.1 mmol),
compound 2 (0.1 mmol), and KOH (0.2 mmol) in CH5CN (1.5 mL) was stirred
at 60 °C for 5 h.

1= )oko/(ls
R
R R? | OMe

1 2 OMe

N

KOH (2.0 equiv.) 7 :H\
—_— \
N

MeCN
60°C,5h

ﬁﬁ %

3c, 88% (84%)@

Rz
R' 3

3d, 78% (82%) [alg

3b,83% °
N=
o, CHj3
3e,92% 3f, 97% 39 80%
/N /N
N N |
\ \
N N
J\ I H;CO
Ph” CH, En
3h, 86% 3i, 92%
cl . 3j, 74% (79%)@
N’
\
N
_N
H;CO N3
N SCH,
N SCH,
o 31,97%
o 3m, 90%
3k, 70%

// 1[@ W N’?}Qscng

x
N . ™
30, 92% (86%)( CH;

O 3p, 92% (90%)  OCH;, 3p,88% O
?IsN /N:N
N \% Ph\l/N 7)
©/\/ CHs
3q, 35% 3r, 26%

[a] Reaction performed in THF.

ate [CH3COCH,P(O)(OCHs),] to our protocol, desired triazoles 3q
and 3r were obtained in very low yields (35 and 26 %, respec-
tively). A reasonable competitive deprotonation between the a
carbon atoms of such a 2-oxophosphonate may explain these
outcomes.

A plausible reaction pathway is shown in Scheme 5. Phos-
phoryl-stabilized carbanion 4, promoted by the hydroxy group,
enables highly regioselective coupling with azide moiety 1 to
form corresponding oxaphosphetane 5. Aromatization of the
ring produces the free phosphate byproduct, which is readily
separated from desired product 3 by simply washing with wa-
ter.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 5. Proposed plausible mechanism for azide-enolate 1,3-dipolar cycloaddition.

Conclusions

In summary, we developed a simple and efficient approach to
obtain 1,5-disubstituted 1,2,3-triazoles through a highly regio-
selective synthesis. The coupling of aryl/alkyl azides with 3-ke-
tophosphonates was promoted by KOH in reagent-grade sol-
vents (acetonitrile or tetrahydrofuran) with good to excellent
yields.

Experimental Section

Dimethyl 2-[4-(Methylthio)phenyl]-2-oxoethylphosphonate;
Representative Procedure(?®2”! for the Synthesis of Compounds
3l and 3m: A solution of 2.0 m LDA in THF (1.56 mL, 11.52 mmol)
was added dropwise to a cold solution (=5 °C) of methyl 4-(methyl-
thio)benzoate (1.0 g, 5.49 mmol) and dimethyl methylphosphonate
(0.654 mL, 6.028 mmol) in anhydrous THF (30 mL) keeping the inter-
nal temperature below 0 °C. After complete addition, stirring was
continued at 0 °C for 45 min. A satd. ag. solution of NH,CI (ca.
40 mL) was added to the mixture, which was washed with EtOAc
(3 X 20 mL). The organic layer was dried (Na,SO,), and the solvent
was evaporated under reduced pressure. The crude extract was pu-
rified by flash column chromatography to afford the title compound
as a white solid (1.4 g, 93 %).

Triazole 3a; Representative Procedure: Potassium hydroxide
(0.11 g, 2.0 mmol) was added to a solution of benzyl azide (1a;
0.133 g, 1.0 mmol) and p-ketophosphonate 2a (0.23 g, 1.0 mmol)
in reagent-grade acetonitrile (2.0 mL). The solution was stirred at
60 °C for 5 h. Brine (ca. 20 mL) was added to the mixture, which
was washed with EtOAc (3 x 8 mL). The organic layer was dried
(Na,SO,), and the solvent was evaporated under reduced pressure.
The crude extract was purified by flash column chromatography to
afford 3a (0.23 g, 95 %) as a colorless oil.
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The first report of 1’-homo-N-1,2,3-triazol-bicyclic carbonucleosides (7a and 7b) is described herein.
Azide-enolate (3+2) cycloaddition afforded the synthesis of this novel type of compound. Antifungal
activity was evaluated in vitro against four filamentous fungi (Aspergillus fumigatus, Trichosporon cuta-
neum, Rhizopus oryzae and Mucor hiemalis) as well as nine species of Candida spp. as yeast specimens.
These pre-clinical studies suggest that compounds 7a and 7b are promising candidates for complemen-
tary biological studies due to their good activity against Candida spp.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The chemistry and biology of nucleoside analogs has consoli-
dated a very particular and proper field of study in organic and
medicinal chemistry [1]. A certain classification of such com-
pounds, convenient for the purpose of the present study, is
described in Fig. 1. One of the most important modifications of
nucleosides Aa [2] has been the replacement of the oxygen atom
of the furanose ring with a methylene group, resulting in carbo-
cyclic nucleosides Ab [3] (also called ‘carbonucleosides’ in short
form). The recognition of 1,2,3-triazole scaffolds as potent pharma-
cophores [4] has revolutionized nucleoside analogs allowing for
their conversion to the corresponding triazole derivatives Ba [5]
and Bb [6].

1’-Homonucleosides (Ca [7] and Cb [8]) are a special class of
modified nucleosides, in which the nucleobase (Het) and the sugar
moiety (at its 1’-position) are separated by a carbon bridge. In
addition to greater conformational flexibility and rotational free-
dom, this gives them more resistance to hydrolytic or enzymatic
cleavage compared to the relatively reactive aminal linkage of
common nucleosides [9]. Modified triazolic nucleosides D [10]
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E-mail addresses: qfb_dgonzalez@yahoo.com.mx (D. Gonzélez-Calderén),
cgonzalezr@uaemex.mx (C. Gonzdlez-Romero).
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can be found in literature, and the discovery of certain natural
bicyclic nucleosides Ea [11] (e.g. Ezomycin [12] and Octosyl [13])
along with their potent antifungal activity [14] has sparked new
research into the design and synthesis of novel carbonucleoside
derivatives Eb [15] as well as their 1’-homo mimetics F [16].

Sesquiterpene lactones (carbobicyclic lactones) are amongst the
most abundant natural products. More than 8000 structures have
been reported [17], and they have broad structural and functional
diversity including their antifungal activity [e.g. Sclareolide [18]
(Fig. 2)]. The introduction of these scaffolds to nucleosides analogs
(H and I) has been performed by Castillén [19]. The chemical struc-
ture of certain antifungal nucleoside analogs (J [20] and K [21]
among others [22]) has inspired the design and synthesis of 1'-
homo-N-1,2,3-triazol-bicyclic carbonucleosides 7a and 7b. To the
best of our knowledge, this type of compound (G) has not yet been
reported.

2. Results and discussion
2.1. Chemistry

The Cu-catalyzed azide-alkyne cycloaddition (CuAAC) has lar-
gely been the conventional approach for synthesizing triazole
nucleosides [5]. In recent years, azide-enolate (3+2) cycloaddition
(AEC) has emerged as a novel and potent tool for the synthesis of
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Aa: X=0,Nucleosides
Ab: X=CH,, CarbocyclicNucleosides

Ca: X=0, 1'-Homonucleosides
Cb: X=CH,, 1'-Homocarbocyclic

Ea: X=0, Bicyclicnucleosides
Eb: X= CH,, Bicycliccarbonucleosides

(Carbonucleosides) Nucleosides
/N
N 4 /N: N
\
N N P
(o] 1

Ba: X=0, TriazoleNucleosides
Bb: X=CHy,, TriazoleCarbocyclic
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Fig. 1. General classification of nucleoside analogs reported in literature. Possible positions (i, ii, and iii) for bicyclic derivatives E and F are known. A novel type of compound

G is herein proposed.

1,2,3-triazole moieties [23]. As a pioneering strategy we describe
the synthesis of 7a and 7b afforded by a versatile AEC (Scheme 1).

Our initial study began by obtaining silylated ‘Corey lactone’ 2,
according to our previous report [24], as the key precursor for the
present synthesis. This compound is an excellent supplier of the
pseudosugar ring (cyclopentane) required for the highly stere-
ospecific configuration of all suitable functional groups. A conve-
nient protection-deprotection strategy for alcohols was planned
for the present study involving the esterification of 2 with p-
phenylbenzoyl chloride (PBCl) in dichloromethane and pyridine
to form the ester lactone 3.

Previously [25], we investigated the AlCl3-6H,0 cleavage of
silyl ethers in methanol. Thus, desilylation of 3 was accom-
plished by such a protocol to afford alcohol 4, which was func-
tionalized to the corresponding iodide derivative 5 according to
the Garegg-Samuelsson procedure (PPhs/l;/Im/ROH system)
[26], On the other hand, we recently [27] published a straight-
forward approach to the synthesis of 1,4,5-trisubstituted 1,2,3-
triazoles by the coupling of three-components (alkyl halides,
sodium azide, and ketones) through an AEC. This method proved
to be a very rapid and elegant way to access triazole building
blocks 6a and 6b by the coupling of acetylacetone and 2-
benzoylacetophenone, respectively. Finally, transesterification of
6a and 6b by treatment with DBN in MeOH gave the corre-
sponding carbonucleosides 7a and 7b.

Compounds 7a and 7b were evaluated for their in vitro antifun-
gal activity against four filamentous fungi (Aspergillus fumigatus
ATCC-16907, Trichosporon cutaneum ATCC-28592, Rhizopus oryzae
ATCC-10329 and Mucor hiemalis ATCC-8690), as well as Candida
utilis ATCC-9226, Candida albicans ATCC-10231 and Candida

tropicalis ATCC-13803 as yeast specimens. In addition, other strains
for Candida spp. (C. lipolytica, C. pseudotropicalis, C. krusei,
C. parapsilosis, C. glabrata, and Candida famata) were collected from
inpatients and evaluated under the aforementioned protocol. CLSI
standardized methods were employed to carry out the microbio-
logical tests. We used the M38-A2 [28] microdilution method to
determine the sensitivity of filamentous fungi, and the M27-A3
[29] method for Candida yeasts. The antifungal activity of com-
pounds 7a and 7b was compared with itraconazole, a standard
antifungal drug. The minimum inhibitory concentration (MIC) val-
ues of compounds and standard drugs, expressed in micrograms
per milliliter, were determined in 96-well plates by using RPMI
1640 medium buffered with MOPS (3-[N-morpholino]|propane sul-
fonic acid; Sigma-Aldrich).

2.2. Antifungal activity

The antifungal activity of the evaluated compounds is sum-
marized in Table 1. Compounds 7a and 7b showed good activity
in some of the yeast strains, including C. utilis, C. lipolytica, C.
glabrata and C. famata, demonstrating ‘sensitivity™ according to
the parameters of document M27-A3 (Table 2). Only slight

2 'S, ‘SDD’ and ‘R’ are represented by standardized values (breakpoints) used to
appreciate the clinical value of the in vitro antifungal testing result and predicting the
response of patients infected. Sensitivity is dependent on achieving the maximum
dosages in plasma (breakpoints) to obtain optimal response. For itraconazole, an MIC
within the susceptible-dose dependent (SDD) range indicates the need for plasma
concentrations 0.25-0.5 pg/mL for an optimal response. Actual breakpoints are
described in Table 4 (see Ref. [29b]).



D. Gonzdlez-Calderén et al./Bioorganic Chemistry 69 (2016) 1-6 3

Antifungal compounds

Bicyclic nucleosides O
@)
/lt L
‘\\O O H// O N/KO
g é Sclareolide - 0} o)
= H (lactone scaffold) SePh //H
o 1
X
HO (3/ This work
2
7 " N
=
OH OH ! N N7 S—re
J: Carbocyclic nucleoside H \N R N /
N R O = ! R
7 1"
(0]
N j H \( OH
N /// O
o 1 | OH Haworth projection
W\
W 7a: R'= Me,R= COMe
7b: R'= Ph,R?= COPh
HO' OBn

K:1'-Homo-N-triazol-nucleosides

Fig. 2. The current antifungal compounds Sclareolide, J and K as well as H and I inspired the design of novel nucleoside analogs 7a and 7b.

o o) o o
three steps (0] L
:9 < [Ref.24] :9 < (O] S < (11) H i
i N E— ) — N N
R OTBS OTBS OH
1 HO , PBPCO2 F’BF’COz

PBP= p-PhCH—

e 6]
o) 9

(i) R (w) \\\\ )
N=N —> Taor7b

/
¢ N
PBPCO) s PBPCO} \)\RZ

6a: R'= Me, R>= COMe R!
6b: R'= Ph, R?= COPh

Scheme 1. Reagents and conditions: (i) PBCI (1.1 eq), Py anh., DCM, r.t., No, 1 h, 90%. (ii) AlCl5-6H,0 cat, MeOH, 60 °C, 12 h, 93%. (iii) PPhs (2.5 eq), I, (2.0 eq.), Im (2.5 eq.), MeCN
anh., 80 °C, Ny, 3 h, 85%. (iv) For 6a: NaNj3 (1.1 eq), DMF anh., 60 °C, N, 6 h, then acetylacetone (1.1 eq), DBU (1.1 eq), 12 h, 60 °C, 72%. For 6b: NaN3 (1.1 eq), DMF anh, 60 °C,
Ny, 6 h, then 2-benzoylacetophenone (1.1 eq), DBU (1.1 eq), 12 h, 60 °C, 67%. (v) Both 7a and 7b: DBN cat, MeOH, r.t. 12 h, 87% and 81% respectively.

antifungal activity against C. albicans, C. tropicalis, C. pseudotropi- 3. Conclusion

calis, C. krusei, and C. parapsilosis was observed. Whereas there

was evident resistance by M. hiemalis, slight activity was found In conclusion, we report the first synthesis of a novel type of
against the rest of the filamentous fungi tested (A. fumigatus, compound, represented by 1’-homo-N-1,2,3-triazol-bicyclic car-

T. cutaneum, and R. oryzae). bonucleosides 7a and 7b, which showed good activity against
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Table 1
In vitro antifungal activities of synthetized compounds (MIC, pg/mL).

Comp. Yeast fungi Filamentous fungi

C. alb. C. trop. C. uti. C. lipo. C. pseu. C. kru. C. para. C. gla. C. fam. M. hie. A. fum. T. cut. R. ory.
1 0.25 0.5 0.12 0.12 0.5 4 2 0.5 0.06 >16 4 8 4
2 2 2 0.12 0.12 1 4 4 0.5 0.5 >16 8 >16 8
Standard? 0.03 0.25 0.25 0.03 0.12 0.25 0.12 0.06 0.06 4 0.5 2 1

Abbreviations: C. alb., Candida albicans; C. trop., Candida tropicalis; C. uti., Candida utilis; C. lipo., Candida lipolytica; C. pseu., Candida pseudotropicalis; C. kru., Candida krusei; C.
para., Candida parapsilosis; C. gla., Candida glabrata; C. fam., Candida famata; M. hie., Mucor hiemalis; A. fum., Aspergillus fumigatus; T. cut., Trichosporon cutaneum; R. ory.,

Rhizopus oryzae.
¢ Itraconazole.

Table 2

Sensitivity of yeast strains according to the document M27-A3: Susceptible (S), dose dependent sensitive (SDD) and resistant (R).
Compound C. alb. C. trop. C. uti. C. lipo. C. pseu. C. kru. C. para. C. gla. C. fam.
1 SDD SDD S S SDD R R SDD S
2 R R S S R R R SDD SDD
Standard?® S SDD SDD S S SDD S S S

¢ Itraconazole. Interpretive criteria: Breakpoints (MIC, png/mL) = 0.12 [S], 0.25-0.5 [SDD], 1 [R].

some of the yeast strains tested. Moreover, AEC was employed as a
synthetic strategy. These advances make the present study a
breakthrough in the field of nucleoside chemistry. The pre-
clinical study of these compounds show a good antifungal scope
for Candida spp., representing new leads for further development
of pharmacomodulator in this series.

4. Experimental
4.1. General

The reagents were purchased from Aldrich Chemical Co. and
were used without further purification. Dichloromethane, pyridine,
acetonitrile, and dimethylformamide were dried according to liter-
ature [30]. Flash column chromatography: SiO, 60 (230-400
mesh). TLC: Silica-gel plates (SiO,; 0.20-mm thickness); visualiza-
tion with UV light at 254 nm or by staining with base soln. of
CoCl/H,S04 ac. (2 g/100 mL H,SO, 10%) followed by heating
~140°C. m.p.: Fischer-Johns Scientific melting point apparatus;
uncorrected. TH and 3C NMR spectra: Bruker Avance 300 MHz
and a Varian 500 MHz; & in ppm rel. to Me4Si as internal standard,
J in Hz. MS: Shimadzu GCMS-QP2010 Plus; in m/z (rel.%).

4.1.1. (3aR,4S,5R,6aS)-4-((tert-butyldimethylsilyloxy )methyl)-2-oxo
hexahydro-2H-cyclopenta[b|furan-5-yl biphenyl-4-carboxylate (3)
To a solution of Corey lactone-alcohol 2 (2.0 g, 6.98 mmol) in
anhydrous dichloromethane (DCM, 15.0 mL) and anhydrous pyri-
dine (Py, 5.0 mL) at room temperature under inert atmosphere
was added p-phenylbenzoyl chloride (1.66 g, 7.68 mmol). The reac-
tion mixture was stirred for 1h, and then water (~70 mL) was
added to the reaction mixture and washed with DCM
(3 x 10 mL). In order to remove the excess Py, the organic layer
was washed with CuSO,4 5% sol. (5-8 x 20 mL until strong blue
color of watery layer gradually turned to slightly blue color). The
organic layer was dried with anhydrous Na,SO,4 and the solvent
was concentrated in vacuo. The crude product was purified by flash
column chromatography to give the white solid 3 (2.94 g, 90%). m.
p. 91-95 °C. R¢: 0.35 (Hex/EtOAc 8:2). 'TH NMR: (300 MHz, CDCl3)
5=28.06 (d, J=8.4Hz, 2 Ar—H), 7.64 (dd, J=15.7, 7.7 Hz, 4 Ar—H),
7.49-7.33 (m, 3 Ar—H), 537 (dt, J=5.8, 29 Hz, 1 H), 5.09 (t,
J=5.9Hz, 1 H),3.72 (qd, J = 10.2, 4.7 Hz, 2 H), 3.00-2.86 (m, 2 H),
2.65-2.42 (m, 2 H), 2.34 (d, J=17.2 Hz, 2 H), 0.90 (s, 9 H), 0.07 (s,
6 H) ppm. '>C NMR: (75 MHz, CDCl3) 6=176.86 (C=0), 165.86

(C=0), 145.84 (C), 139.92 (C), 130.14 (2 CH), 128.89 (2 CH),
128.52 (C), 128.12 (CH), 127.24 (2 CH), 127.12 (2 CH), 85.42
(CH), 78.78 (CH), 63.43 (CH,), 55.16 (CH), 40.53 (CH), 39.07
(CH,), 36.24 (CH,), 25.84 (3 CHs), 18.17 (C), —5.53 (2 CHs) ppm.
MS-EI* m/z (%): 409 [Cy3H2505Si] (20), 256 (100), 211 (69), 182
(76), 152 (90), 127 (23), 91 (20), 75 (43), 57 [C4Hb] (20).

4.1.2. (3aR4S,5R,6aS )-4-(hydroxymethyl)-2-oxohexahydro-2H-
cyclopenta [b]furan-5-yl biphenyl-4-carboxylate (4)

To a solution of silyl ether 3 (2.0 g, 4.29 mmol) in methanol
(18.0 mL) was added a catalytic amount of AlCl3-6H,0 (0.05 g,
0.2 mmol). The reaction mixture was stirred at 60 °C for 12 h.
The solvent was removed under reduced pressure. The crude pro-
duct was purified by flash column chromatography affording a
white solid 4 (1.4 g, 93%). m.p. 147-150°C. Rg: 0.3 (Hex/EtOAc
2:8). '"H NMR: (300 MHz, CDCl3+(CD3),SO) 6 =8.04 (d, ] =8.4 Hz,
2 Ar—H), 7.63 (dd, J = 14.3, 7.6 Hz, 4 Ar—H), 7.50-7.33 (m, 3 Ar—H),
5.43 (dt, J=5.5, 2.7Hz, 1 H), 5.10 (t, J=5.7Hz, 1 H), 4.55 (t,
J=5.1Hz, 1 H), 3.60 (td, J=5.4, 3.2 Hz, 2 H), 3.01-2.86 (m, 2 H),
2.65-2.38 (m, 2 H), 2.38-2.26 (m, 2 H) ppm. '>C NMR: (75 MHz,
CDCl3+(CDs3),S0) 6=177.00 (C=0), 165.53 (C=0), 145.43 (C),
139.52 (C), 129.99 (2 CH), 128.86 (2 CH), 128.56 (C), 128.11 (CH),
127.02 (2 CH), 126.85 (2 CH), 85.10 (CH), 78.47 (CH), 61.99
(CH,), 55.26 (CH), 40.14 (CH), 38.44 (CH,), 36.21 (CH), ppm. MS-
EI" m/z (%): 353 [M*+1] (73), 200 (100), 183 (82), 180 (31), 151
(64), 125 (53), 79 (25), 41 (35).

4.1.3. (3aR 4R,5R,6aS )-4-(iodomethyl)-2-oxohexahydro-2H-
cyclopenta [b]furan-5-yl biphenyl-4-carboxylate (5)

To a solution of alcohol 4 (2.0 g, 5.68 mmol), triphenylphos-
phine (3.72 g, 14.19 mmol), and imidazole (0.96 g, 14.19 mmol)
in anhydrous acetonitrile (35.0mL) was added I, (2.88¢g,
11.35 mmol). The solution was stirred for 3 h at 80 °C under nitro-
gen atmosphere. After this time, the reaction mixture was added to
brine (~150 mL) and washed with EtOAc (3 x 30 mL). The organic
layer was dried (Na,;SO,4) and the solvent was evaporated under
reduced pressure. The crude was purified by flash column chro-
matography to afford the white solid 5 (2.2 g, 85%). m.p. 142-
145°C. Re: 0.4 (Hex/EtOAc 6:4). 'H NMR: (300 MHz, CDCls)
6=28.06 (d, J=8.4Hz, 2 Ar—H), 7.76-7.33 (m, 7 Ar—H), 5.33-5.23
(m, 1 H), 5.07 (td, J=6.4, 1.8 Hz, 1 H), 3.36 (dd, J=10.3, 5.2 Hz, 1
H), 3.22 (dd, J=10.3, 7.7 Hz, 1 H), 2.95 (dd, J = 17.8, 10.1 Hz, 1 H),
2.87-2.76 (m, 1 H), 2.66-2.49 (m, 2 H), 2.46-2.27 (m, 2 H) ppm.
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13C NMR: (75 MHz, CDCl5) & = 176.11 (C=0), 165.65 (C=0), 146.02
(C), 139.72 (C), 130.19 (2 CH), 128.90 (2 CH), 128.20 (CH), 127.99
(C), 127.21 (2 CH), 127.12 (2 CH), 83.71 (CH), 79.45 (CH), 54.05
(CH), 44.28 (CH), 37.86 (CH,), 35.72 (CH,), 7.03 (CH,-1) ppm. MS-
EI' m/z (%): 463 [M+1]* (78), 335 (21), 277 (74), 200 (76), 180
(100), 154 (77), 127 (41), 109 (40), 91 (89), 77 (87), 54 (73), 39 (56).

4.1.4. (3aR,4S,5R,6aS)-4-((4-acetyl-5-methyl-1H-1,2,3-triazol-1-yl)
methyl)-2-oxohexahydro-2H-cyclopenta[b]furan-5-yl biphenyl-4-
carboxylate (6a)

The alkyl halide 5 (1.0 g, 2.16 mmol) and sodium azide (0.16 g,
2.38 mmol) were added to anhydrous dimethylformamide
(17.0 mL). The reaction mixture was stirred at 60 °C for 6 h under
nitrogen atmosphere. After this time, TLC indicated the disappear-
ance of the starting material. Then, acetylacetone (0.24 mL,
2.38 mmol) and DBU (0.36 mL, 2.38 mmol) were added to the reac-
tion mixture which was stirred for 12 h at 60 °C. Brine (~100.0 mL)
was added to the reaction mixture and washed with EtOAc
(3 x 30 mL). The organic layer was dried (Na;SO4) and the solvent
evaporated under reduced pressure. Flash column chromatography
afforded the yellow solid 6a (0.71 g, 72%). m.p. 56-60 °C. R¢: 0.4
(Hex/EtOAc 3:7). 'H NMR: (300 MHz, CDCl;) 6 =8.05-7.95 (m, 2
Ar—H), 7.72-7.56 (m, 4 Ar—H), 7.54-7.35 (m, 3 Ar—H), 5.32-5.20
(m, 1 H), 5.18-5.07 (m, 1 H), 4.55-4.30 (m, 2 H), 3.07-2.95 (m, 1
H), 2.93-2.78 (m, 1 H), 2.77-2.52 (m, 8 H), 2.45-2.21 (m, 2 H),
1.45-1.11 (m, 1 H), 0.97-0.82 (m, 1 H) ppm. '*C NMR: (75 MHz,
CDCl3) 6 = 194.03 (C=0), 175.66 (C=0), 165.69 (C=0), 146.27 (C),
143.67 (C), 139.61 (C), 136.81 (C), 130.11 (2 CH), 128.91 (2 CH),
128.26 (CH), 127.48 (C), 127.19 (2 CH), 127.15 (2 CH), 83.26
(CH), 77.13 (CH), 51.66 (CH,), 48.57 (CH), 41.21 (CH), 37.68
(CH,), 35.33 (CH,), 27.58 (CH3), 9.09 (Ar-CHs3) ppm. MS-EI" m/z
(%): 459 [M'], 181 (15), 149 (14), 91 (12), 71 (22), 57 (42), 48
(100), 41 (50).

4.1.5. (3aR,4S,5R,6aS)-4-((4-benzoyl-5-phenyl-1H-1,2,3-triazol-1-yl)
methyl)-2-oxohexahydro-2H-cyclopenta[b]furan-5-yl biphenyl-4-
carboxylate (6b)

The alkyl halide 5 (1.0 g, 2.16 mmol) and sodium azide (0.16 g,
2.38 mmol) were added to anhydrous dimethylformamide
(17.0 mL). The reaction mixture was stirred at 60 °C for 6 h under
nitrogen atmosphere. After this time, TLC indicated the disappear-
ance of the starting material. Then, 2-benzoylacetophenone
(0.54 g, 2.38 mmol) and DBU (0.36 mL, 2.38 mmol) were added to
the reaction mixture which was stirred for 12 h at 60 °C. Brine
(~100.0 mL) was added to the reaction mixture and washed with
EtOAc (3 x 30 mL). The organic layer was dried (Na,SO,4) and the
solvent evaporated under reduced pressure. Flash column chro-
matography afforded the slightly yellow solid 6b (0.84 g, 67%).
m.p. 71-76 °C. R¢: 0.55 (Hex/EtOAc 3:7). "H NMR: (500 MHz, CDCl3)
§=8.24-822 (m, 1 Ar—H), 8.22-8.21 (m, 1 Ar—H), 7.93 (d,
J=2.0Hz, 1 Ar—H), 7.91 (d, J=2.0Hz, 1 Ar—H), 7.65-7.64 (m, 1
Ar—H), 7.63-7.62 (m, 1 Ar—H), 7.61-7.59 (m, 1 Ar—H), 7.61-7.56
(m, 1 Ar—H), 7.58-7.55 (m, 1 Ar—H), 7.53-7.49 (m, 3 Ar—H),
7.50-7.45 (m, 2 Ar—H), 7.48-7.43 (m, 2 Ar—H), 7.46-7.39 (m, 3
Ar—H), 5.16-5.12 (m, 1 H), 5.01 (td, J=6.5, 2.2 Hz, 1 H), 4.53 (dd,
J=14.1,69Hz, 1 H), 444 (dd, J=14.2, 7.7 Hz, 1 H), 2.84-2.79 (m
2 H), 2.63-2.52 (m, 2 H), 2.28-2.21 (m, 1 H), 2.19-2.13 (m, 1 H)
ppm. '3C NMR: (125 MHz, CDCl;) 6=186.10 (C=0), 175.55
(C=0), 165.50 (C=0), 146.22 (C), 143.82 (C), 141.93 (C), 139.71
(C), 136.83 (C), 133.14 (C), 130.61 (2 CH,), 130.37 (CH), 130.15 (2
CH,), 129.54 (2 CH;), 129.16 (2 CH,), 128.93 (2 CH,), 128.28 (C),
128.25 (2 CH,), 127.58 (CH), 127.27 (2 CH,), 127.14 (2 CHy),
125.90 (CH), 82.91 (CH), 77.21 (CH), 51.59 (CH;), 49.21 (CH),
41.11 (CH), 37.61 (CH,), 35.12 (CH,) ppm.

4.1.6. (3aR4S,5R,6aS)-4-((4-acetyl-5-methyl-1H-1,2,3-triazol-1-yl)
methyl)-5-hydroxyhexahydro-2H-cyclopenta[b]furan-2-one (7a)

To a solution of ester 6a (0.6 g, 1.31 mmol) in MeOH (5.0 mL)
was added a catalytic amount of DBN (0.008 mL, 0.065 mmol).
The reaction mixture was stirred at room temperature for 12 h.
Then solvent was removed under reduced pressure. The crude
was purified by flash column chromatography to give the thick yel-
low oil 7a (0.32g, 87%). Rs: 0.3 (Hex/EtOAc 5:95). 'TH NMR:
(500 MHz, CDCl3) 6 =4.94 (td, J=6.8, 3.1 Hz, 1 H), 4.42-4.29 (m
2 H), 4.03 (q, J=6.8Hz, 1 H), 2.79-2.72 (m, 2 H), 2.69 (s, 3 H),
2.61 (s, 3 H), 2.51 (dt, J=14.9, 6.8 Hz, 1 H), 2.30 (p, J=7.0Hz, 1
H), 2.26-2.17 (m, 2 H), 2.05 (ddd, J = 14.9, 6.8, 3.2 Hz, 1 H) ppm.
13C NMR: (125 MHz, CDCl5) 6=194.17 (C=0), 176.19 (C=0),
143.68 (C), 137.03 (C), 82.13 (CH), 74.36 (CH), 52.68 (CH,), 48.08
(CH), 40.51 (CH,), 40.34 (CH), 34.66 (CH,), 27.72 (CHs3), 9.13
(CHs) ppm. MS-EI' m/z (%): 279 [M*] (20), 167 (77), 148 (35),
127 (84), 112 (32), 85 (85), 70 (87), 55 (81), 41 (83).

4.1.7. (3aR4S,5R,6aS )-4-((4-benzoyl-5-phenyl-1H-1,2,3-triazol-1-yl)
methyl)-5-hydroxyhexahydro-2H-cyclopenta[b]furan-2-one (7b)

This compound was prepared from 6b (0.7 g, 1.2 mmol) accord-
ing to the synthetic procedure for 7a. The crude was purified by
flash column chromatography to afford the thick yellow oil 7b
(0.392 g, 81%). R¢: 0.35 (Hex/EtOAc 1:9). 'H NMR: (500 MHz, CDCls)
8 =7.96-7.93 (m, 3 Ar—H), 7.69-7.66 (m, 1 Ar—H), 7.64-7.61 (m, 1
Ar—H), 7.50-7.42 (m, 5 Ar—H), 3.57-3.51 (m, 2 H), 3.48-3.41 (m, 3
H), 3.40-3.35 (m, 3 H), 2.63-2.57 (m, 2 H), 2.18 (s, 1 OH), 1.80-1.75
(m, 1 H) ppm. '>C NMR: (125 MHz, CDCl5) § = 177.34 (C=0), 166.93
(C=0), 143.88 (C), 140.33 (C), 134.53 (C), 131.16 (2 CH), 128.84 (2
CH), 128.47 (2 CH), 127.60 (C), 127.20 (CH), 127.16 (CH), 127.07 (2
CH), 77.42 (CH), 77.22 (CH), 49.62 (CH,), 45.00 (CH), 37.15 (CH),
35.31 (2 CH), 29.96 (CH,) ppm. MS-EI* m/z (%): 351 [C1eH;7N503]
(38), 52 [C4H3] (14), 183 [CsH4N,03] (72), 276 (80), 246 (22), 199
(90), 152 (88), 127 (100), 99 (60), 69 (80), 55 (97).
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Seven miconazole analogs involving 1,4,5-tri and 1,5-disubstituted triazole moieties were synthesized by
azide-enolate 1,3-dipolar cycloaddition. The antifungal activity of these compounds was evaluated
in vitro against four filamentous fungi, including Aspergillus fumigatus, Trichosporon cutaneum, Rhizopus
oryzae, and Mucor hiemalis as well as three species of Candida spp. as yeast specimens. These pre-clinical
studies suggest that compounds 4b, 4d and 7b can be considered as drug candidates for future com-

plementary biological studies due to their good/excellent antifungal activities.

Keywords:

Miconazole analogs
1,2,3-Triazole derivatives
Antifungal activity
Azide-enolate cycloaddition

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Miconazole is an azole-type drug with a broad spectrum of
antifungal activity [1]. Due to the development of fungal resistance
to this drug [2], the medicinal chemistry of anti-fungal agents has
become an important field of study in organic synthesis [3]. To
design new agents free of antibiotic resistance, the modification of
functional groups in lead molecules has been an efficient strategy
[4].

The triazole ring system, is a very well-recognized pharmaco-
phore [5], this nitrogen heterocycle is prominent among U.S. FDA
approved pharmaceuticals [6]. In particular, the 1,2,3-triazole core
has been an increasingly important heterocycle with successful
application in medicinal chemistry [7]. There are reports in litera-
ture about the biological activity of 1,2,3-triazole derivatives
against cancer [8], malaria [9], tuberculosis [10], trypanosomiasis

* Corresponding author.
** Corresponding author.
E-mail addresses: qfb_dgonzalez@yahoo.com.mx (D. Gonzalez-Calderén),
mpagfuentesb@uaemex.mx (A. Fuentes-Benites).

http://dx.doi.org/10.1016/j.ejmech.2016.02.013
0223-5234/© 2016 Elsevier Masson SAS. All rights reserved.

[11], leishmaniasis [12], HIV [13], influenza [14], dengue [15], pain
(analgesic) [16], epilepsy [17], obesity [18], inflammation [19] and
bacterial infection [20]. On the other hand, the study of 1,2,3-
triazole scaffolds for the synthesis of antifungals [21], and partic-
ularly for miconazole analogs [22] has represented an ongoing and
promising field of research in the last few years.

Cu-catalyzed azide-alkyne cycloaddition (CuAAC) represents
the conventional method for obtaining 1,2,3-triazole moieties [23].
In recent years, azide-enolate 1,3-dipolar cycloaddition has
emerged as a novel and potent tool for the synthetic approach to
these valuable heterocycles [24]. Its application in medicinal
chemistry has already been demonstrated [25].

We previously reported the antifungal activity of benzyloxy de-
rivatives of miconazole [26]. As part of our ongoing research, we
herein describe the synthesis/evaluation of triazolic analogs (1,4,5-
and 1,5-substituted derivatives) that maintain the 1-(2-
phenylethyl)imidazole core responsible for the biological activity
of this compound [27] (Fig. 1).

2. Chemistry

From 24-dichlorobenzaldehyde 1 [Eq. (1)], the 1-(2,4-
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1,4,5- and 1,5-substituted triazole derivatives
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Fig. 1. Proposed triazolic analogs of miconazole.

dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol 2 (key precursor)
was obtained in two steps according to our previous report [26].
Previously we published a novel method for preparing 1,4,5-
trisubstituted 1,2,3-triazoles from benzylic alcohols via an azide-
enolate 1,3-dipolar cycloaddition [28]. For this purpose we used
diphenylphosphoryl azide (DPPA) as an azidating agent, followed
by an efficient cycloaddition in the presence of active ketones.
Miconazole analogs 4a—d (1,4,5-trisubstituted derivatives) were
synthesized in good yields (Table 1) by coupling acetylacetone 3a,
2-benzoylacetophenone 3b, benzoylacetonitrile 3¢ and 1-(phenyl-
sulfonyl)heptan-2-one 3d under the aforementioned protocol.

N

OH [Ref.26] Cl
™

Recently [29] we reported a novel method for obtaining 1,5-
disubstituted triazoles from azides by coupling them with B-keto-
phosphonates. Therefore, we decided to begin with the synthesis of
benzyl azide 5 [Eq. (2)] as a precursor. The azidation of benzyl
alcohol 2 was achieved using DPPA and DBU in dry DMF with good
yields [30]. The synthesis of alkyl (7a and 7b) and aryl (7c) 1,5-
disubstituted triazole derivatives was carried out via an azide-
enolate 1,3-dipolar cycloaddition (Table 2).

N N

]\ /A

(N) (N)
OH DPPA, DBU N,

—_—

DMF
cl P cl

@

An outstanding aspects for compounds 7a—c is a singlet signal
in the range 6 7.6—7.4 ppm ('H NMR spectra) attributable to the
triazolic hydrogen [Eq. (3)]. Likewise, for all final compounds, the
hydrogens H% H? and H¢ on the imidazole moiety can be observed
in the ranges 6 7.7—7.4, 7.0—6.9 and 6.9—6.6 ppm respectively.

N—H N
N\NI A Ve @

Table 1
Synthesis of 1,4,5-trisubstituted 1,2,3-triazole 4a—d (miconazole analogs) from
alcohol 2 by coupling with active ketones 3.

& Ly

N=

(PhO),P(O)N, | R2
0 (DPPA) N /
2
» A _r "
Cl DBU Cl
3
2 ¢ a dad
Entry? Ketone Triazole® (Yield%)*
1 3a: R! = CH3, R? = COCH3 4a (75%)
2 3b: R' = Ph, R? = COPh 4b (67%)
3 3c: R' = Ph, R = CN 4c (63%)
4 3d: R' = CH3(CHz)4—, R? = SO,Ph 4d (78%)

2 Reaction conditions: A mixture of compound 2 (1.0 eq), DPPA (1.1 eq), and DBU
(2.0 eq) in DMF was stirred at r.t. for 3 h. Then 3 (1.0 eq) was added and the reaction
continued at 60 °C for 3 h.

b Confirmed by 'H NMR, '*C NMR, and MS.

€ Yields refer to chromatographically pure isolated compounds.

3. Microbiology

Compounds 4a-d and 7a-c were evaluated for their in vitro
antifungal activity against four filamentous fungi (Aspergillus
fumigatus ATCC-16907, Trichosporon cutaneum ATCC-28592,
Rhizopus oryzae ATCC-10329 and Mucor hiemalis ATCC-8690) as
well as three yeast specimens (Candida utilis ATCC-9226, Candida
albicans ATCC-10231 and Candida tropicalis ATCC-13803).

CLSI standardized methods were adopted to carry out the
microbiological tests. The M38-A microdilution method [31] was
used to determine the sensitivity of filamentous fungi, and the
M27-A3 method [32] for Candida yeasts.

The antifungal activity of compounds 4a—d and 7a—c was
compared with itraconazole, a standard antifungal drug. The min-
imum inhibitory concentration (MIC) values of the compounds and
standard drugs, expressed in micrograms per millilitre, were
determined in 96-well plates by using RPMI 1640 medium buffered
with MOPS (3-[N-morpholino]propane sulfonic acid; Sigma-
Aldrich).

Table 2
Synthesis of 1,5-disubstituted 1,2,3-triazole 7a—c (miconazole analogs) from azide 5
by coupling with B-ketophosphonates 6.

N [N
\
KOH N) ’I\J:N
J\/ CH3CN N/
\
OMe
R
OMe c
cl Ta-c
Entry® Ketone Triazole® (Yield%)
1 6a: R = cyclohexyl 7a (64%)
2 6b: R = CH3(CH>)3C(CH3)— 7b (70%)
3 6¢: R = p-(CHsS)phenyl 7c (72%)

¢ Reaction conditions: A mixture of compound 5 (1.0 eq), 6 (1.0 eq), and KOH (3.0
eq), in CH3CN was stirred at 60 °C for 5 h.

b Confirmed by 'H NMR, '3C NMR, and MS.

¢ Yields refer to chromatographically pure isolated compounds.



62 D. Gonzalez-Calderon et al. / European Journal of Medicinal Chemistry 112 (2016) 60—65

Table 3
In vitro antifungal activities of synthetized compounds (MIC, pg/mL).

Compound  Yeast fungi Filamentous fungi

Cuti Coalb. Ctrop. A fum. T.cut. R ory. M. hie
4a 16 16 16 16 16 8 16
4b 16 0.03 0.06 16 16 8 16
4c 16 16 16 16 16 16 16
4d 0.25 0.06 0.06 2 0.12 0.5 0.25
7a 16 16 8 16 16 2 0.12
7b 2 0.03 0.03 0.5 8 8 16
7c 16 4 1 16 16 16 16
Standard?® 0.06 0.03 0.03 0.25 1 0.5 1

Abbreviations: C. uti., Candida utilis; C. alb., Candida albicans; C. trop., Candida tro-
picalis; A. fum., Aspergillus fumigatus; T. cut., Trichosporon cutaneum; R. ory., Rhizopus
oryzae; M. hie., Mucor hiemalis.

¢ Itraconazole.

4. Results and discussion

The antifungal activity of the evaluated compounds is summa-
rized in Table 3. Compounds 4b, 4d and 7b showed good activity
against C. albicans and C. tropicalis (MIC 0.03—0.06 pg/mL) as
compared to itraconazole (MIC 0.03 pg/mL). Such compounds
proved to be ‘sensitive’! according to the sensitivity parameters of
document M27-A3 (Table 4). On the other hand, the antifungal
screening of compound 4d showed that it was either better than or
comparable to itraconazole against filamentous fungi T. cutaneum,
R. oryzae, and M. hiemalis (MIC 0.12 versus 1.0, 0.5 versus 0.5, and
0.25 versus 1.0 pg/mL respectively). Compound 7b demonstrated
moderate growth inhibition of A. fumigatus (MIC 0.5 pg/mL)
compared with the standard drug (MIC 0.25 pg/mL). In contrast
with the results observed for an aryl substituent, these outcomes
clearly indicate that an alkyl group in the 5-substituted triazole
promotes the biological activity of this type of compound. Addi-
tionally, substituent probably allows for a better interaction with
the 14-a-demethylase (P45014pMm, CYP51) enzyme [33], leading to
its selective inhibition and therefore the growth inhibition of the
fungal cell.

5. Conclusion

In summary, azide-enolate 1,3-dipolar cycloaddition allowed for
the synthesis of seven miconazole analogs with 1,4,5-tri and 1,5-
disubstituted triazole moieties. The pre-clinical studies showed
that compounds 4b, 4d and 7b have a good scope against C. albicans
and C. tropicalis. A broader spectrum of 4d against filamentous
fungi (T cutaneum, R. oryzae, and M. hiemalis) has been demon-
strated. Due to their good/excellent activity, these miconazole an-
alogs can be considered as drug candidates for future
complementary biological studies.

6. Experimental section
6.1. General

Flash column chromatography: SiO; 60 (230—400 mesh). TLC:
Silica-gel plates (SiO,; 0.20-mm thickness); visualization with UV

! ‘s’ ‘SDD’ and ‘R’ are represented by standardized values (breakpoints) used to
appreciate the clinical value of the in vitro antifungal testing result and predicting
the response of patients infected. Sensitivity is dependent on achieving the
maximum dosages in plasma (breakpoints) to obtain optimal response. For itra-
conazole, an MIC within the susceptible-dose dependent (SDD) range indicates the
need for plasma concentrations 0.25—0.5 pg/mL for an optimal response. Actual
breakpoints are described in Table 4 (See Ref. [32b]).

Table 4
Determination of the sensitivity of yeast (according to document M27-A3): Sus-
ceptible (S), dose-dependent sensitive (SDD) and resistant (R).

Compound C. uti. C. alb. C. trop.
4a R R R

4b R S S

4c R R R

4d SDD S S

7a R R R

7b R S S

7c R R SDD
Standard?® S S S

@ Itraconazole. Interpretive criteria: Breakpoints (MIC, ug/mL) = 0.12 [S], 0.25—0.5
[SDD], 1 [R].

light at 254 nm m.p.: Fischer-Johns Scientific melting point appa-
ratus; uncorrected. 'H and 3C-NMR spectra: Bruker Avance
300 MHz and Varian 500 MHz; ¢ in ppm rel. to Me4Si as internal
standard, J in Hz. MS: Shimadzu GCMS-QP2010 Plus; in m/z (rel. %).

6.2. Experimental procedures

6.2.1. 1-(1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-
methyl-1H-1,2,3-triazol-4-yl)ethanone 4a

To a cold solution (0 °C) of benzylic alcohol 2 (0.35 g, 1.36 mmol)
and diphenylphosphoryl azide (0.32 mL, 1.5 mmol) in anhydrous
DMF (3.5 mL) was added DBU (0.4 mL, 2.72 mmol). The solution
was stirred for 15 min at 0 °C under nitrogen atmosphere, and then
brought to room temperature with continuous stirring for 3 h. At
this time, TLC indicated the disappearance of the starting material.
Acetylacetone 3a, (0.14 mL, 1.36 mmol) was then added to the re-
action mixture, which was stirred for 3 h at 60—70 °C. Brine
(~40 mL) was added and then the reaction mixture was washed
with EtOAc (3 x 10 mL). The organic layer was dried (Na;SO4) and
the solvent evaporated under reduced pressure. The crude extract
was purified by flash column chromatography, eluting with DCM/
MeOH 95/5 to afford the thick yellow oil 4a (0.37 g, 75%). R¢: 0.3
(DCM/MeOH 95/5). 'TH NMR: (500 MHz, CDCl3) 6 = 7.51 (d,
J = 1.7 Hz, 1Im-H), 7.33—7.26 (m, 3Ar—H), 7.01 (s, 1Im—H), 6.86 (s,
1Im—H), 6.03 (dd, J = 9.9, 4.0 Hz, 1H), 5.25 (dd, ] = 14.7,10.0 Hz, 1H),
4.62 (dd, ] = 14.7, 3.9 Hz, 1H), 2.69 (s, 3H), 2.31 (s, 3H) ppm. 13C
NMR: (125 MHz, CDCl3) 6 = 193.91 (C=0), 143.86 (C), 137.94 (C—Cl),
136.42 (C), 133.09 (C), 131.03 (CH), 130.91 (C—Cl), 130.20 (CH),
129.94 (CH), 129.18 (CH), 128.78 (CH), 128.72 (CH), 59.52 (CH),
49.25 (CH3y), 27.77 (CHs), 8.56 (Ar—CHs3) ppm. MS-EI* m/z (%): 364
[M*41], 212 (100), 203 (45), 149 (63), 81 (20), 57 (19), 43 (83).

6.2.2. (1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-
phenyl-1H-1,2,3-triazol-4-yl)(phenyl)methanone 4b

Following the synthetic procedure for 4a, compound 2 (0.35 g,
1.36 mmol) and 3b (0.305 g, 1.36 mmol) were coupled in the presence
of diphenylphosphoryl azide (0.32 mL, 1.5 mmol) and DBU (0.4 mL,
2.72 mmol). The crude extract was purified by flash column chro-
matography, eluting with DCM/MeOH 95/5 to afford the thick yellow
0il 4b (0.445 g, 67%). R¢: 0.35 (DCM/MeOH 95/5). "H NMR: (500 MHz,
CDCl3) 6 = 8.28—8.20 (m, 2Ar—H), 7.73 (d, ] = 8.5 Hz, 1Im—H),
7.64—-7.56 (m, 1Ar—H), 7.53—7.32 (m, 8Ar—H), 7.01 (s, 1Im—H),
6.87—6.80 (m, 2Ar—H), 6.71 (s, 1Im—H), 5.98 (dd, J = 10.6, 3.7 Hz, 1H),
518 (dd, ] = 14.6,10.6 Hz, 1H), 4.48 (dd, ] = 14.6, 3.8 Hz, 1H) ppm. °C
NMR: (125 MHz, CDCl3) ¢ = 185.81 (C=0), 143.73 (C), 143.37 (C—Cl),
137.31 (C), 136.77 (C), 136.23 (C), 133.23 (C), 132.93 (C—Cl), 131.34
(CH), 130.57 (2CH), 130.40 (CH), 130.13 (C), 129.89 (CH), 129.59 (CH),
129.57 (CH), 129.39 (CH), 129.35 (2CH), 128.92 (2CH), 128.58 (CH),
128.28 (2CH), 60.02 (CH), 49.84 (CH,) ppm. MS-EI* m/z (%): 487 [M*],
105 [C7H50°] (100), 84 (25), 77 [CgHB] (61), 43 (47).
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6.2.3. 1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-
phenyl-1H-1,2,3-triazole-4-carbonitrile 4c

Following the synthetic procedure for 4a, compound 2 (0.35 g,
1.36 mmol) and 3c (0.197 g, 1.36 mmol) were coupled in the pres-
ence of diphenylphosphoryl azide (0.32 mL, 1.5 mmol) and DBU
(0.4 mL, 2.72 mmol). The crude extract was purified by flash column
chromatography, eluting with DCM/MeOH 95/5 to afford the thick
yellow oil 4¢ (0.35 g, 63%). R 0.3 (DCM/MeOH 95/5). 'H NMR:
(500 MHz, CDCl5) 6 = 7.68 (d, ] = 8.5 Hz, 1Ar—H), 7.59—7.55 (m,
1Ar—H), 7.52—7.47 (m, 3Ar—H), 7.39 (dd, J = 8.5, 2.1 Hz, 1Ar—H),
7.34 (s, 1Ar—H), 7.01 (s, 1Ar—H), 6.95—6.90 (m, 2Ar—H), 6.64 (s,
1Ar—H), 6.07 (dd, ] = 10.5, 3.7 Hz, 1H), 5.13 (dd, ] = 14.7,10.5 Hz, 1H),
452 (dd, J = 14.7, 3.8 Hz, 1H) ppm. 13C NMR: (125 MHz, CDCl5)
6 = 145.35 (C), 136.76 (C—Cl), 132.92 (C), 131.73 (CH), 130.57 (C),
130.23 (C—Cl), 130.15 (CH), 129.79 (2CH), 129.59 (CH), 129.43 (CH),
128.83 (CH), 128.75 (2CH), 124.73 (CH), 121.97 (CH), 120.89 (C),
111.21 (C=N), 60.97 (CH), 49.99 (CH,) ppm. MS-EI* m/z (%): 409
[M™], 373 (20), 299 (30), 229 (31), 203 (100), 149 (36), 81 (85).

6.2.4. 1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-
pentyl-4-(phenylsulfonyl)-1H-1,2,3-triazole 4d

Following the synthetic procedure for 4a, compound 2 (0.35 g,
1.36 mmol) and 3d (0.346 g, 1.36 mmol) were coupled in the
presence of diphenylphosphoryl azide (0.32 mL, 1.5 mmol) and DBU
(0.4 mL, 2.72 mmol). The crude extract was purified by flash column
chromatography, eluting with DCM/MeOH 95/5 to afford the thick
yellow oil 4d (0.54 g, 78%). Re: 0.4 (DCM/MeOH 9/1). '"H NMR:
(500 MHz, CDCl3) 6 = 8.07—8.01 (m, 2Ar—H), 7.68—7.63 (m,
1Im—H), 7.60—7.54 (m, 2Ar—H), 7.51 (dd, J = 1.6, 0.8 Hz, 1Ar—H),
7.39 (s, 1H), 7.31-7.29 (m, 2Ar—H), 6.92 (s, 1Im—H), 6.70 (s, 1Im—H),
6.03 (dd, J = 9.7, 4.2 Hz, 1H), 5.15 (dd, J = 14.7, 9.7 Hz, 1H), 4.56 (dd,
J=14.9, 43 Hz, 1H), 2.88—2.68 (m, 2H), 1.23—1.09 (m, 6H), 0.78 (t,
J = 6.9 Hz, 3H) ppm. >C NMR: (125 MHz, CDCl3) 6 = 145.12 (C—Cl),
141.44 (C), 140.43 (C), 137.25 (C), 136.62 (C), 134.00 (C), 132.82 (CH),
130.90 (C—Cl), 129.91 (CH), 129.35 (2CH), 129.21 (CH), 128.91 (CH),
128.79 (CH), 127.90 (2CH), 118.76 (CH), 60.31 (CH), 49.52 (CHy),
31.29 (CHy), 28.49 (CHy), 22.50 (CHy), 22.02 (CH,), 13.70 (CH3) ppm.
MS-EI* m/z (%): 518 [M "], 376 (13), 280 (19), 203 (64), 172 (36), 159
(37), 149 (49), 125 (58), 77 (100), 41 (49).

6.2.5. 1-(2-Azido-2-(2,4-dichlorophenyl)ethyl)-1H-imidazole 5

To a cold solution (0 °C) of benzylic alcohol 2 (1.5 g, 5.83 mmol)
and diphenylphosphoryl azide (1.25 mL, 5.83 mmol) in anhydrous
DMF (13.0 mL), was added DBU (0.872 mL, 5.83 mmol). The solution
was stirred for 15 min at 0 °C under nitrogen atmosphere, and then
brought to room temperature with continuous stirring for 3 h. Brine
(~100 mL) was added to the reaction mixture and washed with
EtOAc (3 x 30 mL). The organic layer was dried (Na;SO4) and the
solvent evaporated under reduced pressure. The crude extract was
purified by flash column chromatography, eluting with DCM/MeOH
95/5 to afford the thick yellow oil 5 (1.43 g, 87%). R: 0.4 (DCM/
MeOH 95/5). TH NMR: (300 MHz, CDCl3) 6 = 7.46 (d, ] = 2.0 Hz,
1Im—H), 7.38—7.20 (m, 3Ar—H), 7.05 (s, 1Im—H), 6.91 (s, 1Im—H),
5.26 (dd,]J = 7.6, 3.5 Hz, 1H), 4.22 (dd, ] = 14.4, 3.5 Hz, 1H), 4.01 (dd,
J = 14.4, 7.6 Hz, 1H) ppm. '3C NMR: (75 MHz, CDCl3) 6 = 137.62
(C—C1), 135.46 (C), 133.03 (CH), 132.32 (C—Cl), 129.81 (CH), 129.68
(CH), 128.81 (CH), 128.14 (CH), 119.45 (CH), 62.65 (CH—N3), 50.51
(CHz) ppm.

6.2.6. 5-Cyclohexyl-1-(1-(2,4-dichlorophenyl)-2-(1H-imidazol-1-
yl)ethyl)-1H-1,2,3-triazole 7a

To a solution of benzyl azide 5 (0.35 g, 1.24 mmol) and B-keto-
phosphonate 6a (0.29 g, 1.24 mmol) in acetonitrile grade reagent
(3.5 mL) was added potassium hydroxide (0.2 g, 3.73 mmol). The
solution was stirred for 5 h at 60 °C. Brine (~40 mL) was added to

the reaction mixture and washed with EtOAc (3 x 30 mL). The
organic layer was dried (Na;SO4) and the solvent evaporated under
reduced pressure. The crude extract was purified by flash column
chromatography, eluting with DCM/MeOH 95/5 to afford the thick
yellow oil 7a (0.31 g, 64%). Re: 0.3 (DCM/MeOH 95/5). 'H NMR:
(300 MHz, CDCl3) 6 = 7.50 (d, J = 2.0 Hz, 1Im—H), 7.45 (s, 1Ar—H),
742 (s, 1Ar—H), 7.31-7.29 (m, 2Ar—H), 6.96 (s, 1Im—H), 6.76 (s,
1Im—H), 6.03 (dd, ] = 9.9, 3.9 Hz, 1H), 5.22 (dd, ] = 14.5, 9.9 Hz, 1H),
4,55 (dd,J = 14.5, 3.9 Hz, 1H), 2.64—2.50 (m, 1H), 1.90—1.47 (m, 5H),
1.43-1.01 (m, 5H) ppm. *C NMR: (75 MHz, CDCl3) 6 = 143.80
(C—q1), 135.94 (C), 132.75 (C), 132.19 (CH), 131.23 (C—Cl), 129.80
(CH), 129.67 (CH), 129.58 (CH), 128.64 (CH), 122.56 (CH), 118.99
(CH), 59.41 (CH), 51.56 (CH), 33.22 (CH), 32.37 (2CHy), 25.71 (CH),
25.44 (2CH) ppm.

6.2.7. 1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-(2-
methylhexan-2-yl)-1H-1,2,3-triazole 7b

Following the synthetic procedure for 7a, compound 5 (0.35 g,
1.24 mmol) and 6b (0.311 g, 1.24 mmol) were coupled in the
presence of KOH (0.2 g, 3.73 mmol). The crude extract was purified
by flash column chromatography, eluting with DCM/MeOH 95/5 to
afford the thick yellow oil 7b (0.35 g, 70%). Rs: 0.3 (DCM/MeOH 9/1).
'H NMR: (500 MHz, CDCl3) 6 = 7.54—7.53 (m, 1lm—H), 7.44 (s,
1Ar—H), 7.28-7.27 (m, 1Ar—H), 7.27—7.25 (m, 2Ar—H), 6.96 (s,
1Im—H), 6.78 (s, 1Im—H), 6.23 (dd, J = 10.6, 3.0 Hz, 1H), 5.29 (dd,
J = 14.6, 10.6 Hz, 1H), 4.50 (dd, J = 14.6, 3.0 Hz, 1H), 1.37—1.21 (m,
2H), 1.10 (s, 3H), 1.03 (s, 3H), 0.97—0.82 (m, 2H), 0.75—0.64 (m, 1H),
0.61-0.54 (m, 3H), 0.43—0.31 (m, 1H) ppm. C NMR: (75 MHz,
CDCl3) 6 = 145.93 (C—Cl), 137.33 (C), 135.81 (CH), 133.29 (CH),
132.53 (C—Cl), 132.26 (CH), 130.90 (C), 129.73 (CH), 129.50 (CH),
128.45 (CH), 118.89 (CH), 62.20 (CH), 49.80 (CH,), 41.07 (CH,), 33.47
(C), 27.77 (CH3), 27.67 (CH3), 26.73 (CH,), 22.76 (CHa), 13.65 (CH3)
ppm. MS-EI" m/z (%): 406 [M*], 296 (11), 240 (28), 203 (53), 172
(25), 159 (33), 124 (34), 81 (45), 57 (100), 41 (71).

6.2.8. 1-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-5-(4-
(methylthio)phenyl)-1H-1,2,3-triazole 7c

Following the synthetic procedure for 7a, compound 5 (0.35 g,
1.24 mmol) and 6c (0.341 g, 1.24 mmol) were coupled in the
presence of KOH (0.2 g, 3.73 mmol). The crude extract was purified
by flash column chromatography, eluting with DCM/MeOH 95/5 to
afford the thick yellow oil 7c (0.385 g, 72%). Rs: 0.3 (DCM/MeOH 9/
1). 'TH NMR: (300 MHz, CDCl3) 6 = 7.69 (m, 1Im—H), 7.68 (s, 1Ar—H),
747 (d,] = 2.1 Hz, 2Ar—H), 7.36—7.19 (m, 4Ar—H), 6.96 (s, 1Im—H),
6.75 (d, ] = 8.4 Hz, 2Ar—H), 6.64 (s, 1Im—H), 6.01 (dd, J = 10.5,
3.5Hz,1H), 5.15(dd, J = 14.5,10.5 Hz, 1H), 4.48 (dd, ] = 14.5, 3.6 Hz,
1H), 2.49 (s, 3H) ppm. 3C NMR: (75 MHz, CDCl3) 6 = 141.81 (C),
139.43 (C—(l), 136.05 (C-S), 133.21 (C), 132.72 (CH), 131.83 (CH),
130.91 (C—Cl), 129.83 (CH), 129.77 (C), 129.40 (CH), 128.94 (2CH),
128.79 (CH), 128.55 (CH), 126.14 (2CH), 118.83 (CH), 59.98 (CH),
50.20 (CH>), 15.05 (CH3) ppm.
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The synthesis of carbonyl compounds from benzylic azides through
benzylideneamides is described for the first time. NaH-mediated
activation of benzyl azides allows a rapid water-promoted oxidation
under a facile protocol with good yields.

The chemistry of organic azides is very well-known. Books"* and
reviews® have compiled the role of these valuable nitrogen
compounds as mediators between chemistry, medicine, biology
and materials science. As synthetic intermediates, organic
azides can be coupled to other substrates (e.g. 1,3-dipolar
cycloaddition)® or directly converted to other functional groups,
for example by reduction (e.g. Staudinger reaction)* or by an
oxidation process. Regarding the latter, there are reports on
obtaining nitro compounds® (oxidation of the -N; moiety) as
well as synthesizing nitriles® (oxidation of benzylic carbon). In
this context, synthetic strategies to achieve carbonyls from azido
groups (Scheme 1)’ (an inverse reaction as proposed by Ghorai)®
are still challenging and attractive for organic chemists. Unfor-
tunately, all such strategies developed to date [eqn (a)-(f)] suffer
from serious drawbacks, including the use of metals as reagents
that are very expensive and/or unconventional and require the
use of peroxides, as well as cumbersome experimental proce-
dures or high temperatures that are particularly disadvanta-
geous for large-scale reactions.

Synthetic strategies involving the acidic hydrolysis of
enamines [Scheme 2, eqn (g)] or imines [eqn (h)] generated in
situ from azide compounds have been reported in literature.
Hendrickson (1977)°* and Hassner (1979)* published the direct
conversion of vinyl azides to carbonyls via enamines in good
yields. Although the thermal, photolytic and acidic decomposi-
tion of organic azides to imines has been studied extensively'®**
their applications for obtaining carbonylic compounds™ are
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A straightforward and versatile protocol for the
direct conversion of benzylic azides to ketones and
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rather limited. The high temperatures (ca. 300 °C) required for
a thermal process in the synthesis of alde-hydes from alkylic
azides' (inefficient for benzylic azides)'?” preclude the use of

Previous works:

N3 reaction condition

@) __ae

[a] Prabhu (2008):

o

Aldehydes

MoO,(S,CNEt,), cat.
toluene, O,, reflux

ref. 7a

[B] severin 2011): [CP*RUCly], cat. ref. 7b
MeCN/H,0, reflux
[c] zhang 2011): FeCl, cat. ref. 7¢
CH,Cl,, H,0,, reflux
[d] piez (2013). [Pd] cat. ref. 7d
Ph——Ph
MeCN/H,0, reflux
[¢] Fasan (2016): Mb(H64V,V68A) cat. ref. 7e
(Fe as active metal)
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(O Metals () Scope only for primary
benzyl azides
V205 cat, o ref. 7f
[F] Prabhu (2011):
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Scheme 1 Recent advances in the synthesis of carbonyl derivatives
from azide compounds.

RSC Adv., 2016, 6, 83547-83550 | 83547



RSC Advances

Previous works:

ref. 8 N3 [Plor[S] N
IE' )\/Rz reagents SO+ 2
R X J\/R2 JI\/R
Ketones
N, enamine goadyialds
+ several
ref. 10, 11 * Thermal, NH O  by-products
El )\ * Photolytic or J\ Hiob J\
* Acidic process = R2 3 R R2
imine Aldehydes or Ketones
N, <50% in most cases

This work: (no by-| products)
Ny Basic

@J\Q conditions @J\e ﬁ @)ke

N2 via imine Aldehydes or
Ketones

benzylideneamide good yields

Scheme 2 Acidic hydrolysis of enamines (efficient) or imines (ineffi-
cient) generated in situ from azide derivatives representing synthetic
strategies for the attainment of carbonyls.

this type of reaction for most substrates. In contrast, a photolytic
process using primary alkyl azides'*¥ occurs at or below room
temperature. However, its use is limited by very low yields
(18-50%) from a complex reaction mixture. Finally, trace
amounts of carbonyls have been observed under strong acid
conditions.’”” The evident inefficiency of all these methods as
synthetic strategies to afford carbonyls from azides via imines
has led to complete disinterest and abandonment of their use,
a fact that has been demonstrated by the absence of studies in
contemporary literature.™

Table 1 Optimization of reaction conditions: “Effect of solvent and
base

Ny Base, o
1) Solvent, |
2) H0
1a (work-up) 4a

Entry Solvent Base” Yield® (%)
1 DMF anh. NaH 70
2 DMF anh. K,CO, NR®
3¢ DMF anh. K,CO; NR®
4 DMF anh. ‘BuOK 60
5 DMF anh. KOH Trace®
6¢ DMF anh. KOH 45
7 MeCN anh. NaH 35
8 DMSO anh. ‘BuOK 72
9 DMSO anh. NaH 80
10 DMSO anh. NaH (1.5 eq.) 74
11 DMSO anh. NaH (1.0 eq.) 70"

Unless otherwise stated, reactions were run at room temperature for 8
h. ? Unless otherwise stated, reactions were performed using 2.0 eq.
¢ Ylelds refer to chromatographlcally pure isolated compounds.

4 These experiments were carried out at 60 °C. ¢ Starting material was
recovered. / Along with the corresponding starting material (~15%
recovered).
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Previously Manetsch™® and Wu/Pan'* demonstrated the

‘BuOK-promoted attainment of PACH=N" (benzylideneamide)
from PhCH,N; as well as its inefficient use for coupling the
latter with carbonyl compounds. We herein describe the utility
of benzylideneamides for directly converting benzyl azides to
carbonyl derivatives with good yields.

During one of our current research programs, focused on the

development of novel methodologies for the construction of

1,2,3-triazole moieties through base-promoted azide-ketone

cycloadditions™ we observed that when NaH was subjected to
our study, benzaldehyde was isolated as by-product along with
the corresponding triazole. Intrigued by this outcome, we
decided to do follow-up investigation this fact in greater detail.

Firstly, in absence of ketones (in order to avoid the formation

of the corresponding triazole) good yields were observed at
room temperature with a reaction time of 4 h. Secondly, the
effects of solvents and bases on compound 1a were observed in
optimization studies (Table 1). The best performance was found
for NaH (entry 9) in dimethyl sulfoxide using 2.0 equivalents of
the base. The optimized conditions were then used to study the
direct conversion of a variety of azidesi to aldehydes

(Scheme 3).§ In order to evaluate the scope of our protocol, both

benzylic and aliphatic azides were subjected to the optimized

N 1) NaH (2.0 eq),

3 DMSO anh., o
J 4h,rt,N, Il
) H
. 2HO .
ci O (o] o
eO P
H H
eO
OMe OMe 4d,71% o
4b, 74% 4c, 76%
o o
/@)L O [ j H
MeS O (H;C),N
e, 75% 4% 49, 80%

/\

cl 4j, 87°/
4h, 78% 4i, 72%

" @*c@*

(not obtalned)lal (not obtained)!@

4m
o H
. L
Ph H
(no products)!®! (no products)!®!
4n 40

[a] Complex reaction mixture
[b] Starting material recovered

Scheme 3 Direct conversion of primary azides (1) to aldehydes (4)
under optimized conditions. Reaction conditions: NaH (0.2 mmol) was
added to a solution of compound 1 (0.1 mmol) in DMSO anh. Then,
water was added in excess.

This journal is © The Royal Society of Chemistry 2016
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reaction conditions. Unfortunately, aliphatic compounds (4n
and 40) did not react to such conditions remaining intact in the
flask even under thermal conditions (60 °C). Therefore, only
benzylic azides were considered for the present study. An
effective approach to the aldehyde derivatives was carried out
with heterocycles (4j), strongly (4c, 4d, 4e, 4g and 4i) and weakly
(4f) activated rings as well as weakly deactivated (4h) rings. The
exception was strongly deactivated rings (4k, 41 and 4m).

Encouraged by these outcomes, we decided to investigate
another possibility: the synthesis of ketones using secondary
azido groups. We therefore submitted the (1-azidoethyl)benzene
[PhCH(N3)CH;] to the current protocol achieving the synthesis of
the corresponding acetophenone (6a, Scheme 4) with good yields
(85%). Therefore, a series of compounds containing secondary
azidesf were studied under the same reaction conditions.§

At this stage we found the behavior similar to that observed
for primary azides including the lack of reaction for aliphatic
(6k) and strongly deactivated aromatic rings (6m). Two inter-
esting exceptions were N=C- [a strongly deactivating derivative
(6b)] and F-substituted [a weakly deactivating derivative (61)].

Finally, in order to demonstrate the scalability of such
protocol, acetophenone (6a) was efficiently obtained (80%) from
10.0 g of the corresponding starting material [PhCH(N3)CHj;].
The use of ice bath was necessary due to the exothermic reaction

N 1) NaH (2.0 eq),
3 DMSO anh.,
4h,rt., N2
2) H,0
5
6a, 85% (80%)? 6b, 78% 8¢, 83%
o) o]
CH, CH,
i o PhH,CO
®6d, 83% 6e, 83% 6f, 77% OCHzPh
N \

/
N S  cH,
6h, 77%

60, 81%
N \

| P ©)‘\( 4
6i, 75% (no products)[b]

6j, 73%
o o

F

(not obtained)(®!

(not obtalned)[C]
6l

[a] from 10.0 g of starting material
[b] Starting material recovered
[c] Complex reaction mixture

Scheme 4 Direct conversion of secondary azides (5) to ketones (6)
under optimized condicions. Reaction conditions: NaH (0.2 mmol)
was added to a solution of compound 5 (0.1 mmol) in DMSO anh.
Then, water was added in excess.

This journal is © The Royal Society of Chemistry 2016
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Scheme 5 Proposed plausible mechanism for direct conversion of
benzyl azido groups to carbonyl derivatives.

observed along with the intense bubbling (N,1) during the
addition (in five portions) of the hydride.

According to these results, a plausible mechanism is
proposed in Scheme 5. The generation of benzylideneamide
(III) by a base-promoted deprotonation of the benzyl azide (I) is
supported by previous studies (Manetsch*** and Wu/Pan'*?). We
propose that this was followed by a rapid hydrolysis under basic
conditions leading to the corresponding carbonyl group (VI).

Conclusions

In summary, we report that the benzyl azido group is directly
converted to carbonyls in good yields through a rapid hydrolysis
(basic conditions) of benzylideneamides generated readily/
efficiently in situ. We are convinced that this synthesis is the
most versatile reported so far as its scope includes both primary
azides (affording aldehydes) and secondary azides (affording
ketones) reacted with conventional reagents under a very simple
procedure.
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Notes and references

1 Azide compounds (starting materials) were obtained from the corresponding
alcohols,' halides' or tosylates' according to synthetic protocols described in
literature.

§ General experimental procedure for the direct conversion of azides to carbonyls:
NaH (0.4 mmol, 60% dispersion in mineral oil) was added to a solution of the
azide derivative (0.2 mmol) in anhydrous dimethyl sulfoxide (ca. 2.0 mL mmol™").
The solution was stirred at room temperature for 4 h under an inert atmosphere.
Brine (ca. 20.0 mL) was added to the reaction stirring vigorously for 15 min. Then,
the mixture was washed with ethyl acetate (3 x 8 mL). The organic layer was dried
(Na,S0,), and the solvent was evaporated under reduced pressure. The crude
extract was purified by flash column chromatography to afford the corresponding
carbonyl derivative.
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Abstract A continuous flow method for the selective reduction of aromatic
nitriles is reported. The method is based on a Ruthenium catalysed transfer
hydrogenation process, requires no additives, which uses isopropanol as both
solvent and reducing agent. The process utilizes 1 mol% of the commercially
available [Ru(p-cymene)Cly],, with a residence time of ca. 9 min, and a
throughput of 50 mmol/h. The method was successfully applied to a range of
aromatic nitriles providing the corresponding primary amines in good yields.

Key words Nitrile reduction, transfer hydrogenation, Ruthenium, primary
amine, continuous flow.

Amines are key intermediates in the production of fine
chemicals, active pharmaceutical ingredients (APIs), agro-
chemicals, as well as many natural products.!

Primary amines are of particular importance as synthetic
building blocks, and used in many processes such as the
Buchwald-Hartwig coupling reactions,? hydroaminations3 and
alcohol amination by hydrogen borrowing strategies*7 for
example.

The reduction of nitriles is among the most common route to
generate the corresponding primary amines.® The use of
stoichiometric amounts of hydrides such as LiAlHs is effective
for the transformation, but catalytic hydrogenation methods
while for example Raney nickel are often preferred, but are not
without problems. Despite being known for decades,® transfer
hydrogenation processes (TH) have gained more interest
recently?0 also with application to nitrile reduction.11-14 Transfer
hydrogenations are attractive as they eliminate the need for
pressurized hydrogen gas typical of many catalytic methods.

Both direct hydrogenation (employing H2), and TH
methodologies can however suffer from selectivity issues and
lead to several by-products being formed (Scheme 1).

[Ru(p-cymene)Cl,], (1mol%)
200 °C

: AN CN OH
o - ol
=

(Solvent)

* Phosphine and base-free
e Commercial air-stable catalyst
e 17 examples (63-82%)

: | R—CN | . :
h TH Side reactions ! 1 ' Hydrogengtmn '
H ! ' Side reactions '
: : TH :
: R Cat. \or Hy .
' 1 ' ' l
N 1 . '
' R N R ' b3 A :
: H s 2 ; R&NH : R/\N/\R !
: : 2 ¢ "NHs 6 !
i TH i : :
: Cat : ™H | Hp/Cat. |
: : : Cat. : :
! o ' or Hy : :
N R Ryt~ H !
i R” "N "R, =———I R” "NH;; :
H 4 -H,0 3 h 7 ;

Scheme 1 Side reactions for the transfer hydrogenation and hydrogenation of
nitriles.

Several recent attempts have been reported to solve these
selectivity problems for the reduction of nitriles to primary
amines employing catalysis and Hz gas? and selective TH
reactions.11-13

To the best of our knowledge, while hydrogenation reactions
have been thoroughly investigated in continuous flow,516
including nitrile reductions to the correspondent primary
amine!” and direct reductive amination,!® no continuous
transfer hydrogenation of nitriles to primary amines has been
reported so far. However, we could expect to see distinct
advantages from a safety perspective and the ability to control
the dynamics of the reaction, hopefully leading to improved
selectivity.

Beller’s group has reported the use of 2-butanol in the transfer
hydrogenation of nitriles to obtain the corresponding primary
amine while simultaneously reducing the formation of by-
products.!? The same group also noted the use of 2-propanol
with NaOH to afford the alkylated secondary amines, 19 and a
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heterogeneous TH using Pd/C and ammonium formate as
hydrogen source.!? On the other hand Zhou and Liu assessed
two Cobalt catalysts for TH of nitriles that led to the selective
preparation of primary, secondary or tertiary products. Here the
solvent choice played a crucial role on the outcome of the
reaction.?

Notably also three recent reports using transfer hydrogenation
to reduce nitriles with a Ruthenium catalyst led to the N-
isopropylidene derivatives (4, Scheme 1) as the main product
through a further coupling and reductio. These reports use
KOtBu as base and relatively long reaction times.1420.21 Recently
the use of a Nickel catalyst, and 1,4-butanediol as hydrogen
source, to afford N-benzylidenes as main products of the
transfer hydrogenation nitrile reduction have been observed.2?

Even with all these advances, we felt there was a need for a
practical, safe and selective method for the transfer
hydrogenation of nitriles tolerant to a wide aromatic
functionality.

Inspired by our recent studies towards the chemoselective
continuous Ru-catalysed hydrogen-transfer oxidation of
secondary alcohols,2? we became interested in expanding the
application scope of our system. Among other advantages of
using a continuous flow system is the precise control of
residence times and heating regimes.

By analogy with our previous approach to continuous transfer
hydrogenation we devised a simple system comprising of a
pump, a heated coil and a backpressure regulator (BPR). Initial
screening was performed using a Unigsis FlowSyn2¢ unit
equipped with a 20 mL stainless-steel coil reactor operating at
the temperature indicated (Table 1).

butanol at 120 °C for 10 min in batch.!? We were pleasantly
surprised to find that under the conditions described, even at
100 °C (Table 1, Entry 2), the expected primary amine could be
observed in flow. By increasing the temperature to 150 °C the
yield increased to 85% in the absence of phosphine ligands or
base (Table 1, Entry 5). Concentration of the substrate in IPA
was substantial to the outcome of the reaction. By increasing
either the concentration of substrate or the amount of
ruthenium catalyst, the amount of alkylated byproduct (5) also
increased. Residence time could be reduced to 10 min
maintaining the primary amine yield. By reducing the residence
time we diminished the amount of alkylated by-product (5) but
on the other hand we could now see some unreacted imine (2),
while the overall yield of primary amine was unchanged.

The reaction system then moved onto a Phoenix reactor
platform,25 equipped with a 1/8” 35 mL stainless steel coil. This
gave us the opportunity to work at even higher temperatures
and pressures.

By precisely controlling the residence time of the solution we
could halt the reaction at a specific equilibrium point between
1-5 (Scheme 1). The residence time was then optimized using
benzonitrile as a model substrate.

To enable a suitable downstream product isolation we opted to
isolate the primary amines as their hydrochloride salts, as those
could be easily separated by filtration and in doing so removed
any ruthenium residues.

The general method was then applied to different nitriles (Table
2).

Table 2 Substrate scope for the continuous TH of nitriles

200 °C

/min
Table 1 Initial optimization for the continuous TH of nitriles R—CN ’) @)))))))) R™ O NH,
Flow T(°C) 0.1 Min IPA
CN  (mL/min) 35mL
NH SS 1/8
2 [Ru(p-cymene)Cl,],
(1 mol%)
0.1 Min IPA 20 mL" Entry | SubstratC;eN | Yield
[Ru(p-cymene)Cl,], SS 1/16
NEt, 1 78
Resid NEt
Entry _ESI en.ce T(°C) Cat. (mol%) ,3 Yield® OMe b
time (min) (Equiv.) 2 71
1 40 100 0 2 0 CN
2 40 100 1 2 50 s MeO@CN %
3 40 125 1 2 75
4 40 150 1 2 85 o CN
5 40 150 1 0 85 4 4 j©/ 69
6° 40 150 1 2 0 0
7 40 150 05 0 80 s @CN 76
8 40 150 5 0 66
9 20 150 1 0 85 CN
10 10 150 1 0 85 6 @( 71
? Yield of primary amine by "H NMR analysis (1,4-dinitrobenzene as internal N
standard) of the crude mixture after solvent removal. 7 /@\ 69
° Using (Ph3P)sRuCl, as catalyst.
CN
Our study began employing triethylamine as it proved to be o
beneficial in our previous work employing the same catalyst.23 It 9 7
was quickly realized that triethylamine was not necessary for
CN
this transformation to proceed (Table 1) 10 @\ /©/ o
. , . o
Interestingly, Beller’s report suggests that no conversion was o oN
observed using the same catalyst [Ru(p-cymene)Clz]z and 2- 11 ©/ \©/ o
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